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Abstract

Cell proliferation during Drosophila development occurs in a complex spatio-

temporal pattern and is co-ordinated with differentiation. The regulation of cell

proliferation is important for correct animal development and may be achieved in part by

the developmentally controlled expression of cell cycle regulators. Cyclin E, a G1 cyclin,

acts as a regulatory subunit of the cyclin dependent serine/threonine kinase, cdk2. The

cyclin Elcdk2 complex functions during the G1 to S phase transition of the cell cycle,

prornoting entry into S phase. Drosophila Cyclin E (DMCYCE), is an important cell

cycle regulator that is both necessary and sufficient for S phase during development.

DmcycU transcription occurs in all prolifelating tissue, and ceases when cells exit from

the cell cycle into Gl phase. Ectopic DmcycE transcription drives cells prematurely into

S phase" These results suggest that regulation of DmcycE transcription is important for

appropriate cell proliferation during development.

The focus of this research has been to investigate how DmcycE transcription is

regulated during development, as a basis for determining how developmental signals control

cetl proliferation during Drosophila development. Three approaches have been undertaken to

identify cis-acting regulatory sequences that control DmcycE transcription. First, by the

phenotypic characterization of aset of DmcycE deletion mutations, second, by analysis of a

DmcycÛ genomic rescue construct for its ability to rescue DmcycE null mutants and thirdly

by expression analysis of a series of DmcycE promoter-/acZ reporter constructs. Results

from these experiments demonstrated that DmcycE transcription is under the control of a

large regulatory region, containing a complex alrangement of multiple tissue specific

cis-acting regulatory elements. The complexity of these cis-acting regulatory elements

suggested that DmcycE transcription may be regulated directly by developmontal signals,

providing a potential mechanism by which cell proliferation may be co-ordinated with

developmental processes.

In an attempt to identify potential trans-acting regulators of DmcycE transcription,

research has been focused on the embryonic epidermal thoracic patch cells. This tissue is

unique in the embryo, as cell proliferation appears to be regulated at the Gl to S phase

transition. Analysis of DmcycE transcription in several patterning gene mutants indicated

that the homeobox protein Ultrabithorax is either directly or indirectly repressing Dmcyçf
transcription and that the signalling protein'Wingless may positively regulate DmcycU in the

epidermal thoracic patches, suggesting a link between developmental patterning cues and the

regulation of cell proliferation.
This research has formed the basis for the identification of transcriptional regulators

that bind to DmcycE crs-acting regulatory sequences. Such studies will provide insight into

how developmental signals and patterning cues, control Dmcyc0 transcription and therefore

cell proliferation during development.
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CHAPTER I - Introduction.

1.1 Cell proliferation and development.

Control of cell proliferation during development is of fundamental to

multicellular organisms, to ensure that tissues and organs form with the appropriate number

of cells. Deregulation of cell cycle control mechanisms during development can result in

hypoplasia or hyperplasia, tissue differentiation defects, lethality or cancer (reviewed in

Elledge et aL.,1996; Sherr,1996; V/illiams and Jacks, 1996). The co-ordination of cell

proliferation with morphogenesis may be achieved by the regulation of expression and

function of the genes that control cell division. Investigation of the control mechanisms that

link developmental signals with cell cycle regulatory molecules may reveal how cell

proliferation is regulated during animal developent. However, before these mechanisms can

be examined, it is necessary to understand the cell cycle and the molecules that regulate cell

cycle progression.

L"2 The cell cycle.

The cell cycle is the ordored process by which a cell replicates its genome and

divides into two daughter cells. In Eukaryotic cells, the cell cycle typically consists of four

phases; S or Synthesis phase, during which DNA replication occurs, M phase or mitosis,

where the replicated genome is divided into two daughter cells, and two gap phases that

separate S and M phase. The four cell cycle phases generally proceed in a strict order to

ensure that DNA synthesis always occurs prior to mitosis and cell division. From the first

gap phase (Gl), a cell enters S phase, followed by a second gap phase (G2) and M phase or

mitosis, where the replicated DNA is partitioned into two daughter cells (Figure l. I ).

Various modes of proliferation occur during development. After fertilization,

embryos undergo rapid and often synchronous cleavage divisions to increase cell numbers.

Later, cell cycles become regulated in spatio-temporal patterns, enabling co-ordination of the

cell cycle with morphogenesis (reviewed in Orr-Weaver,1994; Edgar, 1995). In addition,

variations on the typical four phase cell cycle exist, such as the generation of gametes by

meiosis (two cell divisions without the second S phase) and the generation of polytenized

tissues by endoreplication (G and S phase cycles without intervening mitosis). Thus, not

only spatio-temporal patterns of cell division, but also the nature of the cell cycle is regulated
1



Figure 1.1 - The cell cycle.

Schematic diagram of the cell cycle, represented as a cyclic progression from Gl phase, to S phase (DNA replication or synthesis

phase and to M phase (mitosis). Also shown are the relative cyclins/cdk complexes active at various points during the cell

cycle.
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during development.

1.3 Regulation of the cell cycle.

The analysis of cultured mammalian cells has revealed that the Gl phase of the cell

cycle is an important regulatory period in which a cell is responsive to external growth

factors and signals. These signals determine whether a cell will commit to progression

through an entire cell cycle or exit the cell cycle and take an alternate pathway such as

differentiation. Once a cell has proceeded past a point late in Gl (termed the restriction

point;Pardee, 1989) it is committed to complete the cell cycle until it once again enters Gl

phase. Progression through cell cycle phases is regulated by a complex of two proteins, a

cyclin dependent serine/threonine kinase (cdk) and a regulatory cyclin protein partner. Cdk

and cyclin proteins form two large families of proteins which are conserved throughout

evolution in all Eukaryotes. In mammalian cells different cyclin/cdk kinase complexes

regulate progression through different phases of the cell cycle (Figure 1.1; for review see

Sherr et al." 1993; King et al., 1994). For example, progression from G2 to M phase is

regulated by cyclin A/cdkl and cyclin B/cdkl complexes, progression through Gl and entry

into S phase is regulated by cyclin Elcdk2 and by the D type cyclins (Dl, D2 and D3)

complexed with either cdk4 or cdk6, and progression through S phase is regulated by the

cyclin Ncdk2complex.

The kinase activity of cdk proteins is also regulated by other mechanisms in addition

to cyclin binding, including both positive and negative phosphorylation and interactions

with cdk inhibitor proteins (CKIs) (reviewed in Morgan, 1995). All cdk proteins require

phosphorylation on a thrconine residue at position 160 by the CAK kinase to become active.

In addition, cdk proteins can be inactivated by phosphorylation on threonine 14 and tyrosine

l5 by the Wee I kinase. Removal of these inhibitory phosphates by the cdc25 phosphatase,

leads to activation of cyclin/cdk complexes. For example, activation of cyclin B/cdkl by the

cdc25 phosphatase in G2 phase is necessary for entry into mitosis or M phase. CKI

proteins have been found to be imporlant for limiting progression from G I to S phase"

These proteins inhibit cdk activity by either binding to cdk proteins to prevent cyclin

binding, or by binding to cyclin/cdk complexes to inhibit kinase activity (discussed below,

section 1.4.1 c). Therelationshipbetweenthedifferentcyclindependentproteinkinases

and the interactions between these kinases and positive and negative regulatory factors
2



comprises a complex regulatory network which controls progression through the cell cycle.

In this introductory chapter, the main focus willbe on the regulation of the Gl to S phase

transition

1.4 Regulation of the Gl to S phase transition.

1.4.1 GL to S phase regulatory molecules.

a) Gl cyclins.

As mentioned above, the Gl cyclins, D, E and A (and cdk partner's) are important

rcgulators of the G1 to S phase transition in mammalian cells" Activation of cyclin/cdk

kinases during Gl phase, leads to the phosphorylation of substrates such as the product of

the retinoblastoma susceptibility gene (pRB) (see section 1.4.1 b), which ultimately results

in S phase progression. The activity of cyclin/cdk complexes is controlled in part by

regulated transcription of cyclin genes in Gl phase (discussed below, section 1.4.2), and

also by post translational mechanisms including phosphorylation and binding of CK['s as

mentioned briefly above (reviewed in Morgan, 1995).

Gl cyclins D, E and A, are all essential for the Gl to S phase transition, as depletion

of each of these proteins by micro-injection of specific antibodies or antisense plasmids

inhibits DNA replication in tissue culture cells (Girar d et al. , I 99 I ; Pagano et aI., 1992;

Baldin et al." 1993; Quelle et aI." 1993; Ohtsubo et a\.,1995). Interestingly, the time during

Gl phase when depletion of these cyclins can inhibit S phase differs. Depletion of both

cyclin Dl and cyclin E during Gl inhibits DNA replication, but depletion close to the

beginning of S phase, does not (Baldin et a1.,1993; Ohtsubo et al., 1995). However,

depletion of cyclin A during Gl and at the beginning of S phase could inhibit DNA

replication, even once DNA replication had begun (Baldin et a\.,1993). These data suggest

that the roles for cyclin D and E during Gl, are to regulate entry into S phase and that a

separate role for cyclin A exists to regulate S phase progression. Interestingly, regulation of

DNA replication may be direct as cyclin A and cdk2 have been reported to localize to DNA

specifically at replicating foci throughout S phase (Cardoso et aI., 1993). Over expression

of either cyclin Dl,D2, cyclin E or cyclin A during Gl phase in cultured fibroblast cells,

shortens the length of G 1, indicating that each of these types of cyclins can be rate limiting
3



during the Gl to S phase transition (Quelle et a|.,1993; ohtsubo and Roberts, 1993;

Resnitzky et a.1., 1994). Overexpression of both cyclin Dl and cyclin E in the same cell, can

cause a firther acceleration of the Gl to S phase transition than either of these cyclins alone

(Retnitzky and Reed, 1995), suggesting that not only are both cyclin Dl and E rate limiting

fol Gl to S phase progression, but they also regulate diffelent pathways during Gl phase.

b) Cyclins, pRB proteins and E2F.

One of the main substrates for cyclin regulated kinases is the pRB family of proteins

(reviewed in Weinberg, 1995). pRB and related proteins, pl07 and p130, act as negative

regulators of the cell cycle. In hypo-phosphorylated form, pRB-type proteins bind to the

E2F S phase transcription factor during G I phase, to regulate cell cycle dependent

transcription of S phase genes such as DNA polymerase a, and thymidine kinase and the

G I cyclins , cyclin E and cyclin A (see section I .4.2 b; reviewed in Helin and Harlow,

1993;Lam and La Thangue, 1994;Zwicker and Muller, 1997)" The complex formed by a

pRB type protein and E2F (which consists of heterodimerized E2F and DP subunits) acts as

a transcriptional repressor of some genes, such as the human E2F I and cyclinA genes,

required for the Gl to S phase transition. Hyper-phosphorylation of pRB-type proteins

results in dissociation fi'om the E2F heterodimer, releasing E2F to become an activating

transcription factor. This causes activation of other S phase genes that are dependent on the

active E2F transcription factor and dercpression of genes repressed by E2FlpRB-type

protein complexes. Intetestingly, a family of five E2F and three DP subunits can hetero-

dimerize to produce different forms of the E2F transcription factor. The different pRB type

proteins appear to bind to different members of the E2F family, at different times during the

Gl to S phase transition (reviewed in Lam and La Thangue, 1994; Sherr, 1996;Zwicker

and Muller " l99l). For example, p 130 binds to E2F early in Gl , while pRB and pl07 bind

later in Gl and also during S phase. In addition, pRBÆ2F complexes regulate different

transcription targets than the plOT(EZF or pl30/E2F complexes (Hurford et a|.,1997),

demonstrating that these complsxes are not functionally redundant.

Cyclin D regulated kinase activity promotes S phase entry by the phosphorylation of

pRB, resulting in telease of E2F and transcription of EZF responsive genes (reviewed in

Sherr, 1996). This pathway of activation appears to be the only role of cyclin D, as

depletion of cyclin Dl in pRB deficient cell lines, does not inhibit DNA replication (Tam er
4



al., 1994; Lukas et aL,1995)" However, cyclin E activity is required for S phase in pRB

deficient cells (Ohtsubo et al." 1995), again indicating the different pathways by which

cyclin D and cyclin E regulate the Gl to S phase transition. Cyclin E-associated kinase

activity can also phosphorylate pRB related proteins (p107 and p130) to activate the E2F

transcriptionfactor(Sherr, 1996). Interestingly,cyclinEtranscriptionisupregulatedwhen

E2F is activated (DeGregori et al., 1995a; Ohtani et a\.,1995), Ieading to a positive

feedback loop betweenE2F and cyclin E. This result may suggest that one of the roles of

cyclin E is to activate E2F to promote S phase gene transcription, and that E2F activation of

S phase gene transcription is the only limiting factor during the Gl to S phase transition" In

support of this, overexpression of EzF-l in cultured fibroblasts, can overcome G I arrest

induced by the inhibition of Gl cyclin/cdk kinase activity by CKI proteins (DeGregori et aI.,

1995b). However, recent experiments have shown that overexpression of cyclin E can

overcome G1 arrest induced by a mutant pRB that cannot be inactivated by phosphorylation.

Furthermore, overexpression of cyclin E can bypass Gl arrest induced by a dominant

negative DP-1 mutation. In both cases, cyclin E overexpression induces S phase without

activation of E2F and E2F dependent S phase gene transcription (Lukas et aL.,1991).

These conflicting results can be reconciled if cyclin E-associated kinase activity regulates

other substrates important for S phase entry in a pathway parallel toE2F activated S phase

gene transcription. In the case of S phase induction by overexpression of E2F- 1, when cdk

kinase activity is inhibited, a residual amount of cyclin Elcdk2 activity may be present to

target critical substrates necessary for S phase. Conversely, induction of S phase by

overexpression of cyclin E without E2F activity may be explained by the persistence of S

phase gene products, such as thymidine kinase. A simplified schematic summary of these

interactions in shown in Figure 1.2.

c) Cyclin/cdk inhibitors.

Another important group of proteins that regulate progression through the Gl to S

phase transition are the cdk/cyclin kinase inhibitors (CKIs) (reviewed in Sherr and Roberts,

1995; Harper and Elledge, 1996; Figure 1.2). There are two families of CKIs, the first of

which is the INK4 family, consisting of pl5INK4b, pl6INK4a, pl8INK4c and

p19INK4d. The INK4 proteins contain multiple ankyrin repeat motifs and act as inhibitors

of the cdk4 (and cdk6) kinases, by binding to these cdk proteins, preventing association
5



Figure 1.2 - The Gl to S phase transition in mammalian cells

Simplified schematic model of the molecular events occuring during the Gl to S phase

transition. Activation of the EZFIDP heterodimeric transcription factor, by cyclin/cdk

dependent phosphorylation of inhibitory pRB type proteins, is necessary for the activation

of S phase gene transcription, and cyclin E and cyclinA transcription. The products of
these genes are essential for S phase entry and S phase progression. Note that

cyclin Ncdk2 complexes are likely to phosphorylate pRB, p107 and p130 (also see Figure

1.3 B), but this is not shown in this diagram. Positive and negative growth factors

regulate the activity of cyclins, cdks and CKI proteins. Potential interactions of growth

factors with cell cycle regulatory proteins are represented by the dashed lines. Examples

where growth factors are know to influence the levels or activity of a CKI protein are

shown by solid arrows.



mitogenic negative

factors
mitogenic negative
srowth growth
iactors factors\+

\

growth,
f¡ctors

growth

þ

S phase gene
transcription

mitogenic
J" /+

T
+1

growth
factorsI

I
I
I
I
I

\
t
\

--J- J.
I
I
I
I

J-

I
I
I
I
I
I
I

I+

v õ'
cyclin E

transcriptional
activation I

S phase

+
cyclin A

transcriptional
activation

+

S

S phase
progression

cdki¿



with cyclin D and formation of an active kinase complex. Consistent with this, over

expression of INK4 proteins can cause G I arrest in cultured cells. Inhibition of cdk4/cyclin

D kinase activity appears to be the main function of INK4 proteins, as pl6INK4a cannot

induce G I arrest in pRB deficient cells, the main target of cdk4/cyclin D kinase.

The second class of CKIs is the p2l family, consisting of p2 I CIP I /IVAF I 
,

p2lKIPt and p57KIP2. Unlik" INK4 inhibitors, p21 typeproteins bind to cyclin/cdk

kinase complexes to inhibit kinase activity, and can inhibit cyclin D, cyclin E and cyclin A-

associated kinase activity. In addition, overexpression of p2l type inhibitors causes Gl

arrest in cultured cells. p2lCIPlAMAF1 may also inhibit DNA replication by binding to

Proliferating Cell Nuclear Antigen (PCNA) and blocking PCNA induced activation of DNA

polymerase ô (Warbrick et al., 1995). Interestingly, p2l type proteins can still be found in

active cyclin/cdk kinase complexes in vivo, suggesting that the levels of these CKI proteins

may be important for the inhibition of cyclin-associated kinase activity (reviewed in Shem

and Roberts, 1995; Harper and Elledge, 1996). Recently, Sheaff et al., (1997)

demonstrated different kinetics of p2TKIPl binding to cyclin Elcdk2cornplexes, which

enable pzTKIPl to be both a substrate for, and an inhibitol of cyclin Elcdk2 kinase activity.

Cyclin Elcdk} kinase activity is inhibited by tight and stable binding of the p}7KIPlp¡otein.

However, initial transient binding of p2TKIPl to cyclin Elcdk2complexes is loose, and in

this form, cyclin Elcdk2 complexes can directly phosphoryl ate pZ7KIP I leading to

degradation of the p2lKIPt protein. These results have led to a model by which an increase

in cyclin E-associated kinase activity, for example by mitogenic signalling, would result in

phosphorylation of pzlKlPl and a decrease in p2lKIPt protein levels and therefore more

cyclin Elcdk2 activity. This generates a feedback loop between p2l[{lPl and cyclin E/cdk2,

resulting in higher cyclin Elcdk? activity and stimulation of S phase.

The levels of p2l-type proteins are controlled by different regulatory signals. For

example, transcription of the gene encoding the p2lCIPlAMAFl protein is induced by the

p53 tumour suppressor protein in response to DNA damage, causing Gl arrest by inhibition

of cdk/cyclin activity, to allow DNA repair (EI-Deiry et aL.,1993). In addition, the negative

growth factor TGF-ß induces Gl arrest by prornoting expression of the gene encoding the

pl5INK4b protein (Hannon and Beach, 1gg4). Increased pl5INK4b levels causes

dissociation of p27KIP1 from cyclin D/cdk4 or 6 complexes and redistribution to cyclin

Elcdk2 complexes (Reynisdottir et a1.,1995). The increased level of p2lKIPl lcyclin
6



Elcdk2 complexes inhibits cyclin E-associated kinase activity and thus S phase entry.

However, p2lKIPt deficient cells are still growth arrested by TGF-ß, indicating that other

additional mechanisms operate to cause growth arest (Nakayama et a\.,1996).

Interestingly, TGF-ß also causes downregulation of transcription of the cdc25A gene which

encodes a Gl specific phosphatase that removes inhibitory phosphates from cdk proteins

(Iavarone and Massague" 1997). Thus TGF-ß induces Gl arrest both by inducing negative,

and by repressing positive cdk regulators.

CKIs have also been proposed to be important for regulating exit from the cell cycle

to promote cell differentiation during development (reviewed in Sherr and Roberts, 1995;

Harper and Elledge, 1996). One example of this occurs during muscle cell differentiation.

Differentiating myoblasts activate the transcription factor MyoD, which activates

transcription of muscle specific genes. Transcription of the p2 I CIP l AMAF I gene is also

stimulated by MyoD, ensuring inactivation of cyclin-associated kinase activity to prevent cell

division and promote differentiation. Interestingly, mice deficient for p2lCIPl/IVAF1 ¡uus

no developmental defects, suggesting that p2lCIP1AMAFl does not play an important role

in regulating cell cycle arrest to allow differentiation (reviewed in Elledge et aI.,1996).

However, mice deficient for pzlKIPl are larger than normal as a result of excessive

proliferation. This indicates that the 1}TKIPI inhibitor is important for normal cell cycle

arrest, but not for differentiation, as most tissues and organs developed normally despite

increased cell numbers.

These observations indicate that cyclin/cdk complex activity during Gl phase is

regulated by a complex interplay of positive and negative growth signals (see Figure L2 for

a simplified schematic summary).

I"4.2 Gl to S phase regulated transcription.

As discussed above, regulated cyclin gene transcription is an important regulatory

mechanism of cyclin dependent kinase activity during the Gl to S phase transition.

Tlanscriptional regulation of cyclins during the Gl to S phase transition has been described

in both yeast and mammalian cells, and will be discussed briefly.

a) Periodic cell cycle transcription in yeast.

In the budding yeast Saccharomyces cerevisiae, the Gl to S phase transition is
7



regulated by the Cdc28 cyclin dependent kinase and three ledundant Gl cyclins CIn l, Cln2

and Cln3 (reviewed in Nasmyth , 1993). Transcription of the CLN3 gene does not vary

during the cell cycle, but CLNI and CLN2 transcription is periodic, peaking sharply ar the

G1/S transition. CLNI and CLN2 transcription is activated when Cln3-associated kinase

activity reaches a critical level in rcsponse to cell growth to an appropriate size (Dirick et al.,

1995). Induction of CLNI and CLN2 transcription in Gl phase is directly controlled by rhe

SBF transcription factor. The SBF transcription factor is a heterodimer of the Swi4 DNA

binding protein and the Swi6 protein. Initial activation of Cln3/Cdc28 kinase activates the

Swi4/Swi6 transcription factor by an unknown mechanism, which in turn activates CLNI

and CLN2 transcription (Figure L3; reviewed in Koch and Nasmyth, 1994; Nasmyth,

1996)" In addition, transcription of genes that encode proteins essential for DNA

replication, such as DNA polymerase, and of two other cyclins Clb5 and Clb6 which are

required for S phase progression, is also periodic. Transcription of these genes is activated

at the beginning of S phase by the MBF heterodimeric transcription factor. MBF is related

to SBF, as MBF consists of Swi6 and the DNA binding protein Mbpl that shares sequence

similarity with Swi4. The MBF transcription factor is also activated by Cln3/Cdc28 kinase

(Figure 1.3).

Analysis of the CLNI and CLN2 promoters and SBF activity during the cell cycle

has revealed important mechanisms for downregulating CLNtranscription. As cells enter S

phase, the levels of mitotic cyclins accumulate, and the associated kinase activity inhibits

SBF dependent transcription by causing dissociation of SBF from SBF regulated

promoters. When mitotic cyclins (Clbl-4) are degraded during mitosis, SBF can again bind

to promoter sequences, and await activation by the Cln3-associated kinase (Figure 1.3;

Amon et al., 1993; Koch et a\.,1996). These data suggest that periodic cell cycle

transcription in yeast is important for cell cycle progression, and alternate activation and

repression of Gl cyclin transcription helps to order the cell cycle.

b) Periodic cell cycle transcription in mammalian tissue culture cells.

Cyclin D transcription does not peak sharply at the G1 to S phase boundary, but

slowly accumulates during G1 phase in response to mitogenic signals and growth factors

(reviewed in Sherr, 1993)" When cyclin D-associated kinase activity reaches critical levels,

through both transcriptional regulation and interactions with CKls, pRB is phosphorylated,
I



resulting in activation of the E2F transcription factor and G1/S tlanscription of genes, such

as cyclin E, necessary for S phase entry. This initial activating role of cyclin D-associated

kinase activity is important for transcriptional regulation during Gl phase and for cell cycle

progression, analogous to Cln 3-associated kinase activation of SBF in yeast (Figure 1.3).

Although the yeast SBF transcription factor sharcs no sequence similarity to the E2F

transcription factor, the mechanism of action of SBF and E2F appear to be similar (Figure

I .3). As described above (section l.3.lb), the E2FIDP heterodimeric transcription factor is

important for activation of transcription during the Gl to S phase transition. The E2F

transcription factor binds to pRB family members in hypophosphorylated form.

Phosphorylation of the pRB family members by Gl cyclin-associated kinases, releases free

E2F and results in transcriptional upregulation of genes that encode regulatory proteins and

products necessary for DNA replication (reviewed in Sherr, 1996). Transcription of cyclins

E andÁ is derepressed by the dissociation of pRB type proteins from the E2F transcription

factor, with the activation of cyclin E transcription in Gl, leading to a positive feedback loop

between E2F and cyclin E activity (Ohtani et al." 1995; Huet et a1.,1996). Interestingly,

cyclirt E and^A transcription appears to be repressed by different pRBÆ2F complexes, as

cyclfu E transcription is derepressed in pRB deficient cells, but not in p107 or pl30 deficient

cells, or in cells where both of these proteins are absent. However, cyclinA transcription is

derepressed when both p107 and p130 are absent from cells, but not in cells deficient for

pRB or p107 or pl30 (Hurford et al.,1997). This difference may also reflect the activation

of cyclin E transcription prior to cyclin A, and the appearance of cyclin E/cdk2/p101lEzF

complexes in Gl phase prior to cyclin Ncdk2/pl07lE2F complexes in S phase (Lees et al."

1992)" Cyclin A dependent kinase activity during S phase has been shown to directly

phosphorylate the DP- I subunit of the E2F transcription factor, inactivating E2F DNA

binding activity. Inactivation of E2F by cyclin Ncdk? has been proposed to be necessary

for S phase progression (Krek et al." 1994; Krek et aL.,1995). Thus similar to the situation

in yeast, inactivation of Gl cyclin transcription may be imporlant fol cell cycle progression.

L"5 Coordination of cell proliferation with development.

The above discussion has mainly focused on the regulatory molecules that control

progression through Gl and S phases of the cell cycle, but how are these regulatory

molecules controlled by developmental signals to co-ordinate cell proliferation in a
9



Figure 1.3 - Gl to S phase regulated transcription.

(A):- Simplified schematic diagram of the activation pathway of cyclin and S phase gene transcription in the yeast Saccharomyces cerevisiae

during Gl phase. CLN transcription peaks at the Gl to S phase transition after activation of the SBF (Swi4/Swi6) transcription facror. The

MBF (Mbpl/Swi6) transcription factor activates transcription of S phase cyclins (CLB5 and CLBQ and S phase genes. SBF and MBF are

activated by the Cln3/Cdc28 kinase. The SBF transcription factor is inactivated by mitotic ClbI-4/Cdc28 kinases prior to mitosis.

(B):- Simplified schematic diagram of the activation pathway of cyclin E, cyclinA and S phase gene transcription in mammalian cells during

Gl phase. Cyclin E transcription peaks at the Gl to S phase transition, stimulated by a positive feedback loop with the E2F|DP heterodimeric

transcription factor. Cyclin A and S phase gene transcription is also stimulated in this pathway, and are necessary for S phase entry and

progression. Active cyclin Ncdk2 kinase phosphorylates the DP subunit of the E2F transcription factor during S phase, downregulating

S phase gene transcription.
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developing animal? In tissue culture experiments, mitogenic signals or growth factors are

known to stimulate progression through G1 into S phase. Many of these mitogenic signals

act through receptor tyrosine kinases leading to activation of Ras-MAP kinase signalling

pathways (reviewed inBottazzi and Assoian, 1997; Downward, 1997). Stimulation of

MAP kinase signalling leads to increased levels of G1 cyclin-associated kinase activity and

S phase entry. However, in many cases the targets of these MAP kinase signalling

pathways, and how these targets interact with cell cycle regulatory proteins, is unclear.

Recent studies have revealed some of the mechanisms by which Ras activity

stimulates Gl phase progression. During the beginning of Gl phase, one of the roles of

Ras is to stimulate cyclin D1 tlanscription though the activation of the ERK family of MAP

kinases (reviewed inBoff,azzi and Assoian,l99J; Downward,l99l). Interestingly,

induction of a Gl phase arrest by expression of a dominant negative mutant form of Ras,

can be overcome in some cell lines that are deficient for the pRB protein (Leone et a\.,7997;

Peeper et al., 1991). This result suggests that the primary role of Ras is to lead to an

increase in cyclin D levels, as pRB is the only essential target of cyclin D-associated

kinases.

Ras also appears to be active in mid Gl phase (Taylor and Shalloway, 1996), and

may function in collaboration with the c-Myc transcription factor to upregulate the activity of

the cyclin E-associated kinase (Leone et aI., 1997). Co-expression of Ras and c-Myc, but

not Ras alone, can induce S phase by decreasing the levels of the p2TKIPl inhibitor protein,

resulting in increased levels of cyclin E-associated kinase activity. This S phase induction

occurs without a con'esponding increase in cyclin D-associated kinase levels or

phosphorylation of pRB or p107, indicating that Ras does not always stimulate S phase

entry via upregulation of cyclin D transcription (Leone et al., 1997). Indeed, the c-Myc

transcription factor, expression of which is highly dependent on mitogenic signals, appears

to stimulate S phase by activating transcription of the cdc25A gene (reviewed in Zornig and

Evan, 1996). As mentioned above (section 1.4.1 c),the cdc25A gene encodes a tyrosine

phosphatase that acts during Gl phase to remove inhibitory phosphates from cdk proteins,

thereby activating Gl cyclin-associated kinase activity. Thus, mitogenic signalling

pathways can have multiple effects on cell cycle regulatory proteins to stimulate ently into S

phase.

A MAP kinase signalling pathway is also utilized in yeast in response to a or o¿
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mating factor. The a or ct yeast mating factor is a developmental signal that induces cell

cycle arrest in Gl phase. The binding of yeast mating factor to a cell surface receptor,

stimulates a MAP kinase signal transduction pathway that activates the Farl protein by

phosphorylation. Farl then acts as a protein inhibitor of CIn/Cdc28 kinases causing Gl

phase arrest (reviewed in Chang, 1993). Thus the MAP kinase pathway can be used to both

positively and negatively regulate S phase entry in response to mitogenic and developmental

signalling.

These studies give some understanding of how a mitogenic signal can modify the

levels and/or activity of cell cycle regulatory molecules, but do not reflect how these signals

co-ordinate the cell cycle and proliferation in a developing animal. Mammalian tissue culture

systems generally utilize homogeneous populations of cells which limits these studies as

growth signals are not induced in the truly physiological environment of a multicellular

organism. The different cell types in an animal communicate with each other by producing

growth signals that may act on nearby cells or by direct cell-cell contact. The interaction

between different cells and tissues is known in some cases to be important for cell fate

determination and development (for examples see reviews by Bienz, 1996; Molkentin and

Olson, 1996). The control of cell proliferation during development can be more effectively

studied in a whole animal such as the model organism Drosophila melanogaster. The

molecular mechanisms that regulate Drosophila development have been extensively studied

and the patterns of cell proliferation during development are well characteized, particularly

during embryogenesis. In addition, the cell cycle regulatory genes identified in mammalian

systems (as described above), appear to be highly conservedtn Drosophila (reviewedin

Edgar, 1995;Edgar and Lehner, 1996; Follette and O'Farrell, 1997). The focus of the

remainder of this introductory chapter will be on regulation of cell proliferation during

D ro s ophila development"

1"6 Cell proliferation during DrosophíIa development.

L.6.7 Embryonic development.

The spatio-temporal patterns of cell proliferation and the types of cell cycles

occurring during Drosophila embryonic development have been well described. After
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fertilization, the ernbryo undergoes 13 r'apid and synchronous cleavage cycles of DNA

replication (S phase) and mitosis (M phase), without intervening gap (G) phases (Figure

1.4; reviewed in Foe et aI., 1993). These cycles occur in a syncytium, with a common

cytoplasm. All the necessary cell cycle regulatory proteins, such as cyclins and cdks, are

translated in the embryo from maternally provided mRNA, without zygotic transcription

(reviewed in Foe et al., 1993). The first seven cycles occur very rapidly (8-9 minutes

each), without detectable oscillations in cdkl/cyclin kinase activity. The remaining syncytial

divisions are progressively longer in time (18 minutes for the l3th division) and levels of

rnitotic cyclins A and B are found to fluctuate, resulting in maximal cdkl (DMCDC2) kinase

activity during mitosis, followed by degradation of these cyclins. The accumulation of

cyclin A and B proteins then precedes the next mitosis (Edgar et al.,l994b).

From mitotic cycles I 0- I 3, nuclei are located at the periphery of the embryo, as a

syncytial blastoderm" During the l4th mitotic cycle, the cytoplasmic membrane pulls down

around each nucleus, resulting in the formation of the cellular blastoderm. A gap phase

(G2) of variable length is introduced into the cell cycle after the 14th synchronous S phase

(Figure 1.4) and gastrulation begins during this G2 phase (revierved in Foe et al.,1993).

Small groups or patches of cells enter the l4th mitosis synchronously, in a highly

reproducible and complex spatio-temporal pattern. These groups of cells have been mapped

and described as'mitotic domains'(Foe, 1989)" The mitotic domains observed during the

l4th cell cycle are likely to mark larval organ primoldia (Foe, 1989). The length of G2

phase and entry into mitosis is regulated by zygotic transcription of the string gene, which

encodes a cdc25 phosphatase that activates cyclin/cdk1 kinase complexes, and is rate

Iimiting for mitosis (Edgar and O'Farrell, 1989; Edgar and O'Farrell, 1990). Zygotic string

is expressed in a complex pattern that pre-empts the pattern of mitosis occurring in mitotic

domains (Edgar and O'Farrell, 1989, Edgar et aI., 1994a). S phase of the l5th cell cycle

follows mitosis l4 without an intervening Gl phase. The 15th and l6th mitotic cycles are

similar, containing a G2 phase of variable length, that is determined by regulated

transcription of the string gene (Figure 1.4; Edgar and O'Farrell, 1990).

Afier the 16th mitotic division, most cells of the embryonic epidermis exit the cell

cycle by arresting in the first Gl phase, prior to differentiation (Edgar and O'Farrell, 1990).

Small subsets of cells in the thoracic epidermis appear to undergo an additional lTth cell

cycle, diffeling fi'om the preceding post blastoderm divisions, by containing both G1 and
I2



G2 phases (Figure 1.4; Knoblich et aL.,1994). This 17th epidermal cell cycle will be

discussed in more detail below and in subsequent chapters. The cells of the central and

peripheral nervous systems also continue to divide after the epidermal cells have arrested in

Gl phase of the lTth cell cycle. Central nervous system (CNS) neuroblasts, segregate (or

delaminate) from the ectoderm in three successive waves (SI, Sil and SII!. The SI wave

cells delaminate around the time of the l4th or l5th celldivisions, during embryonic stage 9

(see Figure 1.5 for a description of Drosophila enbryonic stages). SI neuroblasts have

been estimated to undorgo 8-9 cell divisions, SII neuroblasts undergo 6-7 cell divisions and

SIII neuroblasts undergo 5 cell divisions. Most CNS cells cease division during embryonic

stage 15, and presumably arrest in Gl phase (Hartenstein et a1.,1987' Truman and Bate,

1988). A small subset of neuroblasts continue dividing until late in embryogenesis, with

some cells still replicating DNA during embryonic stage 16, before ceasing cell division

(Prokop and Technau, 1991). A few cells in the brain, the mushroom body neuroblasts,

continue dividing throughout embryogenesis and after larval hatching (Truman and Bate,

1988; Ito and Hotta, 1992). Cells of the peripheral nervous system (PNS) begin

delamination from the ectoderm during embryonic stage 10, at the time when the l5th and

l6th cell cycles are occurring in the embryo. These cells divide 2-3 times and cease division

late in embryonic stage 12, presumably arresting in G1 phase (Bodmer et aL.,1989). The

cell cycle length of these CNS and PNS cell divisions is similar to the duration of the post

blastoderm epidermal divisions, which are regulated by the timing of string transcription

during G2 phase (Edgar and O'Farrell, 1990; Hartenstein et a1.,1987; Bodmer et a\.,1989)

and S phase appears to immediately follow mitosis during the early SI and SII CNS

neuroblast divisions (Weigmann and Lehner, 1995)" This suggests that neural cells have a

similar type of cell cycle of S, G2 and M phases, without an obvious Gl phase (Figure

| .4)"

The final type of cell cycle that takes place during embryonic development, is a

modified cell cycle (termed endoreplication) that consists of alternating S phases and G

(gap) phases without mitotic division, to generate polytenized tissue (Figure 1.4; Smith and

Orr-Weaver, 1991). Endoreplicating S phases are observed in a reproducible spatio-

temporal pattern (Figure I .6; Smith and Orr-Weaver, l99l ), analogous to the earlier mitotic

domains described by Foe (1989). Endoreplication is observed after the l6th mitotic cell

division, and is not dependent on mitotic controls, as DNA replication is still observed in
l3



Figure 1.4 - Cell cycles occurring during Drosophila embryogenesis

A representation of the different types of cell cycle that occur during different stages

of embryogenesis. This figure is similar to a diagram presented in Edgar, 1995.



cleavage cycles 1-13

cycles 14-16

endoreplicating tissues

(cycle 17 >)

S

M

M

S

a
G2

\

1

epidermal cells
(cycle 17)

G 1 arrest
or

M

Gl arrest
(cycle 18)

neural cells

(cycle L7 >¡

M

G 1 arrest
(most cells)

a
G2

\

a
G2

\ SS

+

S

+



Figure 1.5 - Stages of Drosophila embryonic development.

This figure is taken from "The atlas of Drosophila development", V. Hartenstein,Igg3.

The figure legend for this diagram is on the facing page. This figure is a useful reference

for the discussions of embryonic development in later chapters"
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Figure 1.6 - The spatial patterning of endoreplication during embryogenesis

This figure (and legend) is taken with modification from Smith and Orr-Weaver, (1991).

The endoreplication domains are shown for the embryonic stages between the onset of

polyteny and cuticle deposition. The developing gut and salivary gland are shown in light

pink at all times when these tissues are not observed to replicate. (A) As the germ band

begins to retract (stage l1) the salivary gland (green) is the first tissue in which

endoreplication is observed; (B) During germ band retraction (stage 12) the anterior and

posterior midgut (red) begin to endoreplicate. The small red circles represent the large

replicating nuclei seen between the two parts of the developing midgut; (C) During the

dorsal closure stage of embryogenesis (stage 13) the hindgut (yellow) endoreplicates.

Shortly theleafter replication begins in the Malpighian tubules (dark blue); (D) At head

involution (stage 14) replication persists in the developing midgut, hindgut and the

Malpighian tubules" The replication in the midgut proceeds anteriorly in the anterior

midgut and posteriorly in the posterior midgut, there is a stripe of replication near the

rniddle of the sac-like midgut (bright blue); (E) The replication seen at the middle of the

midgut is coincident with the first constriction of the developing midgut (stage 15). As the

constrictions appear, the stripe of labelling observed in the midgut expands anteriorly and

posteriorly. Replication is next observed in a group of cells that extend along the posterior

part of the dorsal side of the embryo (dark pink); (F) As the midgut becomes more

convoluted (stage 16) replication is observed to extend through the entire midgut and

replication persists in the dorsal cells.

Anterior is to the left, dorsal up. sg- salivary gland, am = anterior midgut,

pm = posterior midgut, hg = hindgut, mt = Malpighian tubules, dc = dorsal cells.
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endoreplicating gut tissues in both string and cyclinA hornozygous mutant embryos

(Lehner et al., t99l; Smith and Orr-Weaver, l99l). Endoreplication continues during late

embryonic development and after larval hatching in smaller subdomains than those

described in Figute 1.6. Most larval tissues becorne polyploid and the patterns of

endoreplication occurring during Ialval development arc complex, although these larval

endoreplicating domains have not been extensively characterized.

1.6"2 Larval development.

The patterns of cell division occun ing during larval development arc not as well

described as those that occur during embryogenesis. As mentioned above (section I .6. I ),

most larval tissues become polyploid, but cells of the central nervous system and imaginal

cells (which give rise to adult structures), divide mitotically during larval development.

Three examples of regulated Gl to S phase transitions characlerized in larval tissues will be

discussed here"

a) lst instar larval brain neuroblasts.

Most neuroblasts of the embryonic CNS cease cell division prior to hatching of lst

instar larvae (Hartenstein et aL.,1987; Prokop and Technau, 1991; Ito and Hotta, 1992) and

are proposed to arrest in Gl phase of the cell cycle. Several hours after hatching, these

quiescent neuroblasts re-initiate DNA replication, without prior mitosis, supporting the

assumption that post-embryonic neuroblasts are arested in Gl phase (Truman and Bate,

1988; Prokop and Technau, I99l). Stimulation of post-embryonic neuroblasts to

proliferate occurs in a defined spatio-temporal pattern. For example neuroblasts in the brain

lobes enter the cell cycle 12 hours after hatching (Truman and Bate, 1988; Ito and Hotta,

1992;Ebens et a\.,1993), whereas thoracic ventral ganglion neuroblasts initiate S phase 26

hours after larval hatching (Truman and Bate, 1988). The transition of quiescent

neuroblasts from Gl to S phase is an instance in which developmental signals may regulate

entry into S phase.

Interestingly, two genes, anachronism (ana) and terribly reduced optic lobes (trol),

may rcgulate the entry of quiescent neuroblasts into the cell cycle. The ana gene encodes a

glial secreted glycoprotein and quiescent neuroblasts in homozygous ana mutant larvae

show premature entry into S phase. This has led to the proposal that secreted ANA acts as
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an inliibiting signal that maintains neuroblasts in a quiescent state (Ebens et a\.,1993). The

trol gene has yet to be cloned, but in larvae homozygous for a hypomorphic trol allele, a

subset of quiescent neuroblasts do not re-enter the cell cycle. Larvae mutant for both trol

and ana, exhibit an arla mutant phenotype, suggesting that TROL may function to bypass or

inhibit the ANA inhibitory proliferative signal (Datta, 1995). Cloning of the trol gene and

further analysis should determine the role of TROL in the stimulation of cell division in

quiescent larval neuroblasts, perhaps demonstrating dilect regulation of cell cycle control

mechanisms"

b) 3rd instar larval brain lamina precursor cells"

The optic lobes of 3rd instar larval brains have three proliferating cell domains, the

outer proliferative centre, the lamina precursor cells and the inner prolifelative centre

(Hofbauer and Campos-Ortega, 1990). Cells from the outer proliferative centre, migrate

posteriorly towards the lamina and become lamina precursor cells before differentiating into

lamina neurons (Hofbauer and Campos-Ortega, 1990; Selleck et al., 1992). Lamina

precursor cells are located in a furrow and undergo a developmentally regulated cell division

within this furrow (shown schematically in Figure 1.7 A). Cells migrating from the outer

proliferative centre enter the anterior region of the furrow in G2 or M phase. As cells enter

the posterior region of the furrow, cells progress from G1 phase into S phase, then exit the

furrow in G2 or M phase before differentiating (Selleck et aI., 1992). Progression of

lamina precursor Gl cells into S phase requires innervation by photoreceptor axons from

the differentiating eye imaginal disc. If axon innervation does not occur, Iamina precursor

cells arrest in Gl phase and fail to differentiate into lamina neurons (Selleck et al., 1992).

The secreted signalling protein Hedgehog (HH) (reviewed in Hammerschmidt et al.,

1997), is an important patterning molecule in eye imaginal discs and is expressed in

differentiating eye photoreceptor cells (reviewed in Bonini and Choi, 1995)" Recent studies

by Huang and Kunes (1996) have revealed that HH, transmitted by innervating eye

photoreceptor cell axons, acts as a signalling molecule that simulates lamina precursor cells

to begin differentiation. The HH signal, also either directly or indirectly stimulates Gl

lamina precursor cells into S phase, since the lamina precursor cells arrest in Gl phase when

innervated by axons lacking HH, which is similar to the phenotype observed when axon

innervation does not occur. In addition, ectopic /z/z expression in the lamina can induce the
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Figure 1.7 - Patterns of cell cycle phases during 3rd instar larval brain and eye

development"

(A):- Schematic diagram of a cross section through the optic lobe of a 3rd instar larval

brain showing the lamina furrow (highlighted with *). Also shown are the cell cycle

phases throughout the lamina furrow. Anterior is to the left, aOPC = anterior outer

proliferative centre, LA = laminâ, oS = optic stalk" This figure is taken from

Selleck et al." (1992).

@):- Schematic diagram of a 3rd instar larval eye imaginal disc showing the spatial

alrangement of cell cycle phases. Anterior to the morphogenetic furrow (MF), cells are

arrested in G l. Posterior to the MF a band of cells undergo a synchronous S phase,

followed by a band of mitotic cells. Asynchronously dividing cells in the anterjor legion

are shaded grey. Anterior is to the right.
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G I to S phase transition of lamina precursor cells, in the absence of photoreceptor axon

innervation (Huang and Kunes, 1996). Significantly, these rcsults raise the possibility that

the HH signalling pathway directly activates Gl phase cellcycle regulatory molecules to

stimulate S phase in the lamina precursor cells.

c) 3rd instar larval eye imaginal disc.

The larval eye irnaginal disc is a single cell epithelium that differentiates to fotm the

adult eye. During the 3rd larval instar, a wave of differentiation, which proceeds in a

posterior to anterior direction, can be observed in association with an indentation termed the

morphogenetic furrow (MF) in the eye imaginal disc (Figure 1.7 B). Cells anterior to the

MF are undifferentiated and divide asynchronously. Just anterior to the MF, cells arrest in

Gl phase. Posterior to the MF, some of these Gl arrested ôells begin to differentiate into

photoreceptor cells in organized cell clusters. The remaining cells undergo a synchronous

S phase before differentiating into the photoreceptor, cone and pigment cells that comprise

the adult eye ommatidia (Figure 1.1 B; Wolff and R.eady, l99l). The spatial array of

synchronous cell cycle phases, co-ordinated with highly ordered patterns of differentiation,

make the 3rd instar larval eye imaginal disc an ideal tissue to study cell cycle regulation

during development.

As briefly mentioned above (section 1.6.2b), the secreted signalling molecule HH

is irnportant for co-ordinating development of the eye irnaginal disc. HH is expressed in

differentiating photoreceptor cells posterior to the MF, and is required to drive movement of

the MF across the eye imaginal disc (Heberlein et al., 1993;Ma et al., 1993). Ectopic

expression of HH anterior to the MF in eye imaginal discs can induce formation of an

ectopic MF that functions as a normal MF, co-ordinating cell differentiation, cell cycle

regulation and furrow movement (Heberlein et al., 1995). The band of HH expression

posterior to the MF in eye imaginal discs induces expression of decapentaplegic (dpp), a

member of the TGF-ß family of signalling proteins, in cells anterior to the MF (Heberlein et

aL , 1993; Ma et al. , 1993) " This observation suggested that DPP may tran sduce the HH

signal to regulate furrow movement and differentiation anterior to the furrow, similar to the

interaction of HH and DPP in the regulation of wing and leg imaginal disc diffelentiation

(reviewed in Hammerschmidt et aL.,1997). DPP acts through a Type I receptor (either

Thick veins or Saxophone) and a Type II receptor (Punt). Interestingly, clones of cells
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lacking the DPP receptor gene, thick veins (tkv), do not arrest in Gl phase anterior to the

MF, although cell differentiation posterior to the MF is not affected and MF furow

progression is only slightly delayed (Burke and Basler, 1996; Penton et al.,1997; A.

Penton, personal communication). These data suggest that DPP signalling acts to co-

ordinate cell cycle synchronization during eye imaginal disc development by causing Gl

phase arrest anterior to the MF. Thus, DPP may be acting in a similar way to the TGF-ß

signal in mammalian cells (see section 1.4.1 c) to induce this Gl arrest in the eye imaginal

disc"

1.7 Developmental patterning and G2 to M phase regulation during

Dro s ophila embryogenesis.

Although the patterns of cell proliferation during Drosophila development,

particularly during embryogenesis, are well described, little is known as yet about the

molecular mechanisms by which developmental signals control cell cycle regulatory

molecules to generate this spatio-temporal cell proliferation pattern. This section describes

the patterning genes that act during embryogenesis and studies on how these genes regulate

transcription of the mitotic inducer string, which encodes the Drosophila cdc25 phosphatase

(see section 1.6.1).

7.7 "l Patterning genes.

The patterning genes that regulate Drosophila embryonic development have been

well characterized. In the anteriorþosterior axis, embryos are progressively subdivided into

smaller compartments by differential expression of regulatory genes that encode primarily

transcription factors and signalling molecules. Positional information is initially provided in

the embryo by localized maternal products of genes such as bicoid (bcd) and nanos (nos).

The localized BCD and NOS products result in induction of expression of gap genes such

as Krüppel and knirps, which encode transcription factors (reviewed in Pankratz and

Jackle, 1993). Gap genes are expressed in broad bands in the embryo and Gap gene

products regulate the expression of pair-rule genes in stripes (3-4 cells wide) corresponding

to alternating segment primordia. Most pair-rule genes encode transcription factors, such as

Fushi taraur F'fD and Even-skipped (EVE), that regulate the initial expression of segment

polarity genes (reviewed in Martinez Arias, 1993). Segment polarity genes, such as

17



- r- .: I -i ::,: l:_.tj i-::-:ii::a:;ji¡::ia

wingless (wg), engrailed (en) and hedgehog (hh), are expressed in nanow stripes in each

segment. While initial expression of these genes is regulated by pair'-rule gene products,

later expression is maintained by cross-regulatory interactions between segment polarity

genes. These regulatory interactions serve to maintain segmental borders. The combined

action of these genes provides positional information in the embryo for tissue formation and

organogenesis.

The homeotic patterning genes, such as Antennapedia (Antp) and Ultrabithorax

(Ubx), encode homeodomain proteins that specify segment identity and cell fate (reviewed

in McGinnis and Krumlauf, 1992;Maftinez Arias, 1993). Homeotic genes are expressed in

broad, overlapping domains in the embryo, and are thought to function in combination to

control the transcription of downstream genes, the products of which regulate differentiation

within segments. Mutations in these genes result in homeotic transformations of one or

more segments so that they resemble different segments. Although, initiation of homeotic

gene expression is controlled by the anteriorþosterior patterning genes described above,

later homeotic gene expression is stably maintained throughout development in the

appropriate domains by epigenetic mechanisms of transcriptional activation and repression

(reviewed in Simon, 1995). Homeotic gene function and homeotic gene complexes have

been conserved throughout metazoan evolution. This remarkable conservation indicates that

these genes play a central role in patteming and cell fate determination during animal

development"

Patterning in the dorsal/ventral axis during embryogenesis is initiated by the

matelnally provided Dorsal (DL) protein (reviewed in Rusch and Levine, 1996). A gradient

of DL nuclear localization forms in the embryo, with the highest levels of nuclear localized

DL found in the ventral embryonic region. DL acts as both a transcriptional activator and

repressol', and regulates the expression of dorsal/ventral patterning genes that subdivide the

embryo into three tissue layers. The ventral most cells express the rwisr (twi) and snail

(sna) patterning genes to form the presumptive mesoderm. The lateral region expresses

genes such as rhomboid (rho) fhat define the neuroectoderm (or ventral ectoderm). Finally

decapentaplegic (dpp) is derepressed in the absence of DL activity in the dorsal most regions

of the embryo to form the dorsal ectoderm. The products of the dorsal/ventral patterning

genes function to regulate downstream genes that further subdivide these three tissue layers.

For example the presumptive mesoderm is subdivided into the lateral mesoderm, which
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forms the cardiac and visceral muscles and the ventral mesoderm which forms the somatic

muscles"

The subdivision of the Drosophila embryo by the anteriorþosterior and the

dorsal/ventral patterning genes provides a co-ordinate system which specifies cell fate and

regulates differentiation during development. Although the mechanisms for producing these

patterns are well understood, in most cases it is not clear what the downstream targets of

these genes are, nor how they combine to regulate processes such as organogenesis, tissue

specific differentiation and cell proliferation. For this reason, identification of effector

genes downstream of the patterning genes is the focus of much research.

I"7"2 Transcription regulation of the mitotic inducer, stríng.

As discussed above (section 1.6.1), the mitotic inducer, String, is a rate limiting

regulator of the G2 to M transition in the three post blastoderm cell divisions during

embryogenesis. The transcription pattern of string is highly complex, and pre-empts the

pattern of mitosis in mitotic domains (Edgar and O'Farrell, 1989; Edgar and O'Farrell,

1990; Edgar et a|.,1994). Analysis of string transcription in embryos homozygous for

various patterning gene mutations revealed that subsets of the string transcription pattern,

are regulated (either directly or indirectly) by patterning genes (Edgar et aI.,l994a;

Patterson, 1996). These data suggest that, at least in some cases, cis-acting control

sequences driving string transcription may directly integrate patterning gene information to

regulate mitosis during embryogenesis (Edgar et aI.,I994a). Dissection of string cls-acting

regulatory sequences has demonstrated that string transcription is regulated by a large and

complex control region, with many tissue specific regulatory regions, some of which

correspond to specific cycle 14 mitotic domains, for example cycle l4 mitotic domain 2 in

the head region of the embryo (Edgar et al., 1994a; Patterson, 1996). Analysis of the cycle

14 mitotic domain 2 regulatory sequence has revealed that transcription in this mitotic

domain is likely to be directly regulated by the gap gene buttonhead and the dorsal/ventral

patterning gene snail, both of which encode DNA binding proteins that act as transcription

factors (Patterson, 1996). Significantly, these results demonstrate that patterning gene

information can directly interact with cell cycle regulatory control mechanisms, providing a

means of co-ordinating cell division during development.
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1.8 Gl to S phase regulation during Drosophila development.

As discussed above (section 1.6), there are many cases durin g Drosophila

developrnent where regulation of entry into S phase of the cell cycle appears to be co-

ordinated with development, for example in the endoreplicating domains in the embryo, and

in the larval eye imaginal disc" It may be that patterning genes and developmental signals

directly regulate G I -S phase control mechanisms to drive the cell cycle in these cases, if S

phase regulation is analogous to the regulation of rnitosis during embryogenesis. Homologs

of cell cycle regulators that contlol entry into S phase in mammalian cells, such as cyclin E,

have been identified in Drosophila. These proteins appear to function in similar regulatory

pathways in Drosophila as they do in mammalian cells (Figure 1.8). Cunent knowledge of

the role and regulation of important G1-S phase regulatory proteins during Drosophila

development will be discussed below and summarized schematically in Figure 1.8.

1.8.1 Cyclin E"

Drosophila melanogaster cyclin E (DmcycU) cDNA clones were initially isolated in a

low stringency hybridization screen using a human cyclin E probe (Richardson et aI.,

1993). Two classes of DmcycU cDNA were isolated, Type I and Type II, which differed in

approximately the first 700 bp of sequence at the 5' ends of the clones, but shared alarge

common 3' sequence. Sequence comparison revealed that the predicted DMCYCE amino

acid sequence was most similar to human cyclin E, with the two proteins showing 43Vo

identity and 63Vo similarity overall (Richardson et al., 1993). The two DmcycE transcripts

encode separate proteins with different N-termini and share a common C-terminus. The

Type I DMCYCE protein is 601 amino acids long and has 12 novel amino acid residues at

the N-terminus while the Type II DMCYCE protein, of 708 amino acids, has a I l9 amino

acid novel N-terminus (Richardson et al.,1993). The unique N-terminal region of the Type

II DMCYCE protein contains potential MAP kinase phosphorylation sites (H. Richardson,

personal communication) and PEST sequences (Richardson et aI.,1993) which target

proteins for rapid turnover in cells (reviewed in Rechsteiner and Rogers, 1996). In

addition, the Type I and Type II DMCYCE proteins have different nuclear localization

sequences. These unique regions ofthe Type I and Type II proteins suggest that each

protein may have different regulatory properties.

The Type I and Type II DmcycE transcripts have different expression patterns
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during development (Richardson ¿/ aI.,1993; Knoblich et a\.,1994; Richardson et al.,

1995; H. Richardson, personal communication)" The Type II transcript is maternally

expressed while the Type I DmcycE transcript is expressed zygotically, first appearing

around the time of cellularization and is then expressed throughout the rest of embryonic and

larval development. The Type I transcript and the corresponding DI\,{CYCE protein

distribution, are found in proliferating cells, and is generally downregulated in Gl cells,

such as the embryonic epidermal cells that arrest in Gl of mitotic cycle 17, and the band of

Gl amested cells anterior to the morphogenetic furuow in eye imaginal discs (Richardson ¿r

aL",1993; Richardson et a|.,1995). This expression pattern is consistent with DMCYCE

regulating S phase entry during Drosophila development.

7"8.2 DMCYCE is necessary and sufficient for S phase progression"

Strong evidence for the importance of DMCYCE in the regulation of S phase during

Drosophiladevelopmentcomesfromtheanalysis of DmcycE mutations. DmcycEisan

essential gene, as null DmcycE mutations are homozygous lethal. Embryos homozygous

for null DmcycE mutations show cell cycle arrest prior to the 17th S phase during

embryogenesis, indicating that DMCYCE is essential for S phase progression (Knoblich er

aI., 1994). The mutant phenotype of null DmcycE mutations does not occur earlier in

embryogenesis due to a low amount of maternal DMCYCE protein persisting in the embryo.

Analysis of a homozygous viable hypomorphic DmcycE mutation, DmcycEJP, also

demonstrated that DMCYCE is required during later stages of development. Larvae

homozygous for the DmcycEJP mutation show a reduced number of S phase cells

throughout the eye imaginal disc, attributable to reduced numbers of cells expressing

Dmcyc0 in this tissue. The reduction in S phase cells was most dramatic in the band of

cells that synchronously enter S phase posterior to the morphogenetic furrow in eye

imaginal discs. This cell cycle defect during DmcycEJP eye development, leads to adult

flies with small and disorganized (rough) eyes (Secombe et al., manuscript in preparation).

Analysis of ectopic DmcycE expression in G1 arrested cells, from a heat shock

inducible transgene, demonstrated that DMCYCE is sufficient for S phase progression

(Knoblich et a1.,1994; Richardson et a1.,1995). Ectopic expression of DmcycE in

embryonic epidermal cells that are arrested in G1 phase prior to differentiation after the 16th

mitosis, results in entry into an ectopic S phase and completion of an addition cell cycle
2t



Figure 1.8 - The G1 to S phase transition in Drosophila.

Simplified schematic model of the molecular events occuning during the Gl to S

phase transition in Drosophila" This diagram is similar to the one presented in Figure 1.2

which shows the interactions of G1 to S phase regulatory molecules in mammalian cells.

In Drosophila, it is not yet clear what role Cyclin D has in the regulation of entry into

S phase. In addition, only one CKI molecule has been identified. This CKI, DAP, is

similar to the mammalian p21 family of CKI's. Inhibitors of cyclin D/cdk4-6 kinase

activity have not yet been identified. However, as with mammalian cells, E2F and

DMCYCE are both necessary for S phase entry. In addition, a novel inhibitor, RUX, has

been identified that destabilizes the cyclin A protein during Gl phase. The dashed lines

lepresent potential interactions between developmental signals and cyclins D and E.

Cyclin E may be negatively regulated by the DPP signalling protein" See text for details

about these interactions during Drosophila development.
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(Knoblich et al., 1994)" This result indicates that down regulation of DmcycE transcription

in these epidelmal cells is essential for Gl arrest and subsequent differentiation. Similarly,

ectopic expression of DmcycÛ in eye imaginal discs causes most of the Gl arrested cells

anterior to the morphogenetic furrow to undergo an ectopic S phase and a complete cell

cycle (Richardson et aL,1995). Ectopic DmcycE expression duling eye development

results in adults that have rough eyes, showing that ectopic S phases during larval

development disrupts normal pattern formation in the eye (Richardson ¿/ aI., 1995).

Phenotypic analysis of DmcycE mutants and of ectopic DntcycE expression show that

DMCYCE is both essential and sufficient for at least some S phases during Drosophila

development"

1.8.3 DMCDC2C kinase and DMCYCE.

Several genes that show sequence similarity to the cyclin dependent kinases (cdk's)

have been identified in Drosophila (Lehner and O'Farrell, 1990; Sauer et al., 1996)" One of

these, tbe Dmcdc2c gene, encodes a protein that is functionally similar to the mammalian

cdk2 kinase, as it forms an active kinase complex with DMCYCE (Knoblich et aI." 1994:

Sauer et a|.,1995)" DMCYCE appears to be the only cyclin partner for DMCDC2C as the

DMcDc2c-associated kinase activity dramatically decreases in DmcycE mutant embryonic

extracts (Sauer et aI., 1995). No specific mutation in the Dmcdc2c gene has been identified,

so a direct role for this kinase during S phase is yet to be demonstrated. However, a

genetic interaction between DmcycE andDmcdc2chas been shown using the hypomorphic

DmcycEJP allele (mentioned above) that causes a rough eye phenotype. Increased Dmcdc2c

levels via leaky expression of a heat-shock inducible Dmcdc2c transgene suppresses the

rough eye phenotype of DmcycEJP homozygous mutant flies (H. Richardson, personal

communication)" Interestingly, Dntcdc2, which encodes acdk specifically required for

mitosis (Stern et al.,lg93),does not show the same genetic interaction with DmcycEJP

(Secombe et aI., manusclipt in preparation). These results arc consistent with DMCDC2C

being the kinase partner of DMCYCE and suggest a specific role for Dmcdc2c in the

regulation of S phase during Drosophila development.

1.8.4 DMCYCE and S phase gene transcription.

In yeast and mammals, S phase genes encoding proteins essential for DNA
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replication, such as ribonucleotide reductase (RNR) and DNA polymerase c[, are transcribed

during the Gl to S phase transition to promote S phase progression (reviewed in Helin and

Harlow, 1993; Koch and Nasmyth, 1994). In Drosophila, the transcription pattern of S

phase genes encoding DMRNRI, DMRNR2, PCNA and DNA polymerase cx,, have been

analysed during embryogenesis (Duronio and O'Farrell, 1994)" The transcription of these

genes is co-ordinated in endoreplicating tissues that cycle between Gl and S phases, with

short bursts of transcription in Gl phase, that precede the S phase pattern. This pattern of S

phase gene transcription is very similar to the DmcycE transcription in endoreplicating

tissues (Knoblich et a\.,1994). Ectopic expression of DmcycE using a heat-shock inducible

transgene during embryonic stage 14 causes ectopic S phase gene transcription, not only in

endoreplicating tissues, but also in G1 arrested epidermal cells (Duronio and O'Farrell,

1994). These results suggest that one important role of DMCYCE, is to promote

transcription of S phase genes. Analysis of S phase gene transcription in embryos

homozygousfor DmcycE null mutations revealed a difference in the regulation of S phase

gene expression in mitotic and endoreplicating tissues. The absence of DMCYCE in

mitotically dividing cells of the central nervous system (CNS) results in reduced levels of

the DnRNR2 transcription (Duronio and O'Farrell, 1995; Sauer et aL.,1995), consistent

with a role for DMCYCE in the induction of S phase gene transcription. Interestingly, in

endoreplicating cells, DmRNR2 transcription was not affected by the absence of DMCYCE

(Duronio and O'Farrell, 1995; Sauer et aL.,1995), indicating that S phase gene

transcription is independent of DMCYCE in endoreplicating cells. These studies also reveal

that DMCYCE has another role essential for S phase progression, apart from regulating S

phase gene transcription, since despite the presence of S phase gene products, DNA

replication does not occur in the endoreplicating tissues of DmcycE deficient embryos

(Knoblich et a1.,1994; Duronio and O'Farrell, 1995).

1.8.5 The E2F|DP S phase transcription factor.

Genes for both the E2F and DP subunits of the heterodimerizedE2F S phase

transcription factor have been identified in Drosophila (Dynlacht et aL.,1994; Ohtani and

Nevins, 1994). In contrast to vertebrate systems, where multiple E2F and DP genes exist,

only single dE2F and dDP type genes have been found in Drosophila. Mutations in either

the dE2F or the dDP genes are lethal, indicating that both of these genes are essential for



Drosophila development (Duronio et a\.,1995; Royzman et a\.,1997). Duronio et aI.,

(1995), analysed the S phase pattern in homozygous dE2F mutant embryos and found that

DNA replication in the mitotically dividing CNS and the endoreplicating gut is very reduced

or absent during stage l3 of embryogenesis. Independent analysis of the dE2F mutant

phenotype and also the phenotype of dDP mutant embryos (Royzman et a\.,1997) did not

reveal the dramatic reduction in the level of DNA replication during the late stages of

embryogenesis observed by Duronio et al., (1995). In this study, DNA replication in

mitotically proliferating and endoreplicating cells was found to occur at Ìower levels, but still

in a spatial pattern similar to wild type embryos. Although these studies describe slightly

different phenotypes of dE2F mutations, both indicate fhat dE2F and dDP are required for

normal DNA replication during embryogenesis.

Analysis of S phase gene transcription in dE2F and dDP mutant embryos show that

both of these genes are required for S phase gene transcription, in both mitotically dividing

CNS cells and endoreplicating tissues (Duronio et aL.,1995; Royzman et a\.,1997),

demonstrating that theE2F transcription factor is required for S phase gene transcription.

E2F has been shown to bind to specific sites within the upstream regulatory regions of the

DNA polymerase a, and PCNA S phase genes, and can activate transcription via these

regulatory sequences in vitro (Ohtani and Nevins, 1994; Yamaguchi et al., 1995), consistent

with a direct regulatory role for E2F in S phase gene transcription.

The relationship betweenB2F, DMCYCE and the regulation of S phase appears to

vary in different tissues during embryogenesis. The E2F transcription factor appears to

regulate DmcycU transcription in a tissue specific manner, as both dE2F and dDP

homozygous mutant stage l3 embryos lack detectable DmcycE transcription in

endoreplicating tissues,but DmcycE transcription is unaffected in the mitotically dividing

CNS cells (Duronio and O'Farrell, 1995; Royzman et al.,1991). These data suggest the

existence of two regulatory pathways that activate DNA replication during embryogenesis.

Firstly, in mitotically dividing cells that lack a detectable Gl phase, DmcycE transcription is

activated independently of E2F" However, S phase gene transcription is dependent on both

DmcycE andE2F, suggesting that DMCYCE activates the E2F transcription factor which in

turn activates S phase gene transcription, necessary for DNA replication. Secondly, in

endoreplicating cells that have pulses of S phase gene expression and DmcycE transcription

pleceding S phase, DmcycE and S phase gene transcription is dependent on E2F.
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Ectopic expression of both dE2F and dDP from heat-shock inducible transgenes,

results in induction of DmcycE and S phase gene transcription and causes embryonic G1

arrested epidermal cells to enter an ectopic S phase. Neither dE2F nor dDP can induce

those epidermal cells into S phase or induce epidermal transcription by themselves,

indicating that both subunits of the E2F dimer are required to induce ectopic DNA

replication (Duronio et aL.,1996). However, in Dmcyc9 null mutant embryos, ectopic

expression of dE2F and dDP is unable to induce S phase in any tissue (Duronio et al.,

1996), again indicating that DMCYCE has an essential S phase role apart from activation of

E2F and S phase gene transcription. As mentioned above (section 1.8.2), ectopic DmcycE

expression can induce ectopic S phases in Gl arrested epidermal cells (Knoblich et aL,

1994). Intriguingly, ectopic DmcycE can still induce S phase in epidermal cells in dE2F

mutants. However as embryos age and S phase gene products presumably degrade, ectopic

DmcycE is no longer able to induce S phases in epidermal cells (Duronio and O'Farrell,

1995). This suggests that E2F needs to be activated by DMCYCE to induce S phase gene

transcription and subsequent DNA replication" These data also reveal the existence of

positive feedback regulation between DMCYCE andBZF, as both are capable of activating

the other if normal controls are overridden in Gl arrested epidermal cells.

The E2F transcription factor also plays a role in regulating S phases in the eye

imaginal disc. Firstly, analysis of dE2F mutant mitotic clones in the larval eye imaginal disc

show that dE2F is important for cell proliferation (Brook et aI., 1996). Secondly, ectopic

expression of dE2F alone, or of dE2F and dDP together, can induce ectopic S phases within

the 3rd instar eye imaginal disc, particularly in differentiating photoleceptor cells within the

band of S phase cells posterior to the morphogenetic furrow (Asano et aI., 1996; Du et aI.,

1996b). Adults allowed to develop after ectopi c dE2F and dDP expression have a rough

eye phenotype (Du et al", 1996b), consistent with perturbation of cell cycle regulation

during eye development. A genetic interaction was also observed between dE2F and

DmcycE in this tissue. A decrease in the level of dE2F results in an enhancement of the

DmcycEJP rough eye phenotype, due to a decrease in the number of S phase cells in eye

imaginal discs (Secombe et a/., manuscript in preparation). Thus E2F is important for S

phase in the eye imaginal disc, and interacts to enhance Dmcycî activity in the regulation of

S phase during eye development.
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1.8.6 RBF.

A gene encoding a protein similar to the mammalian pRB family of proteins has been

identified in Drosophila (Du et al., 1996a)" The DrosophilapRB-like protein, RBF, is most

similar to the pRB-related proteins, pl07 and p130, but also has pRB specific motifs,

suggesting that there may be only one pRB-like protein in Drosophila. Biochemical analysis

indicated that the dE2F and dDP components of the E2F transcription factor

co-immunoprecipitate with RBF, and that RBF can suppress transctiption activated by

DrosophilaE2F itt vitro. In addition, the DMCYCE/DMCDC2C kinase can phosphorylate

RBF in kinase assays in vitro (Du et al., 1996a). These data are consistent with studies in

mammalian systems, which show that pRB binds to E2F and inhibits E2F transcriptional

activation, and that the pRB family of proteins are substrates for the cyclin Elcdk2 kinase.

As described above (section 1.8.5), ectopic expression of the dE2F and dDP during

3rd instar larval eye imaginal disc development causes a rough eye phenotype in adult flies

(Du et aI., 1996b). Ectopic expression of .RBF w\th dE2F and dDP, suppresses the rough

eye phenotype (Du et aI.,I996a), suggesting that RBF is an inhibitor of E2F function.

Ectopic expression of RBF alone in differentiating cells posterior to the morphogenetic

furrow in eye imaginal discs results in adults with slightly rough eyes. Reduction in the

level of DMCYCE, further enhances this rough eye phenotype (Du et aI., I996a). Genetic

interaction between RBF and DmcycE was also shown using the DmcycfJP hypomorphic

allele. Decreasing or increasing the level of RBF in combination with DmcycEJP increases

or decreases the number of S phase cells in 3rd instar eye imaginal discs respectively

(Secombe et aI., manuscript in preparation). These data show that RBF is an important

regulator of S phase and interacts with DMCYCE, at least during eye development.

Analysis of specific mutations in RBF (which have not yet been described), will facilitate

further dissection of the interaction between DMCYCE, RBF and E2F during Drosophila

development.

I.8.7 dacapo.

The Drosophila dacapo (dap) gene encodes a protein with sequence and functional

similarity to the p2lCIPlAVAFl,p27KF1 and pJlKlP2 family of mammalian cdk/cyclin

kinase inhibitors (de Nooij et a1.,1996;Lane et al.,1996). DAP associates with

DMCYCE/DMCDCZC complexes in vivo and can inhibit DMCYCE/DMCDC2C kinase
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activity, but not the mitotic DMCDC2 kinase activity in vitro (de Nooij et al., 1996;Lane et

al." 1996). This suggests that DAP is a specific inhibitor of the DMCYCE/DMCDC2C

kinase during S phase, analogous to the mammalian p21CIP1/WAFI,p27KIPl un4

157KIP2 family of inhibitors. dap expression during embryogenesis is upregulated in cells

that are exiting the mitotic cell cycle. For example, dap expression increases in the

epidermal cells that arrest in Gl phase after the l6th mitosis. This upregulation of dap

corresponds with a downregulation of DmcycE transcription in these cells. Analysis of dap

mutant embryos reveal that epidermal cells fail to affest after the l6th mitosis and undergo

an additional round of cell division (de Nooij et al., 1996;Lane et al., 1996). This

phenotype is very similar to the extra cell division induced by ectopic DmcycE expression in

the G1 arrested embryonic epidermal cells (Knoblich et al." 1994). In addition, ectopic

expression of dap before the l6th cell division in the epidermis during embryogenesis

results in cell cycle arrest prior to the l6th S phase. Importantly, co-ectopic expression of

dap and DmcycE, overrides this early cell cycle arrest induced by ectopic dap in epidermal

cells (Lane et aI., 1996). These results indicate that increased levels of DAP are required for

Gl arrest in the epidermal cells. As downregulation of DmcycE transcription is also

required for Gl arrest (Knoblich et aL.,1994), it appears that these two mechanisms operate

in conjunction to ensure cell cycle arrest at the correct developmental stage.

L.8.8 Cyclin D.

A Drosophila cyclin D gene has recently been identified (Finley et al., 1996; Sauer ¿/

al., 1996), however a direct role for this cyclin in the Gl to S phase transition (similar to the

vertebrate cyclin D family), is yet to be demonstrated. Intriguingly, Drosophila cyclin D

mRNA is expressed in the eye imaginal disc in the band of Gl arrested cells anterior to the

morphogenetic furrow. This band of expression precedes DmcycE expression in the S

phase cells and suggests that cyclin D may play some role in this developmentally regulated

Gl to S phase transition (Finley et aI.,1996). The in viuo kinase partner of Drosophila

cyclin D has yet to be determined, but studies using the yeast two hybrid system have

shown that cyclin D can interact with DMCDCZC,the homolog of mammalian cdk2, and

another cdk type protein, DMCDK4-6 that has sequence similarity to the mammalian cdk4

and cdk6 kinases, which act as kinase partners to the mammalian cyclins D7,D2 and D3

(Sauer et aI., 1996). These interactions suggest that Drosophila cyclin D may function in a
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similar lnanner to the mammalian cyclin D family, and may play an important role in

regulating the Gl to S phase transition during Drosop'hikt development.

1.8.9 Cyclin A and roughex.

In mammalian cells, cyclin A appears to have multiple roles during the cell cycle: for

entry into and progression through S phase, and for entry into mitotis (see sections 1.3 and

1.4). Drosophila cyclin A is essential for the G2 to M phase transition during Drosophila

development, as cyclin A mutant embryos arrest in G2 plior to the l6th mitosis during

embryogenesis (Lehner and O'Farrell, 1989). However a role for cyclin A during S phase

in Drosophil¿ is unclear. Cyclin A does not appear to be required for induction of S phase

during embryogenesis, as cells can initiate DNA replication (and presumably become

polyploid) in the absence of cyclin A (Lehner et a\.,1991; Sauer et a\.,1995). However, a

role for cyclin A in S phase has been suggested by experiments showing that ectopic

expression of cyclinA (from a heat-shock inducible promoter) can induce ectopic S phases

both in the Gl arrested embryonic epidermal cells (Sprenger et a1.,1997) and in the Gl cells

anterior to the morphogenetic furrow in eye imaginal discs (Dong et a\.,1997;Thomas et

al." 1997). Thus cyclin A is as capable of inducing S phases as DMCYCE in these tissues.

However, it seems that the normal function of cyclin A is not to induce S phase, as novel

mechanisms have been uncovered that act to destabilize cyclin A protein in Gl cells to

prevent precocious entry into S phase. The roughex gene (rux) encodes a novel inhibitor of

cyclin A that appears to decrease protein levels by relocating cytoplasmic cyclin A protein to

the nucleus, where it is degraded in both embryonic and eye imaginal disc cells (Thomas e/

a1.,1994; Sprenger et a1.,1997; Thomas et al.,l99l). In the eye imaginal discs, RUX

protein is found predominantly in the Gl cells anterior to the morphogenetic furrow

(Thomas et aI." 1997)" In rux mutant eye imaginal discs, ectopic cyclin A protein

accumulates in cells anterior to the morphogenetic furrow, causing ectopic S phases in these

normally Gl arrested cells (Thomas et a\.,1994; Thomas et a\.,1991). Interestingly,

although RUX does not interact with cyclin A in vitro, RUX interacts with DMCYCE ¿n

vitro and in the yeast two hybrid system" RUX is also an in vitro substrate for

DMCYCE/DMCDC2C kinase, and ectopic DmcycÛ expression inhibits the accumulation of

RUX (induced by ectopic expression) in the eye imaginal discs (Thomas et al.,1997). The

combination of these results suggests that RUX destabilizes cyclin A in Gl arrested cells,
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but upregulation of DmcycE expression, to induce S phase, results in the destabilization of

RUX by DMCYCE" The downregulation of RUX then allows the accumulation of cyclin A

protein in S phase cells, which is required later in the cell cycle for mitosis. This theory is

supported by the observation that progression from Gl to S phase, induced by ectopic

expression of DmcycE, causes an increase in cyclin A and the mitotic cyclin B protein

levels in embryonic epidermal cells, without induction of cyclin A or cyclin B transcription

(Knoblich et aL.,1994). Thus, although ectopic cyclin A expression can induce S phase,

the normal physiological role of cyclin A appears not to include induction of S phase duling

Drosophila development" The analysis of rux also shows that inhibitory mechanisms are in

place to ensure that cyclin A does not induce aberrant DNA replication. However, these

experiments do not exclude a role for cyclin A in promoting progression through S phase

during the cell cycle. In addition, these results indicate another role for DMCYCE in the

stabilization of cyclin A during S phase, as well as regulating S phase entry during the cell

cycle.

1.9 Developmental control of S phase - transcriptional regulation of

DmcycE?

The above discussion has described the essential, rate limiting role of DMCYCE in

regulation of the S phase entry during the cell cycle. This makes DMCYCE a potential

target of developmental patterning mechanisms that regulate cell proliferation during

Drosophila development" One possible way in which this regulation could occur is by direct

control of DmcycE transcription, analogous to the regulation of mitosis during

embryogenesis by the direct control of string transcription (see section 1.7 .2)" In this

section 
" 
the pattern of DmcycE transcription will be discussed in detail, along with known

mech anism s of Dmcy cE tran scriptional regul ation.

1.9.1 T|ne DmcycE gene"

As described above (section 1.8.1), at least two DmcycE transcripts, the zygotic

Type I transcript and the maternal Type II transcript, are generated from the DmcycÛ gene.

Analysis of the genomic structure of the DmcycE gene, from genomic cosmid clones,

revealed that the two transcripts are driven by separate promoters, and that the zygotic and

maternal transcripts are likely to be regulated independently" The two DmcycE transcripts
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have distinct 5' exons that are alternatively spliced to a common 3' splice acceptor site. The

structure of the gene is complex, with the Type II DmcycE transcript spanning

approximately 2O kb of genomic sequence, while the Type I DmcycE transcript is smaller

and spans approximately 4.3 kb (Figure 1.9; Jones et aI., manuscript in preparation).

7.9.2 DmcycU transcription patterns during development.

a) Embryonic development.

The maternally expressed Type II DmcycU transctipt is found at high levels

throughout the embryo during the rapid synchronous cleavage divisions (Figure l.l0 A, B).

At the time of cellularization, the Type II transcript appears to be excluded from cells and is

degraded soon after (Richardson et al. 1993). Zygotic Type I DmcycE expression during

embryogenesis occurs in a complex pattern, which in general conelates with patterns of S

phase and is downregulated in Gl arrested cells (Figure 1.10;Richardson ¿r aL.,1993;

Knoblich et aL.,1994). The pattern of zygotic DmcycE transcription can be separated into

four distinct modes based on tissue specificity and the type of modified cell cycle occuming

in this tissue. Zygotic DmcycU transcription is first observed ubquitously, at low levels,

throughout the epidermis during mitotic cycles 14-16 (Figure 1.10 C; Richardson ¿r ¿/.,

1993). As described earlier, the cell cycle is modified during these embryonic cycles to

have a G2 phase of variable length followed by mitosis and S phase, without intervening

G1 phases (Edgar and O'Farrell, 1990). Cell division occurs in a complex spatio-temporal

pattern with patches of tissue undergoing mitosis synchronously in 'mitotic domains' (Foe,

1989)" S phase, as monitored by Bromodeoxyuridine (BrdU) incorporation is also seen in

this complex pattern, reflecting the preceding mitoses. The S phases show no correlation

with this initial ubiquitous epidermal pattern of DmcycE transcription (Figure L l0 D;

Richardson et al." 1993). Most epidermal cells exit the cell cycle after mitosis l6 via the

introduction of a Gl phase to allow differentiation (Edgar and O'Farrell, 1990).

Significantly, zygotic DmcycE transcription is downregulated prior to mitosis l6 and is

undetectable in Gl arrested cells (Figure l.l0 E; Richardson et al., 1993).

The second mode of DmcycE transcription is observed in a subset of epidetmal cells

in the lateral thoracic region (thoracic segments 1,2 and 3) of the embryo (Figure l.l0 E;

Knoblich et a|.,1994). These cells, termed the epidermal thoracic patches, are unique when
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compared to the rest of the epidermis as they seem to complete a 17th mitotic cell cycle (Bate

and Martinez Arias, 1991 ; Knoblich et aI., 1994) while the remainder of the epidermis has

arrested in Gl phase of cell cycle 17 prior to differentiation (as described in section 1.6.1).

Unlike the other earlier epidermal cell divisions, DnrcycE transcription is specifically

observed in these cells and mirrors the pattern of S phases seen in this tissue (Figure 1. 10 F;

Knoblich et al., 1994)" The cells of the epidermal thoracic patches are also unique among

ernbryonic epidermal cells as they undergo a cell cycle consisting of Gl, S, G2 and M

phases" In null DmcycU mutants, these cells arest prior to the lTth S phase (Knoblich er

eil." 1994), raising the possibility that the epidermal thoracic patch cells represent a domain

of cells that are regulated at the Gl to S phase transition by transcription of DmcycE. This

is in contrast to mitotic cycles 14-16" which are regulated at the G2to M phase transition by

the expression of string"

The third mode of zygotic DmcycE transcription during embryogenesis is obsorved

in the proliferating cells of the central and peripheral nervous system (CNS and PNS)" The

type of cell cycle observed in embryonic neural cells is similar to that seen in most of the

epidermis, containing G2,M and S phases, but lacking detectable intervening Gl phases

(see section 1 .6.1). However, unlike the epidermis, DmcycE is transcribed in a tissue

specific pattern that mirrors the pattern of proliferation seen in this tissue (Figure 1.10 E, G,

I eompared with F, H, J; Richardson ¿f aI., 1993)"

The fourth mode of DmcycE transcription is observed in endoreplicating tissues

such as the gut, where the cell cycle is modified to alternate between Gl and S phases

without intervening mitoses (Smith and Orr-Weaver, l99l). DmcycE transcription is tissue

specific in endoreplicating cells and cell cycle regulated, as DmcycÐ is expressed in S phase

cells and absent from Gl cells (Figure 1. l0 I compared with J; Knoblich et al., 1994).

DmcycE transcription in this tissue, appears to be regulated by the S phase transcription

factor E2F (Duronio and O'Farrell, 1995). However, E2F is expressed constitutively

throughout the embryo (Duronio et aL.,1995), suggesting that other unknown factors must

contribute to the regulation of DmcycU transcription in endoreplicating tissues.

b) 3rd larval instar development.

As described in section 1.6.2 (b) and (c), two examples of developmentally

regulated Gl to S phase transitions occur in the optic lobe of the brain, and in the eye
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Figure 1.9 - Genomic structure of the DmcycE gene, and DmcycT cosmid clones.

An EcoRI and Hindnl restriction enzyme DNA map of genomic Dmcyc?cosmid clones. The location of the cosmid clones is shown
below the genomic DNA map. The structure and location of the Type I and Type II Dmcycltranscripts is shown above the DNA map.
White boxed regions represent non-coding sequences and black boxes represent coding sequences within the two transcripts. Note that Type
II exon 3 and Type I exon I alternatively splice to a common 3' exon. The Type I and Type II transcripts are expressed under the control of
independent promoters. This figure is taken from Jones et al.,manuscript in preparation.
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Figure 1.10 - DmcycE transcription pattern in comparison to the pattern of S phases

during embryogenesis.

(4, C, E, G, l) show the distribution of DmcycE transcripts detected by whole mount iz
situhybtidization using a digoxigenin labelled antisense DmcycE RNA probe. (8, D, F,

H, J) show the pattern of S phase cells, labelled by BrdU incorporation and detected using

an anti-BrdU-specific antibody. (E, F) are shown at2x the magnification of the rest of the

embryos. The embryos shown in (4, D, G) are taken from Richardson et al., (1993).

Anterior is to the left and dorsal up.

(A):- Stage 5 embryo showing Type II DmcycE transcripts at high levels throughout the

embryo.

(B):- Stage 5 embryo showing a synchronous S phase.

(C):- Stage 7 embryo showing Type I DmcycE expression constitutively throughout the

embryo at low levels.

(D):- Stage 7 embryo showing the pattern of S phases. Note that S phases are occurring

asynchronously, with no correlation with DmcycE transcription in (C)"

(E):- Late stage lO-early stage 11 ernbryo showing Type I DmcycE transcripts in the CNS

cells (black anow), in the PNS cells (arrowhead) and in specific patches of epidermal cells

in the thoracic region, the epidermal thoracic patches (tp: white arrow).

(F):- Stage I 1 embryo shorving the pattern of S phases which correlates with the

distribution of Type IDmcycE transcripts in the CNS cells, the PNS cells (arrowhead) and

the epidermal thoracic patches (tp) (compare with E).

(G):- Early stage 12 embryo showing the distribution of Type I DmcycE transcripts in the

CNS and the PNS (arrowheads). Note that expression in the epidermal thoracic patches is

absent at this stage.

(H):- Stage 12 embryo showing the pattern of S phases which correlates with the

distribution of Type I DmcycE transcripts in the CNS cells and the PNS cells (arrowheads)

(compare with G).

(I):- Stage l3 embryo showing the distribution of Type I DmcycU transcripts in the CNS

cells and in the endoreplicating anterior midgut (amg), the posterior midgut (pmg) and the

hindgut (hg).

(J):- Stage 13 embryo showing the pattern of S phases which correlates with the

distribution of Type I DmcycE transcripts in the CNS cells and the endoreplicating gut

tissues (the amg, the pmg and the hg).
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inraginal disc during 3rd larval instar development. DmcycE is expressed in the three

proliferating regions of the optic lobe; the outer proliferative centre, the inner proliferative

centre and also in a discrete band of cells con'esponding to the S phase lamina precursor

cells (Figure l"l1 A, B; Richardson ¿/ a1.,1995). DMCYCE protein is also observed in

non-dividing cells in the lamina (Figure l.l I A, B; Richaldson ¿r a/., 1995). This

represents one of the few cases in which Dmcycî expression does not comelate with

proliferating cells.

The distribution of D¡rtcycE transcripts and DMCYCE protein in the 3rd Iarval instar

eye imaginal disc is similar to the pattern of S phases seen in this tissue. DMCYCE is

observed in the asynchronously dividing cells anterior to the morphogenetic furrow (MF)

and in a distinct band posterior to the MF, corresponding with the band of S phase cells.

DmcycE expression is absent in the band of G I arested cells imrnediately preceding the MF

(Figure L I I C, D; Richardson ¿/ al", 1995).

The pattern of DmcycE expression in the eye imaginal disc and in the lamina

precursor cells in the brain, suggests that DmcycÐ transcription may be regulated by the

developmental signals that co-ordinate rnorphogenesis with cell division in these tissues.

1.9.3 DmcycE transcriptional regulation.

a) Developmental regulation during embryogenesis.

Analysis of the DmcycE transcription pattern in embryos homozygous for a string

mutant allele, reveals that DmcycE transcription during embryogenesis is regulated by

developmental signals, rather than in response to cell cycle regulatory cues. string mutant

embryos at'rest in G2 phase of the l4th cell cycle. Despite this cell cycle arrest,

developmental processes such as gastrulation still occur (Edgar and O'Farrell, 1989).

DmcycE transcription in string mutant embryos was observed in a spato-temporal pattern

similar to DmcycE expression in wild type embryos as described above (section 1.9.2 a).

For example, despite being arrested in G2 phase, the epidermal cells downregulated

DmcycE transcription at the time when these cells normally auest in G I phase after the 1 6th

mitosis. Sirnilarly, DmcycE transcripts were observed in the neural cells when they would

be normally dividing, and disappeared when these cells would cease proliferating in wild

type embryos (Knoblich et aL.,1994:H. Richardson, personal communication). This is an
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important observation, consistent with the hypothesis that DmcycE transcription may be

directly regulated by patterning cues.

b) Regulation oï Dmcyc.E transcription by DMCYCE and E2F.

Other mechanisms of DmcycE transcription regulation have been uncovered. As

previously mentioned, DmcycE transcription in the embryonic endoreplicating gut tissues is

dependent on the E2F transcription factor, whlle DmcycE transcription in the mitotically

dividing CNS cells is E2F independent (see above, section 1.8.5; Duronio and O'Farrell,

1995; Royzman et aL.,1997). DMCYCE function is also important for maintenance of

DmcycE transcription in the mitotically dividing CNS cells, as reduced levels of DmcycE

transcripts are observed in the CNS in homozygous DmcycE mutant embryos. Conversely,

higher levels of DmcycU transcription are observed in the endoreplicating gut, suggesting

that downregulation of DmcycE transcription at the end of S phase in endoreplicating cells is

dependent on DMCYCE function (Duronio and O'Farrell, 1995; Sauer et a1.,1995).

Consistent with these results, endogenous DmcycE expression levels decrease in

endoreplicating tissues, but not in mitotically dividing CNS cells, in response to ectopic

expression of DmcycE from a heat shock inducible promoter (Duronio and O'Farrell, 1995;

Sauer et a1",1995). These data suggestthat DmcycE expression is regulated by DMCYCE

in a negative feedback loop in embryonic endoreplicating tissues, and by a positive feedback

loop in mitotic cells. As DmcycE expression is E2F dependent in endoreplicating tissue,

DMCYCE may inactivate the E2F transcription factor during S phase, resulting in decreased

levels of DmcycE transcription. In humans, the cyclin A-associated kinase can inactivate

E2F by phosphorylation of the DP subunit of the E2F transcription factor (see section 1.4.2

b). Although human cyclin E lacks this function, it is possible that DMCYCE/DMCDC2C

kinase may be able to phosphorylate dDP, resulting in negative feedback regulation

(Duronio and O'Farrell, 1995).

c) Possible negative regulation by DPP in 3rd larval instar eye imaginal

dis cs.

The secreted signalling protein DPP appears to induce synchronization of the cell

cycle in the cells anterior to the morphogenetic furrow in eye imaginal discs (see section

1.6.2 c; Penton et aL,1997). Clones of cells lacking the DPP receptor TKV, which span
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Figure 1'1L - Comparison of DmcycE expression with S phase in the brain optic lobe and eye imaginal disc during 3rd larval instar

development.

(A) - Wild type 3rd larval instar optic lobe, showing the distribution of DMCYCE protein detected using an anti-DMCyCE specific antibody.
DMCYCE is detected in the inner proliferative centre (ipc), in the lamina precursor cells (LpC), which are in the lamina fuffow, and in
non-dividing cells in the lamina (lam). DMCYCE is also detected in the outer proliferarive centre (opc), which is out of the plane of focus in
this image.

(B) - V/ild type 3rd larval instar optic lobe showing the pattern of S phase cells labelled by BrdU incorporation. Replicating cells can be seen

in the inner proliferative centre (ipc), in the lamina precursor cells (LPC) and in the outer proliferative centre (opc). Some cells with the
lamina are also in S phase' Note that there are more cells are staining for DMCYCE in this region (A), than there are S phase cells.
(C) - Viild type 3rd instar larval eye imaginal disc, showing the distribution of DMCYCE protein, detected using an anti-DMCyCE specific
antibody' DMCYCE is detected in a band posterior to the morphogenetic furrow (arrow), which corresponds to the band of synchronous S

phase cells' DMCYCE staining cells can also be seen anterior and posterior to the morphogenetic furrow in asynchronously dividing cells,

but not in the band of Gl arrested cells immediately anterior to the morphogenetic furrow.

(D) - Wild type 3rd instar larval eye imaginal disc showing the pattern of S phase cells, labelled by BrdU incorporation. Replicating cells can

be seen in a band of cells posterior to the morphogenetic funow (arrow), and in a small number of asynchonously dividing cells both anterior
and posterior to the mo¡phogenetic furrow. No S phase cells are seen in the cells immediately anterior to the morphogenetic furrow.

These images are taken from Richardson et aL, (1995). Anterior is to the right in all panels.
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the Gl arrested cells anterior to the morphogenetic funow in eye irnaginal discs, show

ectopic expression of DmcycE and ectopic S phases (4. Penton, personal communication).

These results indicate that DPP signalling may negatively regulate DmcycE expression

anterior to the morphogenetic furrow in eye imaginal discs, causing Gl arrest and

synchronization of the cell cycle in this tissue.

1"9"4 Simple versus complex regulation of DmcycE transcription"

There are two possible ways in which DmcycE transcription could be regulated by

developrnental cues. Firstly, patterning cues and signals could induce expression of a

cornmon trans-acting transcliptional regulatory protein, that binds to a single enhancer

region to drive DmcycE transcription in different tissues and at different developmental

stages. However, the different types of DmcycE transcriptional regulation seen in mitotic

CNS cells and endoreplicating cells (see section 1.9.3 b) in response to E2F and DMCYCE,

suggest that transcriptional control of DmcycE is more complex, involving at least two

regulatoly modes. Developmental signals may regulateE2F activity which then regulates

DmcycE transcription in endoreplicating tissues by an E2F dependent enhancer, while

another factor rnay regulateEZF independent Dmcyc0 transcription in all other tissues. In

this case, two enhancer regions would be expected to drive DmcycE throughout

development.

Alternatively, different patterning cues and signals may act as, or induce,

trans-actingfactors that bind directly to many different cis-acting DmcycE regulatory

sequences. This scenario predicts that the organization of DmcycE regulatory sequences

will be complex, with many independent enhancer regions that regulate DmcycU

transcription in different tissues, at different developmental stages.

f.10 Aims and approaches of this thesis.

The aim of the research described in this thesis is to understand how DmcycE

transcription is regulated during development. DMCYCE is an essential rate limiting

regulator of entry into S phase in Drosophila, and spatio-temporal regulation of DmcycU

transcription, at least during embryogenesis and eye development, is required for normal

wild type patterns of S phases. Thus, as suggested above, regulation of Dmcyc0

transcription may be controlled by developmental patterning cues and signals to co-ordinate
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entry into S phase with morphogenesis during development. Analysis of the control of

Dnzcyçfl, transcription during development will determine if regulation by developmental

cues is simple (few regulatory interactions) or complex (many regulatory interactions). In

addition, knowledge of the mechanisms that drive DmcycE transcription will facilitate

identification of the developmental signals that act to regulate cell proliferation during

embryonic and larval development"

Analysis of the mechanisms that regulate DmcycE transcription during development

can be separated into two questions. Firstly, what are the c¿s-acting regulatory DNA

sequences that drive DmcycE transcription? Secondly, what are the trans-acting regulatory

proteins that bind to these cis-acting sequences? The first question is addressed in this

thesis using three separate approaches"

The first approach involves the generation and phenotypic analysis of a series of

deletions within the putative DmcycE regulatory region. Phenotypic analysis of these

deletions is expected to identify genomic DNA regions necessary for the control of DmcycU

tlanscription during embryogenesis. This analysis is presented in Chapter 3.

The second approach attempts to rescue a DmcycE null mutant by a genomic rescue

transgene, containing a DNA fragment spanning the zygotic Type I DmcycE transcript"

This analysis should reveal if cls-acting DmcycU regulatory sequences are contained within

the genomic rescue fragment. For example, any DmcycE expression detected from the

genomic rescue transgene in a DmcycE transcriptional null mutant background localizes the

regulatory sequences for these expression patterns within the genomic rescue fragment. This

work in presented in Chapter 4.

The third approach involves generating and characterizing a series of DmcycE

promoter-/acZ reporter constructs. Analyses of transgenic Drosophila, carrying these

constructs extends the above search for and characterization of cis-acting regulatory regions.

These analyses are described in Chapter 5 and 6. The experiments presented in Chapter 6

particularly focus on the regulatory elements that drive Dmcyc0 transcription in the

epidermal thoracic patches.

Finally, an initial study into the nature of the trans-acting factors regulating DmcycE

transcription, is investigated in Chapter 6 by the analysis of the effect of patterning genes on

DntcycE transcription during embryogenesis.
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CHAPTER 2 - Materials and Methods.

2.1 Abbreviations.

AOOO : absorbance at 600nm

AF : alkaline phosphatase

APS : ammonium persulphate

BCIG : 5-Bromo-4-chloro-3-indolyl ß-D-galactopyranoside

BCIP : 5-Bromo-4-chloro-3-indolyl-phosphate

bisacrylamide : N, N'-methylene-bisacrylamide

bp : base pairs

BrdU : 5-Bromo-2'-deoxy-Uridine

CIF : alkaline calf intestinal phosphatase

DIG : digoxigenin

DN4F : dimethyl formamido

DMSO : dimethyl sulphoxide

DNA : deoxyribonucleic acid

dNTP : deoxyribonucleoside triphosphate

DAB : diaminobenzidine

DTE : dithioerythritol

DTT : dithiothreitol

EDTA : ethylene diamine tetraacetic acid

HRP : Horseradish peroxidase

IPTG : Isopropyl ß-D-thiogalactopyranoside

kb : kilobase pairs

NBT : 4-Nitroblue tetrazolium chloride

NTP : ribonucleoside triphosphate

PBS : Phosphate buffered saline

PBT : Phosphate buffered saline + O.lVo Tween 20

rATP : ribo-adenosine triphosphate

RNA : ribonucleic acid

RNaseA: ribonucleaseA

r.p.m" : revolutions per minute
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SDS : sodium dodecyl sulphate

TEMED : N,N,N',N-tetramethylenediamine

UV : ultraviolet light

v/v : volumer per volume

w/v : weight per volume

2.2 Materials.

2"2.1 Chemicals and reagents.

Most chemicals and reagents were obtained from a range of suppliers and were of analytical

grade or the highest purity available. The major sources of the more important chemicals

and rcagents are listed below.

Ajax chemicals: glycerol, NiCl2, Triton X-100

BDH, Ltd.: chloroform, DMF, DMSO, ethanol, heptane, iso-propanol, methanol, xylene

Boehringer Mannheim: NTPs, dNTPs, BCIG, BCIP, DTT, glycogen, NBT

FMC Bioproducts: Agarose (Seakem)

Merck: para-formaldehyde

Sigma: BrdU, DAB, formamide, Tween 20, n-octane

'Wako pure chemical industries, Ltd.: Phenol

2.2.2 Enzymes.

Restriction endonucleases were obtained from a variety of sources including: Pharmacia,

New England Biolabs and Boehringer Mannheim"

Other enzymes were obtained from the following sources;

Boehringer Mannheim: E.coli DNA polymerase I (Klenow fragment), T7 RNA

polymerase, T3 RNA polymerase, T4 DNA Ligase, Alkaline Calf Intestinal Phosphatase,

RNase inhibitor, Proteinase K

Bresatec: T4 polynucleotide kinase

Sigma: Lysozyme, Ribonuclease A

USB: Sequenase
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2.2.3 Kits.

'Sequenase' double stranded DNA Sequencing Kit: USB

'Megaprime' DNA radiolabelling kit: Amersham

DIG RNA labelling kit: Boehringer Mannheim

Vectastain ABC kit: Vector Laboratories

Plasmid Midi kit: Qiagen

2"2"4 Radionucleotides"

a-32p-¿ntP (specific activity, 3000Ci/mmole; concentration, 5mCi/ml) and

cr-35S-¿RtP (specific activity, l200Ci/mmole; concentration, lL.SmCi/ml) are obtained

from Bresatec.

2.2.5 Antibiotics.

Ampicillin and Tetracycline were obtained from Sigma.

Kanamycin was obtained from Boehringer Mannheim"

2.2.6 Nucleic acid molecular weight standards.

Phage lambda DNA restricted with BsTEII and Sal[ was obtained from J. Camerotto.

Ladder band sizes were (in kb), 14.14,7 .24, 4.82" 4.32,3.68, 3.13, 2.74, 2.32, 1.93,

1.3'7 , | "26" 0.70, O.45" 0.22 and 0.1 l.

2.2.7 Oligonucleotides.

a) sequencing primers.

T7 sequencing primer: 5'-TAATACGACTCACTATAGGG-3'

T3 sequencing primer: 5'-ATTAACCCTCACTAAAGGGA-3'

Dmcyc0 ATG check primer: 5'-GATGGATCCTCAAAACCGAGTTCAGGG-3'

P element end primer: 5'-CGACGGGACCACCTTATG-3'
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b) Site directed mutagenesis primers.

DmcycE-Ncol mutagenesis primer: 5'-CTGTTCCAACTCCATGGTAACATGAAC-3'

Ampicil l in repair mutagenesis plimer: 5'-GTTGCCATTGCTGCAGGCATCGTGGTG-3'

2.2.8 Cloning vectors and clones.

a) Cloning vectors.

pBluescripl K,S+ (Stratagene) was obtained from B. Kallionis, and pBluescript II SK+

(Stratagene), was obtained from H. E, Richardson.

pSELECT-I (Promega) was obtained from M. Clarkson.

pBST-TATA-nlacZin pBluescriptll was obtained from B. Patterson (also see Chapter 5)

pCaSpeR4 was obtained from R. B. Saint.

b) Cloned DNA sequences.

841 cycl.in E cDNA clone (Richardson et al., 1993) was obtained from H. E. Richardson,

p05278 rescue plasmid from the DmcycEPZ05278 p element was obtained from

J" Knoblich"

5'P element end plasmid clone was obtained from R. D. Kortschak"

3' + string P element end plasmid clone was obtained from B. Patterson.

A 2-3 transposase plasmid was obtained from R. B. Saint"

Subclones genomic DmcycE clones in pBluescriptll were generated from DmcycE cosmid

clones (see below).

c) Dmcyc.d cosmid clones.

Drosophila melanogaster genomic cosmid library was obtained J" W. Tamkun (described in

Jones et al., manusclipt in preparation).

2.2.9 Buffers and solutions.

The following solutions were prepared with distilled and deionised water and sterilized by

autoclaving, except heat labile reagents, which wele filter-sterilized.
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I xTAE

1 xTBE

lxTE:

IxSSC

IxPBS

IxPBT

STET

KAcF

TES

6 x agarose gel

loading buffer:

The following buffers were prepared with distilled and deionised water.

5 x CL6B stop buffer

40mM Tris-acetate pH 8.2, 20mM sodium acetate,

lmM EDTA.

l00mM Tris-borate pH 8"3, 2.5mM EDTA.

lOmM Tris-HCI pH7.4,lmM EDTA

l50mM NaCl, l5mM sodium citrate.

7.5 mM Na2HPO4, 2.5 mM NaH2PO4, 145 mM NaCl

I x PBS, 0.l%o Tween 20"

50mM Tris-HCl pH 8.0, 50mM EDTA, \Vo (w/v) sucrose,

O.05Vo Triton X-100.

24.99 KAc,5ml of 9OVo Formic acid, in 100m1

25mM Tris-HCl pH 8.0, 10mM EDTA pH 8"0,

l57o sucrose.

50Vo glycerol,0.lM EDTA, pH 7.0,0.027o SDS,

O.OlVo (w/v) bromophenol blue"

50Vo (w/v) sucrose, 50mM EDTA,

O.lVo (wlv) bromophenol blue.
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RNA in sirz

hybridization buffer 50Vo de-ionized formamide, 5 x SSC,

50pg/ml heparin, O "lVo Tween 20.

DIG (or AP) stain buffer : l00mM NaCl, 50mM MgCl2, l00mM Tris-HCl pH 9.5,

0.l%o Tween 20.

I x embryo injecting buffer : 5mM KCl, 0.1mM NaPO4 pH 6.8

Ringers solution O.65Vo NaCl, 0.Ol47o KCl" O.O2Vo NaHCO3,

O.0l2%o CaCl2, 0.001 Vo NaH2PO4.

Blotto solution : 5Vo (w/v) skim milk powder (commercially available)

in 1 x PBT with 0.02Vo (w/v) NaAzide"

2,2.14 Bacterial media.

a) Liquid media.

L-broth : NaCl( l0g), bactotryptone(l0g) and yeast extract(5g).

Water was added to I litre and the pH was adjusted to 7.0

before autoclaving.

SOC ZVo bactotryptone, 0.5Vo yeast extract, lOmM NaCl, 2.5mM

KCl, lOmM MgCl2,lOmM MgSO4, 20rnM glucose.

b) Solid media"

L-agar plates : contained L-broth with l.5Vo (w/v) bactoagar. Plates were also utilised with

ampicillin (50pg/ml), kanamycin (5Opg/ml), tetracycline (10pg/ml) and combined ampicillin

(5Opg/rnl) and tetracycline ( I Opg/ml).
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2.2.1I Bacterial strains.

E.coli DH5cr was obtained from H. E. Richardson and growth was maintained on L-agar

plates and L-broth liquid media.

Bacteria containing a desired plasmid were selected for by growth in the presence of the

appropriate antibiotic.

Concentration of antibiotics used for selection of plasmids"

Ampicillin 5Opg/ml or lOOpg/ml

Kanamycin 5Opg/rnl

Tetracycline lOpg/ml

2.2.12 Drosophíla melanogasl¿r strains

The strains listed here were used as described in Chapters 3-6 or used to generated stocks

that are described in Chapters 3-6.

tshS/CyOwglacZ andw; Pl Antp-GAIA were obtained from M. Scott.

w; PIUAS-Udx]A w+l 62.1 was obtained from M" Akam. The UAS-Ubx transgene is

homozygous on the 3rd chromosome.

w; DmcycUAR9î¡çrg¡¡rlacZ was obtained from C. Lehner.

Yan/CyO-Tb was obtained from G. Hime.

Dll-3}4-IacZ was obtained from S. Cohen.

w; DmcycEI4-l IG¡çrO and w; DmcycEJP were obtained from A. Tomlinson.

The following Drosophila strains were obtained from J. Roote and M. Ashburner.

w; DntcycEk)8}7¡yy+l/CyO DmcycpPZ05278 ¡,r+1 cn/CyO; n,

w; DmcycEk5007 ¡¡ry+l/Cyo w; Dfl(2L)TE35D-17 al rtp b sp/CyO

w; DmcycEk9l09¡yy+l/CyO w; Df(2L)TE35D-19 øt/CyO

The following Drosophila strains were obtained from the Bloomington stock centre,

Indiana.

DUS/SMS wgl-17 b pr/CyO

ri Ki p tlbx25üUl wgL-8 ,, bw sp/CyO
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Ki Antp7 roe p/TM3

The following Drosophila strains were obtained fiom R. Saint.

Sco/SM6a; ry w; CyO/+; XB3/TM6U

w; Dr/ TMS PlA2-3) Sb w; UAS-lacZ

Sco/CyOwglacZ w; I L2-50-GAI4/CyO

Pin/CyOftzlacZ w; Sco/CyO

Dr/TM3ftztacZ wl I 18

Sp/CyO; Pl 2-31Sb ry/TM6 Ubx ry

Stocks were routinely cultured and maintained at 25oC in vials or half-pint plastic bottles

(from Applied Scientific) containing solid fly media.

2,2.1,3 Drosophila melanogasf¿r media.

Fortified (Fl) Drosophila meditm contained lVo(wlv) agar, 18.75Vo compressed yeast,

l07o treacle, l)Vo cornmeal (polenta) and 2.5 Vo tegosept.

2.2"L4 Drosophila melanogasf¿r embryo collection plates

Plates were poured from Grape juice agar which contained 250m1 of grape juice, 30g of

sucrose and 30 ml of tegosept solution all added to 30g of agar dissolved in lL, of H2O.

2.2.1,5 Antibodies.

a) Primary antibodies.

anti-ß-galactosidase antibody (rabbit polyclonal) was obtained from B. Patterson.

anti-BrdU antibody (mouse monoclonal) was obtained from Becton Dickinson.

anti-ELAV antibody (mouse monoclonal) was obtained from the Developmental Studies

Hybridorna Bank.

b) Secondary antibodies"

anti-DIG-AP antibody (sheep Fab fragments) was obtained from Boehringer Mannheim.
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anti-rabbit-AP antibody (sheep polyclonal) was obtained from Silenus.

anti-rabbit-biotin antibody (goat polyclonal), anti-mouse-biotin antibody (donkey

polyclonal), anti-rabbit-FlTc antibody (goat polyclonal) and anti-mouse-texas red antibody

(goat polyclonal) were obtained from Jackson ImmunoResearch Labs. Inc.

2.3 Methods

2"3"7 Restriction endonuclease digestion.

DNA was dissolved in water and l/1Oth volume of the appropriate 10x reaction

buffer (as recommended by the supplier) was added. For complete digestion DNA, 3-5

units of enzyme were added per pg of DNA and incubated at 37oC for at least t hour (or 3

hours for Drosophila melanogaster genomic DNA)

2"3.2 Agarose gel elcectrophoresis.

Molten agarose in I x TAE was poured onto glass slides, with plastic combs to form

well slots, and used as horizontal gels. The gels were submerged in I x TAE, in an

electrophoresis tank and DNA samples containing a suitable amount of loading buffer were

loaded into the gel slots. 70V-90V were applied until the dye had migrated the required

distance. The DNA was visualizedby medium wave UV (if not going to be isolated) after

staining the gel with ethidium bromide.

Typical agarose percentages used to separate DNA fragments were

Agarose Vo(w/v)

0.8
t.o-1.2
2.0

DNA size (kb)

l0-50
0.4- l5
0.1-0.5

2"3.3 Isolation of DNA restriction fragments from agarose gels.

DNA was isolated from agarose gels by staining the gel with ethidium bromide and

excising the band of DNA under long wave UV light. DNA was isolated from the gel slice,

by placing the slice in a 0.5 ml microfuge tube with a pierced bottom containing a plug of

siliconized glass wool. The tube was then placed inside a 1.5 ml microfuge tube and
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centrifuged at 6500 r.p.m. in a microfuge for 5 minutes, to collect the eluate. The eluted

DNA was phenol/chloroform extracted and precipitated with l/lOth volume of 3M NaAc pH

5.2 and 2.5 volumes of ethanol and resuspended in l0-20pl of H2O"

2.3.4 End filling of 5' overhang DNA restriction fragments to generate

blunt ends"

Restricted DNA was phenol/chloroform extracted and ethanol preciptated with

l/lOthvolumeof 3MNaAcpH5.2and2.5 volumesofethanolandresuspendedin lOplof

HZO. Then, 6pl of 0.25mM dNTP mix (0.25mM each of dATP, dCTP, dGTp, dTTp),

2.5¡t"l of l0 x TM buffer (l00mM Tris-HCl pH 8.0, l00mM Mgcl2), I unit of Klenow

enzyme and H2O to make a total volume of 25¡tl were added to the 1Opl solution of

restricted DNA. This reaction mixture was incubated at 37oC for l5 minutes, then at 65oC

for 20 minutes to heat inactivate the Klenow enzyme" The mixture was again

phenol/chloroform extracted and the DNA ethanol preciptated and resuspended in lOpl of

Hzo.

2.3"5 Dephosphorylation of vector DNA.

After the vector DNA was linearizedby restriction enzyme digestion, 2 units of CIP

were added to the restriction endonuclease digestion mix and incubated at3'ToCfor t hour.

2.3.6 Ligation of DNA restriction fragments to vector DNA.

DNA fragments to be ligated were placed in a mix (total volume lOpl) containing

0.05M Tris-HCl pH 7.5, 0.01M Mgcl2,O.OlM DTT, lmM rATp and lunit of 14 DNA

ligase. The reaction was placed at lSoC overnight.

2.3.7 Transformation procedure for recoh nt plasmids.

a) CaCl2 method.

0.5 ml of an overnight culture of E.coli (DH5ct) was diluted 100 fold into 50 ml of

L-broth and incubated with shaking at37"C until the culture had reached an A699 of

0.3-0.4. The culture was pelleted by centrifugation at 5000 r.p.m. for 5 minutes ( JA-20 or

SS-34 rotor), in a sterile 50ml disposable tube. The cells were resuspended in I ml of
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sterile ice-cold 0.1 M CaCl2 and left to stand on ice overnight. 100 pl of the competent cell

suspension was then aliquoted into prechilled glass tubes and 5-10 pl of the ligation reaction

added, while keeping the cells on ice. The mixture was then heat shocked at 37oC for 5

minutes, placed on ice for I minute and then at room temperature for 5 minutes. 3ml of L-

broth was added and the mixture incubated at3loC for 60 minutes" Cells were then pelleted

by centrifugation in a bench centrifuge for l0 minutes at 3000 r.p.m., the supernatant

removed, and the cells gently resuspended in the remaining L-broth. The cells were plated

onto L-agar plates supplemented with the appropriate antibiotic and incubated at37"C

overnight. If selection for ß-galactosidase activity (blue/white colour selection) was

required, l0 pl of IOVoIPTG and l0 ¡tl of 20Vo BCIG were added prior to plating.

b) Electroporation method.

For high efficiency transformation cells were prepared for electroporation. Cells

were grown to A699 of 0.3-0.4 and pelleted by centrifugation as in 2.3.1 (a)" The cells

were then resuspended in I volume of ice-cold H2O, pelleted, resuspended in l/2 volume of

ice-cold HZO, pelleted and resuspended in 1/25 volume of ice-cold 10Vo glycerol. The

competent cells were then snap frozen and stored as 45 pl aliquots at -80oC. For

transformation, cells were thawed at room temperature, added to 5 pl of ligation reaction

mixture and incubated on ice for at least 30 seconds. Cells were then transfered to an ice-

cold electroporation cuvette and electroporated in a Bio-Rad "Gene Pulser" at 2000V. The

euvette was then washed out with I ml of SOC, and the suspension incubated at3J"C for 30

rnin" The cells were then plated as in 2.3.7 (b).

2.3.8 Rapid small scale isolation of plasmid DNA

a) Rapid boiling lysis method.

A single colony was used to innoculate 4 ml of L-broth (supplemented with

appropriate antibiotic), and incubated overnigh| at3J"C, with shaking. Cells were harvested

by centrifugation at 6500 r.p.m. in a microcentifuge for 5 minutes. The bacterial pellet was

then resuspended in 200 ¡rl of STET, followed by addition of l0 pl of l0 mgiml lysozyme"

The suspension was heated at 100"C for 60 seconds and centrifuged at 13000 r.p.m. in a
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microcentrifuge for l5 minutes. Supernatant was collected and centrifuged for a further 10

minutes, to ensure removal of cell debris. Plasmid DNA was then precipitated from the

supernatant with an equal volume of isopropanol, followed by two washings in ice cold

807o ethanol and resuspension in 10-20 pl H2O. )

b) Colony "cracking".

For quick estimations of the size of plasmids, a rapid lysis and electrophoresis

technique was employed. A bacterial colony was touched with a sterile pipette tip and

dotted onto a master plate. The tip was then swirled in an eppendorf tube containing l5 pl

of lysis buffer (50 mM NaOH, 0.57o SDS, 5 mM EDTA, l}Vo glycerol, 0.01Vo (w/v)

bromophenol blue) and the tube+tip incubated at 65oC for l0 minutes. Then, l0 pl of this

bacterial/lysis solution mix was dry loaded into an agarose gel and electrophoresed into the

gel at 30 V until the DNA and dye had run into the gel. The sample then underwent routine

agarose gel electrophoresis.

2.3.9 Isolation of cosmid DNA.

A single colony was used to innoculate 50 ml of L-broth (with 50 pg/ml ampicillin),

and incubated overnightat3ToC with shaking. Cells were harvested by centrifugation at

5000 r.p.m. for 5 minutes (Beckman JA-20 rotor or Sorvall SS-34) and the bacterial pellet

resuspendedin2 ml of TES. Cells were lysed by the addition of 4 ml of freshly prepared

0.2M NaOH/17oSDS and incubation at RT for 5 minutes after gentle mixing. Bacterial

debris was precipitated by addition of 3 ml of ice-cold KAcF and incubation on ice for 5

minutes followed by centrifugation at 15000 r.p.m. for l0 minutes. (Beckman JA-20 rotor

or Sorvall SS-34). 5 pl of l0mg/ml RNase A and 2 ¡tl of 20 mg/ml Proteinase K wele

added to the supernatant, and incubated at 37oC for 30 minutes. The mixture was extracted

with an equal volume of 50Vo phenol/SlVo chloroform and the aqueous phase separated by

centrifugation at 8000 r.p.m. for 2 minutes. DNA was precipitated from the supernatant by

addition of 1/lOth volume of 3M NaAc pH 5.2 and2.5 volumes of ethanol" The DNA

pellet was washed inlOVo ethanol and resuspended in 200 ¡tlH2O"

2.3.L0 Large scale isolation of plasmid DNA.

A single colony was used to innoculate 50 ml of L-broth (with lO0ttg/ml ampicillin),
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and incubated overnightat3T"C with shaking. Cells were harvested by centrifugation at

5000 r.p.m. for 5 minutes (Beckman JA-2O rotor or Sorvall SS-34). DNA was then

isolated using the Qiagen Plasmid Midi Kit, with a QIAGEN-tip 100 column, according to

the manufacturers instructions. DNA was resuspended in an appropriate volume of H2O

such that the final concentration of DNA was approximately lpg/pl.

2"3"L1 Isolation of Drosophíla melanogaster genomic DNA"

25 adult flies were collected and frozen at -20oC. The frozen flies were kept on ice

to prevent thawing, and homogenized in 100 pl of ice-cold 0.1 M TLis-HCI pH 9"0, 0.1 M

EDTA in a microfuge tube. 100 pl of 2Vo SDS (prewarmed to 65"C) was then added and

the mixture incubated at 65"C for 60 minutes. After cooling to room temperature" 42 ¡tl of

5M potassium acetate , pH 5.2, was added and the mixture incubated on ice for 30 minutes.

Cell debris was pelleted by centrifugation at 13000 r.p.m. for l0 minutes in a

microcentrifuge. The supernatant was then placed on ice for a further l0 minutes and the

centrifugation repeated. DNA from the supernatant was precipitated with 100 pl of

isopropanol and pelleted by centrifugation at 13000 r.p.m.for l0 minutes in a

microcentrifuge" The DNA pellet was washed twice withlo%o ethanol, vacuum-dried and

rcsuspended in 200p1H2O and then phenol/chloroform extracted. DNA was then

precipitated from the supernatant by addition of 1/l0th volume of 3M NaAc pH 5.2 and2.5

volumes of ethanol. The DNA pellet was washed twice withToEo Ethanol, vacuum-dried

and resuspended in 20¡tlH2O.

2.3"12 P element plasmid rescue.

Genomic DNA from Dmcyrgl4.l lG6rO flies was extracted (see section 2.3.11)

and 5pl of the genomic DNA solution was digested (see section 2.3.1) with SøcII" Digested

DNA was phenol/chloroform extracted and then precipitated by addition of l/1Oth volume of

3M NaAc pH 5.2 and2.5 volumes of ethanol. The pellet was washed with TOVo ethanol,

dried and resuspended in lOpl of HZO. 4pl of digested genomic DNA was placed in a

ligation mix (total volume 200p1) containing 0.05M Tris-HCl pH7.5,0.01M MgCl2,

0.01M DTT, lmM rATP and lunit of T4 DNA ligase and incubated at l8'C overnight. The

ligation reaction was phenol/chloroform extracted and precipitated by addition of l/1Oth
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volume of 3M NaAc pH 5.2 and 2.5 volumes of ethanol. The pellet was washed twice with

TOVo ethanol, dried and resuspended in 5pl of water. 2pl of ligated DNA was tranformed

into E. coliDH1acells, which were then plated on L-agar plates supplemented with

5O¡rg/ml of ampicillin and incubated at 37"C overnight, to select for bacteria containing the P

element r.escue plasmid.

2.3"13 Determination of DNA concentration.

The concentration of the DNA sample was estimated by cornparing it to bands of

known concentration on an agarose gel or by determining UV absorbance at26O nm and

estimating DNA concentration (5Ong/pl of double stranded DNA, per absorbance unit).

2.3.14 Radiolabelling of DNA fragments.

DNA fragments were labelled with ct-32p-dRtP using priming from random

decamers from the Amersham "Megaprime" kit according to the suppliers protocol. Radio-

labelled DNA was separated from unincorporated nucleotides by spin-column

chromatography. To prepare chromatography columns, a 0.5 ml microfuge tube was

pierced at the bottom with a 2l gauge needle and placed inside a 1.5 ml microfuge tube. A

drop of acid-washed glass beads, suspended in TE, was placed in the bottom of the 0.5 ml

tube and 400 pl of a slurry of Pharmacia Sepharose CL6B in TE, added to the top of the

glass beads. The tubes were centrifuged at 1800 r.p.m. for 3 minutes in a bench centrifuge.

The labelling reaction mix was prepared for chromatograghy by addition of l/5 volume of

CL6B STOP buffer and incubation at 65'C for l0 minutes before loading onto the column

and centrifuging as above. 20 ¡rl of H2O was added to the column and centrifugation

repeated, to ensure all radiolabelled DNA fragments were washed through.

2.3"15 Southern Hybridization.

a) Agarose gel electrophoresis.

For Southern blot analysis with cosmid and plasmid DNA, agarose gel

electrophoresis was performed as described in section 2.3.2.

For genomic southern analysis, restricted Drosophila melanogaster genomic DNA
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was electrophoresed on a 'slab' gel apparatus. Molten l.2Vo (w/v) agarose was poured into

the casting gel apparatus, with a plastic comb to form wells and the gel allowed to set. The

gel was then covered, in the apparatus with TAE, and genomic DNA samples containing a

suitable amount of loading buffer were loaded into the gel wells. 80V were applied until the

dye had migrated the required distance. The DNA was visualized under medium wave UV

after staining in ethidium bromide.

b) DNA transfer to membrane filters.

After agarose gel electrophoresis the gel was soaked in 0.25 M HCI (2 x 5 minutes)

to partially depurinate the DNA, rinsed in H2O, and then soaked in L5M NaCl,0.5 M

NaOH (2 x 5 minutes) to denature the DNA duplex. After rinsing in H2O, the gel was

neutralized in 1.5 M NaCl, 1.0 M Tris-HCl pH 7.5 (2 x lO minutes) before transferring the

gel to the transfer apparatus. The transfer apparatus consisted of a sheet of 3MM paper

soaked in 10 x SSC and placed on a glass plate. The glass plate was suspended over a bath

of l0 x SSC with the ends of the 3MM paper submerged in the SSC bath to create a wick

system. A sheet of plastic film was placed over the paper with a window removed over the

gel. A sheet of nitrocellulose filter (Schleicher and Schuell), pre-soaked in H2O, was

placed in direct contact with the gel and subsequently covered with one sheet of 10 x SSC

saturated 3MM paper, two sheets of dry 3MM paper and 5 cm of paper towels. A glass

plate was used to provide limited pressure to the paper towels for at least 2 hours, preferably

overnight" The DNA was then crosslinked to the filter by UV irradiation, using a Stratagene

" S tratalinker " using I 20000 microj oule s / cm2 .

c) Hybridization of radio-labelled DNA probe to a nitrocelluose filter"

Filters were pre-hybridized for at least 2 hours at 42"C in 50Vo formamide, 5 x SSC,

O.5Vo blotto, 100 mg/ml salmon sperrn DNA (sonicated and denatured). Denatured (boiled)

radio-labelled probe was then added to the filterihybridization mix and incubated at 42"C

overnight. Filters were then washed in 2 x SSC/0. l7o SDS for 5 minutes and then

l5 minutes at room temperature and then washed in 0.1 x SSC/0.17o SDS for 2 x 15

minutes at 65oC. If nylon filters were utilized, the hybridization solution was supplemented

with l7o SDS. The filter was then exposed to autoradiograph film at -80oC, with an

intensifying screen, for the time required for appropriate exposure or to a Molecular
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Dynamics phosphorimaging screen.

d) Quantitation of bands.

Hybridizing bands detected using a Molecular Dynamics Phosphorimager were

quantitated using a Molecular Dynamics Phosphorimaging software program. Hybridizing

bands detected using autoradiograph film were quantitated using a Molecular Dynamics laser

densitometer.

2.3.17 DNA sequencing.

a) Sequencing reactions.

DNA was sequenced according to the double-stranded dideoxynucleotide

technique, utilizing q-35S-¿etP (Bresatec) and a USB double stranded sequencing kit

according to the suppliers protocol.

b) Electrophoresis of reactions.

Electrophoresis of the reactions was performed on a 0.2mm, 6Vo denaturing

acrylamide gel. A 80ml mixture of acrylamide and bisacrylamide in TBE buffer with urea

(8M) was prepared and240¡tl of l0ToAPS and 60pl of TEMED were added. The solution

was then poured into the gel mould and allowed to polymerize. The gel was pre-

electrophoresed at 20mA for 30 minutes, the reactions were then loaded and electrophoresed

at25mA (1500V) until the dye had moved the required distance.

c) Autoradiography.

Gels were then washed in lÙVo acetic acidl2oVo ethanol before being transferred to

Whatmann 3MM chromatography paper and vacuum-dried. The gel was left to expose to

autoradiographic film for the appropriate time at room temperature without an intensifying

scfeen

2.3.L8 Site directed mutagenesis.

A 5.0 kb PsrI genomic DmcycÛ fragment containing the ATG staft codon of the

Type I DmcycU transcript was cloned into the pSelect vector (Promega) to mutate the ATG
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start codon to a NcoI site by site directed mutagenesis using the pSelect systern. The

pSelect plasmid contains a gene for tetracycline resistance and a mutated ampicillin

resistance gene. This feature is utilized during the mutagenesis, as t',vo primers, the primer

that introduces the desired mutation and an ampicillin repair primer, are simultaneously

annealed to single stranded templated DNA. Mutant plasmids obtained from the

mutagenesis procedure (as described below) are then selected for by growth on ampicillin

and tetracycline to enrich for plasmids that have the desired mutation. The site directed

mutagenesis of the pSelect-5.0Psr plasmid is outlined below.

a) Template preparation.

Double stranded pSelect-S.0Psl plasmid was first treated with RNaseA (1Opg of

plasmid DNA + 20¡t g of RNaseA in 20¡tl of H2O incubated at 3loC for 15 minutes) and

then denatured by the addition of 5pl of a lM NaOH, lmM EDTA solution followed by

incubation at37oC for 15 minutes. Denatured DNA was then purified using a CL6B spin

column (see section 2.3"14 for generation of the column). The denatured DNA solution

was added to the column and centrifuged at 1800 r.p.m. for 3 minutes in a bench centrifuge.

The eluate containing the denatured DNA was stored aT. -20oC until use.

b) Primer kinasing.

1pg each of the either the DmcycE-Ncol mutagenesis primer and of the Ampicillin

repair mutagenesis primer (listed in section 2.2.7 b) were added to a mix (20p1 volume)

containing lmM rATP, 50mM Tris-HCl pH7.4,lOmM MgCl2 and 5mM DTT. 3 Units of

T4 polynucleotide kinase were then added and the reaction was allowed to proceed at 37oC

for 60 minutes. The reaction was then phenol/chloroform extracted and the primer

precipitated by addition of l/lOth volume of 3M NaAc pH 5.2 and2.5 volumes of ethanol,

with lpl of glycogen (2Opglml) to act as a DNA carrier. Each kinased primer was

resuspended in lOpl of H2O.

c) Annealing primers to the template.

2-3pg of single stranded pSelect-S.2Psf plasmid template DNA was added to a mix

containing l5ng of the kinased DmcycE-Ncol mutagenesis primer and 5ng of the kinased

Ampicillin repair mutagenesis primer with 2¡rl of 10 x annealing buffer (200mM Tris-HCl
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pH7.5,l00rnM MgCl2,500mM NaCl), and H2O added to 20p1. This mix was incubated

at 65oC for 5 rninutes and then the heating block was placed on an aluminium plate and

allowed to cool to just below 30oC (then placed on ice until the synthesis reaction see

below).

d) Synthesis of the mutagenized strand"

To the annealing mix from c) was added, 5 units of T4 DNA polymerase, 2 units of

T4 DNA ligase, 3pl of l0 x synthesis buffer (100mM Tris-HCl pH 7.5, 5mM dNTPs,

20mM DTT) and 3pl of rATP (lOmM)" The synthesis reaction was allowed to proceed for

90 minutes at37oC" The reaction was then phenol/chloroform extracted and the DNA

precipitated by addition of l/l0th volumeof 3MNaAc pH5.2and2.5 volumes of ethanol.

The DNA was resuspended in 10pl of H2O.

e) Selection of mutant clones.

5pl of mutagenized plasmid DNA was transformed into DH5cr by electroporation

(see section 2.3"1b) and bacteria containing mutagenized plasmid were selected for by

plating on L-agar plates supplemented with appropriate concentrations of ampicillin and

tetracycline. Transformant colonies were selected, and plasmid DNA was prepared as

described in section 2.3.8 (a). Clones that had mutated the DmcycE Type ATG start codon

to an NcoI site were identified by restriction enzyme digestion with NcoL In addition, the

success of the mutagenesis in positive clones was confirmed by DNA sequence analysis

using the DmcycE ATG check primer (see 2.2.7 a).

2.3.19 Micro-injection of Drosophila embryos.

a) Preparation of DNA for injection.

DNA to be injected was purified using a Qiagen midi prep column as described in

2.3.10" An injection mix was made up which consisted of approximately 7pg of

transfotmant plasmid DNA, 3pg of A2-3 plasmid (as a source of P elernent transposase)

diluted in I x injecting buffer to a volume of lOpl. The injection needle was back-filled

using a drawn out capillary containin g a2¡tl aliquot of injection mix which had been

centrifuged briefly to remove any particulate matter. 
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b) Embryo collection"

Flies were allowed to lay embryos on grape juice agar plates at25oC for 30 minutes

beforc collection.

c) Dechorionation of emtrryos.

Dechorionation of embryos was carried out manually under a dissecting microscope

in a humidified room" Embryos were transferred to a glass microscope slide and

individually dechorionated by gently rolling them around on a piece of double sided sticky

tape. The dechorinated embryos are then aligned along a strip of non-toxic rubber glue

(Earth rubber cement; Maruni industry co. Ltd.) with their posterior ends facing towards the

Ieft end of the slide.

d) Micro-injection.

Injection was carried out utilizing a micromanipulator and an inverted microscope.

The slide of embryos was placed on the microscope stage. The micromanipulator was used

to positon the needle. Injection was carried out by moving the microscope stage and

pushing the posterior end of the embryo onto the needle. After penetration of the embryo,

the needle was drawn back as far as possible without leaving the embryo and a small

amount of DNA was injected into the most posterior embryonic cytoplasm"

e) Post injection care.

The slide of microinjected embryos was placed in a petri dish containing moist tissue

and kept at lSoC to allow the larvae to develop. A small amount of yeast was placed on each

slide for the larvae to feed on when they hatched. Larvae were then collected with thin strips

of filter paper and placed in a fly food vial where they developed into adult flies.

f) Screening for w* transformants and chromosome mapping.

Surviving adults were individually crossed ¡s rryLl l8 flies. Transformed flies were

identified in the progeny by the presence of the w+ eye colour marker" Independent

transformant flies were crossed to w; CyOl+; XB3|TM6U flies, doubly balanced for the 2nd

and 3rd chromosomes. CyO is a 2nd chromosome balancer with a dominant Cy mutation

(curly wings) andTM6b a 3rd chromosome balancer with a dominant F/¿¿ mutation
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(increased bristles on the humeral plate). In the next generation, male transformant flies

heterozygous for the CyO and TM6b balancer chromosomes were back-crosse ¿ ¡o *1 I 18

vitgin females. The progeny from this cross were scored to determine whether the w*
transformant was segregating from either the X chromosome (by the absence of w* male

flies), the second chromosome (by the absence of w+, Cy flies), or the third chromosoûte

(by the absence of w* Hu flies) indicating transformant insertion on the X, 2nd or 3rd

chromosome respectively. Once the transformant had been mapped to one of these

chromosomes, stable lines were generated by self crossing heterozygous transformant flies

to obtain homozygous stock.

2.3"20 Drosophila embryo collections and fixation.

Embryos were collected on grape juice agar plates smeared with yeast. Embryos

were harvested and thoroughly washed using a 0.7VoNaCl/O.3Vo Triton X-100 solution.

Embryos were then soaked in a2Vo sodium hypochlorite solution for 2-3 minutes to

dechorionate the embryos and were subsequently thoroughly washed in the O.TVoNaCl/

0.3VoTriton X-100 solution. The embryos were then transfemed to a glass scintillation vial

containing a two phase mix of 5ml of 4Vo para-formaldehyde in I x PBS (made fresh by

dissolving solid para-formaldehyde in heated 1 x PBS) and 5ml of heptane. To fix rhe

embtyos, the vial was shaken on an orbiting platform such that the interface between the

liquid phases was disrupted and the embryos were bathing in an emulsion for between l5

and20 minutes. The bottom aqueous phase was drawn off and replaced with 5 ml of

methanol and the vial shaken vigorously for I minute to remove the vitelline membrane from

embryos" The de-vitellinised embryos sink from the interface and can be collected from the

bottom methanol phase. Embryos were then rinsed several times in methanol and then

several times in l00Vo ethanol and stored at -20oC under ethanol until use" If embryos were

to be used immediately, the ethanol rinsing step was omitted, and embryo werc rinsed a few

more times in methanol before being used for while mount RNA in situ hybridization or

immunostaining.
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2"3.2L Whole mount RNA ín situ hybridization to Drosophila embryos.

This method is modified from Tautz and Pfeifle (1989).

a) Generation of DIG labelled RNA probes.

Antisense RNA probes were generated from plasmids that contained the gene of

interest, linearized at the 5' end of the clone. RNA was transcribed in vitro to incorporate

DIG-l I-UTP using either T7 or T3 RNA polymerase depending on the promoter at the 3'

end of the DNA template. In vitro transcription was performed using a Boehringer

Mannheim DIG RNA labelling kit (SP6/T7) according to the suppliers instructions. The

F4l DmcycE cDNA clone was used to generate the antisense DmcycE RNA probe, cut at

the 5' end with BamHI and transcribed using T3 RNA polymerase. The pBST-nlacZ

plasmid (see Chapter 5 for generation of this plasmid) was used to generate antisense IacZ

RNA probe, cut with KpnI and transcribed using T7 RNA polymerase.

b) Preparation of embryos for hybridization.

All rinses and washes were done in a 1 ml volume and carried out under gentle

agitation. Fixed embryos (as described in section2"3.2O), usually about 50pl in an

microfuge tube, were rinsed several times in ethanol, then once in 50Vo ethanol/ 50Vo xylene

and then soaked in lO07o xylene for 90 minutes (this is an optional step, which appeared to

reduce background staining levels). Embryos were rinsed again in 50Vo ethanol/ 50Vo

xylene and then several times in IOOVo ethanol, then rinsed once in methanol, and then in

5}Vomethanoll5}VoPBT. Embryos were then post-fixed for 20 minutes in PBT plus 4Vo

paraformaldehyde. Embryos were then rinsed three times in PBT (each rinse approximately

two minutes). Embryos were then digested with proteinase K by incubation for exactly 3

minutes in PBT plus 4 ug/ml non-pre-digested proteinase K. The digestion is stoped by

quickly rinsing twice in PBT, followed by another two rinses in PBT (l-2 minute rinses).

The embryos are then post-fixed in PBT plus 4Vo paraformaldehyde as described above for

20 minutes. Post-fixation is followed by five more PBT washes (each wash for at least five

minutes)"
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c) Hybridization and colour detection.

500p1 of RNA in situ hybridization buffer plus lO0pg/rnl sonicared boiled salmon

sperm DNA was added to the embryos which were then incubated (pre-hybridized) ar"55oc

for at least 60 minutes. The embryos were then hybridized overnight at 55oC, in a small

volume of RNA in situ hybridization buffer plus 1OO¡rg/ml sonicated boiled salmon sperm

DNA (between 50-l00pl) plus the appropriate amount of DIG labelled antisense RNA

probe"

The following day, the probe was drawn off and I ml of RNA ln silz hybridization

buffer (preheated to 55oC) was added and left at 55oC for 20 minutes. Emblyos were then

washed again for 20 minutes at 55oC with 507o RNA ¿tx situbybridization buffer/507oPBT

(preheated to 55oC), and then followed by five lml PBT washes (preheared to 55oC) ar

55oC for 20 minutes each. The embryos were then incubated in PBT containing a I in 2000

dilution of the anti-digoxigenin antibody conjugated to alkaline phosphatase (Boehringer

Mannheim) for 60 minutes at room temperature with gentle agitation. This was followed by

four 20 minute PBT washes. The location of the anti-digoxigenin antibody was detected

colourmetrically. Embryos were rinsed three times in AP stain buffer and to the third rinse

(lml) 3.5p1BCIP solution (S0mg/ml in IOOVo DMF) and 4.5¡rl of NBT solution (lOOmg/ml

in lÙVo (v/v) DMF) were added. The colour was then allowed to develop in the dark until

the staining had developed (as assayed on a dissecting microscope). Embryo were then

rinsed four times with I x PBT + 20mM EDTA, prior to mounting in 80Vo glycerol in I x

PBS + 20mM EDTA"

2.3.22 Immunostaining of Drosophila embryos

Embryos stored under ethanol were rinsed in methanol and then rehydrated by

rinsing in 50Vo methanol/5}Vo PBT, then with 3 x 10 minute PBT washes, then a I x 30

minute PBT wash. Embryos were then 'blocked' in blocking solution (either Blotto

solution or PBT + 2Vo (v/v) goat serum) for at least two hours at room temperature. The

blocking solution was removed and the primary antibody was added at the appropriate

dilution (see below) in fresh blocking solution (usually 200p1, or 500p1 when more than a

50pl volume of embryos was used). The embryos were incubated with gentle agitation at

4oC ovemight. The next day, the primary antibody solution was removed from the

embryos, followed by a PBT rinse and then extensive washing in PBT (at least 4 x 2O
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minute washes, with gentle agitation). The embryos were then blocked again in blocking

solution for at least two hours at room temperature. At the same time, the secondary

antibody was diluted by the appropriate dilution factor (usually 11200) in blocking solution.

The secondary antibody solution was preabsorbed by incubating with fixed embryos for

two hours at room temperature. The blocking solution was then removed from the embryos

and the preabsorbed secondary antibody solution was added" Embryos were then incubated

with the secondary antibody (with gentle agitation) overnight at4oC or at room temperature

for at least two hours. After removal of the secondary antibody, the embryos were washed

several times in PBT (as described above after incubation with the primary antibody).

If the secondary antibody was conjugated to the alkaline phosphastase enzyme, the

antibody localization was detected colourimetrically. Embryos were rinsed three times in

AP stain buffer and to the third rinse (lml) 3"5p1BCIP solution (50mg/ml in IOIVo DMF)

and 4.5p1 of NBT solution (100mg/ml inTOVo (v/v) DMF) wore added. The colour was

then allowed to develop in the dark until the staining had developed (as assayed on a

dissecting microscope). Embryo were then rinsed four times with I x PBT + 20mM

EDTA, prior to mounting in SOVo glycerol in I x PBS + 20mM EDTA.

If the secondary antibody was conjugated to biotin, a tertiary solution (1/100

dilution of A solution (avidin) + 1/100 dilution of B solution (biotinylated horseradish

peroxidase) in PBT; Vectastain ABC kiÐ was added to the embryos and incubated at room

temperature for one hour with gentle agitation. After removal of the tertiary solution, the

embryos were washed several times in PBT (as described above after incubation with the

primary antìbody). The location of the antibody was then detected colourimetrically.

Embryos were incubated in a solution of O.5mgiml DAB, O.045VoH2O2, (plus 0.64pglml

NiCIZ for Nickel enhancement) until the staining had developed (as assayed on a dissecting

microscope). The colour reaction was then stopped by rinsing twice with a2Vo (wlv)

NaAcetate solution in I x PBT, and then rinsed four times with PBT prior to mounting in

80Vo glycerol in I x PBS.

Antibodv dilution factors used.

(i) primary antibodies.

anti-ß-galactosidase (rabbit polyclonal) was used at l/4OO in blotto solution when detected

via a tertiary complex containing horseradish peroxidase (non-Nickel enhanced), or at 1/500
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in PBT + 27o (v/v) goat serum when detected via a secondary conjugated to the alkaline

phosphatase enzyme.

anti-BrdU (mouse monoclonal) was used a l/50 in PBT + 2vo (v/v) goat serum.

(ii) secondary antibodies.

anti-rabbit-AP (sheep polyclonal) was used at l/500 in PBT + 2Vo (v/v) goat serum.

anti-rabbit-biotin (goat polyclonal), anti-mouse-biotin (donkey polyclonal) were used at

l/200in either blotto solution of PBT +2Vo (vlv) goat serum, depending on what the

corresponding primary antibody was diluted in.

2.3.23 Whole mount RNA in situ hybridization followed by

Immunostaining of Drosophíla embryos.

Whole mount in situ hybridization was performed as described in section 2.3.21,

except that the colour detection reaction was allowed to proceed longer, such that colour

develops to approximately 1.25 x the normal darkness. The colour reaction is then stopped

by rinsing embryos in PBT several times. Embryos are then dehydrated in ethanol by

rinsing in 65Vo PBT/35Vo ethanol, then several times in 30Vo PBT|T}Vo ethanol, and then the

embryos are left overnight at4oC standing in3OVoPBT|T}Vo ethanol. The next day,

embryos are rehydrated in PBT, and then immunostaining was carried out as described in

section 2.3.22"

2.3.24 Drosophila larval dissection and fixation of larval tissues.

Wandering 3rd instar larvae were dissected in Ringers solution, by pulling the

mouthhooks away from the main body such that the CNS, imaginal and salivary gland

tissues temain attached to the mouthhooks. Dissected larval tissue was then fixed in 4Vo

paraformaldehyde in PBT with gentle agitation at room temperature for 30 minutes. Larval

tissues was then rinsed several times in PBT before immunostaining.

2.3.25 Immunostaining of Drosophila larval tissues.

Immunostaining of larval tissue was essentially the same as described for

immun ostaining of D r o s o phila embryos (section 2.3 .22).

An anti-ß-galactosidase antibody (protein A purified rabbit polyclonal) was used at
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l/2OO in blotto solution when detected via a tertiary complex containing horseradish

peroxidase (Nickel enhanced). The IgG antibodies from the serum containing anti-ß-

galactosidase antibody were purified on a protein A column according to the manufacturers

specifications (Biorad). The secondary anti-rabbit-biotin antibody (goat polyclonal) was

used at 11200 in blotto solution.

For immunofluorescent staining, the same anti-ß-galactosidase antibody (protein A

purified rabbit polyclonal) was used at l/100 in blotto solution and the anti-ELAV antibody

(mouse monoclonal) was used at l/3 in blotto solution. The secondary antibodies

anti-mouse-texas red antibody (goat polyclonal) and anti-rabbit-FITC antibody (goat

polyclonal) were both used at 1/100 in blotto solution.

2.3.26 BrdU labelling of Drosophila embryos.

Embryos were labelled for 30 minutes with BrdU as previously described by

Richardson et aI. (1993)" After labelling and fixation of embryos,lacZ expression from

either a CyOwgIacZ or a CyOftzlacZ balancer chromosome was detected by one of two

methods. Firstly, expression from the IacZ marked balancer chromosome was detected by

RNA in situ hybridization using a IacZ DIG labelled RNA probe (section 2.3.2I). The

second method detected ß-galactosidase protein by immunostaining (section 2.3.22) using

an anti-ß-galactosidase antibody (rabbit polyclonal), and an anti-rabbit-AP (sheep

polyclonal) secondary antibody. In both cases, the RNA probe or the antibody was detected

colourmetrically using the alkaline phosphatase enzyme (section 2.3.21 and2.3.22).

Following colour detection, embryos were dehydrated in lÙVo Ethanol/PBT, rehydrated in

PBT and then the incorporated BrdU label was detected as described in Richardson et aI."

( l ee3).

2.3.27 Tissue mounting, microscopy, photography and image

manipulation.

Tissue samples were placed in a mounting solution, containing 80Vo glycerol in 1 x PBS. If
the tissue had been stained using the alkaline phosphatase colour reaction, 20mM EDTA

was added to the mounting solution to prevent further colour development. Tissue samples

were mounted on a glass slide under a coverslip supported by two pieces of double sided

tape and coverslips were sealed to the glass slide using commerically available clear nail
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vanlish. Some larval tissues (particularly eye imaginal discs) were mounted without this

coverslip suppott.

All tissue samples wet'e examined using a Ziess Axiophot microscope with Nomarski

optics. Embryos and larval tissues were photographed using Kodak Ektachrome l60T

colour slide film. Slides were digitised using a Kodak RFS 2035 Film Scanner, and image

files were manipulated using Adobe Photoshop 3.0 or 4.0. Photographic colour prints were

obtained using a Kodak XLT712O Digital Continuous Tone Printer.

2.3.28 Containment facilities.

All manipulations involving recombinant DNA were carried out in accordance with the

regulations and approval of the Genetic Manipulation Advisory Committee and the

University Council of the University of Adelaide.
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CHAPTER 3 - P element-mediated DmcycE deletions: initial dissection of
cls-acting regulatory sequences.

3.1 Introduction.

An effective way to begin dissection of the zygotic DmcycE cis-acting regulatory

region was to generate deletions within this region and then to analyse the effect of these

deletions on the DmcycE transcription pattern. Alterations in DmcycE expression in a

particular deletion would indicate that the deleted region has important cls-acting regulatory

elements required for DmcycE transcription"

Deletions can be generated in Drosophilaby the imprecise excision of

P transposable elements. There are several P element insertion mutations that map to the

DmcycU locus. These include five mutations isolated from a mutagenesis screen caried out

by Karpen and Spradling (1992). Four of these alleles are zygotic lethal mutations and the

fifth allele, DmcycEPZl672, t¡o*t low female fertility (Lilly and Spradling, 1996).

Previous charucteization of the four zygotic P element lethal mutations, DmcyrBPZ05206,

DmcycEPZ05277, DmcycEPZ05278and DmcycEPZl)427, was performed by isolation of

the genomic DNA flanking one side of the F element insertion site (Knoblich et a1.,1994).

These P elements (PZ elements) have been engineered to contain a bacterial origin of

replication, a selectable antibiotic resistance marker gene and unique restriction enzyme sites

to enable part of the P element and flanking genomic DNA to be easily recovered as a

bacterial plasmid (Mlodzik and Hiromi,1992; Figure 3.4). The genomic DNA flanking the

5' P element end from each of these four lethal F element mutations was isolated and

sequenced, revealing that the four plasmids obtained were identical (Knoblich et aI, 1994; J.

Knoblich personal communication). This suggested that these P element mutations were the

same mutation, perhaps arising from a premeiotic insertion event. In addition, one

homozygous viable insertion, DmcycEl4.'11G was isolated in a screen for dominant

enhancers of the eye mutation rough (J. Pispa and A. Tomlinson, personal

communication). An excision mutation generated from this P element allele resulted in a

new mutation termed DmcycEJP, also homozygous viable, that was shown to be a

hypomorphic allele of DmcycE exhibiting a rough eye phenotype (Secombe et aL,

manuscript in preparation). Another five alleles were also isolated from a screen by Torok

et aI. (1993) (J. Roote, personal communication; S. Prokopenko, personal communication;
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Kania et aL,1995)"

To understand how these mutations were affecting tbe DmcycE gene, and to identify

an insertion in the DntcycE genomic region that would be suitable for the generation of

promoter deletions, the location of these P element insertions needed to be determined. This

chapter describes the molecular mapping of some of these P element mutations and the

identification of a suitable DmcycU P element allele for the generation of DmcycE P eletnent

mediated promoter deletions. Also described is the subsequent generation, mapping and

phenotypic characterization of these DmcycE promoter deletions"

3.2 Molecular mapping af Dmcyc^E P element insertion mutations.

3.2.1 Localization of zygotic lethal DmcycU P element alleles by Southern

analysis"

The P elemenlgenomic plasmid clone from the DmcycEPZ05278 mutation

described above (from J. Knoblich) was used to probe Southern blots of genomic DmcycÛ

cosmid clones (see Figure 1.9; Jones et aI., manuscript in preparation) to determine the

approximate location of the P element insertion. The P elemenlgenomic clone hybridized to

a2.4kb Sa[Ifragment and a 5.0 kb HindIIIfragment. Both of these fragments are

localized to the first intron of the Type II DmcycE transcript, with the 2.4kb SalI fragment

located within the 5.0 kb HindIII fragment (Figure 3.1 and 3.2). This result indicated that

the DmcycEPZ05278 P .lement was likely to be inserted within intron I of the DmcycT

Type II transcription unit (Figure 3.1).

To confirm that the DnrcycEPZ)527] P 
"l"ment 

was inserted in DmcycE

Type II intron l, Southern blots of genomic DNA isolated from DmcycUPZ05278¡çrg

flies were probed with DmcycE genomic fragments that spanned Type II exon 1 and intron

l. Filstly, a Southern blot of EcoRl-digested genomic DNA (referred to subsequently as an

EcoRI genomic Southern blot) was probed with a 2.0 kb HindIIIlSalI fragment spanning

DmcycU Type II exon 1 (Figure 3.2). From DmcycU cosmid mapping (Jones et al.,

manuscript in preparation), this probe would be expected to hybridize to an 8.0 kb EcoRI

band. However, hybridization to most sources of genomic DNA detects two EcoRI bands

of 4.4 kb and 3.6 kb, that arise from a polymorphic EcoRI site within the 8.0 kb EcoRI

fragment (Figure 3.2 and data not shown). When EcoRlgenomic Southern blots of
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DmcycEPZq5278¡çrg DNA are probed with this 2.0 kb HindlIIlSalI fragmenr " the 4.4 kb

and the 3.6 kb bands are observed, plus a novel band of approximately 6.0 kb (Figure 3"3

A). Quantitation of these bands using a phosphorimager revealed that the 4.4 kb band

contained twice the amount of DNA as the 3.3 kb band and the novel 6.0 kb band (data not

shown), suggesting that the presence of the DmcycEPZ05278 p element insertion causes

one copy of the 3.6 kb EcoRI band to become an approximately 6.0 kb band. This result is

consistent with the DmcycEPZ05278 P el" .nt being inserted in intron I of the Type II
transcription unit.

Secondly, a HindIII genomic Southern blot was probed with a 2.4 kb SaII DmcycE

genomic fragment from Type II intron l. This is the same fragment that hybridizes with the

P elemenlgenomic plasmid clone derived from the DmcycEPZ05278 v17s1s (described

above)" This probe usually detects a 5.0 kb band on HindIII genomic Southern blots,

consistent with DmcycE cosmid mapping. When a HindIII genomic Southern blot of

DmcycUPZq527g¡çrg DNA was probed with this 2.4kbSøll fragment, a 5.0 kb band was

detected, along with a novel4.5 kb band (Figure3.3 B). The novel band is presumably

caused by the insertion of the DmcycEPZ05278 P "l" "nt, 
again consistent with the

DmcycEPZ05278 p element being inserted within Type II intron 1. Further analysis using

5' and 3' specific P element end probes revealed that the 5'P element end probe detected a

1.5 kb band on EcoRIDmcycEPZq52TS¡çrg genomic Southern blots and the 3'P element

end probe detected a 0.8 kb band on HindIII Dmcyc4PZq5278¡çrg genomic Southern

blots (Figure 3.3 D, E). These results from genomic Southern analysis, restriction enzyme

maps of the PZ P element and DmcycE sequences, and the knowledge that the sequence

adjacent to the 5' end of P element insertion is contained within the 2.4 kb SalI fragment

ftom DmcycVType II intron 1, indicated that the DmcycEPZ05278 p element was inserted

very close to the 5' end of the 2.4kb Sallfragment in a 3' to 5' orientation with respect to

the 5' to 3' direction of the DmcycE gene (Figure 3.4).

3.2.2 Localization of other DmcycE P element alleles - a P element "hot

spot" "

As mentioned above, there are many other P element insertions that map to the

DmcycEgene, including the Dmcycïl4'11G ¡6p6zygous viable P element allele.

65



Figure 3.1 - Mapping of the location of the P205278 plasmid rescue clone ro rhe DmcycE cosmid walk.

(A) DmcycE cosmid clones 7, 8, I 1 and 13 and the XbaI P205278 plasmid rescue clone @05278), were digested with either SaII or HindIII.
Digested samples were analysed on a I.\Vo agarose gel, shown here stained with Ethidium Bromide, and visualised under UV light. DNA
size markers are shown on either side of the gel, and the sizes indicated.

(B) Southern blot of the agarose gel shown in (A) and probed withthe p05278 Xbalrescue plasmid. The probe hybridizes to irself as

expected and also to a2.4 kb SalI and a 5.0 kb H,r?dIII band locatedin DmcycE cosmid clones 8 and 11.

(C) Schematic of the DmcycE genomic map with the relative positions of the Type I and Type II DmcycE transcriprs and of the eight Dmcyc7

cosmid clones. The location of the hybridizing bands in (B) within Type II intron I are highlighted, indicating rhat the DmcycEPZ05278

P element insertion is located within or adjacent to the 2.4kb S¿lI and the 5.0 kb ¡1,r?dIII genomic DmcycE fragmenrs.
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Figure 3.2 - DmcycE genomic map and the DNA fragments used for Southern blot analysis

A DNA restriction enzyme map of DmcycE genomic DNA derived from cosmid clones, shown with the relative positions of the Type I
and Type II DmcycE transcripts, with coding sequence shown in purple, the conserved cyclin box region shown in black. DNA fragment

sizes in kb are shown between restriction enzyme sites. A polymoqphic EcoRI restriction enzyme site identified from genomic Southern

mapping (data not shown) is indicated in brackets.

The location of probes used for genomic Southern analysis are shown in red with respect to the map and include the 2.0 kb

HindIIIlSalI, 2.4 kb SølI, 1.0 kb HindIII, T .7 kb HindIII, 1.0 kb HindIIIJEcoRI and 3.3 kb EcoRI DmcycE genomic fragments, subcloned

from DmcycE cosmid clones.

Note that the 1.0 kb H¿txdIII fragment is not an intact DmcycE fragment and is derived from the 5' end of cosmid clone 7, with the 5'

Hindw site corresponding to a cosmid vector restriction enzyme site.
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Figure 3.3 - Genomic Southern mapping of the P element insertion site within DmcycE

(A) EcoRI genomic Southern blotof DmcycEPZ05279rcyO DNA, probed with a 2.0 kb

HindIIUSalI DmcycU genomic DNA fragment that spans Type II exon 1.

(B) HindIII genomic Southern blot of DmcycEPZ}5279prg DNA, probed with a 2.4kb

SaII DmcycE genomic fragment from Type II intron l.

(C) HindIII genomic Southern blot of DmcycEI4. I I G/CyO, DmcycEJP and

DmcycpPZ)527g¡çrg DNA, probed with a 1.0 kb HindIII DmcycEgenomic fragment from

Type II intron 1.

(D) EcoRI genomic Southern blot af Dmcyc4l4"l IG/CyO" DmcycEJP and,

Dmcyc4PZ05278¡çrg DNA, probed with a 5'specific P element end probe.

(E) HindIII genomic Southern blot of DmcycEI4.I lG¡CyO, DmcycEJP and

DmcycBPZ0527g¡çrg DNA, probed with a 3'specific P elemenr end probe.
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Figure 3.4

A DNA restriction enzyme map of DmcycE genomic DNA shown r.vith the relative positions of the Type I and Type II DmcycE

transcripts and the probes used for genomic Southern analysis, which are highlighted in red (similar to Figure 3.2).

The relative locations of the DmcycEPZ05278 andthe DmcycEl4.ILG P element insertions are shown on the map. The DNA restriction

enzyme maps of the two different P elements are also shown to scale. Both P elements contain P element ends, indicated by black triangles,

and a IacZ reporter gene with a cloned poly-adenylation signal at the 3' end of The IacZ gene, enabling both P elements to act as enhancer

traps. These P elements also contain a bacterial origin of replication (ori) and an antibiotic resistance gene for either kanamycin (Km\ or

ampicillin (Amp\ to allow isolation of flanking genomic DNA as abacterial plasmid. The P205278 P element and the 14.IIGP elemenr

contain either a rosy+ eye marker gene or a mini-white* 
"y" 

marker gene for selection in Drosophila.

The location of the Xbal sites within the P205278 P element and in the DmcycU sequence approximately 1 .0 kb 3' from the P element

insertion site are shown, indicating the extent of the clone that was obtained from the Xbalplasmid rescue of the Pm5278 P element.

Note the 3'P element probe (in red) is derived form a plasmid rescue for another P element inserted near the string gene on chromosome 3

The probe used was a 0.7 kb BamHI fragment containing 0.3 kb of P element sequence and 0.4 kb of string sequence. The s/ring DNA

detected an -4.3 kb band on HindIII genomic Southern blots (data not shown) and did not interfere with Southern analysis of the DmcycE

region (shown in text and subsequent figures).
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Genomic Southern analysis was performed on DmcycEPZ052781çrg,

DmcycBI4'I lG¡ç1t6t and DmcycEJP (the hypomorphic DmcycEallele derived from the

DmcycEl4'l/G ¡¡ss¡¡ion) DNA. Analysis using a3' P element end probe and a 1.0 kb

HindIII DmcycE Type II intron I probe (which recognises the same 5.0 kb HindIII

fragment as the 2.4 kb Sal[ probe used above, see Figure 3.2) on HindIII genomic

Southern blots revealed that DmcycEPZ05278 an¿ DmcycEI4.l IG 6aging patterns were

indistinguishable (Figure 3.3 C, E). This result suggests that these two P elements are

inserted in the same orientation and located extremely close to one another. Genomic

Southern blots, from EcoRI digested DNA, probed with a 5'P element end probe rcvealed

a different banding pattern between DmcycBPZ05278 u¡16 DmcycEI4.l lG , as the two

different P elements contain different EcoRlrestriction enzyme maps at the 5' end (Figure

3.3 D and 3.4). Consistent with genomic southern mapping, sequence data from a

DmcycEl4'11G plasmid rescue clone and from the DmcycEPZ05278."r"ue plasmid, in

comparison with DmcycE genomic sequence obtained by the Berkeley Drosophila Genome

Project (BDGP), revealed that these two P element insertions were located within 20 bp of

one another, although the precise site of insertion for these P elements was not determined.

Genomic Southern analysis also revealed that the DmcycEJP hypomorphic allele appears to

be an internal deletion of the DmcycEI4.11G ¡nse¡¡ion from which it was derived, as both

5' and 3' specific P element ends were detected from DmcyrgJP genomic DNA (Figure 3.3

D, E). The 5'P element specific band from EcoRI genomic Southern blots is of a different

size between DmcycEJP and. DmcycEl4.I Lc,presumably because the most 5'EcoRl

restriction enzyme site within the DmcycEl4'1lG P element is missing in

DmcycElPfigure 3.3 D and 3.4) due to the proposed internal P element deletion. Further

molecular characterization of tl'rc DmcycEJP allele by W. Winnall (personal communication)

has revealed that the DmcycEJP hypomorphic allele contains a deletion of approxim ately 4

kb within the Dmcycïl4.l IG P element.

Comparison of sequence information from two other P element insertions, the

DmcycgPZI6T2 partially female sterile allele (M. Lilly, pelsonal communication;Lilly and

Spradling, 1996) and from thel(2)k2514 allele (S. Prokopenko, personal communication;

Kania et aL.,1995), tevealed that these mutations were also inserted within the same 20bp

region as DmcycEPZ05278 ar,6 Dmcycgl4'l/G i¡ss¡¡ions. The insertion of these four

different P element alleles so close to one another suggests that this region within DmcycE
66



Type II intron I may be a'hot spot' for P element insertion. Supporting this, genomic

Southern analysis on three oÍher DmcycE P element alleles, including DmcycEk0807,

DmcycEk5007 un6 DmcycEk9 I 09 , ,v11iç¡ are all homozygous lethal alleles (J. Roote,

personal communication; Torok et al, 1993), revealed polymorphisms similar to

DmcycEPZ05278 *¡r"nprobed with Type II intron I DNA (data not shown). These data

indicate that these P elements are also likely to be inserted within Type II intron l, although

the precise site of insertion has not been determined.

3.3 Generation of DmcycE P element-meditated deletions.

The location of DmcycE P element insertions in Type II intron l, approximately

l4 kb upstream from the start of zygotic DmcycE Type I transcription, made these

P elements useful for the generation of deletions within the DmcycE promoter. The

DmcycEPZ05278 ircthul allele was used in a P element mutagenesis to generate a series of

deletions in the DmcycU promoter region. The lethality of this chosen P element allele was

an advantage for screening for potential promoter deletions as described below"

3.3"1 P element Mutagenesis.

To generate deletions within the zygotic Type I DmcycE promoter region, the

DmcycEPZ05278 P ebment was mobilised by providing a source of transposase

(Pl42-31chromosome) to generate imprecise excisions of the P element. The PZ element

is marked with the eye colour gene rosy+ (¡y+) (Figure 3.4), giving ry- flies that camy this

P element wild type eyes. The loss of the ry+ phenotype (generating rosy coloured eyes)

after P element transposition indicates that the P element has either precisely excised and

been lost, or that the P element has partially excised, leaving a lesion within the ry+ marker

gene" These imprecise excisions can sometimes result in deletion of flanking genomic

sequence.

209 ry revertants of the genotype DmcycgPZq,27g*¡ryl/CyO or Sp; ry (where the *

indicates that some type of transposition event has occurred) were isolated and individually

crossed to the original P element mutation to determine if the ry revertant was viable or

lethal when transheterozygous with the lethal DmcycEPZq527\¡r+lmutation. Revertants

that were viable when transheterozygous with DmcycEPZq5279¡r+1were assumed to have

lost the P element by precise excision and were discarded. 4l ry revertants were lethal
67



when transheterozygous with DmcycEPZ05278¡r+1and werc assumed to be some type of

deletion resulting from imprecise excision of the P element" These flies were rctained and

set up as stocks for further characterization. Figure 3.5 outlines the genetic crosses used for

this mutagenesis.

3.3"2 Molecular mapping of mutations.

a) Determining whether lethal revertants were internal or external

P element deletions.

To determine the extent of the 41 possible deletions generated above and to

discriminate between internal P element deletions and mutations that deleted DmcycE

genomic DNA, genomic Southern blot analysis was performed on DNA extracted from the

ry reveftant flies and digested with either EcoRI or Hindnl. Genomic Southern blots were

first probed with 5' and 3' specific P element ends (Figurc3.4,3.6 and data not shown).

29/4I ry reveftant strains showed hybridization to both of these probes, and were therefore

assumed to be internal P element deletions and were discarded. The 5L, 7L, I0L, I3L,

l4L, 16L,29L, l9L and I2L mutations were all deficient for the 5' end of the P element

(Figure 3.6 A and data not shown). As shown above (section 3.2.1),the PZ P element is

inserted in a 3' to 5' orientation with respect to the DmcycE gene (Figure 3.4). Thus these

mutations deficient for the 5' end of the P element were likely to delete DmcycE genomic

sequences 3' of the P element insertion site. All of these mutations retained the 3' P element

end (3.6 B and data not shown) and varying amounts of P element sequences depending on

the internal breaþoint of the deletion within the P element" The óZ mutation was deficient

for the 3' end of the P element indicating that this mutation was deleting DmcycE genomic

sequences 5' of the P element insertion site, while retaining the 5' end of the P element. In

agreement with this, the 5' end of the PZ element, which contains the lacZ gene as an

enhancer trap (Figure 3.4), was shown to be intact, as IacZ expression was detected in 6L

heterozygous and homozygous embryos using an anti-ß-galactosidase antibody (data not

shown). The 27L and 8L mutations were deficient for both P element end probes indicating

that the entire P element plus Dmcyc0 genomic sequence on both sides of the P element

inseftion site had been deleted from these two mutations (Figure 3.6, and data not shown;
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summarized in Figure 3.10).

b) Determining the extent of external P element deletions.

Small 3' deletions

Mutations that only deleted DmcycE sequences 3'from the P element, were mapped

by genomic Southern analysis into three types. Firstly, 7L, I)L, I4L" l6L and 29L were

similar mutations, as each deleted somewhere between 0-2.4kb of DmcycE sequence 3'of

the F element insertion (summarized in Figure 3.10). This was clearly seen by probing of P

element deletion HindIII genomic Southern blots with a2.4kb SaII DmcycE fragment

which, as shown above (section 3.2.I), is located just 3' of the P element insertion

(Figure 3"4). This fragment hybridizes to a 5.0 kb //¿ndIII fragment in wild type

chromosomes and to an approximately 4.5 kb HindIII fragment from the original P element

chromosome (Figure 3.3 B). For the 7L, l0L, l4L, I6Land29L deletions, the2.4 kb SalI

probe detected a novel band from each of the P element revertant chromosomes (larger than

the original P element band, but of a different size in different mutations), indicating these

3' P element deletions were small and that the breakpoint for each of these mutations lay

somewhere within the2.4 kb ^SalI fragment (Figure 3.6 C and data not shown). However,

the extent of these deletions could not be determined by the size of the novel bands from the

P element revertant chromosome, as it is unknown how much of the P element is deleted in

each individual mutation.

5L. l3Land 19L

The second type of 3' deletion, I9L, deletes between 2.4-5.0 kb of DmcycE

sequence 3' of the P element insertion. The size of this deletion was determined by again

using HindIII genomic Southern blots with the2.4 kb SølI probe and also a l.0 kb HindIfI

probe that recognises the same 5.0 kb Hindlllfragment on wild type chromosomes, but

hybridizes at the very 3' end of this fragment (Figure 3.4). No band corresponding to a P

element revertant chromosome was detected when a HindIII genomic Southern blot

containing I9Lwas probed with the 2.4kb SølI probe, indicating that this mutation was

deficient for this DmcycE fragment (Figure 3.1 A). However, when the same HindIII blot

was probed with the 1.0 kb HindIlI probe, a novel band of approximately 3.6 kb was

detected from the revertant chromosome (Figure 3.7 B). Thus /9L has a 3'breakpoint
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Figure 3.5 - Outline of the genetic crosses used to generate P element mediated DmcycÛ

promoter deletions.

Note that in cross I and2, only the progeny used in subsequent crosses are shown

From Cross 1, male progeny are selected with wild type eyes (indicating the presence

of the DmcycEPZ05278 mutation) and Stubble bristles (indicating the presenc e of the A2-3

chromosome encoding the P element transposase). P element transposition events will occur

in the germline of these males. These males were mated to ry females that contain a2nd

chromosome balancer (SM6a) in Closs 2.

Progeny from Cross 2 with rosy eyes (ry revertants, indicative of a transposition

event) and non-Stubble bristles (absence of A2-3 transposase to prevent further P element

transposition) were selected. Each ry revertant was individually crossed to the original

DmcycEPZ02578 ¡¡u¡¿¡¡on (Cross 3) to test for lethality when transheterozygous for the

DmcycEPZ02578 ¡¡u¡¿¡ien. Revertants that exhibited lethality over DmcyrgPZ02578 *s.¡s

retained as a balanced stock for further molecular analysis.

The genotype and phenotype of the progeny that need to be selected from Cross I and

2 are shown in red. The genotype and phenotype of the progeny from Cross 3 (lethality test

cross) that needed to be scored and selected are shown in blue. The other classes of progeny

from this cross al'e shown in black. x indicates that some type of excision event has occurred

Note that in Cross 3, both male and female ry revertants that were balanced over the

SMíachromosome were individually crossed to DmcycEPZ05278- ¡1sv,/.ver, only male ry

revertants that were over the Sco chromosome were individually crossed to DmcycEPZ05278,

as the,Sco chromosome is not a balancer and recombination could have occurred in female ry

revertants.

Also note that the Sm6a and CyO 2nd chromosome balancers carry the dominant Cy marker

resulting in a Curly wing phenotype.
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Figure 3.6 - Genornic Southern mapping of P element revertant chromosomes.

(A) EcoRI genomic Southern blot of a subset of lethal DmcycEPZ05278 ,y ,.r"rtants, and

DmcycEPZ05278 as a positive control (all balanced over CyO). The blot has been probed

with a 5' specific P element end probe, which detects a 1.5 kb band in the DmcycEPZ05278

positive control. The I .5 kb EcoRI band is also seen in the ry revertants I L, 4L and 9L, but is

absent fi'orn the remaining ry revertants, indicating that 7L,8L, l)L, I2L, I4L and l6L are

deficient for the 5' end of the P205278 P element.

(B) HindIII genomic Southern blot of the same subset of DmcycfrPZ05278 ry revertants

shown in (A). The blot has been probed with a 3' specific P element end probe, which detects

a 0.8 kb band in the DmcycEPZ05278 posiTive control. The 0.8 kb band is also seen in all of
these ry revertants except for 8L. This indicated that 8L is deficient for the 3'end of
Pm5278, and together with the result in (A), show that 8I is a 5'and 3' DmcycE deletion

with respect to the P element insertion. Similarly, IL,4L and 9L have both P element ends

intact and thus are likely to be internal deletions of P205278"

(C) Same HindIII blot shown in (B), but stripped and reprobed with the2.4 kb S¿1I DmcycE
genomic fragment. In the DmcycEPZq52Z8 positive control, the probe detects a 5.0 kb band

from the balancer chromosome and a 4.5 kb band in the P element chromosome, the size

difference due to the P element insertion. The 5.0 kb band is detected in all ry revertants that

are maintained over the same balancer chromosome. The 4.5 kb P element specific band is

unaffected in IL,4L and 9L, as expected for internal P element deletions. Altered hybridising
bands aLe observedfor 7L, l0L, I4L and l6L, indicating that they are not totally deficient for
the 2.4 kb SalI fragment. Novel bands were not detected for either 8L or I2L, indicating thar

these two mutations are most likely deficient for the 2.4kb Søl[ fragment.

Note that only sections of the genomic southern blots are shown. Occasionally weakly

hybridizing background bands were observed when EcoRI genomic Southern blots were

probed with the 5'P element end at -7.5 kb and 4.0 kb. Similarly, background bands were

occasionally observed wben HindIII genomic Southern blots were probed with the 3'P
element end at -6.0 kb, 3.0 kb and2.5 kb. The reason for these background bands is

unknown, but may be the result of hybridization to other P element type sequences in the

genome. Importantly, these background bands did not obscure the bands shown here, and did
not affect this analysis"
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Figure 3.7 - Genomic Southern mapping of P element revertant chromosomes

(A) HindIII genomic Southern blot of I9UCyO DNA, probed with a 2.4kb Sa[I Dmcyc|

genomic fragment from Type II intron l. The expected 5.0 kb band from the balancer

chromosome was detected but a band from the revertant P element chromosome was not

present, indicating that I9L is deficient for this DmcycE genomic fragment.

(B) Same HindIII genomic Southern blot shown in (A), stripped and reprobed with a 1.0 kb

HindlII DmcycE genomic fragment from Type II intron 1, which hybridizes to the same

HindIII fragment as the 2.4kb SølI probe used in (A). A novel -3.6 kb band specific ro rhe

reveftant P element chromosome is detected, indicating that l9L contains at least part of the

region covered by the 1.0 kb HindIII DmcycE probe. Another faint band is also detected, and

appears to be due to some sort of cross hybridization with the 1.0 kb HindIII probe, as this

band was also detected from other DNA samples including DmcycEPZ05279rcyO which was

probed as a positive control (data not shown)"

(Ç) EcoRI genomic Southern blot of 6L/CyO, 2TIJCyO and DmcycEPZ}5279/CyO DNA,

probed with a 2.0 kb HindIIUSaII DmcycE genomic fragment that spans Type II exon 1. This

probe hybridizes to two copies of a4.4 kb band, one copy of a3.6 kb band from

DmcycEPZ]5279¡çrg DNA, with a novel band of -6.0 kb due ro the Pm5278 P element

insertion. The same 3.6 kb and 4.4 kb bands are detected from 6I/CyO DNA, with a novel -
5.0 kb band detected from the revertant P element chromosome. Similarly, the 3.6 kb and the

4.4kb bands are detected from2TUCyO DNA. In addition, two novels bands of -4.6 kb and

-2.9 kb, are observed. One of which is likely to be derived from the P element revertant

chromosome, and the other is of unknown origin.
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located sornewhere between the 3' end of the 2.4 kb SalI ftagment and the 3' end of the 5.0

kb Hindlllfragment (summarized in Figure 3.10).

The 3'breakpoints of the 5L and 13L mutations have not been precisely mapped by

genomic Southern analysis, as HindIII genomic Southern blots containing 5L and I3L

DNA were not probed with the 2.4 kb SalI probe used above. Southeln blot analysis with

the 1.0 kb /lindIII probe, which also hybridizes to the same 5.0 kb HindIII fi'agment as the

2.4 kb SalI probe, demonstrated that tbe 5L and I3L mutations both delete between

0-5.0 kb of DmcycU sequence 3' of the P element insertion (Figure 3"8 A). When

HindlII genomic Southern blots containing 5Z and I3L DNA were probed with the 1.0 kb

HindIII fragment, the I3L DNA gave a doublet of 5.0 kb, corresponding to the wild type

chromosome band of 5.0 kb and a novel band corresponding to the P element revertant

chromosome (Figure 3.8 A). Interestingly, the 5¿ DNA gave only one band of 5.0 kb.

Comparison between the 5L band and the 5.0 kb bands that only have one relative copy of

the 5.0 kb fragment (Figure 3.8) suggestthat 5L may have two relative copies of the

5.0 kb band. Indeed, quantitation analysis (Table 3.1) revealed that this band contained

two copies of the 5.0 kb band, one corresponding to the wild type chromosome, and the

other presumably corresponding to a novel band from the P element revertant chromosome

of equivalent size. These data indicate that both the I3L and 5L mutations delete between

0-5.0 kb 3' of DmcycE sequence 3' of the P element (summarized Figure 3.10). This

conclusion was supported by genomic Southern blot analysis using a7.1 kb HindlII probe

on HindIII genomic Southern blots. The 1"7 kb HindIII probe hybridizes to the 7.7 kb

fragment that is located immediately 3' from the 5.0 kb HindItr. DmcycE genomic fragment

(Figure 3.1). A 1.7 kb band was detected from the I3L andthe 5L DNA on HindIII

genomic Southern blots (Figure 3.8 B). Quantitation analysis of these bands demonstrated

that both l3UCyO and 5UCyO DNA have two relative copies of the 7 .7 kb HindIII

DmcycE genomic fi'agment, confirming that the I3L and 5l deletions are not deficient for

the7.7 kb HindIII genomic fragment.

t2L

The largest mutation that only deleted sequences 3'from the PZ insertion was I2L.

HindIII genomic Southern blots of DNA from the I2L deletion were deficient for both the

2.4kb ^SølI (Figure 3.6 C) and 1.0 kb HindIII regions (Figure 3.8 A and Table 3.1).
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However, novel bands were detected from the l2L reveftant chromosome when probed

with a 7.7 kb HindIII probe, which normally detects the same size fragmentin HindlIJ

genomic Southern blots, and with a further 3' 1.0 kb HindIIUEcoRI probe which normally

detects a 3.3 kb EcoRI fragment in EcoRI genomic Southern blots (Figure 3.1, 3"8 B and

3.9 B). These results suggested that the breakpoint of the I2L deletion was located

somewhere in the overlap between thel.7 kb I1¿ndIII and the 3.3 kb EcoRI genomic

fragments (summarized in Figure 3.10). The 1.0 kb HindIIUEcoRI probe also normally

detects a doublet of bands of approximately 3.6 kb on HindIIl genomic Southern blots of

DmcycEPZq5278¡çrg DNA. The two different sizes in this doublet are likely to be due to

a polymorphism between the P element chromosome and the CyObalancer chromosome.

This 3.6 kb doublet of bands was unaffected in HindIII genomic Southerns when I2L|CyO

DNA was probed by the 1.0 kb HindIIUEcoRI probe (Figure 3.9 A), indicating that the 3'

breakpoint of the I2L deletion is 5' of 3.6 kb HindIII fragment. Thus, this analysis

supports the conclusion that the 3'breakpoint of the l2L deletion is located within the

overlap between theT.l kb HindIII and the 3.3 kb EcoRI genomic fragments, making I2L

a IO.5-I2.5 kb DmcycE deletion (summarized in Figure 3.10).

6L

The 6L mutation was the only deletion generated in this mutagenesis that deleted

sequences 5' of the P element insertion while retaining P element specific sequences. The

extent of this deletion was determined by probing an EcoR[ genomic Southern blot with a

2.0 kb HindIIUSalI fragment which, detects two EcoRI fragments of 4.4 kb and 3.6 kb.

As described above (section 3.2.1),the original DmcycEPZ05278 mutant chromosome

shows hybridization to a 4.4 kb band, a 3.6 kb band and a 6.0 kb band due to the P element

inserted within the 3.6 kb EcaRI fragment (Figure 3.3 A). EcoRI genomic Southern blot of

the 6L mutation, probed with the 2.0 kb HindIIASa[ probe detected a novel band from the

6L revertant chromosome, of approximately 5.0 kb, while the 3.6 kb and 4.4kb bands

were unaffected (Figure 3.7 C)" This result indicated that the 5' breakpoint of the óL

deletion was located between the 5' end of the 2.0 kb HindIIUSalI fragment and the P

element insertion site, and therefore that the óL deletion was a relatively small 5' deletion

(summarized in Figure 3.10).
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Table 3.1 - Quantitation data from genomic Southern analysis of P element revertant mutations

The HindIII genomic Southern blot containing the 5.0 kb HindIlIbands (detected by a LOkb HindIII genomic DmcycE probe) is shown in Figure 3.8 A,
the7.7 kb HindIII bands (detected by a7.7 kb HindITI genomic DmcycE probe) are shown in Figure 3.8 B and the 3.6 kb Hindllldoublet of bands
(detected by a 1.0 kb HindIIUEcoRI genomic DmcycE probe) are shown in Figure 3.9 A. The EcoRI genomic Southern blot containing the 3.3 kb EcoRI
bands (detected by a 1.0 kb HindIIUEcoR[ probe) is shown in Figure 3.9 B and the2.O kb band (detected by aO.7 kb Bam[lgenomic string probe) is
not shown here.

The 3.6 kb doublet of bands from the Hindln genomic Southern blot (which corresponds to the balancer chromosome and the P element revertant
chromosome), acts as loading control for quantitation analysis for the 5.0 kb HindIII, the 7 .7 kb HindIIl bands. Similarly, the 2.0 kb band from the
EcoRI genomic Southern blot, detected by the string probe (data not shown), acts as loading controls for quantitation analysis for the 3.3 EcoRI band.
The 2.0 kb string band should correspond to two copies of DNA, as the string genomic DNA is located on the 3rd chromosome, which is wild type in the
samples analysed here.

All bands were quantitated using a phosphorimager, except the 5.0 kb F/¿ndltr and the 1.7 kb HindllIbands, which were quantitated from
autoradiographic film using a laser densitometer. Given this difference in quantitation methods and the linear limits of autoradiographic film, there will be
a certain degree of inaccuracy in some of the ratios. The numbers shown in brackets conespond to the nearest integer (1 or 2) for each ratio and indicates
the relative DNA copy number for each sample"

xThis value was determine by quantitating both the 5.0 kb and the 4.5 kb band (see Figure 3.S A).
#This value was determined by quantitating both bands within the 5.0 kb doublet (see Figure 3.8 A)



Table 3.1 - Quantitation data from genomic Southern analysis of P element revertant mutations

EcoRI genomic Southern blot

3.3 kb band (1.0 kb HjndIIIlEcoRI probe)
2.0 kb band (string probe)

r.9 (2)

2.0 (2)

2.2 (2)

t.2 (r)
1.0 (1)

2.6 (2)

HindIll Southern blot

5.0 kb band 1.0 kb HindIlI 7 .7 kb band (7 .7 kb HindIII probe)
J kb et co pro 3.6 kb doublet (1.0 kb HindIII/EcoRI probe)

1 7 (2)

2.6 (2)

2.6 (2)

0.9 (1)

0.7 (1)

2.8 (2)

r.s (2)

2.1 (2)*

0.8 (l)
1.0 (1)

0.8 (1)

2.s (2)#

Test

DNA

5UCyO

6UCyO

TUCvO

SUCyO

l2UCyO

I3UCyO



Figure 3.8

(A) HindIII genomic Southern blot of SUCyO, 6UCyO,7UCyO, 8L/CyO, 121/CyO and l3L1CyO DNA, probed with a 1.0 kb HindIII

DmcycE genomic fragment from Type II intron 1. This probe detects a 5.0 kb band from the CyO chromosome, and a 4.5 kb band from the

P element revertant chromosomes that have an intact 5' end, as can be seen with 6I/CyO DNA. The 5.0 kb band from the CyO chromosome

and a novel -8.0 kb band from the P element revertant chromosome is detected fromTL/CyO DNA. Thrc 5l/CyO and, t3L/CyO both show

bands around 5.0 kb, which is likely to be a doublet of bands from the CyO chromosome and the P element revertant chromosome. The

I2UCyO and SUCyO DNA show only one copy of 5.0 kb which corresponds to the CyO chromosome, indicating that the P element

revertant chromosotne is deficient for the 1.0 kb HindlII region (see Table 3.1 for quantitation data).

(B) The same HindIII Southern blot as (A), stripped and reprobed with a 1.1 kb HindIII genomic fragment that spans Type II intron 2, exon

3 and intron 3. Two copies of the 7 .7 kb HindIII band are detected ftom SIJCyO, 6IJCyO, 7L/CyO and I3L/CyO DNA. Only one copy of

this band is detected from SUCyO and l2UCyO DNA (see Table 3.1 for quantitation data). A faint novel band of -4.3 kb is also detected

from l2UCyO DNA.
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Figure 3.9

(1r) HindIII genomic Southern blot of SUCyO, 6UCyO,7IJCyO, SIJCyO, t2I/CyO and l jIJCyO DNA (the same blot that is shown in

Figure 3.8) striped and reprobed with a 1.0 kb HindIIIlEcoR[ genomic fragment located just 5' to the start site of DmcycE Type I
transcription. A 3.6 kb doublet is detected in all DNA samples, one band corresponding to tlte CyO chromosome, and the other

corresponding to the P element revertant chromosome. This Southern blot is used as a loading control for the blots shown in Figure 3.8.

(B) EcoRI genomic Southern blot of the same genomic DNA samples shown in (C), probed with a 1.0 kb HindIIllEcoRI Dmcycp genomic

fragment from Type II intron 3. This probe hybridizes to a 3.3 kb EcoRI fragment. Two copies of the 3.3 kb EcoRlfragment were detected

from SUCyO, 6UCyO, TUCyO and I3IJCyO DNA, but only one copy from \L/CyO and l2UCyO DNA (see Table 3.1 for quantitation

data). Novel bands of -2.0 kb and -8.5 kb were detected from \r/cyo and l2L/Cyo DNA respectively, presumably corresponding ro the

8L and I2L P element revertant chromosomes.
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Figure 3.10 - Map of the P element-mediated DmcycÛ promoter deletions

Schematic diagram of a DNA restriction enzyme map of DmcycE genomic DNA, shown with the relative positions of the Type I and

Type II DmcycE transcripts, the location of probes used for genomic Southern analysis and the site of the insertion of the Pm5278 P element

(P element is not shown to scale).

Also shown is the extent of the P element mediated DmcycE promoter deletions. The solid line indicates sequences corresponding to

the restriction map that are present in the deletion. The dashed line indicates the region to which the deletion breakpoints were mapped by

genomic Southern analysis. P element remnant sequences are indicated in red, but are not shown to scale.
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8L and 27L

The final two DmcycU deletions generated in this mutagenesis, 8I and 27L,have

sequences deleted on both sides of the DmcycEPZ05278 i¡ss¡isn site. The 2\Lmutation

appears to be a rclatively small deletion. Probing of an EcoRI blot with the 2.0 kb

HindlIUSalI probe, which hybridizes 5' of the P element insertion, showed hybridization to

two copies of the 4.4 kb band and one copy of the 3.6 kb band as expected, but also

hybridized to two extra bands (Figure 3.7 C). One of these presumably arose from the 27L

revertant chromosome, suggesting that 27Lhas a small 5' deletion, Although the reason for

the second band is unknown, it may be explained by the 27L deletion being a complex

mutation with some type of duplication of DmcycU sequences. Similarly, when a HindIII

blot was probed with the 1.0 kb HindIII probe, in addition to the expected 5.0 kb band

from the wild type chromosome, two extra bands were seen (data not shown). One of these

is presurnably due to reversion of the P element generating a small 3' deletion, while the

second band, again could be the result of a duplication. Given the complex nature of this

mutation, and the inability to explain these extra bands, further phenotypic analysis of the

27L deletion was not pulsued.

The 8t mutation is an extremely large deletion. Like the I2L3'deletion, 8I was

deficient for both the2.4 kb SalI probe and the 1.0 kb HindIIlprobe (Figure 3.6 C and

3"8 A and Table 3.1) but, unlike the l2L deletion, appeared to be deficient for the 7 .7 kb

HindIlI probe in HindIII genomic Southern blots (Figure 3.8 B and Table 3.1). The 3'

breakpoint of this deletion was mapped by probing both EcoR[ and Hind[I genomic

Southern blots with the 1.0 kb HindIIIJEcoR[ probe (used to map the 3' breakpoint of ]2L

above). When \L|CyO DNA EcoRI genomic Southern blots were probed with the 1.0 kb

HindlIUEcoRI fragment, the expected 3.3 kb band was detected, as well as a novel band of

approximately 2.0 kb (Figure 3.9 B), suggesting that the 3' breakpoint of the 8L deletion

was located within this 3.3 kb EcoRI fragment. When HindIJI genomic Southern blots

were analysed with this same probe, a 3.6 kb HindIII doublet was detected from SUCyO

DNA (3.94), which is also detected from smaller P element deletions/CyO DNA (such as

6UCyO and TUCyO) that are not deficient for this region (Figure 3.9 A) and

DmcycEPZ25278rcyO DNA (data not shown). This indicates that the 3'breakpoint of the

8L deletion must be located 5' of the 3.6 kb HindItr genomic fragment, as both the 81, and

CyO chromosoÍtes were shown to contain this genomic fragment (summarized Figure
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3. 10)" Together these results suggest that the breakpoint for this deletion is located within

the 3.3 kb EcoRI fragment. The breakpoint could lie within the 0.3 kb HindIII fragment

that is located between the7.l kb and 3.6 kb HindIII fragments, or very close to the 3' end

of the 1.7 kb HindIII genomic fragment, such that the remaining sequence from this

fragment is too small to be detected when the7.7 kb HindIII fragment is used as a probe

(Figure 3.10). The 5' breakpoint of the 8L deletion is unknown but is likely to be

physically distant from the 5'end of Type II DmcycE transcript as complementation

analysis revealed that 8L does not complement the three lethal complementation groups 5' of

DmcycE" U2)35Df,I(2)35D5 and l(2)35Di (data not shown and J. Roote, personal

communication).

3.4 Phenotypic analysis of the DmcycE deletions.

3"4.7 Stage of lethality.

The DmcycEPZ05278 mutation and the deletions derived from this P element

insertion are all homozygous lethal mutations, but the stage of lethality for these mutations

was unknown. To determine if DmcycEPZ05278 and.the DmcycEpromoter deletions were

embryonic lethal, the proportion of lst instar larvae hatching from parents heterozygous for

one of these mutations and either the CyOwglacZ or the CyOftzlacZbalancer chromosomes

was determined. If a mutation is embryonic lethal, then257o of the total embryonic

progeny from these heterozygous parents will not hatch. In addition, embryos homozygous

for the Curly mutation on CyO balancers are semi-embryonic lethal (Lindsley andZimm,

1992). It was found that this semi-embryonic lethality resulted in approximately lTVo and

23Vo of embryonic progeny from heterozygous CyOftzlacZ and CyOwgIacZ parents"

respectively (Table 3.2). Thus if a DmcycE deletion is embryonic lethal, 42-48Vo of

embryos will not hatch depending on the CyO balancer used. Conversely, if a deletion is

embryonic viable, then only l7 -23Vo of embryos will not hatch, due to the CyO

homozygous embryos. Results from this analysis are summarized in Table 3.2. As the 8l
deletion does not complement three other lethal mutations, it was not suprising to find that

the 8Z deletion was embryonic lethal. Interestingly, the DmcycBPZ05278 ¡¡p¡a¡ion and

most of the DmcycE promoter deletions had an intermediate amount of embryonic lethality,

suggesting that these mutations were only semi-embryonic lethal" Significantly, the smaller
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6L,7L and IgL deletions (each heterozygous with the CyO chromosome) all had low

percentages of embryonic lethality suggesting that these mutations were embryonic viable.

As all of the deletion mutations generated in this study are homozygous lethal, 6L,7L and

/9L rnust be lethal at a later stage of development. These results also indicate,

surprisingly, that deletion of P element specific sequences in the 6L, 7L and I9L mutations

results in increased viability when compared to the original DmcycEPZ05278 
^u¡u¡ion

suggesting that P element specific sequences could be causing semi-embryonic lethality.

Table 3.2: Embryonic lethalitv of DmcycE deletions.

Parental strain Type of mutation 7o of embryos Total number

not hatching scored

6LlCyOftzlacZ

7L/CyOftzlacZ

l9L/CyOftzlacZ

8L/CyOftzlacZ

PinlCyOftzlacZx

5LlCyOwgIacZ

l0L/CyOwgIacZ

I jLlCyOwgIacZ

I4L/CyOwglacZ

l6LlCyOwgIacZ

29L/CyOwglacZ

I2LlCyOwglacZ

Dmcy c EP Z0 5 2 7 I ¡ çrg* g IacZ

ScolCyOwslacZ#

0.5-2.0 kb 5' deletion

0.5-2.0 kb 3' deletion

2.5-4.5 kb 3' deletion

large 5' and 12.5 kb 3' deletion

embryonic lethal

0.5-2.0 kb 3' deletion

0.5-2.0 kb 3'deletion

0.5-2.0 kb 3' deletion

0.5-2.0 kb 3' deletion

0.5-2.0 kb 3' deletion

0.5-2.0 kb 3' deletion

10.5-12.5 kb 3' deletion

original P element mutation

embryonic lethal

l4Vo

lSVo

22Vo

49Vo

42Vo

3lVo

37Vo

32Vo

36Vo

39Vo

3lVo

3',7Vo

35%o

487o

1308

870

999

650

628

93r

313

23t

894

678

2t2

123

I 536

722

* Pin is a homozygous lethal mutation (Lindsley andZimm,1992) and from this analysis,

the laboratory strain used appears to be embryonic lethal, and accounts for 25Vo of embryos

not hatching. Thus CyoftzlacZ balancer homozygous embryos account for the remaining

lTVo of embryos that do not hatch.

# Sco is a nearly lethal mutation, with rare homozygous escaper flies (Lindsay and Zimm,

1992). However, from this analysis, the Sco chromosome used appears to be embryonic
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lethal" and accounts for 25Vo of embryos not hatching. This lethality is presumably due to

the accumulation of lethal mutations during long term culture. The remaining23To of

embryos not hatching is attributable to embryos homozygous for the CyOwglacZ balancer.

To test if the 6L,7L and l9L embryonic viable deletions were viable at the 3rd

instar larval stage, they were crossed to a CyO-Tb balancer to form a heterozygous stock"

Tb (Tubby) is a dominant 3rd larval instar marker, characterized by larvae exhibiting a

short, squat phenotype. The absence of this phenotype allows the detection of larvae

homozygous for a promoter deletion. No non-Tó larvae were detected, indicating that 6L,

7L and l9Lhomozygotes die somewhere between the lst and 3rd instar larval stages.

Taken together, these results demonstrate that the sequences immediately flanking either

side of the P element insertion are not required for embryonic development, but are likely to

be important later in developrnent, presumably for regulating some aspect of larval DmcycE

transcription. The larval phenotype of these mutations has not been further characterized in

this study, but could be of significant interest for analysing the role DmcycE plays in

regulating larval cell proliferation.

3.4.2 S phase defects during embryogenesis.

To analyse the DmcycEPZ05278 mutation and the derived P element mediated

promoter deletions for cell cycle defects during embryogenesis, the pattern of S phases was

determined by BrdU incorporation and visualization in mutant embryos. All mutations were

maintained over either the CyOwgIacZ or the CyOftzlacZbalancer. Counter staining for

lacZ expression via whole mount in situ hybridization using a digoxigenin-labelled lacZ

antisense RNA probe allowed the unambiguous detection of homozygous DmcycE mutant

embryos by the absence of IacZ expression. The detection of heterozygotes by the presence

of IacZ expression also provided an internal positive control for wild type BrdU

incorporation in embryos" The pattern and amount of S phases occurring in

DmcycEPZ05278 ¡çsrozygous mutant embryos appeared unaffected in the PNS, the

epidermal thoracic patches and the CNS throughout embryogenesis (Figure 3.1 1).

However the level of BrdU incorporation in the endoreplicating gut was dramatically

reduced when compared to heterozygous sibling and wild type embryos. S phases were not

observed in the anterior or posterior midgut or in the hindgut. The only BrdU incorporation
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Figure 3.11 - Phenotypic characterization of the DmcycBPZ05278 mutation.

(4, C, D):- embryos showing the pattern of endogen ous DmcycE mRNA transcription
detected via whole mount in situ hybridization using a digoxigenin labelled antisense DmcycE
RNA probe (blue) and counterstained for lacZ expression using an anti-ß-galactosidase
antibody (brown).
(8, E, F):- embryos pulse labelled with BrdU and stained with an anti-BrdU antibody to detect
S phases (brown) and counterstained for lacZ expression detected by whole mount in situ
hybridization using a digoxigenin labelled anrisense lacZRl'i.Aprobe (blue).

(A):- Late stage 10, early stage 1l embryo homozygous for the DmcycEPZ05278 ¡¡N¡a¡is¡
showing DmcycU transcripts (blue staining) in the CNS cells, PNS cells and the epidermal
thoracic patches, in a pattern similar to wild type DmcycE transcription.
(B):- Slightly ventral view of an embryo homozygous for the DmcycEPZ052Z8 mutation at a
similar stage as the embryo in (A). S phases (brown staining) are detected in the CNS, pNS
and the epidermal thoracic patches in a pattern similar to wild type embryos.
(C):- Stage 13 embryo heterozygous for the DmcycEPZ052Z8 mutation indicated by the
presence of wg-lacZ expression (brown staining), wg-lacZ is detected in stripes and also in
the embryonic gut. DmcycE transcripts (blue staining) are detected in the CNS cells and the
endoreplicating anterior and posterior midgut and the hindgut.

{D):- Embryo homozygous for the DmcycEPZ05278 mutation (detected by the absence of
brown wg-lacZ staining) at a similar stage as the embryo in (C). DmcycE transcripts (blue
staining) are detected in the CNS cells, but not in the endoreplicating anterior and posterior
midgut and hindgut.
(E):- Stage 13 embryo heterozygous for the DmcycEPZ05278 mutation (indicated by rhe
presence of blue wg-lacZ expression). S phases (brown staining) are detected in the
mitotically replicating CNS and the endoreplicating anterior and posterior midgut and the
hindgut. Replication in the salivary gland is present, but partially obscured by the replicating
anterior midgut.
(F):- Slightly ventral view of an embryo homozygous for the DmcycEPZ052Z8 mutation
(detected by the absence of blue wg-lacZ staining) at a similar stage as the embryo in (E),
showing S phases in the CNS, but no S phase in the anterior or posterior midgut or in the
hindgut. A few replicating cells can be detected in the region of the central midgut and also in
the salivary gland.

For all embryos, anterior is to the left, dorsal up unless otherwise specified.
Abbreviations:- TP - epidermal thoracic patches; MG - anterior and posterior midgut; HG -
hindgut; SG - salivary gland; CMG - central midgut.
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observed in endoleplicating tissue was in a reduced number of cells in the central midgut

region between the anterior and posterior midgut and in the salivary gìand (Figure 3.1 I F).

This lack of endoreplication in the embryonic gut may account for the semi-embryonic lethal

phenotype of this mutation.

S phases were analysed in a subset of the small 3' DmcycE deletion mutations

(including 5L and I4L in Figure 3.12). The pattern of BrdU incorporation was found to be

similar to heterozygous sibling embryos until approximately embryonic stage 12-13, when

endoreplication is first observed in the gut. At this stage reduced levels of endoreplication

could be seen in the gut, but interestingly at significantly higher levels than in embryos

homozygous for the DmcycgPZ05278 rrrrfiation (Figure 3.1 I F and Figure 3.12). The level

of S phases in homozygous mutant embryos was similar to wild type in the central midgut

region, but reduced BrdU incorporation was observed in the anterior and posterior midgut

and the hindgut (Figure 3.12). Although the levels of BrdU incorporation seen in

homozygous deletion embryos were clearly higher than those observed in the

DmcycBPZ05278 ¡o ozygotes (compare Figure 3.128, D, E, F with Figure 3.1 I F),

these levels appeared to be less than in the heterozygous sibling embryos (Figure 3.12 A,

c).

BrdU incorporation in embryos homozygous for the larger l2L deletion,

demonstrated a loss of S phases in the epidermal thoracic patches, and reduced numbers of

cells undergoing S phases in the PNS cells (Figure 3.13 D compared with C). S phases in

endoreplicating gut tissue were also decreased, with normal levels of S phases in the cells

between the central midgut region, but reduced BrdU incorporation in the anterior midgut,

posterior midgut and the hindgut (Figure 3.12F). This endoreplication phenotype is similar

to that seen with the smaller 3'deletions described above.

3.4.3 Embryonic DmcycE transcription.

The pattern of DmcycE transcription was analysed in embryos homozygous for

Dmcycï deletions and the DmcycEPZ05278 mutation to look for any defects in the

transcription pattern. Zygotic DmcycE transcripts were detected by whole mount in situ

hybridization using a digoxigeninlabelled DmcycE antisense RNA probe. As all mutations

were maintained as stocks over either CyOwgIacZ or CyOftzlacZbalancers, embryos were
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also stained with an anti-ß-galactosidase antibody to allow detection of homozygous

embryos, as described above.

Analysis of Dmcyc| transcriptionin DmcycgPZ05278 homozygous mutant

embryos demonstrated an absence of DmcycE transcripts in the endoreplicating gut (Figure

3.1 I D), explaining the loss of endoreplication seen in this tissue. This was the only

obvious defect in the embryonic DmcycU transcription pattern observed for this mutation

(Figure 3.1 1 A and data not shown), consistent with the S phase pattern characterized

above. Also consistent with the BrdU analysis described above, the level of DmcycU

transcripts in the endoreplicating gut of the small 3' P element deletion mutations appeared

higher than in DmcycpPZ]527B \snnzygotes, with the highest level of transcription

occurring in the region of the anterior midgut and the central midgut, although the level of

transcription appeared to be less than that observed in heterozygous sibling embryos (data

not shown). DmcycU transcription in the CNS, PNS and epidermal thoracic patch appeared

to be unaffected in embryos homozygous for these small 3' deletions (data not shown).

Analysis of DmcycU transcription in embryos homozygous for tbe l2L mutation,

the 2nd largest deletion generated in this study (Figure 3.10), uncovered DmcycE regulatory

sequences necessary for driving zygotic transcription in the epidermal thoracic patches and

most of the proliferating PNS cells" DmcycE transcripts in I2L homozygous mutant

embryos were absent in most PNS cells and the epidermal thoracic patches (Figure 3.13 B

and data not shown). This DmcycE transcription pattern is similar to the pattern of BrdU

incorporation observed for this mutation, with the low level of DNA replication in the PNS

matching the reduced number of DmcycE transcripts in PNS cells. In contrast, DmcycU

expression in the proliferating CNS was similar to the wild type pattern observed in

heterozygous sibling embryos (Figure 3.l3 A, B). DmcycE transcription was also

defective in the endoreplicating gut in a pattern similar to that observed in embryos

homozygous for the small 3' deletions described above (data not shown).

Charucteúzation of DmcycE transcriptionin l9L homozygous mutant embryos, the

3rd largest P element deletion (Figure 3.10), demonstrated that DmcycU transcripts were

detected in the CNS and PNS cells in a pattern similar to heterozygous sibling and wild type

embryos, although the level of DmcycE transcription in the PNS cells initially appeared to

be less than heterozygous sibling embryos (Figure 3.13 E-H). Also similar to all other 3'

deletions, decreased levels of DmcycE transcripts were observed in the endoreplicating gut,
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Figure 3.12 - Endoreplication phenotype of 3' p element deletions.

AII embryos were pulse labelled with BrdU and stained with an anti-BrdU antibody to detect
S phases (brown) and counterstained for lacZexpression via whole mount in situ
hybridization using a digoxigenin labelled antisense tacZRllAprobe (blue).

(A):- Late stage 12, early stage l3 embryo, heterozygous for the I4Lmutation indicated by
the presence of wg-lacZ expression (blue staining) Striped wg-lacZ staining is out of the plain
of focus, but staining can be seen in the gut. S phases are detected in the mitotically
replicating CNS and the endoreplicating anterior, central and posterior midgut and the hindgut
and also in the salivary gland.
(B):- Embryo at a similar stage to the one in (A), homozygous for the l4Lmutation (indicated
by the absence of blue wg-lacZ staining). S phases are detected in the CNS and the salivary
gland in a pattern similar to the heterozygous sibling embryo in (A), but reduced replication is
observed in the anterior and posterior midgut and the hindgut. Replication was also detected
in the central midgut region at levels similar to wild type.
(C):- Late stage 12, early stage l3 embryo, heterozygous for the 5L mutation (indicated by the
presence of blue wg-lacZ staining). S phases are detected in the mitotically replicating CNS
and the endoreplicating anterior, central and posterior midgut and the hindgut and also in the
salivary gland.
(D):- Embryo at a similar stage to the one in (C), homozygous for the 5Z mutation (indicated
by the absence of blue wg-IacZ expression). S phases are detected in the CNS and the
salivary gland in a pattern similar to the heterozygous sibling embryo in (C), but reduced
replication is observed in the anterior, central and posterior midgut and the hindgut.
(E):- Late stage 12, early stage 13 embryo, homozygous for the 5L mutation (indicated by the
absence of blue wg-IacZ staining). S phases are detected in the CNS and the salivary gland in
a pattern similar to the heterozygous sibling embryo in (C), but reduced replication is observed
in the anterior, and posterior midgut and the hindgut. Note the higher level of replication in
the central midgut region compared to the embryo in (D), indicating some variability in
phenotype from 5Z homozygous embryos.
(F):- Slightly ventlal view of an approximately late stage 12, early stage l3 embryo,
homozygous for the I2Lmutation (indicated by the absence of blue wg-lacZ staining). S

phases are detected in the CNS and the salivary gland in a pattern similar to wild type, but
leduced replication is observed in the anterior and posterior midgut and the hindgut.
Replication was also detected in the central midgut region at levels sirnilar to wild type.

All embryos are anterior to the left, dorsal up, unless otherwise specified"
Abbreviations:- AMG - anterior midgut; CMG - central midgut; PMG - posterior midgut; HG -
hindgut; SG - salivary gland.
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Figure 3.13 - Phenotypic analysis of the l2L, IgL and 81- deletions

(4, B, E-J):- embryos showing the pattern of endogenous DmcycÛ mRNA transcription
detected via whole mount in situ hybridization using a digoxigenin Iabelled antisense DmcycE
RNA probe (blue) and (8, E-J) counterstained for lacZexpression using an
anti-ß-galactosidase antibody (orange/brown).
(C, D):- embryos pulsed labelled with BrdU and stained with an anti-BrdU anribody to detect
S phases (orange/brown) and counterstained for IacZ expression detected by whole mount
in situ hybridization using a digoxigenin labelled antisense IacZRl.lAprobe (blue).
(A):- Late stage l0 - early stage l1 embryo, heterozygous for the l2L mutation. Dmcycq
transcripts are detected in the CNS, PNS and epidermal thoracic patches (amow points to the
Tl patch) in a wild type pattern.
(B):- Embryo homozygous for the l2L mutation, at a similar stage as the embryo in (A).
DmcycE transcripts are detected in the CNS, but not in the epidermal thoracic patches nor in
the PNS cells, when compated to the heterozygous l2Lembryo in (A). (Note:- a low level of
transcription in a subset of PNS cells was observed in other I2Lhomozygous embryos, see
text and data not shown)"
(C):- Stage 1 1 embryo, heterozygous for the I2L mutation (indicated by the presence of blue
wg-IacZ staining). S phases are detected in the CNS, PNS and epidermal thoracic patches in a
pattern similar to wild type.
(D):- Embryo homozygous for the I2L mtÍation, at similar stage to the embryo in (C)"
S phases are detected in the CNS cells, but are absent from the epidermal thoracic patches and
reduced in the PNS cells when compared to the heterozygous sibling embryo in (C).
(E):- Late stage 10 - e arly stage I 1 embryo, heterozygous for the I9L mutation (indicated by
the presence of brown ftz-IacZ staining;/z-lacZis expressed in 7 broad stripes). DmcycE
transcripts are detected in the CNS, PNS and epidermal thoracic patches in a wild type pattern.
(F):- Embryo homozygous for the l9L mutation, at a similar stage to the embryo in (E).
DmcycE transcripts are detected in the CNS cells similar to the heterozygous sibling embryo in
(E). A reduced expression pattern is observed in the epidermal thoracic patches and the level
of DmcycE transcripts in the PNS cells is reduced.
(G):- Late stage 11, germ band retracting embryo, heterozygous for the I9L mutation
(indicated by the presence of brownftz-lacZ staining)" DmcycE transcripts are detected in the
CNS and PNS cells in a pattern similar to wild type.
(H):- Embryo homozygous for the I9Lmutation, at a similar stage to the embryo in (G).
DmcycE transcripts are observed in the CNS and PNS cells in a pattern similar to the
heterozygous sibling embryo in (G).
(I):- Late stage l0 - early stage l1 embryo, heterozygous for the SLmutation (indicated by the
presence of brown/z-IacZ staining which is faint in this embryo). DmcycE transcripts are
detected in the CNS, PNS and epidermal thoracic patches in a wild type pattern.
(J):- Embryo homozygous for the 8L mutation, at a similar stage to the embryo in (I).
DmcycE transcripts are only observed at a reduced level in the CNS cells, with no transcripts
observed in the PNS cells or epidermal thoracic patches.

All embryos are shown at lateral views, anterior to the left and dorsal up. (A-D, I-J) show a
slightly ventral/lateral view. The arrow points to the location of the Tl epidermal thoracic
patch, or where it should be located in (8, D). (c-D) are shown ar a slightly higher
magnification than the rest of the embryos shown.
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with the highest levels of expression detected in the anterior and central midgut (data not

shown). Interestingly, the pattern of DmcycE transcripts in I9L homozygotes appeared to

be defective in the epidermal thoracic patches, as only a subset of cells were expressing

DmcycE in the normal epidermal thoracic patch pattem in thoracic segment I (Figure 3.13

F). These results define the location of enhancers that are essential for DmcycE

transcription in the PNS to a region between the 3' breakpoints of the I9L and /21 deletions

and also for the epidermal thoracic patches to a region between the 3'breakpoints of the I9L
and l2L deletions and the 3' breakpoints of the smallest class of 3' deletions (summarized

Figure 3.14)"

As described above (section 3.3.2b), the molecular mapping of the 5L andthe I3L

breakpoints was not precisely determined. These mutations delete between 0-5.0 kb 3' of

the P element insertion site making them similar to both the class of smallest 3' deletions and

the l9L deletion (Figure 3.10). The distribution of DmcycE transcripts in embryos

homozygous for either the 5L or I3L deletions was similar to heterozygous sibling embryos

and homozygous embryos from the class of smallest 3' deletions, with no defects detected

in DmcycU expression in the epidermal thoracic patches (data not shown). This suggests

that the 5L and 132 mutations are smaller deletions than I9L, as they do not have the

epidermal thoracic patches defect exhibited by lgLhomozygous mutant embryos.

Analysis of DmcycE transcription in embryos homozygous for the largest deletion,

8I, revealed DmcycU transcripts in the epidermis and the proliferating CNS in a pattern

similar to wild type (Figure 3.13 I, J), although the overall level of expression was reduced

when compared to heterozygous sibling embryos. Transcripts were not detected in the

proliferating PNS cells, the epidermal thotacic patches, nor in endoreplicating tissue (Figure

3.13 J).

3.5 Conclusions and Discussion.

This chapter began with a description of the molecular characteúzation of several

DmcycE P element mutations. All of the P element mutations analysed were found to be

inserted within DmcycE Type II intron 1, approximately 14 kb 5' from the start site of

zygoticType I Dmcyc4transcription. The DmcycBPZ05278, DmcycEPZl 672,

DmcycEn,l4 un¿ DmcycEl4'l lG n¡¡¡v¡ions were found to be inserted within a20 bp

legion. The clustering of these P element mutations within Type II intron 1, suggests that
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this region is a 'hot spot' for P element insertions.

The DmcycEPZ05278, DmcyrBPZI6T2 and, DmcycEl4.I1G P element mutations

are homozygous lethal, homozygous with low female fertility and homozygous viable and

fertile, respectively. The difference in phenotype between these mutations, given that they

are inserted so close to each other, requires some explanation. As the exact location for

each of these P elements was not determined, it is unknown whether they are all inserted

precisely at the same location. If they are inserted in different sequences, these various

phenotypes could be explained by each mutation affecting different cis-acting regulatory

sequences within the DmcycE regulatory region. Alternatively, if these P elements are

inserted in the same location, these differences in phenotype may arise from differences in

the P element sequences. The DmcycEl4.11G i¡ssrtion is a P-tacW type P element (P-

lacW; Bier et aI. , 1989) " This P element contains a white* eye marker gene and the

ampicillin resistance gene for solection in flies and bacteria, respectively, while the PZ

element in DmcycEPZ05278 ¿n¿ DmcycEPZlíT2 çsn¡vin arosy+ eye marker gene and the

kanamycin resistance gene (Figure 3"4). In addition, the low female fertility

Dmcyç6P21672 u11"1"contains the same PZelementas the lethal DmcyrBPZ05278 allele,

but inserted in the opposite orientation. It is conceivable that these P element sequence

differences could cause a difference between viability and lethality. For example the PZ

specific sequence may sequester an important activator of transcription therefore causing

reduction of DmcycE transcription below a critical level, resulting in a lethal phenotype.

Likewise, if the DmcyrBPZ05278 and the DmcycEPZIíT2 n¡¡v¡isns are inserted within the

same DmcycE sequence, then difference in orientation of the PZ element may result in the

different female infertile and zygotic lethal phenotypes seen for these two mutations.

Further sequence analysis to determine the precise insertion points of these mutations is

required to distinguish between these possibilities.

This chapter also described the generation and phenotypic characterization of a series

of P element-mediated DmcycE promoter deletions" Only a few of these deleti ons (8L, 12L

and l9L) removed relatively large regions of the zygotic DmcycE promoter (Figure 3.10

and 3.14). Defects in the pattern of DmcycU transcription in embryos homozygous for

these mutations, identified the location of c¿s-acting regulatory regions that drive DmcycE

transcription. Significantly, this analysis revealed the existence of tissue specific cis-acting

regulatory regions that drive DmcycE transcription in different subsets of tissues during
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embryogenesis. These data demonstrate that regulation of DmcycU transcription is

complex, and raises the possibility that DmcycE cis-acting regulatory sequences may be

directly integrating developmental signals to drive DmcycU transcription in different tissues

during embryogenesis.

The 8L deletion was the largest generated in this study, retaining approximately

I kb of promotel' sequence 5' of the start site of zygotic DntcycE transcription. Analysis of

DmcycE transcription in 8Z homozygotes showed reduced levels of transcripts in the

epidermis during mitotic cycles 14-16 and in the CNS, with no transcripts detected in other

tissues. This implied that some regulatory sequences necessary for dliving DmcycE

transcription in the epidermis and the CNS are located either in the I kb region immediately

5' from the start of zygotic transcription, or in introns, or 3' of the zygotic Type I DmcycE

transcript (Figure 3.14). Similarly, the location of regulatory elements necessary for

DmcycE transcription in the proliferating PNS cells could also be located to a region

between the 3'breakpoints of the I9Land I2Lmutations (Figure 3"14), given thatreduced

or absent DmcycE expression in the PNS cells was observed in embryos homozygous for

the I2L mutation, while embryos homozygous for the I9Lmutation showed an apparently

wild type DmcycE transcription pattern in the PNS cells. However, it was also noted that

the intensity of staining in the PNS appeared to be reduced in the l9Lhomozygotes,

suggesting that other regulatory elements for DmcycU transcription in the PNS are

uncovered by the l9Ldeletion.

As described in the Chapter 1, the epidermal thoracic patches are among the few

cells during embryogenesis that may developmentally regulate cell division at the Gl to

S phase transition. This made the identification of a cis-acting regulatory region that drives

DmcycE transcription in this tissue particularly significant. The location of regulatory

sequences driving DmcycE transcription in the epidermal thoracic patches were defined by

the I9L and l2L deletions and by the class of small 3' P element deletions. DmcycU

transcription in the epidermal thoracic patches was unaffected in embryos homozygous for

any of the srnall 3' deletions. However, the number of cells normally expressing DmcycE

in the thoracic segment a (Tl) epidermal thoracic patch was smaller in the |9Lhomozygotes

and DmcycE transcription in the thoracic patches was totally absent in embryos

homozygous for the I2L deletion. Thus again, the 3' breakpoints of these three types of

deletion define regulatory elements important for DmcycE transcription in the epidermal
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thoracic patches (Figure 3.14).

Numerous deletions were obtained that only deleted between O-2.4kb 3' of the

DmcycEPZ05278 P d" 
"nt 

insertion. Analysis of the pattern of S phases in these

mutations revealed an interesting phenotype, showing a reduction of endoreplication in the

embryonic gut, while other patterns of S phases appeared normal in homozygotes.

However, this phenotype was not as dramatic as the almost total loss of endoreplication in

embryos homozygous for the original DmcycEPZ05278 ¡¡¡tr¡a¡ion. As the phenotype of the

DmcycEPZ05278 Í¡¡¡a¡isn improves with the deletion of some P element sequences in the

3' deletions, and also the 6L 5'deletion, it is possible that these P element specific

sequences are causing the endoreplication defect in the embryonic gut. Analysis of the level

of embryonic lethality in these mutations also revealed that endoreplication in the embryonic

gut is not totally essential for embryonic viability, as embryos homozygous for the

DmcycEPZq52Z8 mutation showed only semi-embryonic lethality. However,

endoreplication must be of some importance to the embryo, as some homozygotes do not

hatch. Endoreplication to form polyploid tissue, is important for larval development" Most

larval tissues are polyploid, presumably to facilitate the extensive growth that occurs during

larval development. It is therefore possible that this lack of endoreplication during

embryogenesis would have dire consequences during larval life, perhaps explaining the

larval lethality ultimately seen with these mutations.

The embryonic viable phenotype of the three deletions, 6L, 7L and I9L, also allow

some interesting conclusions to be drawn. First, as the phenotype of these deletions is less

severe than that seen for the original embryonic semilethal DmcycEPZ05278 mutation, it

seems likely that P element specific sequences are causing this semi-embryonic lethality. In

addition, as ól, is a small deletion 5' of the P element insertion site and 7L and I9L are

deletions 3' of the P element insertion site, these results indicate that the sequences

immediately flanking either side of the P element are not essential for embryogenesis

(Figure 3.14). It would be interesting to analyse a mutation that deleted both sides of the P

element simultaneously to determine if one of these flanking sequences is required, or

whether both are redundant for embryogenesis. Thirdly, although these mutations are

homozygous embryonic viable, lethality is observed later in larval development. This

indicates that the sequences immediately to either side of the P element insertion are

necessary for regulating some aspect of DmcycU transcription during larval development"
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Figure 3.14 ' Map of the P element-mediated DmcycE promoter deletions and of cis-acting regulatory regions.

Schematic diagram of a DNA restriction enzyme map of DmcycE genomic DNA, shown with the relative positions of the Type I and

Type II DmcycE transcripts, the site of insertion of the DmcycEPZ05278 mutation, and the location of breakpoints for the p element-mediated

promoter deletions (as in Figure 3.10). Also shown are coloured bars indicating the regions where cis-acting regulatory sequences that

regulate zygotic DmcycE transcription are located, based on the phenotypic characterization of the DmcycEP element-mediated promoter

deletions.

The green bars indicate sequences that are not required for embryonic development, but are necessary later for larval development.

The orange bar indicates the region where regulatory sequences for DmcycE transcription in the PNS cells and epidermal thoracic patches are

located.

The red bar indicates the region where regulatory sequences for DmcycE transcription in a subset of the epidermal thoracic patch pattern are

located.

The yellow bar indicates the region where regulatory sequences that drive DmcycE transcription at a low level in the epidermis and the CNS

cells are located.

Dashed bars correspond to the dashed line in the promoter deletions, indicating the region in which the deletion breaþoint was mapped.
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Investigation of the larval phenotype of these mutations in the future is likely to reveal

whether these sequences are controlling DmcycU transcliption in endoreplicating tissue or in

mitotically dividing imaginal tissue, or both. As mentioned above, it is intriguing that the

DmcycEJP P element mutation, which affects eye imaginal disc S phases (Secombe et al.,

manuscript in preparation), is inserted very close to the insertion site of the

DmcycEPZ05278 ro¡¡a¡¡sn, perhaps suggesting that these deletions and the original

DmcycBPZ05278 p element insertion could affect eye development. Analysis of mitotic

clones of these mutations in the eye imaginal disc and other imaginal tissues may reveal

further S phase defects.

It is difficult to draw many conclusions from these experiments about the location of

regulatory elements that are driving DmcycE transcription in endoreplicating gut tissue. It is

clear that the DmcycEPZ05278 P ebment insertion prevents Dmcycltranscription in this

tissue, and at some level, this is due to P element specific sequences, given that increased

endoreplication is observed in the derived P element deletions. However, the mechanism by

which this occurs is not clear. Regulatory sequences driving DmcycE transcription in

endoreplicating tissue may be located near to the site of the P element insertion, and this

insertion may disrupt these sequences. However, insertions of other P elements in a similar

location do not seem to have this effect as homozygous animals are adult viable. Another

explanation for this observation may be that some P element specific sequences are

sequestering transcription factors that regulate DmcycE expression in endoreplicating gut

tissue. Deletion of the sequestering P element specific sequences in the deletion mutations,

would then allow DmcycE transcription in this tissue, resulting in increased endoreplication.

As described in Chapter l, the E2F S phase transcription factor, either directly or indirectly,

activates DmcycE transcription in the endoreplicating embryonic gut (Duronio and O'Famell,

1995). Interestingly, analysis of the DmcycU sequence flanking the P element inseftion,

reveal several potential E2F binding sites. Analysis of the sequence of the PZ P element

insertion, which consists of l4 kb (Mlodzik and Hiromi,1992), also revealed a few

potential E2F binding sites suggesting that these sites could compete for E2F binding,

reducing E2F-dependent DmcycE transcription. However, the significance of any of these

potential E2F binding sites in the P element or DmcycU sequence remains to be tested.
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CHAPTER 4 - DmcycØ genomic rescue.

4"1 Introduction.

Transgenic flies carrying a DmcycE genomic rescue construct were previously

generated via P element mediated germline transformation (J. Camerotto, personal

communication). The genomic rescue construct contained a 10.5 kb Kpil genomic

fragment that spanned the zygotic Type I DmcycE transcript and extended approximately 5

kb 5' from the start of Type I transcription (Figure 4.1). These transgenic flies were used to

determine the extent to which this genomic construct could rescue a null DmcycU mutation.

Complete rescue of null DmcycU mutations to viability would show that all of cls-acting

regulatory sequences necessary for driving DmcycE transcription in a complete pattern

throughout development were within the 10.5 kb KpnI genomic fragment. However,

rescue of null DmcycE mutations to viability was predicted to be unlikely as DmcycE

zygotic lethal P element insertion mutations, such as DmcycEPZ05278, andthe derived

DmcycE deletions are located outside of this 10.5 kb Kpnlfragment (see Chapter 3).

Importantly, phenotypic characterization of any partial rescue of null DmcycE mutations by

this genomic rescue construct would determine if any DmcycU regulatory sequences are

located within this genomic fragment. This chapter describes the extent of rescue of null

DmcycU mutations by this 10.5 kb Kpnlgenomic fragment.

4.2 DmcycE genomic rescue construct cannot rescue a null DmcycE

mutation to viability.

To confirm the prediction that the 10.5 kb KpnI genomic rescue construct (Plw+lTI)

would not rescue n:ull DmcycE mutations to viability, fly strains homozygous for one of

three independent Plw+lTI transformants (no. 18, no. 23 andno.25,each located on the

3rd chromosome) and heterozygous for either DmcycEAR95 1a null EMS allele) or one of

two different Dmcyc E deficiencie s, Df( 2 L)TE 3 5 D - I 7 or Df(2L)TE 3 5 D - I 9, w ere

constructed. Test crosses were then performed to determine if transheterozygous

D mcy c EAR9 5 nf2 Dr n s 5 D - I 7 or D mcy c EAR9 5 ¡ p¡¡ 2 7 )TE 3 5 D - I g pro geny could be

rescued to viability by the presence of the Plw+)TI transgene (Figure 4.2). No

transheterozygous DmcycE mutant adult flies were obtained (Table 4. I ), indicating that

P[w+]TI could not rescue a null DmcycÛ mutation and that important cls-acting sequences
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Figure 4.I - DmcycE genomic rescue construct.

DmcycE genomic map showing the location of the Type I and Type tr Dmcycï transcripts, the DmcycEPZ05278 P "l" "nt 
insertion and the Plw+lTI

genomic rescue fragment, a 10.5 kb Kpnlfragment. The Kpnlsites of this fragment are highlighted in green on the DmcycE genomic map. Note that the
P[w+]TI rescue fragrnent spans all of the zygotic Type I DmcycE transcript.
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Figure 4.2 - TesI- cross for rescue of DmcycE mutants by the P[w+)TI genomic transgene.

Example of a test cross to determine if P[w+]TI can rescue anull DmcycE mutation to

adulthood. This test cross shows the P[w+]21 transformant no. 18, with the DmcycEAR95

null EMS allele and aDmcycE deficiency DfQDTBSD-\7.

The presence of straight winged progeny (shown in red), would indicate that rhe P[w+lTI

transgene can rescue a null DmcycE mutation. None of this class of progeny were detected

for this test cross (see Table 4.1).

This type of test cross was performed with two other independent transformants of the

Plw+lTI transgene (no.23 and no. 25) incombination with the DmcycEAR95 ¿¡s1s and a

DmcycE deficiency. No straight winged flies were obtained from these crosses indicating

that the P[w+]TI transgene cannot rescue null DmcycE mutations to adulthood (see Table

4.r)"
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regulating DmcycE transcription must be located outside of the 10.5 kb KpnI genomic

fragment"

Table 4.1:- Pro from Dmc cE'lC o P Iwt T1 test crosses.

Test cross Curly winged
progeny

Straight winged
pfogeny

w; Plw+lTIno.l8
CyOftzlacZ' pfw+)T I no. I g

X

D|(2L)TE35D-17 Plw+lTlno.I8w; CyOfizlacZ 'Plw+lTlno.t8

ltl 0

w; DmcycEAR95
CyOftzlacZ

Plw+lTIno.23
'Pfw+fTIno.23

X 58 0

w; DmcycEAR95
CyOftzlacZ

P[w+]TIno.25
'P[w+fTIno.2S

X

Plw+lTIno.25w CyoftzlacZ' pfw+lTlno.25

53 0

4.3 Zygotic DmcycE transcription from the P[w+]TI genomic rescue

transgene.

To determine if the Plw+lTI genomic rescue construct could partially rescue

Dmcyc9 mutations, zygotic DmcycE transcription from the transgene was analysed during

embryonic development. Embryonic progeny from flies homozygous for the Plw+lTI

transgene (either no.18, no.23,no.25, or no. 11, another independent transformant on the

X chromosome) and heterozygous for one of two different DmcycE deficiencies,

Df(2L)TE35D-17 or Df(2L)TE35D-19, were analysed by whole mount in situ hybridizarion

using a Digoxigenin (DIG) labelled DmcycE antisense RNA probe. As the DmcycU

deficiencies were maintained as a stock over the CyOftzlacZbalancer, embryos were also
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stained with an anti-ß-galactosidase antibody to allow detection of homozygous deficient

embryos by the absence of lacZ expression. In a negative control, no zygotic DmcycE

transcripts were detectable in embryos homozygous for either of the two DmcycE

deficiencies" Df(2L)TE35D-19 (Figure 4.38) or Df(2L)TE35D-17 (data not shown),

without the rescue transgene. Thus any DmcycE transcripts detected in embryos

homozygous for both the genomic rescue construct and a DmcycE deficiency must result

from transcription from the genomic rescue construct. Zygotic DmcycE transcripts were

detected from these embryos in epidermal tissues during mitotic cycles 14-16 (data not

shown) and in the proliferating CNS cells in a pattern similar to that observed in

heterozygous deficiency sibling embryos (Figure 4.3 A compared with B, F, G compared

with H). DmcycE transcripts were also observed in the proliferating PNS cells in a pattern

similar to heterozygous deficiency sibling embryos, with the exception of PNS neuroblasts

in the maxillary and labial head segments, which had reduced or absent DmcycE expression

(Figure 4.3 A compared with B, F). However, DmcycE transcripts were not detectable in

the epidermal thoracic patches (Figure 4.3 A compared with B), nor in endoreplicating gut

tissues (Figure 4.3 G compared with H) above background staining levels in negative

control embryos (Figure 4.3 E and data not shown). This pattern of DmcycE transcription

was observed from each of the independent ,F[w+]Z transformants no" 11, no. 18 and no"

23. However, DmcycE transcripts from the no.25 transgenic line were detected at reduced

levels, in a pattern not resembling wild type DmcycE transcription (data not shown),

suggesting that this transgene may be affected by chromosome position affects.

To determine if the amount of protein produced via DmcycE transcription from the

P[w+]TI transgene was sufficient for function, S phases were monitored by BrdU

incorporation in embryos homozygous for the Plw+l Tl transgene and homozygous for

either of the above mentioned DmcycE deficiencies. This analysis revealed S phases in the

CNS and PNS tissues, with no S phases occurring in the epidermal thoracic patches and

reduced BrdU incorporation in the neuroblasts of the maxillary and labial head segments

(Figure 4.3 D).

4.4 Conclusions.

This chapter has described the extent of rescue of Dmcyc0 null mutations by a
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Figure 4.3 - Partial tescue of DmcycE deficient embryos by the Plw+)TI genomic rescue
transgene"

(A-8, E-H):- Embryos showing the pattern of DmcycU transcription, detected by whole
mount RNA in situhybridization using a DmcycÛ antisense RNA probe (blue) and
counterstained for IacZ expression using an anti-ß-galactosidase antibody (brown).
(C-D):- Embryos pulsed labelled with BrdU and stained with an anti-BrdU antibody ro detect
S phases (brown). (D) is counterstained for IacZ expression using an anti-ß-galactosidase
antibody (blue). All embryos show lateral views, with anterior to the left and dorsal up, unless
otherwise specified. (A-D) are shown at approximately twice the magnification as the embryos
shown in (E-H)"
(A):- Late stage lO-early stage I I embryo, of the genotype

w; Df(2L)TE35D-(7/CyOftzlacZ; P[w+]ZIno. 23. DmcycEtranscripts are derecred in the
CNS and PNS cells, and in the epidermal thoracic patches (tp) in a wild type patrern.
(B):- Similar stage embryo as in (A) of the genorype w; Df(2L)TE35D-19;
P[w+lTI no.23. DmcycE transcripts are detected from the Plw+]TI transgene in the CNS
cells and most of the PNS cells, with reduced or absent transcripts levels detected in the
maxillary (mx) and labial (lb) PNS neuroblasts and no transcripts detected in the epidermal
thoracic patches (tp)"

(C):- Slightly ventral view of a wild type stage 11 embryo, showing the normal pattern of
S phases.

(D):- Similar stage embryo as in (c) of the genorype w; D|(2L)TE35D-19; p[w+]TI no.23.
This embryos shows S phases occuring in the CNS cells, and the PNS cells, with reduced
replication in the PNS cells located in the maxillary (mx) and labial (lb) head segments. No
S phases are observed in the epidermal thoracic patches (tp).
(E):- Stage 11 embryo, homozygous for the Df(2DTBSD-19 DmcycE deficiency. No zygoric
DmcycE transcripts are detected.

(F):- Early stage 12 embryo of the genorype w, plw+lrl no.l l,. Df(2L)TE35D-17. Dmcycï
transcripts from the P[w+lTI transgene are detected in the CNS cells and in the thoracic and
abdominal PNS cells, with reduced or absent expression in the maxillary (mx) and labial (lb)
PNS neuroblasts.
(G):- stage l3 embryo of the genorype w; Df(2L)TE35D-19/CyoftzlacZ; pfw+l7r no. lg"
DmcycE transcripts are detected in the CNS cells and in the endoreplicating gut in a wild type
pattern (including the anterior (amg) and posrerior (pmg) midgut and the hindgut (hg)).
(H):- Similar stage embryo as in (G) of the genorype w; Df(2L)TE35D-19; plw+lTl no. 1g.
DmcycE transcripts are detected in the CNS cells, but reduced or absent levels of DmcycE
transcripts are observed in the endoreplicating gut (amg, pmg and hg) when compared to the
heterozygous deficient embryo in (G).
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transgene containing a 10.5 kb KpnI genomic fragment that spans the zygotic Type I
DntcycÐ transcript. As predicted in the introduction to this chapter, the Plw+lTI transgene

could not rescue null DmcycE mutations to adulthood, indicating that important DmcycE

cls-acting regulatory sequences are located outside of the 10.5 kb KpnI genomic fragrnent.

This result is consistent with the lethal phenotype of the DmcycEPZ05278 ¡nr¡v¡isn and the

DmcycE promoter deletions described in Chapter 3.

Characterization of partial rescue by the Plw+)TI transgene revealed the location of

some regulatory sequences that drive DmcycE transcription in a subset of the wild type

embryonic expression pattern. The 10.5 kb KpnI genomic fragment has cls-acting

legulatory sequences that can drive DmcycE transcription in the constitutive epidermal

pattern during mitotic cycles L4-16 and in the prolifelating CNS cells and most of the

proliferating PNS cells (summarized in Figure 4.4)" Interestingly, the controls necessary

for the downregulation of zygotic DmcycÐ transcription prior to Gl anest in epidermal

tissue after mitosis l6 are also present, as DmcycE expression and ectopic BrdU

incorporation was not observed in the epidermis at this stage (Figure 4.3 B, D, F). DmcycE

transcripts were absent from the epidermal thoracic patches and reduced or absent fiom the

maxillary and labial PNS neuroblasts and endoreplicating gut tissue indicating that part or all

of the sequences regulating DmcycE transcliption in these tissues are located outside of the

10.5 kb KpnI rcgion spanned by the P[w+)TI transgene (summarized Figure 4.4).

The pattern of DmcycE transcription observed from the P[w+)TI transgene was

consistent with the previous analysis of the transcription patterns from embryos

homozygous for the DmcycÐ promoter deletions described in Chapter 3. Significantly,

these results enable the location of important regulatory sequences (described in Chapter 3)

to be further defined (Figure 4.4). The location of regulatory elements important for

regulating DmcycU transcription in epidermal cells during mitotic cycles 14-16 and in the

proliferating CNS cells was further localized to a region between the 3' breakpoints of the

8Z deletion and the 3' end of the Plw+lTI transgene, as both embryos homozygous for the

8Z deletion and Dmcyc9 deficient embryos canying the Plw+lTI transgene express

DmcycE in these tissues. Similarly, regulatory sequences necessary for DmcycE

transcription in the epidermal thoracic patches could be further defined to a region between

the 3' breakpoint of the small group of 3' deletions (for example 7L, as shown in figure

4.4) and the 5'end of the Plw+)TI transgene, by the presence of DmcycÛ transcription in
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this tissue in 7L homozygous embryos, but absence in DmcycE deficient embryos can'ying

the Plw+lTI transgene (Figure 4.4).

Significantly, these results further demonstrated the complex regulatory mechanisms

controlling DmcycE transcription during embryogenesis, with two regulatory regions

identified that contain sequence elements necessary for driving DmcycE transcription in the

subsets of the proliferating PNS. Regulatory elements necessary for regulation of DmcycE

transcription in a subset of the proliferating PNS cells in the thoracic and abdominal

segments (the trunk PNS) were further localized to a region between the 5' end of the

Plw+lfl transgene and the 3' end of the I2L deletion. Regulatory sequences required for

expression of DmcycU in the PNS cells of the maxillary and labial head segments (the head

PNS) could be defined to a region between the 3'breakpoint of the I9L deletion and the 5'

end of the PÍw+lTI transgene (Figure 4.4)" The existence of separate sequence elements for

the regulation of DmcycE transcription in subsets of the proliferating PNS provides further

evidence for developmental and tissue specific regulation of DmcycE transcription.
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Figure 4.4 - DmcycE cis-acting regulatory element map.

Schematic diagram showing the DmcycU genomic map, the relative positions of the Type I and Type n DmcycE transcripts, the site of insertion of the

DmcycEPZ05278 vp¡v¡içn (also see Figure 3.1 1) and the location of the P[w+lTI transgene.

Also shown are the locations of the 7L, l9L , l2L and 8L DmcycE promoter deletions, the 3' breakpoints of which define the location of cls-acting

regulatory sequences that drive DmcycÛ transcription in the epidermis, the CNS, PNS a¡rd the epidermal thoracic patches (see Chapter 3).

The DmcycE transcription patterns observed from each of the P element mediated promoter deletions listed above and the pfw+)Tl transgene in a DmcycE

deficient background are summarized in the table next to the DNA map. A'+' indicates Dmcyc?transcription is observed in that particular pattern.

Similarly, a '-' indicates no transcription in that pattern, '+/-' indicates weak, reduced or a subset of the normal transcription in that pattern. Coloured

bars indicate the location of cis-acting regulatory elements controllin g DmcycE transcription, deduced from analysis of the partial rescue from the plw+lTl

transgene, in combination with results from chapter 3 (see Figure 3.1 1).

The red bar indicates the location of cis-acting elements regulatin g DmcycE transcription in the epidermal thoracic patches.

The light blue bar indicates the location of cis-acting elements regulating Dmcycltranscription in rhe maxillary and labial pNS neuroblasrs (head pNS).

The green bar indicates the location of cis-acting elements regulatin g Dmcyc?transcription in the thoracic and abdominal replicating pNS (trunk pNS).

The yellow bar indicates the location of cis-acting elements responsible for DmcycE transcription in the CNS and the cycle l4- I 6 epidermal cells.
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CHAPTER 5 - Dmcyc.E promoter-IacZ reporter constructs: further dissection

of cls-acting regulatory sequences.

5.1 Introduction.

To complement and extend the promoter analysis presented in the previous two

chapters, aDmcycE promoter-/acZreporter gene approach was undertaken. This is a

standard approach that has been used successfully to examine transcriptional regulation in a

wide variety of experimental systems. The aim of this analysis was to more precisely

localize the cis-acting regulatory elements that control DmcycE transcription during

development. This chapter describes the generation and characterization of an initial series

of Dmcyc9 promoter-/a cZ reporter constructs.

5"2 Generation of DmcycE promoter-lacZ reporter constructs.

Two types of DmcycE promoter-/a cZ reporter constructs have been generated for

study in this thesis. Firstly, heterologous promotor constructs consisting of genomic

fragments that contain putative promoter elements were placed upstream of a foreign

minimal promoter containing a TATA box. Secondly, endogenous promoter constructs

consisting of contiguous 5' DmcycE sequences that utilise the endogenous Type I DmcycU

promoter, and include the 5'untranslated region (UTR) up to the Type tr DmcycÛ ÃTG

were generated. The analysis of endogenous promoter constructs was preferred as it more

closely simulated wild type zygofic DmcycE transcription. This is particularly important as

the Type I DmcycE promoter lacks a TATA box (Jones et al., manuscript in preparation)

and TATA-less promoters may utilise sequences in the 5'UTR to promote transcription

(Arkhipova,1995; Burke and Kadonaga, 1996). Therefore, use of the endogenous

promoter and 5' UTR may yield a more accurate description of Dntcyçp, transcriptional

control than a foreign TATA promoter, if specific sequences around the TATA-less

promoter are lequired to regulate DmcycU transcription"

5.2"1 The lacZ vectors

To begin building the DmcycE promoter-/acZ reporter constructs, two LacZ

plasmids, with and without a minimal heterologous TATA box respectively, were generated

in the pBluescriptll vector (see Chapter 2, Materials and Methods) and used as the basis for
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all reportet'collstructs. A 3.5 kb KpnUPstI fragment containing a nuclear targeted IacZ gene

QúacQ with a minimal hsp27 promoter (from G. Riddihough) and polylinker sequences,

was cloned into the KpnI and PsrI sites of pBluescript II to create the pBST-TATA-nlacZ

plasrnid. A second plasmid, pBST-nIacZ, was made from pBST-TATA-nlacZ by deleting

an apploxitnately 100 bp Xbal fragment 5' of fhe nlacZ gene that contained the hsp27

minimal promoter sequences (Figure 5.1). The nlacZ gene has a Ncol restriction enzyme

site spanning the ATG start codon, allowing contiguous promoter sequences including the

5' UTR, up to the ATG, to be fused 5' of the nlacZ gene. In addition, sequence analysis of

the nlacZ gene (data not shown) in these two plasmids demonstrated that a consensus poly-

adenylation signal was located at the 3' end of the gene, indicating That nLacZ transcription

should terminate efficiently.

5.2.2 Cloning of DmcycE promoter-lacZ reporter constructs"

One heterologous promoter construct, the I.0H/E-TATA-nlacZ construct, will be

described in this chapter. This construct was made by cloning a 1.0 kb HindIIUEcoRI

fragment, which is located just 5' to the start of zygotic Type I DmcycE transcription, 5' of

nlacZ in the pBST-TATA-nlacZ plasmid (Figure 5.2 and 5.3). A series of endogenous

DmcycU promoter constructs have been made and will also be described in this chapter

(Figure 5.2). To make the DmcycE endogenous promoter constructs, a 5.0 kb PsrI

genomic DmcycE flagment containing the ATG of the Type I transcript was cloned into the

pSelect vector (See Chapter 2)" The Type I DmcycE ATG was mutated to a NcoI site, by

site directed mutagenesis using the pSelect system (Promega), to allow the DmcycE Type I

5'UTR and proximal promoter sequences to be cloned into the NcoI site spanning the ATG

of the nlacZ gene (Figure 5.4). The success of the mutagenesis of the Type I ATG was

confirmed by DNA sequence analysis (data not shown). A 2.9 kb NcoI fragment

contairring the DmcycU Type I5'UTR and proximal promoter sequences was subsequently

cloned in the correct 5'to 3'orientation into the NcoI site of pBST-nl.ctcZto create the

pBST-2.9N-nlacZ plasmid (Figure 5.4). All other Type I DmcycE endogenous promoter

constructs to be described in this chapter (Figure 5.2) were derived from the pBST-2.9N-

nlacZ plasmid, via sequential addition of different Dmcyc0 genomic fragments. Most of the

endogenous pfomoter constructs contained contiguous upstream DmcycÛ genomic

sequences from the Type I DmcycE ATG. The J.3C+ I.9H/1,{-nlacZ construct was the only
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non contiguous promoter construct generated for analysis in this chapter (Figure 5.2).

Once constructs were completed in pBluescriptll, they were excised as either NotI or

KpnIlNotI fragments, and cloned into the pCaSpeR4 transformation vector (Chapter 2),

which contains P element ends, to allow the generation of transgenic flies (see below). The

cloning strategies used to generate these constructs are detailed in Figures 5"3,5.4,5"5, 5.6

and 5.7. The identity of plasmid clones was verified during each cloning step by digestion

with appropriate restriction enzymes.

5,2.3 Generation of transgenic flies containing the constructs.

Transgenic flies containing DmcycE promoter-lacZ repofter constructs were

generated by P element mediated germline transformation. The pCaSpeR4 transformation

vector used to generate these constructs contains a mini-w¡¡"+ çp+¡ eye marker gene for

selection of transformants. Plasmid DNA containing these constructs and a plasmid

encoding the A2-3 P element transposase were co-microinjected into w1118 mutant

embryos. Transformants from the progeny of injected individuals were selected as adult

flies that have an orange eye phenotype due to the presence of the w+ marker gene.

Multiple independent transformant flies were obtained for each construct shown in Figure

5.2, with the exception of the I .9H/N-nIacZ construct (Table 5.1)" Each transformant was

mapped by segregation from dominant markers on either the X, 2nd or 3rd chromosomes

and tested to determine if the transformant was homozygous viable. Only homozygous

viable lines were retained for analysis, so that the IacZ expression pattern could be examined

when two copies of the transgene were present in embryos and larvae, comparable to wild

rype DmcycE transcription, and also for ease of manipulation of transformant flies" Only

one homozygous viable transformant line was obtained for both the 1.9H/N-nlacZ and the

2.9N-nLacZ constructs. Similarly, effectively only one homozygous viable transformant

was obtained for the 16.4C/N-nlacZ construct, as one of the two homozygous lines

obtained for this construct did not show any IacZ expression" For each of these three

constructs, the transgene was mobilized by providing a source of A2-3 P element

transposase to generate other homozygous viable insertions (Table 5,1). Occasionally, a

reporter gene construct is influenced by local chromosomal structure and regulatory

sequences adjacent the site of insertion. Characterization of multiple independent insertions

lines guards against misinterpretation due to these chromosomal position effects.
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Figure 5.1 - Generation of the pBST-TATA-nlacZ and pBST-nlacz plasmids.

Cloning scheme for the generation of the pBST-TATA-nlacZ and pBST-nlacZ plasmids

that were used as the basis for all the DmcycE promoter/lacZ reporter constructs made in

this study.

For simplicity, only the insert and polylinker sequences are represented in this diagram,

with the grey dotted line representing the rest of the vector. AII represented DNA is to

scale, rvith the exception of the polylinker (shown in grey) and the approximately 100 bp

XbaIftagment, which consists of a TATA-containing minimal hsp27 promoter that does

not contain heat shock elements. The TATA box is represented schematically as a red

box. The lacZ gene is shaded blue, and the nuclear localisation signal shaded green.

The restriction enzyme sites cut during the cloning step are highlighted in red.
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Figure 5.2 - DmcycE promoter-IacZ reporter construct map

Schematic diagram showing DmcycE genomic map with the relative locations of the zygotic Type I DmcycE transcript and the DmcycEPZ05278

P element insertion, similar to other maps presented in Chapter 3 and 4.

Also shown are the I .0H/E-TATA-nlacZ heterologous promoter construct and the I.2N/1,tr-ntacZ, the I .9H/Ì,,1-ntacZ, Íhe 2.9N-nlacZ, the 5.5((/N-nlacZ,

the 13.2N/N-nlacZ, the 16.4CI{-nlacZ and the 3.3C+1.9H/l'{-nIacZ endogenous promoter constructs.

The DmcycE promoter fragments for each construct is shown in relation to the genomic restriction enzyme map. The start of transcription for the

endogenous promoter constructs (indicated by the arrow) corresponds to the start of transcription of the Type I transcript. The white box in the

endogenous promoter constructs corresponds to the 5' UTR of the Type I Dmcycï transcript. The hsp27 heterologous promoter fragment (in grey) is not

shown to scale.
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Figure 5.3 - cloning scheme for the generation of the t.0H/E-TATA-uIacZ

heterologous promoter construct.

For simplicity, only the insert and polylinker sequences are depicted in this diagram, with

the grey dotted line representing the rest of the vector. All replesented DNA is to scale,

witlr the exception of the polylinker (shown in grey) and the approximately 100 bp XbaI

fragment, which consists of a TATA-containing minimal hsp27 promoter. The TATA box

within this promoter is shaded red. The lacZ gene is shaded blue, and the nuclear

localisation signal shaded green. Note that not all polylinker sites of pBluescriptll are

shown in this figure, and the restriction enzyme sites cut during the cloning step are

highlighted in red (for construct generation) or green (for excision into pCaSpeR4).

A map of the pBST-TATA-nIacZ plasmid utilised here can be seen in Figure 5.1
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Figure 5.4

Cloning scheme for the generation of the 2.9N-nlacZ and the 1.2N/N-nlacZ endogenous

promoter constructs.

For simplicity, only the insert and polylinker sequences are depicted in this diagram, with

the grey dotted line representing the rest of the vector. All represented DNA is to scale,

with the exception of the polylinker (shown in grey). The lacZ gene is shaded blue, the

nuclear localisation signal shaded green and the anow indicates the Type I Dmcyc9

transcription start site. In addition, the restriction enzyme sites cut during the cloning

steps arc highlighted in red (for construct generation) or green (for excision into

pCaSpeR4).

The 2.9 kb NcaI fragment used here was derived from a 5.0 kb PstI DmcycE subclone in

the pSelect vector. This clone spanned the ATG start codon of the Type I DmcycE

transcript. This ATG codon was altered to a NcoI restriction enzyme site by site directed

mutagenesis, allowing the 2.9 kb NcoI fragment to be isolated. See Chapter 2, Materials

and Methods, for details of this mutagenesis.

A map of the pBST-nlacZ plasmid utilised here can be seen in Figure 5.1.
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Figure 5.5 - Cloning scheme for the generation of the I3.2N/N-ntacZ and the 5.5K/N-nlacZ endogenous promorer constructs

For simplicity, only the insert and polylinker sequences are depicted in this diagram, with the grey doqed line representing the rest of the vector. All
represented DNA is to scale, with the exception of the polylinker (shown in grey). The lacZgene is shaded blue, the nuclear localisation signal shaded

green and the arrow indicates the Type I DmcycU transcription start site. In addition, the restriction enzyme sites cut during the cloning steps are

highlighted in red (for construct generation) or green (for excision into pCaSpeR4).

The Nhel restriction enzyme site within the pBST-2.9N-nIacZ and the 3' Nhelsite from the 12.0 kb Nhel Dmcyclpromoter fragment are the same site

Thus addition of the 12.0 kb Nhelfragment in the cloning strategy generates 13.2kbof contiguous Dmcyc1promoter sequences in the

p B ST- I 3.2 N/N -nlacZ plasmid.

The generation of the pBST-2.9N-nlacZclone utilised here is shown in Figure 5.4.



âx
ØJ>

4:#au
* a -a *..7

iq :') 'åÀ ?¿ L

Fr

E

€
cl
UpobA

&
I
t¡l

4ú
gË

ú
o
trl

o
z

EE
EE

ã
Iz

il: :f: x
a!i.dl¿ tui: X

pBST-2.9N-nløcZ

Cut with XhaI and Nhe I
to drop out the NcoUI\heI
Dmcy c E genomic fragment

. 1.0 kb

-
4ú
V f¡l

12.0 kb NheIDmcycB genomic fragment from cosmid clone I

EEú
r¿

2ú
þ4 rÌl

&êo
Ê

E

ligate and select for 5' to 3' orientation

pBST-13.2N1N-nløcZ

Cut with KpnI to drop out the llhel/Kpnl
DmcycU genomic fragment and relþate.

pBST-5.sKlN-nlacZ polyA

*-
.^ù

*!!t;
-d -i* J*

- *;i

2,.*,
Y;g

poltA

Excise with NotI and clone
NotI cutpCøSpeR4

pC-13.2N1N-nlacZ

pC-5.sKlN-nlacZ

Er3
ê
z

Ê
'"n

Y
nC¿'zEEI

i¡'Ë
ôoz

Excise with KpnUNotI and clone
into Kpnl/lt{ otl cú fi aS peR4



Figure 5.6

Cloning scheme for the generation of the I.9HllV-nlacZ and the

3. 3C+ I .9H/N-nlacZ endogenous promoter constructs.

For simplicity, only the insert and polylinker sequences are depicted in this diagram, with

the gley dotted line representing the rest of the vector. All represented DNA is to scale,

with the exception of the polylinker (shown in grey). The lacZ gene is shaded blue, the

nuclear localisation signal shaded green and the arrow indicates the Type I DmcycE

transcription start site. In addition, the restriction enzyme sites cut during the cloning

steps are highlighted in red (for construct generation) or green (for excision into

pCaSpeR4).

Note that the 3.3 kb CIaI and the 1.9 kb HindIIANcoI promoter fragments are separated

by a small region of polylinker sequence.

The generation of the pBST- I.)H/E and pBST-2.9N-nIacZ utilised here is shown in

Figure 5.3 and Figure 5.4 respectively.
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Figure 5.7

Cloning scheme for the generation of the I6.4Cß,'l-nlacZ endogenous promoter construct.

For simplicity, only the insert and polylinker sequences are depicted in this diagram, with the grey dotted line representing the rest of the vector. All
represented DNA is to scale, with the exception of the polylinker (shown in grey). The lacZgene is shaded blue, the nuclear localisation signal shaded

green and the arrow indicates the Type I DmcycE transcription start site. In addition, the restriction enzyme sites cut during the cloning steps are

highlighted in red (for construct generation) or green (for excision into pCaSpeR4).

Note that rhe NheI restriction enzyme sites highlighted in red within the pBST-j.3C+ I .9H7,{-nlacZplasmid are the same sires in the 12.0 kb NheI

promoter fragment. Thus, the cloning step to generate the pBST- t 6.4C/1,,1-ntacZ plasmid generates 16.4 kb of contiguo us DmcycE promoter sequence 5,

of the nlacZ gene.

The generation of the pBSZ-3.3C+ t.9H/N-nlacZ clone utilised here is shown in Figure 5.6
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Unfortunately, a third hornozygous viable 16.4CIrl-nIacZline, obtained via P element

mobilization of the original lacZ expressing transformant, did not express lacZ during

development. Thus only one transformant was analysed for this endogenous plomoter

construct (see below).

Table 5.1: Transformant summary of DmcycU promoter-lacZ reporter

constructs"

CONSTRUCT X chromosome

TRANSFORI\4ANTS

2nd chromosome 3rd chromosome

1 .0H/E-TATA-nlacZ

l.2N/N-nlacZ

l.9H/N-nlacZ

2.9N-nlacZ

5.5K/N-nlacZ

I3.2N/N-nlacZ

3.3C+ l.9H/N-nlacZ

16.4C/N-nlacZ

4.1, 4.2, 8.1

23.1

5.16,3.1x

13"4Ï,15.1#, l*" 4*,

g.l, 29 "IÏ
1.2, 1.7 , l.lf

2*

c#*

16.1, 32.4" l6.gT, 26.11

4.1, 4.5.1, 23.1" 31.214.3,23.2,31.1

4.t*

8.7, 9.2

21.1$

13.3, 13. 1#

15" l, 8.37

1.5, I .6.1, 2g.l

8.1, 8.l0

21.2,6*ç

T= homozygous lethal transformant.

#= homozygous viable, but sterile transformant.

x= new transformant generated by P element mobilization from original transformant.

$= no detectable lacZ expression.

5"3 Analysis of DmcycE promoter-lacZ reporter construct expression

during embryogenesis.

Expression of LacZfrom DmcycE promoter-lacZ reporter constructs during

embryogenesis was analysed by whole mount in situ hybridization using a digoxigenin

labelled IacZ antisense RNA probe" The analysis of ktcZ mRNA expression was preferred

over immunological or enzymatic detection, as the ß-galactosidase protein is known to be a

very stable protein. DMCYCE is predicted to be an unstable protein (R.ichardson et al.,

1993) and the DmcycE mRNA and protein product have a very dynamic pattern during

embryogenesis. As the lacZ mRNA is expected to be turned over more rapidly than the ß-

92



galactosidase protein, detection of IacZ mRNA should more accul'ately reflect the normal

DmcycÐ expression pattern. 'lhe lacZ transcription patterns observed for each of the

DmcycE promoter-lacZ reporter constructs during embryogenesis will be described below

5.3.1 The 1.0HlE-TATA-nlacZ heterologous promoter construct.

IacZîanscripts from embryos homozygous for the 1.0H/E-TATA-nlacZ transgene

were detected in the early epidermis and also in the proliferating CNS, in a pattern similar to

wild type zygotic DntcycE transcription (Figure 5.8). This indicates that cis-acting

sequences required for driving DmcycE transcription in the epidermis during mitotic cycles

14-16 and also in the CNS cells are located within this 1.0 kb HindllU&coRlfragment

(Figure 5.11)" lacZtranscripts in the epidermis were detected in a characteristic stripe-like

pattern, similar to DmcycU transcription (Richardson et al., 1993), suggesting that gap or

pair rule patterning may influence initial zygotic DmcycE transcription. Significantly,

epidermal expression was downregulated prior to the l6th mitosis, after which epidermal

eells enter a Gl phase arrest and differentiate. Downregulation of wild type DmcycE

transcription is required for G I arrest after mitosis 16. If this downregulation requires

active repression of DmcycE transcription, then the regulatory sequences necessary for this

repression must be located in this 1.0 kb HindIIIlEcoRI fragment. Alternatively,

downregulation of epidermal DmcycE transcription could be the consequence of the

downregulation of an activator of DmcycE transcription in the epidermis"

lacZ transcripts in the CNS cells were observed until late in embryonic development,

reflecting the pattern of proliferation in the CNS cells. Notably, there was a dramatic

absence of lacZ transcripts in most of the proliferating PNS cells. Faint IacZexpression

was detected in one or two cells per segment in the PNS, but this staining is very reduced

eompared to wild type DmcycE transcription (Figure 5.8 C-F). This result is consistent

with analysis of the I2L DmcycE promoter deletion (Chapter 3) and indicates fhat DmcycU

transcription in the CNS and PNS cells is regulated by different cls-acting sequences. This

difference in regulation perhaps reflects the varying amount of cell division that occurs in

these cells. PNS cells undergo 2-3 cell divisions (Bodmer et a|.,1989), before exiting

from the cell cycle, presumably in Gl phase, when DmcycE transcription ceases during

embryonic stage 12 (Richardson et aL.,1993). In contrast, the CNS cells divide up to 9

times and most stop dividing much later around embryonic stage 15, while some remaining
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Figure 5.8 - cornparison of lacz transcription from the I.0H/E-TATA-nIucZ

heterologotts promoter construct with the Dmcycï transcription pattern during

embryogenesis.

(4, c, E, G):- wl I I8 control embryos showing the pattern of endogen ous DntcycT

rnRNA transcripts detected by whole mount in situ hybridization using a DIG labelled

antisense DntcycE RNA probe. Note that the wl I I8 embryos act as a wild type control

for the pattern of DmcycE transcription.

(8, D, F, H):- embryos homozygous for the 1.0H/E-TATA-nlacZ construct, showing the

pattern of lacZ transcripts detected by whole mount in situ hybridization using a DIG

label led antisense IacZ Rll{' A probe.

(4, B):- Stage 5-6 embryos, both showing aubiquitous distribution of transcripts in the

epidelmis. Note that while transcripts are detected throughout both embryos, there is

some concentration in broad stripes.

(C, D):- Late stage lO-early stage I I embryos. (C) DmcycE transcripts are observed in

the proliferating CNS, PNS and the thoracic epidermal patches (tp). DmcycE expression

in the Gl arrested epidermal cells has been downregulated" (D) IacZtranscripts are

detected in the CNS, but not in the PNS or the thoracic epidermal patches. The ubiquitous

epidermal lacZ expression observed in (B), has been downregulated.

(E, F):- Late stage l1-early stage l2 embryos. (E) DmcycE transcripts are observed in the

CNS and the PNS cells. Transcripts in the epidermal thoracic patches are no longer

apparent at this stage. (F) IacZ transcripts are detected in the CNS andweak lacZ

expression is observed in only a few cells in the PNS (arrowheads).

(G, H):- Stage l3 ernbryos. (G) DntcycE transcripts are observed in the mitotically

proliferating CNS cells and also in endoreplicating gut tissue. (H) lacZ transcripts are

observed in the CNS cells, but not in the endoreplicating gut. âlïlg = anterior midgut,

pmg = posterior midgut and hg = hindgut"

All embryos are lateral views, with anterior to the left and dorsal up
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cells divide throughout embryogenesis (Haftenstein ¿/ al., 1987,Ito and Hotta, 1992,

Prokop and Technau, 199 I ). These contrasting programs of cell division and the different

ternporal DrncycE transcription in these cells, may explain why DmcycE transcription in the

CNS and PNS cells is under the control of different as.-acting regulatory elements" In

addition, no transcripts from the transgene were detected in the epidermal thoracic patches

or in endoreplicating gut tissue (Figure 5.8D, H), suggesting that essential regulatory

sequences controlling DmcycÛ transcription in these tissues are located outside of the 1.0 kb

HindIIUEcoRI genomic fragment (summarized in Figure 5.17).

5"3.2 The endogenous promoter constructs.

a) CNS cells and ubiquitous epidermal transcription.

Expression of IacZ in the epidermis during mitotic cycles 14-16 and in the

proliferating CNS cells was observed in embryos homozygous for each of the endogenous

promoter constructs analysed. This pattern of ktcZ expression from the I.2N0,l-nlacZ, the

L9H/N-nlacZ andthe 2.9N-nIacZ endogenous promoter constructs is shown in Figure 5.9.

The CNS IacZ transcription pattern from the remaining endogenous promoter constructs is

shown in Figures 5.10 and 5.1 I (epidermal transcription pattern not shown). The CNS

cells and epidermal lacZ transcription patterns observed from the l.9H/1,{-nlacZ and the

2.9N-nlacZ construct was similar to that observed for the I.0H/E-TATA-nlacZ

heterologous promoter construct described above and for wild type zygotic DmcycE

transcription (Figule 5.9)" The I.9H/N-nlacZ endogenous promoter construct and the

1.0H/E-TATA-nlacZ heterologous promoter construct extend the same distance 5' from the

start of zygotic DntcycE transcription (Figure 5.2), and as the pattern of lacZ transcripts

detected from these two constructs were essentially equivalent, there is no apparent

difference between the endogenous DmcycE and heterologous hsp27-TA7ä promoters for

CNS and ubiquitous epidermal expression during embryogenesis.

Embryos homozygous for the l.2N/1,{-nlacZ construct expressed l.acZ at a very low

level in both the epidermis and the CNS (Figure 5.94, D, G). This construct contains

approximately the last 400 bp of the 1.0 kb HindllUEcoRI fragment, suggesting that the

enhancers necessaly for this pattern of DmcycE transcription are located in this 400 bp

fragment. However, as the level of lqcZtranscripts is very reduced compared to the
94



L9H/lr,l-nlacZ and the I .0H/E-TATA-nIacZ constructs, regulatory elements that increase the

level of transcription in this pattern must be located in the remaining 600 bp region of the

1.0 kb HindlIUEcoRI fragment"

b) Transcription in PNS cells.

The smallest endogenous promoter construct that showed lacZ transcripts in the

PNS cells, in a pattern similar to wild type DmcycE transcription, was the 5.SK/N-nlacZ

construct. Interestingly, the pattern of IacZ transcripts in the PNS cells from embryos

homozygous for this construct was not complete and lacked expression in PNS neuroblasts

in the maxillary and labial head segments (Figure 5.10). This result is consistent with the

pattern of zygotic DmcycE transcription seen from the 10.5 kb KpnI Plw+lZ1 genomic

rescue construct (see Chapter 4), which extends to the same 5' KpnI restriction enzyme site

used in the 5.5l{/N-nlacZ construct" As the next smallest endogenous promoter construct,

the 2.9N-nIacZ, does not show IacZPNS transcription, except for weak expression in l-2

cells per segment (Figure 5.9 C, F), regulatory sequences responsible for driving Dmcyc9

transcription in the proliferating thoracic and abdominal PNS cells are located in a2.6kb

KpnIlNcoI genomic fragment (summarized in Figure 5.17).

Embryos homozygous for either the larger I3.2NI,{-nIacZ or the 16"4C/N-nlacZ

endogenous promoter constructs also show lacZtranscripts in the proliferating PNS cells"

This pattern is more similar to wild type DmcycE PNS expression as IacZ transcripts are

also detected in the maxillary and labial segment PNS neuroblasts (Figure 5.l0). The

detection of lacZ PNS transcripts in the maxillary and labial head segments from the

13.2N/N-nlacZ construct, and the absence of this pattern from the 5.5K/N-nlctcZ construct,

indicate that enhancer sequences necessary for DmcycE transcription in the maxillary and

labial segment PNS are located in the approximately 7.7 kb NheUKpruI genomic fragment

(summarized in Figure 5.l7).

c) Transcription in the epidermal thoracic patches.

lacZtranscripts in the epidermal thoracic patches were observed in embryos

homozygous for the I 3.2N0rtr-nlacZ and the 16.4C/N-nlacZ promoter constructs (Figure

5.10). The pattern is similar to wild type DmcycE thoracic patch transcription in the

epidermis of the first and second thoracic segments. DmcycE expression is also observed
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Figure 5'9 - Epidermal and CNS tacZ transcription from the 1.2N/N-nIacZ, the I .9H/N-nlacZ and the 2.9N-nlacZendo.genous promorer constructs

All embryos show the pattern of lacZ transcripts detected by whole mount in sittthybridization with a DIG labelled antisense /acZ RNA probe.
(4, D, G):- embryos homozygous for the l.2N/N-nlacZ construct.
(8, E, H, I):- embryos homozygous for the l.9H/N-ntacZ construct.
(C, F):- embryos homozygous for the 2.9N-ntacZ construct"

(A-C):- Stage 5-6 embryos showing ubiquitous IacZ transcript distribution in the epidermis. As epidermal expression from the I .2N/N-ntacZ construct is
relatively low, (A) shows a plane of focus in a cross section through the embryo which best demonstrated the presence of epidermal transcripts. (B) and
(C) show a plane of focus on the surface of the embryo. Note the concentration of epidermal transcripts in a stripe like pattern across the embryo.
(D-F) :- Stage I I embryos showing lacZtranscripts only in the proliferating CNS cells. No lacZtranscripts are observed in the pNS or the epidermal
thoracic epidermal patches. (compare with DmcycE transcription at a similar stage in Figure 5.8 C). The earlier ubiquitous epidermal transcripts are no
longer detectable, consistent with downregulation of endogen ous DmcycE transcription at this stage. Note that the level of transcripts in CNS cells from
rhe I.2N/N-nlacz consrruct in (D) is relatively low when compared ro (E) and (F).
(G-I):- Late stage l2-stage l3 embryos showing the late pattern of lacZtranscripts in the mitotically proliferating CNS cells. (G), dorsal view of rhe very
low level of lacZ transcripts from the I .2N/l'l-nlacZ construct in the brain lobes (bl). Transcripts are also observed at a low level in the ventral nerve cord
(not shown). (H) and (I) show a ventro-lateral and a ventral view, respectively, of stronger IacZ transcripts in the brain lobes and the ventral nerve cord
fromthe l'9H/l"l-nlacZconstruct-. lacZtranscriptsintheCNScellsarealsodetectedinasimilarpatternfromsimilarstagedembryos,homozygousforthe
2.9N-nlacZ construct (data not shown).

All embryos show lateral views with anterior to the left and dorsal up unless otherwise indicated.
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Figure 5'10'PNS and epidermal thoracic patch lacZ transcription from the 5.SK/N-nlacZ,the 13.2N/N-nlacZand the 16.4C/N-ntacZ endogenous

promoter constructs

All embryos show the pattern of lacZ transcripts detected by whole mount in situhybridization with a DIG labelled antisense IacZRNAprobe.
(4, D, G):- embryos homozygous for the 5.5K/N-nlacZconstruct.

(8, E, H):- embryos homozygous for the 13.2N/N-nlacZconstruct.

(C, F,I):- embryos homozygous for the I6.4Cß,{-nlacZconstruct.

(A-F):- Approximately stage I 1 embryos. (A) and (D) show the same embryo, (D) at a higher magnification, showin g ;acZtranscriprs in the CNS cells

and the thoracic and abdominal PNS cells similar to wild type DmcycE transcription (Figure 5.8 C), but not in the maxillary and labial head segment pNS

neuroblasts. No transcripts are observed in the epidermal thoracic patches. (8, C, E, F) show IacZ transcripts in the pNS cells, in a more complete
pattern, including the maxillary and labial head segments. Transcripts are also observed in the epidermal thoracic patches and the CNS cells in a pattern

similar to wild type DmcvcE transcription (Figure 5.8 C). (E) and (F) are higher magnifications of (B) and (C) respectively.

(G-I):- Approximately stage 12 embryos, showing lacZ transcripts in the CNS and PNS cells in a pattern similar to wild type Dmcycp transcription. (G)

has lower levels of lacZ transcripts in the PNS neuroblasts of the maxillary and labial head segments. Note that the embryo in (H) is slightly older than

the embryos in (G and I), resulting in the PNS cells in (H) showing less ?acZexpression when compared ro (G and I).

All embryos show lateral views with anterior to lhe left and clorsal up. rx, rnaxillary head segment; lb, labial head segment; tp, epidermal thoracic patch

in thoracic segments I and 2
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in the ventral epidennis of the third thoracic segment. This additional pattern is transient

and vety difficult to observe andlacZ transcription was not analysed in the third thoracic

segment due to this difficulty. As IacZ Íanscripts in the epidermal thoracic patches werc not

observed fiom elnbryos homozygous for the 5-5[(/N-nlacZ construct (Figure 5. l0),

sequences required for driving DmcycE transcription in the epidermal thoracic patches ale

Iocated within the 7 .7 kb NheAKpnI promoter fragment. The location of this cis-acting

regulatory element is consistent with the previous analysis of Dmcycî transcription in

embryos homozygous for the I2L deletton, which removes this 7 .7 kb NheIlKprzl genomic

fragment and also lacks DmcycE transcription in the epidermal thoracic patch (See Chapter

3).

d) Endoreplicative gut transcription.

No IacZ transcripts were observed in endoreplicating gut tissue from any of the

contiguous endogenous promoter constructs (Figure 5. I I ). This result suggests that cis-

acting sequences important for regulating DmcycE transcription in this endoreplicating

tissue are located outside of the 16.4 kb region covered in this analysis. The result from the

16"4C/N-nlacZ construct should be treated with some caution, as only one independent

transformant was generated that expressed IacZ in any tissue during embryogenesis.

However, as the transformant containing this construct expressed IacZ in a wild type

DmcycE pattern in all other embryonic tissues, it does not appear that this transgene is under

the influence of chromosomal position affects. Nevertheless, it can be more confidently

concluded that the smaller 13.2kb region does not have cls-acting regulatory sequences

important for regulating DmcycE transcription in the embryonic gut, as gut IacZ transcripts

were not observed in multiple independent transformants of the 13.2N/N-nlacZconstruct

(Figure 5.1 I and data not shown). This conclusion is also consistent with phenotypic

analysis of the l2L DmcycE promoter deletion (Chapter 3), which deletes ¡nost of the

genomic DNA spanned by the 13.2N/N-nlacZ construct (Figure 3.9 and 5.2). Dntcycï

transcripts and corresponding S phases were observed in the midgut of embryos

homozygous for the l2L deletion, indicating that some cis-acting regulatory sequences

required for regulation of DmcycE transcription in endoreplicating tissues must be located

outside of this lO-12 kb region (Chapter 3).

The 3.2 kb region unique to the I6.4C/N-nlacZ construct is included in the
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3.3C+ I "9H/N-nLacZ non-contiguous endogenous promoter construct (FiguLe 5.2)"

Analysis of lacZ expression in the endoreplicating gut from the 3.3C+1.9H/I{-nlacZ

construct (Figure 5.1 l) was difficult to interpret. During embryonic stage prior to stage 11-

12, the IacZ transcript pattern from the 3.3C+ I .9H/Ìr{-nlacZ construct was similar to the

I .9H/N-nlacZ construct (Figure 5.9 E compared with Figure 5.I I G). However, later in

embryogenesis, in germ band retracted embryos, IacZTranscripts from embryos

homozygous for the 3.3C+ I.9H/Ìr{-nlacZ construct were observed in the CNS cells at lower

levels than the embryos carrying the 1.9H/N-nlacZ construct. The reason for this difference

between the I .9H/N-nlacZ and the 3.3C+ L9HI{-nlacZ constructs is unknown, but one

explanation may be the existence of a repressor element within the 3.3 kb CIaI fragment that

can downregulate IacZ transcription in the CNS cells late in cmbryogenesis. To observe the

.late CNS expression pattern from embryos homozygous for the 3.3C+1.9H/l{-nlacZ

construct, an extended incubation time was necessary for the alkaline phosphatase colour

reaction used to detect the digoxigenin labelled antisense lacZ RNA probe (see Chapter 2).

After the extended alkaline phosphatase reaction time, staining was observed in

endoreplicating gut tissue (Figure 5.1 I H). However, considerable background staining in

the embryonic gut was also observed i¡¡rl118 negative control embryos, that had been

treated by an identical procedure as embryos homozygous for the 3.3C+1.9H/l,l-nlacZ

construct (Figure 5" I I F). This experiment was repeated several times and each time,

extended alkaline phosphatase reaction times resulted in background staining in the negative

control embryos, making it difficult to determine whether rhe 3.3C+ l.9H/N-nlacZ construct

was truly expressing IacZin the embryonic gut. Whether cis-acting regulatory sequences

important for DmcycE transcription in the endoreplicating embryonic gut are located within

the 3.3 kb CIaI promoter fragment remains unclear, although the lack of lacZ transcripts in

the gut from embryos homozygous for the I6.4CIr{-nLacZ construct argues against this

possibility.

5.4 Analysis of DmcycE promoter-lacZ reporter constructs expression

during 3rd instar larval development.

Expression from DmcycEpromoter-ktcZ reporter constructs in 3rd larval instar

tissue was analysed by immunostaining to detect ß-galactosidase protein distribution. As

discussed above, this is not the preferred method for the detection of LacZ expression, as
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Figure 5.11 - CNS and endoreplicative gut IacZtranscription patterns from

endogenous promoter constructs.

(A) shows the wild type pattern of DmcycE transcripts and (B-H) shows the patter-n of
lacZÍanscripts detected via whole mount in situ hybridization using a DIG labelled

antisense DntcycE ot lacz RNA probe respectively. All embryos shown are

approximately embryonic late stage l2 or stage 13, except (G), which is embryonic stage

ll.

(A): wl 1 18 embryo showing the pattern of wild type DmcycE transcripts in the CNS

cells and endoreplicating gut. mg, midgut; hg, hindgut.

(B): Embryo homozygous for the L9H/N-nlacZconstruct, showing IacZtransclipts in

the CNS cells, but no transcripts in the endoreplicating gut.

(C): Ernbryo homozygous for the S.SK/N-nlacZ construct, showing IacZ franscripts in

the CNS cells, but no transcripts in the endoreplicating gut.

(D): Embryo homozygous for the 13.2N/IV-nlacZconstruct, showing lacZtranscripts in

the CNS cells, but no transcripts in the endoreplicating gut.

(E): Embryo homozygous for the 16.4CÃl-nlacZconstruct, showing lacZTranscripts in

the CNS cells, but no transcripts in the endoreplicating gut.

F): wl I I8 negative contlol embryo, that has been fixed and hybridized with the lacZ

antisense RNA probe, and stained at the same time as the embryo in (H). Background

staining, due to longer alkaline phosphatase colour reaction time, is visible in the

endoreplicating gut, making the gut staining in (H) difficult to interpret.

(G): Embryo homozygous for the 3.3c+ I.9H/1,'l-nlacZ constluct, showing lacZ

transcripts in the CNS cells, but no transcripts in the PNS cells or epidermal thoracic

patches.

(H): Embryo homozygous for the 3.3c+ I.9H/1,{-nlacZ construct, showing lacZ

transcripts in the CNS cells and possibly some transcripts in the endoreplicating gut. Note

that the alkaline phosphatase colour reaction time to examine staining in this embryo was

longer than the embryos hybridized with the same probe in (B-E).

All embryos show lateral views with anterior to the left and dorsal up
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perdurance of the ß-galactosidase protein may not accurately reflect the transcription pattern

from the promoter constructs. However, due to technical difficulties with RNA in situ

hybridization to dissected larval tissues, detection of lacZ expression by immunostaining

was used to determine the promoter construct expression patterns in these tissues.

5.4"1 Larval brain expression.

ß-galactosidase protein was detected in the optic lobe of the 3rd larval instar brain

from all of the promoter constructs shown in Figure 5.2, with the exception of the l.2N/N-

nlacZ constl'uct which was not analysed. Figure 5.12 shows the ß-galactosidase protein

distribution in bl'ains from larvae homozygous for the l.0H/E-TATA-nLacZ and the

l.9HIr{-nlacZ constructs, which are representative of all the promoter constructs analysed.

Staining was observed in the lamina, the inner and outer proliferative centres in a pattern

similar to both the wild type DMCYCE immunostaining pattern and the pattern of S phases

as detected by BrdU incorporation (Figure 5. t2 and Richardson et al., 1995). More

ß-galactosidase protein staining was apparent in lamina cells when compared to the

distribution of DMCYCE protein (Figure 5.128 and C compared with A). A simple

explanation for this difference may be greater stability of the ß-galactosidase protein, relative

to the DMCYCE protein resulting in an increase in the number of cells showing

ß-galactosidase protei n staining"

ß-galactosidase protein distribution in the lamina was more closely examined,

particularly in the lamina fbrrow where Gl to S phase progression of lamina precursor cells

is developmentally regulated by the innervation of photoreceptor axons from the developing

eye (Figure 5.13 A and Selleck et al., 1992). The sharp increase of ß-galactosidase protein

staining as cells progress from the outer proliferating centre into the lamina, is consistent

with increased DmcycE expression in S phase cells within the lamina furrow (Figure 5.12)"

To further examine the ktcZ expression pattern in lamina precursor cells, 3rd instar brains

from larvae homozygous for either the 1.0H/E-TATA-ttlacZ or the 5.5K/N-nlacZ constructs

were fluorescently stained for both the ß-galactosidase protein and the ELAV protein, which

is a marker for post mitotic neurons (Robinow and White, 1991). The distriburion of

ELAV allows the detection of neural cells that differentiate after cell division in the lamina

furrow. Analysis of these brain lobes by confocal microscopy clearly demonstrated that ß-

galactosidase protein was distributed throughout the lamina furrow (Figure 5.13 and data
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not shown)" As DMCYCE protein is detected in S phase cells that are migrating out of the

lamina furrow, this ß-galactosidase protein distribution pattern is seen in more cells than the

DMCYCE pattern. This difference in staining patterns may be due to perdurance of the

ß-galactosidase protein at a low level from the initial expression of krcZ in the cells of the

outer proliferative centre. Persistence of ß-galactosidase protein in these cells, as they

migrate into the lamina furrow, would account for the observed distribution of

ß-galactosidase protein in cells throughout the lamina furrow. Further analysis of the

distribution of lacZ mRNA transcripts is required to determine if the expression pattern from

these promoter constructs is more representative of wild type DmcycE transcription than is

indicated by this analysis.

ß-galactosidase protein was also detected in other regions of the blain and also in the

ventral ganglion from larvae homozygous for any particular promoter construct. The

pattern of IacZ expression in these other parts of the larval CNS, such as the ventral ganglia,

seemed to reflect the wild type patterns of S phase observed in this tissue (Figure 5.12 and

data not shown; Truman and Bate, 1988). These results raise the possibility that this 1.0 kb

HindIlI/EcoRI genomic fragment, which also drives DmcycU transcription in the embryonic

CNS cells, may be using the same regulatory element to control DmcycE transcription in

CNS cells during embryonic and 3rd instar larval development, and perhaps during other

developmental stages. Consistent with this hypothesis, lacZ expression was also observed

from the L9HI'{-nIacZconstruct in the proliferating CNS cells of Ist larval instar brains

(4. Gardiakos and H. Richardson, personal communication).

5.4.2 Larval eye imaginal disc expression.

The spatial array of cell cycle phases makes the 3rd larval instar eye imaginal disc an

ideal model for studying developmental regulation of the cell cycle (Figure 5.14 A).

DntcycE transcription and DMCYCE protein distribution reflects the pattern of S phases

seen in the eye disc. A band of DmcycE expression is observed just posterior to the

morphogenetic furrow (MF) coincident with S phases and DmcycE expression is absent in

Gl cells just anterior to the MF. More anterior cells in the undifferentiated region of the eye

imaginal disc are undergoing random cell division, and DmcycE transcription and S phase

patterns are observed in a subset of these cells (Figure 5.14 B and Richardson et aI., 1995).

Larvae homozygous for individual promoter constructs were examined to see if lacZ
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Figure 5.12' ß-galactosidase protein distribution in 3rd larval instar brain optic lobe and the CNS ventral ganglion

(A-C) show brain optic lobes from 3rd instar larvae. The IPC, inner proliferative centre; L, lamina; LPC, lamina precursor cells in the lamina furrow;
OPC, outer proliferative centre are shown. Note that the orientation of (A) relative to (8, C) is slightly different, such that the IpC is our of focus in (8,
C), and the OPC is visible in (8, C), but not in (A)
(A): Wild type brain optic lobe, stained using anti-DMCYCE antibody, showing DMCYCE prorein in rhe IPC, the lamina and the lamina precursor cells.
Staining is also detected in the OPC, but it is out of the plane of focus in this image. This image is taken from Richardson ¿/ al., 1995.
(B): Brain optic lobe from a 3rd instar Iarva homozygous for the L0H/E-TATA-nlacZheterologous promoter construct, stained using an
anti-ß-galactosidase antibody. ß-galactosidase protein is detected in the OPC, the IPC (out of the plane of focus) and throughour the lamina.
(C): Brain optic lobe from a 3rd instar larva homozygous for the l.9Hßrtr-ntacZ endogenous promoter construct, stained using an anti-ß-galactosidase
antibody. ß-galactosidase protein is detected in the OPC, the IPC (out of the plane of focus) and throughout the Iamina.
(D' E) show the CNS ventral ganglion from 3rd instar larvae. The vertical bar indicates the division between the thoracic and abdominal regions of the
ganglion, with the thoracic region to the left.

(D): Wild type CNS ventral ganglion, stained using an anti-DMCYCE antibody, showing DMCYCE protein predominantly in the proliferating neural
cells of the thoracic ganglion. The abdominal neural cells have ceased proliferating at this stage.

(E): CNS ventral ganglion from a 3rd instar larva homozygous for the 5.5K/N-ntacZ endogenous promoter construct. ß-galactosidase protein is detected
in a pattern similar to (D), predominantly in the thoracic neural cells. More cells may be staining in (E) when compared to (D), possibly due to rhe
perdurance of ß-galactosidase protein compared to DMCYCE protein, resulting in the progeny of the neural ceìls still containing ß-galactosidase protein.
In addition' the cells staining fbr ß-galactosidase protein appear to be larger than those shown in (D). This r¡ay be due to overstaining during the colour
reaction to detect nuclear ß-galactosidase protein distribution, causing the colour precipitate to leach out into the cytoplasm of these cells.
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Figure 5.13 - ß-galactosidase staining in the lamina furrow, from the

L 0 H/E -TATA- nlacZ heterologous promoter construct.

(A): schematic diagram of a confocal optical section through the optic lobe of the larval

brain, showing the lamina furrow (highlighted with x) Also shown are the cell cycle

phases throughout the lamina furrow. Anterior is to the left, aOPC=outer proliferating

centre, LA=lamina, OS=optic stalk. This figure is taken from Selleck et al." 1992.

(B-D), confocal optical section through a brain lobe, from a 3rd instar larva homozygous

for the 1.0H/E-TATA-nlacZ construct" The brain lobe is shown in a similal orientation as

the schematic in (A). x indicates the location of the lamina furrow and OS=optic stalk.

(B) shows ß-galactosidase protein distribution. (C) shows distribution of the ELAV

marker that stains posrmitotic neurons. (D) shows the merged image of (B) and (C),

showing that ß-galactosidase protein is visible throughout the lamina furrow. The regions

of yellow in (D) indicate co-location of ELAV and ß-galactosidase protein.

Note that the fluorescent staining observed in the left half of (B-D) is a region of the eye

imaginaldisc.
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Figure 5.14 - ß-galactosidase protein distribution in 3rd instar larvae eye irnaginal

discs"

(A): Schematic diagram of an eye-antennal imaginal disc, anterior to the right. The

rnorphogenetic furrow (MF), a band of Gl arrested cells anterior to the furrow and a band

of synchronous S phase posterior to the furrow are indicated. Asynchronously dividing

cells anterior to the MF are shaded grey"

(B-H) show eye imaginal discs from 3rd instar larvae, in the same orientation as the

schematic eye disc in (A). The arrow points out the location of the MF"

(B): Wild type eye imaginal disc, stained using an anti-DMCYCE antibody, showing

DMCYCE protein in a band of cells posterior to the MF, coincident with the band of
S phase. This image is taken from Richardson ¿t al., (1995).

(C): Eye imaginal disc homozygous for the L0H/E-TATA-nlacZ heterologous promoter

construct, stained using an anti-ß-galactosidase antibody. ß-galactosidase protein is

detected in what appears to the differentiating photoreceptor cells, posterior to the MF.

The gaps in ß-galactosidase protein near the MF are due to curvature of the eye imaginal

disc, such that staining cells are out of the plane of focus.

(D): Eye imaginal disc homozygous for the l.9H/N-nlacZ endogenous promoter

construct, stained using an anti-ß-galactosidase antibody. Some ß-galactosidase protein is

detected at the posterior edge of the eye disc, in cells of unknown origin (arrowheads).

ß-galactosidase protein is not detected in the remaining regions of the eye imaginal disc.

(E): Eye imaginal disc homozygous for the 2.9N-nIacZ endogenous promoter construct,

stained using an anti-ß-galactosidase antibody. ß-galactosidase protein is not detected.

(F): Eye imaginal disc homozygous for the 5.5K/N-nlacZ endogenous promoter

construct, stained using an anti-ß-galactosidase antibody. ß-galactosidase protein is

detected in what appears to the differentiating photoreceptor cells posterior to the MF.

(G): Eye imaginal disc homozygous for the I3.2Nî,'l-nlacZ endogenous promoter

construct, stained using an anti-ß-galactosidase antibody. ß-galactosidase protein is

detected in what appears to the differentiating photoreceptor cells, posterior to the MF"

(H): Eye irnaginal disc homozygous for the 16.4C/ll-nlacZ endogenous promoter

construct, stained using an anti-ß-galactosidase antibody. ß-galactosidase protein is

detected in what appears to the differentiating photoreceptor cells, but at a much lower

level than that observed in (C), (F) and (G). In addition to this staining, slightly increased

ß-galactosidase protein staining is observed just posterior to the MF.
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was expressed in the eye irnaginal disc. A very strong pattern of IacZ expression was

detected in the L0H/E-TATA-nlacZ heterologous promoter construct and in the 5.5K/N-

nLacZ and the 13"2N/l''l-nlacZ endogenous promoter constructs (Figure 5.14). This pattern

of expression bore little resemblance to the wild type DMCYCE expression pattern, as

ß-galactosidase protein was detected in what appeared to be all of the differentiating

photoreceptor cells. Just posterior to the MF, cells form into preclusters, consisting of the

differentiating R8, R2, R5, R3 and R4 photoreceptors cells. Once the fate of these cells has

been determined, the remaining cells then undergo cell division, in the synchronous S phase

posterior to the MF, as described above (Wolff and Ready, l99l). From these dividing

cells, the R l, R6 and R7 photoreceptor cells and other cells, such as pigment and cone

cells, are recruited to form the rest of the ommatidium (Wolff and Ready, l99l). DMCYCE

protein is observed in cells which surround the photoreceptor cell preclusters that undergo S

phase, but not in the differentiating R2-5 and R8 cells (Figure 5.14 and H. Richardson

personal communication). The ELAV marker used for larval brain analysis (section 5.4.1),

is expressed in photoreceptor cells as they differentiate, and is first observed in the R8 cell,

which is the first photoreceptor cells to be recruited into the precluster (Robinow and'White,

l99l). To confirm thatlacZ from the DmcycE promoter constructs was being specifically

expressed in the differentiating photoreceptor cells, larval eye discs homozygous for the

1.0H/E-TATA-nIacZ and the 5.SWN-nlacZ constructs were fluorescently stained for both

the ß-galactosidase protein and the ELAV marker and analysed by confocal microscopy.

Results from this experiment demonstrated that ß-galactosidase staining was coincident with

the ELAV marker (Figure 5. l5), confirming that lacZ was being expressed in photoreceptor

cells as they diffelentiate. In addition, ß-galactosidase staining was not detected in the cells

surrounding the photoreceptor cell precluster or in the asynchronously dividing cells

anterior to the MF where DMCYCE protein is normally detected (Figure 5.14 and 5.15).

As DMCYCE protein is not found in the differentiating R2-5 and R8 cells, this krcZ

exprcssion pattern is not a DmcycU expression pattern. The significance of this artefactual

expression pattern is discussed at the end of this chapter (section 5.5.2).

ß-galactosidase protein was also detected in eye discs from larvae homozygous for

the 16.4C/l'{-nlacZ construct in a pattern similar to that described above but at much lower

levels (Figure 5. l4 H). In addition, slightly more staining was observed in the cells just

posterior to the MF, in the region where DMCYCE protein is normally detected (Figule
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5.l4 H). Further fluorescent staining and confocal analysis is required to determlne

whether this ß-galactosidase staining is in cells that normally express DMCYCE, or in the

difforentiating photoreceptor cells as described above. The reduced staining in what

appeared to be the photoreceptor cells in the remaining cells posterior to the MF, was

interesting and may imply that some kind of repressing element that prevents expression in

photoreceptorcells is localized in the 3.2kb region between the 5'endof the 13.2NI{-

nlacZ construct, which has strong photoreceptor cell expression, and the 16.4C/N-nlacZ

construct. However, as mentioned above, only one transformant that expressed lacZ lrom

the 16.4C/N-nlacZ construct was obtained. Therefore, more independent transformants of

this construct should be examined before any firm conclusions about potential repressor

elements are made.

Analysis of eye discs from larvae homozygous for the I.9HI{-nIacZ, the 2.9N-

nlacZ (Figure 5.14D, E) and the 3.3C+ I.9Ht,l-nlacZ (data not shown) endogenous

promoter constructs showed no ß-galactosidase protein staining in the differentiating

photoreceptor cells. This result is curious as strong photoreceptor cell staining was

observed from the l.0H/E-TATA-nlacZ heterologous promoter construct (Figure 5.14 C

and Figure 5.15)" The DmcycE genomic fragment from this heterologous promoter

construct is contained within each of the I.gH/N-nIacZ, The 2.gH/N-nlacZ and the

3.3C+l.9H0ll-nlacZ constructs. Thus photoreceptor cell staining would have been

expected from these endogenous promoter constructs. These data suggest that there are

some differences between the heterologous hsp27 minimal promoter and the endogenous

DmcycE promoter, in driving IacZexpression in the differentiating photoreceptor cells. In

addition, ß-galactosidase staining from the 1.9H/l',|-nktcZ construct was observed in

unknown cells at the posterior edge of the eye imaginal disc (Figure 5.14 D). Curiously,

this staining pattern was not observed in larvae homozygous for either the 2.9N-nlacZ or

the 3"3C+L9H/N-nlacZconstruct. These results will be discussed in more detail at the ond

of this chapter (section 5.5.2).

5.4.3 Wing imaginal disc expression.

Cell proliferation in the wing imaginal disc begins during the first larval instar and

continues throughout the 2nd and 3rd larval instars (Madhaven and Schneiderman, 1911)

Cell division during the 3rd larval instar appears to occur asynchronously throughout the
l0l



Figure 5.15 - Confocal images of ß-galactosidase protein distribution in 3rd insrar

larval eye irnaginal discs, in comparison to the ELAV marker.

(A-C): confocal optical section of a 3rd instar larval eye imaginal disc from a larva

homozygous for the 1.0H/E-TATA-nlacZ heterologous promoter construct. Due to

curvature of the disc and the narrow confocal plane, some cells staining posterior to the

morphogenetic furrow (MF) are not in the optical plane. (A) shows ß-galactosidase

protein distlibution. (B) shows the distribution of the ELAV marker which stains

differentiating photoreceptor cells. (C) shows the merged image of (A) and (B), showing

that the ß-galactosidase ELAV marker staining patterns are coincident.

(D-F): confocal optical section of a 3rd instar larval eye imaginal disc from a larva

homozygous for the S.SK/N-nlacZ endogenous promoter construct" (D) shows

ß-galactosidase protein distribution. (E) shows the distribution of the ELAV marker. (F)

shows the merged image of (D) and (E). (F') shows a magnified section of the region

boxed in blue in (F), showing that ß galactosidase protein and ELAV are coincident, even

in the R8 photoreceptor cell (anows), which is the first to show the ELAV marker.

The arrow indicates the position of the MF.

AII images are shown with posterior to the left and anterior to the right.
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wing disc, although there may be small clusters of cells (2-10 cells) that undergo cell

division synchronously (Milan et a1.,1996). DMCYCE protein is detected in 3r'd instar

wing discs in cells scattered throughout the tissue in a pattern that reflects S phases (Figure

5. l6 A, and H. Richardson personal communication). Staining can also be observed in the

what appears to be the proliferating sensory organ precursorcells (SOP's; Figure 5.16 A),

which arise in a defined pattern (Huang et al.,l99l). Each SOP cell usually divides twice

to give rise to the cells that form an external sense organ. The first cell division of the SOP

cells that form in the wing imaginal disc begin late during the 3rd larval instar and the final

cell division ends early in pupal development (Huang et al., l99l; Hartenstein and

Posakony, 1989). Thus DMCYCE protein would be expected to be seen in these SOP cells

late in Iarval development.

ß-galactosidase protein distribution was examined in wing discs from larvae

homozygous fbr each of the DmcycE promoter constructs shown in Figure 5.2 (except the

l.2N/l'{-nlacZconstruct which was not anaìysed). Figure 5.16 shows the pattern of

ß-galactosidase protein distribution from larvae homozygous for the I3.2N/lrtr-nlacZ

consttuct, which is representative of the pattern seen for all of the endogenous promoter

constructs and a slightly different pattern for the 1.0H/E-TATA-nlacZ heterologous

promoter construct. ß-galactosidase protein was detected in only a subset of cells that

normally express DmcycE, in a pattern resembling SOP cell distribution in all of the

constructs analysed (Figure 5.16 B, C compared with A, and data not shown). The

smallest constructs in which this expression pattern was observed was the l.)H/E-TATA-

nlacZ heterologous promoter construct (Figure 5.16 B) and the I .9H/IV-nlacZ endogenous

promoter construct (data not shown). This indicates that cis-acting sequences required for

dliving DntcycE transcription in wing imaginal disc SOP's are located within the I .0 kb

HindIIUEcoRI Drncl,cE promoter fragment (summarized in Figure 5.18). As no ß-

galactosidase protein was detected in the remaining DMCYCE pattern, cis-acting regulatory

sequences necessary for DmcycE expression in the rest of the wing imaginal disc are likely

to be located outside of the 16.4 kb promoter region analysed in this study.

Wing imaginal discs from larvae homozygous for the 1.0H/E-TATA-nlacZ

heterologous promotel'construct also gave expression in a region additional to that seen for

wild type DrucycE expression. This additional expression was observed in a band of cells,

in the legion of the wing disc that forms either part of the ventral wing surface or the ventral
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hingeintheadultwing(Figure5.l6B). Itisunclearwhythisstainingisobserved,butas

it is not observed in any of the endogenous DmcycE promoter constructs analysed, this

staining may be an aberant pattern due to the heterologous hsp27 minimal promoter used in

the 1 .0H/E-TATA-nlacZ promoter construct.

5.4.4 Salivary gland expression.

The salivary glands form the giant polytene chromosomes that have been extensively

used for cytological mapping in Drosophila" To become polyploid, the cells in the salivary

gland undergo many rounds of endoreplication and in 3rd instar Iarvae, DMCYCE protein is

found in the endoreplicating nuclei of the salivary gland (Figure 5. l6 D)" To determine if
any of fhe DmcycE promoter constructs expressed lacZin the salivary glands, glands from

larvae homozygous for individual constructs were immunostained to detect ß-galactosidase

protein. lacZexpression was detected in salivary gland nuclei at high levels from larvae

homozygous for the 1.0H/E-TATA-nlacZheterologous promoter construct (Figure 5.16 E).

However, most of the endogenous promoter constructs did not express in 3rd larval instar

salivary glands (Figure 5.16 F and data not shown). Only the 13.2N/Ì,,1-nlacZ and the

3"3C+1.9H/N-nlacZ constructs showed a low level of IacZexpression (Figure 5.16 G, H,

and summarized in Figure 5.18). The 16.4C/N-nlacZ endogenous promoter construct was

not analysed. Thus as with the eye and wing imaginal discs, a difference in IacZ staining

pattern is seen between the minimal hsp27 heterologous promoter and the DmcycE

endogenous promoter. These differences will be further discussed at the end of this chapter

(section 5.5.2)"

5.5 Conclusions and Discussion.

5.5.1 Regulation of embryonic DmcycE transcription.

This chapter describes the pattern of lctcZ transcription from an initial series of

DmcycE promoter-/acZ reporter constructs. The expression patterns observed during

embryogenesis are summarized in Figure 5.17, along with conclusions about the location of

cis-acting regulatory sequences important for the regulation of DmqtcE transcription in

tissue specific patterns during embryogenesis.

This study demonstrated that zygotic DmcycE transcription during embryogenesis is
103



Figure 5.16 - ß-galactosidase protein distribution in wing and salivary glands from 3rd

instar larvae.

(A): Wing irnaginal disc from a wild type larva, stained using an anti-DMCYCE

antibody, showing DMCYCE protein in cells scattered throughout the disc. Staining can

also be detected in what appears to be the sensory organ precursor (SOP) cells, some of
which are indicated with arrows.

(B): Wing imaginal disc from a larva homozygous for the I.0H/E-TATA-nlacZ

heterologous promoter construct, stained using an anti-ß-galactosidase antibody.

ß-galactosidase protein is detected in a subset of the cells that are staining in (A) in what

appears to be the SOP cells lindicated by arrows, showing the same pattern as in (A)).

Additional staining is also observed (arowhead) that is not detected in the nomal

DMCYCE pattern shown in (A).

(C): Wing imaginal disc from a larva homozygous for the l3.2Nt,'l-nlacZ endogenous

promoter construct, stained using an anti-ß-galactosidase antibody" ß-galactosidase

protein is detected in a subset of the cells that are staining in (A) in what appears to be the

SOP cells (indicated by arrows, showing the same pattern as in (A)). The additional

ß-galactosidase staining observed in (B), is not seen in this disc.

(D): Wild type salivary gland, stained using an anti-DMCYCE antibody to show

DMCYCE protein in the endoreplicating nuclei. The fat body (FB) is also shown

attached to the salivary gland (SG).

(E): Salivary gland from a larva homozygous for the I.0H/E-TATA-nlacZ heterologous

promoter construct, stained using an anti-ß-galactosidase antibody. ß-galactosidase

protein is detected in the endoreplicating nuclei.

(F): Salivary gland from a larva homozygous for the 5.5K/N-nlacZ endogenous

promoter construct, stained using an anti-ß-galactosidase antibody. ß-galactosidase

protein is not detected in the salivary gland. Staining is observed in the fat body.

(G): Salivary gland from a larva homozygous for the I 3.2N/N-nlacZ endogenous

promoter construct, stained using an anti-ß-galactosidase antibody. Faint ß-galactosidase

staining is observed in the endoreplicating nuclei.

(H): Salivary gland from a larva homozygous for the 3.3C+ 1.9H/N-nlacZ endogenous

plomoter construct, stained using an anti-ß-galactosidase antibody. Faint ß-galactosidase

staining is observed in the endoreplicating nuclei.
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Figure 5.17 - Embryonic cis-acting regulatory element map.

Schematic diagram, showing a restriction enzyme map, the relative position of the Type I DmcycE transcript, the site of insertion of the p*rrrpPZ05278

P element insertion and the location of DmcycE promoter-lacZreporter constructs with respect to the map (similar to figure 5.2).

Also shown is a summary of the expression patterns of each promoter construct in various tissues including the epidermal tissue through mitotic cycles

14-16, the proliferating CNS cells, the proliferating PNS (in particular the thoracic and abdominal PNS), the head PNS (specifically including the

maxillary and labial head PNS neuroblasts, the epidermal thoracic patch cells in thoracic segments I and.2 (Tl and T2) and the endoreplicating gut tissue.

A '+' indicates transcription, a '-' indicates no transcription, a.'+/-'indicates low levels of transcription, a '?' indicates inconclusive result.

The location of important cis-acting regulatory elements, driving DmcycE transcription in particular tissues are indicated by the coloured bars.

The yellow bar indicates cNS and epidermal cis-acting regulatory elements.

The green bar indicates thoracic and abdominal PNS cis-acting regulatory elements.

The red bar indicates T1 and T2 epidermal thoracic patch cis-acting regulatory elements.

The blue bar indicates maxillary and labial head segment PNS cis-acting regulatory elements.

The purple bar indicates the possible location of endoreplicating gut cis-acting regulatory elements.
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regulated by a large and complex control region, consisting of multiple tissue specific cis-

acting regulatory elements. The sequences regulating DmcycE transcription in the early

ubiquitous pattern during cycles l4-16 and in the CNS cells are yet to be subdivided, and

are localized within a small I kb region immediately 5' from the start of zygotic Dntcyc|

transcription. Separate sequences required for regulating Dmcycï transcliption in the

proliferating PNS cells were also identified. Interestingly, the regulatory elements for

Dmcyçf, transcription in the PNS cells are subdivided into a region required for the

maxillary and labial head segment PNS neuroblast expression, and another region for

expression in the remaining thoracic and abdominal PNS cells. Also located in the same

large DNA fragment as the maxillary and labial PNS neuroblast cis-acting regulatory region,

are sequences required for DntcycE transcription in the epidermal thoracic patches. As

mentioned above, the location of these regulatory sequences is consistent with the DnrcycE

promoter deletion and genomic rescue analysis described in the previous two chapters.

Although it is clear that regulatory sequences are located within the fragments as

summarized in Figure 5.17 , it is important to note that as the promoter constructs analysed

here are contiguous promoter constructs, sequences in the remaining contiguous genomic

region analysed, could be required to act in combination with those indicated to ploduce a

particular tissue specific DmcycE expression pattern.

The location of cis-acting regulatory sequences necessary for driving DmcycE

transcdption in the endoreplicating gut tissue is not clear. lacZtranscripts were not

observed frorn any of the contiguous endogenous promoter constlucts analysed (see

above), suggesting that cis-acting regulatory sequences required for DntcycE transcription

in the endoreplicating gut are outside of this large region. Analysis of the 3.3C+ 1.9H/N-

nlacZ construct, suggested that gut expression may have been driven by this construct.

However, background staining was observed in the gut of negative control embryos, due to

the extended alkaline phosphatase colour rcaction used to detect ktcZ transcripts in the CNS

cells from embryos homozygous for the 3.3C+1.9H/-lV-nlacZ construct. Thus the presence

of IacZ transcripts in the endoreplicating gut from the 3.3C+ 1 .9H/N-nlacZ construct could

not be confirmed.

The 3.3 kb Clalgenomic fragment spans the insertion point of the Dmcyc¿P205278

P element mutation. This insertion results in dramatically reduced endoreplication in the

embryonic gut (Chapter 3). As mentioned in Chapter 3, the sequence flanking either side of
to4



this P element insertion, and thus within the 3.3 kb CIaI promoter fragment, contains

several potential E2F binding sites. Given that the E2F transcription factor either directly or

indirectly regulates DmcycE transcription in the embryonic gut (Duronio and O'Farrell,

1995; Royzman et al., 1997), this circumstantial evidence implies that the 3.3 kb ClaI

promoter fragment may have a significant role in regulating DmcycE transcription in this

tissue. Thus it is very important to resolve whether or not lhis DmcycE promoter fragment

can induce lacZreporter transcription in the embryonic gut.

5"5.2 Regulation of 3rd instar larval DmcycE transcription.

Analysis of the patterns of ß-galactosidase protein distribution produced from the

DmcycE promoter-la cZ rcporler constructs in 3rd instar larvae, revealed some interesting

patterns of expression that were not always consistent with the wild type pattern of DmcycÛ

expression" The patterns of IacZ expression that were most consistent with wild type

DntcycE expression were observed in the larval brain and CNS. These patterns of

expression were seen from larvae homozygous for each of the promoter constructs

analysed, indicating that the 1.0 kb HindIWEcoRI genomic fragment immediately 5' of the

start of zygolic DmcycU transcription contains cis-acting sequences that can drive DmcycE

in these patterns (summarized in Figure 5.18). This DmcycE genomic fragment can also

drive transcription in the embryonic CNS cells (summarized in Figure 5.17), suggesting

that the same cis-acting regulatory sequences control DmcycE transcription in the CNS

during embryonic and larval development. The larval brain and CNS ß-galactosidase

protein staining pattern was not exactly like that observed for DMCYCE protein

distribution, as ß-galactosidase protein was detected in more cells than would normally

express DmcycE, particularly in the lamina of the brain optic lobes. This difference in

staining patterns may be explained by perdurance of ß-galactosidase protein relative to

DMCYCE protein. Analysis of the pattern of IacZ transcripts by in situ RNA hybridization

is required to confirm that the distribution of ß-galactosidase protein accurately reflects

DmcycE transcription patterns. In all of the promoter constructs analysed, ß-galactosidase

plotein was also detected in a subset of wing imaginal disc cells, the SOP cells, that would

normally express DMCYCE. Thus, as for larval CNS expression, the 1.0 kb

HindIIUEcoRI genomic fragment contains sequences necessary for driving DmcycÐ
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Figure 5.18 - Larval cis-acting regulatory element map

Schematic diagram, showing a restriction enzyme map, the relative position of the Type I Dmc7,¿f transcript, the site of insertion of the DmcycEPZ\5278

P element insertion and the location of Dmcyc\ promoter-/a cZ reportü constructs with respect to the map (similar to figure 5.2).

Also shown is a summary of the expression patterns of each promoter construct in various tissues during 3rd instar larval development. These tissues

include the larval brain and CNS (represented by 'brain') and wing imaginal discs, from which only a subset of cells that normally express DmcycE were

detected, eye irnaginal discs, from which eye photoreceptor cell expression was detected, and the salivary gland. A '+' indicates expression, a ,-,

indicates no expression,a'+/-'indicates low levels of expression, N/D, indicates that expression in that tissue was not analysed.

The location of cis-acting regulatory elements for these various tissues are indicated by the coloured bars.

The yellow bar indicates the location of cis-acting sequences for regulating DmcycE larval brain and CNS expression.

The green bar indicated the location of cis-acting sequences for regulating a DmcycE expression in a subset of cells in the wi¡g imaginal disc, likely to be

the sensory organ precursor (SOP) cells.

The red bar indicates the location of cis-acting sequences which drive artifac ï¡al ?acZexpression in the differentiating eye photoreceptor cells. The

location of a proposed cis-acting element for repressing this artifactual expression pattern is also indicated.

The two different coloured purple bars indicate the location of cis-acting regulatory sequences for regulating expression in the endoreplicating nuclei of the

salivary gland. These two sequences overlap by 100 bp, perhaps indicating that this region of overlap is responsible for regulating this expression.
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transcription in this SOP imaginal wing disc pattern (Figure 5.18).

ß-galactosidase protein distribution was detected in a pattern similar to wild type

DMCYCE protein distribution in salivary glands from larvae homozygous for both the

1 3.2N/N-nLacZ and the 3.3C+ L9H/N-nIacZ endogenous promoter constructs, but at

reduced levels" This pattern of expression was not observed fiom any other endogenous

promoter construct analysed, including the 5.5K/N-nlacZ construct, indicating that both the

7.7 kb NheUKpnI and the 3.3 kb ClaI genonic fragments have cis-acting regulatory

elements that can drive DmcycE expression at low levels in endoreplicating salivary gland

nuclei (summarized in Figure 5.18). These two genomic fragments overlap each other by

100 bp, suggesting that this regulatory activity may be located in this region of overlap"

Alternatively, multiple cis-acting elements within both of these fragments may be driving

expression in the salivary gland. Further promoter dissection is required to resolve this. It

is also interesting that the 3.3 kb ClaI genomic fragment can drive transcription in the

endoleplicating salivary gland, given that it may also regulate Dmcycï transcription in the

endoreplicating embryonic gut, possibly suggesting that common cls-acting regulatory

sequences are being utilised in both tissues.

In a subset of the promoter constructs analysed, ß-galactosidase protein was also

detected in eye imaginal discs in the differentiating photoreceptor cells posterior to the

morphogenetic furrow" As described above, DmcycE expression is not normally observed

in these cells. This artifactual pattern of IacZ expression was only observed in larvae

homozygous for the 5.51{/N-nIacZ and the I 3.2N/N-nlacZ endogenous promoter

constructs, with reduced levels observed in larvae homozygous for the 16.4C/N-ntacZ

promoter construct" This indicates that cis-acting regulatory sequences that drive IacZ

transcription in the differentiating photoreceptor cells are located within the 2.6 kb

KpnUNcol DmcycE promoter fragment (summarized in Figure 5.18). This is the same

genornic fragment that contains important regulatory elements for driving Dmcyçf

transcription in some of the prolifelating PNS cells during embryogenesis (Figure 5.ll).
The plesence of such a striking artifactual expression pattern contrasts with the vast

majority of reporter construct patterns which are consistent with the wild type pattern of

DmcycE expression. One explanation for this artifact is that the cis-acting eye photoreceptor

cell element may be a repressing regulatory sequence which, taken out of wild type context,

becomes an activating sequence causing this non DmcycE like expression pattern. Another
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possible explanation is that the sequences responsible for embryonic PNS DncycE

transcription, may be causing this eye photoreceptor cell expression pattern by some type of

common neural regulatory mechanism. In this scenario, the PNS cis-acting element is

perhaps repressed during eye development in the wild type Dmcyc4 promoter by some other

regulatory sequence that is not present in the S.SKlN-nlacZ or The 13.2N/N-nlacZ

endogenous promoter constructs. This putative repressor element, maybe be located in the

3.2kb region between the 5'ends of the 13.2N/N-nlacZ and 16.4C/1,{-nlacZ promoter

constructs, as lacZ expression in eye photoreceptor cells is very reduced in larvae

homozygous for the l6.4Cî,'l-nlacZ conslruct (Figure 5.18). As only one independent

transformant of the 16"4C/1,'l-nlacZ construct could be analysed, this reduced ß-

galactosidase protein pattern needs to be confirmed from other independent insertions of this

construct before further conclusions about a cis-acting eye repressor element can be made.

It is interesting to note that the 3.2 kb fragment containing this proposed eye repressor

element (Figure 5.18), spans the insertion site of The DmcycEJP P element allele which

causes a rough eye phenotype in adults (see Chapter 3), providing further circumstantial

evidence that this region may regulate DmcycE transcription in the eye imaginal disc.

In larvae homozygous for the LgH/N-nlacZ endogenous promoter construct,

ß-galactosidase protein was detected at the posterior edge of eye imaginal discs. This

pattern of expression was not detected from similar promoter constructs such as the

2.9N-nIacZ or the 3.3C+ 1.9H/1,{-nlacZ. The reason for this additional pattern is unknown,

but may result from an artifactual or cryptic enhancer between the L9 kb HindIIUNcoI

promoter fragment and P element transformation vector sequences, or may result from a

regulatory element within the 1.9 kb HindlIUNcoI promoter fragment that is out of wild

type context. However, addition of DmcycU genomic sequences 5' of the 1.9 kb

HindllUNcoI fragment disrupts this cryptic regulatory element, resulting in loss of this

additional expression pattern.

Several differences in the larval lacZ expression pattems were observed between the

analogous l.9H/N-nlacZ endogenous promoter construct and the I .0H/E-TATA-nLacZ

heterologous hsp27 TATA minimal promoter construct. Differences in expression were

noted in the wing and eye imaginal discs and also in the salivary glands. For eye imaginal

discs and salivary gland expression, ß-galactosidase protein distribution was observed from

larvae homozygous for the heterologous promoter construct in the same pattern as larger
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endogenous promoter constructs, but these patterns were absent in larvae homozygous for

the endogenous /.9H/N-nlacZ construct (summarized in Figure 5.18). Thus the expression

differences in eye imaginal discs and salivary glands between these two sirnilar constructs,

is likely to be due to the different promoters used in these constructs. As the pattern of IacZ

expression from the heterologous promoter construct was the salne as larger endogenous

promoter constructs, important cis-acting regulatory elements are likely be located in the 1.0

kb HindIIUEcoRI DmcycE genomic fragment, which combines with the regions

summat'ized in Figure 5.18, to observe eye imaginal disc and salivary gland expression.

The requirement for this combination of sequences in the endogenous promoter constructs,

for eye imaginal disc and salivary gland lacZ expression, appears to be bypassed by the

presence of the hsp27 minimal promoter fragment in the l.0H/E-TATA-nlacZ heterologous

promoter construct" These results indicate the importance of using endogenous promoter

constructs for this type of promoter analysis.

In the wing imaginal disc, larvae homozygous for the I.0H/E-TATA-nlacZ and the

l.9HI'{-nlacZ construct both showed lacZ expression in cells that were thought to be

sensory organ precursor cells. However the I.0H/E-TATA-nlacZ had an additional region

of IacZ expression, that was not like wild type DMCYCE protein distribution and was nor

observed in any of the other endogenous promoter constructs analysed. This additional

expression pattern must be artifactual, possibly due to the hsp27 promoter fragment in the

1.0H/E-TATA-nktcZ promoter construct. This could be due to specific hsp27 promoter

sequences or the result of a novel regulatory element resulting from the fusion of the 1.0 kb

HindIIUEcoRr DmcycE promoter fragment and the hsp27 promoter. Analysis of

transformants of a hsp27 promoter-/acZ repor\er construct without DmcycU promoter

fragments, may distinguish between these possibilities.

The results flom the analysis presented in this chapter indicate that regulation of

DmcycE transcription during embryonic and larval development is complex with multiple

tissue specific regulatory regions. The DmcycE promoter spans a large region and seems to

integrate developmental signals through these multiple enhancer elements to drive the

DmcycE transcription pattern in many different tissues throughout development.
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CHAPTER 6 - The epidermal thoracic patches: trans-acting factors and

further enhancer dissection.

6"1 Introduction

The embryonic epidermal thoracic cells, refened to collectively as the epidermal

thoracic patches, are unique as they appear to undergo a lTth cell division while all other

epidermal cells exit the cell cycle after thé l6th mitosis. As described in chapter l,zygotic

DntcycE transcription is observed in a pattern that mirrors the S phases in the epidermal

thoracic patches" At this time, all other epidermal DmcycE transcription has been

downregulated to allow Gl arrest and differentiation" Phenotypic characterization of

embryos homozygous for a null DmcycE mutation (Knoblich et al., 1994) demonstrated that

zygotic DmcycE transcription is essential for S phase progression in the epidermal thoracic

patch cells in thoracic segment I and2 (Tl and T2), as the absence of zygotic DMCYCE

function results in cell cycle arrest prior to S phase. Induction of ectopic DmcycE

transcription from a heat shock inducible transgene during developmental stage I l, when

DmcycE transcription in the epidermal thoracic patches is normally observed, results in

ectopic S phases throughout the epidermis (Knoblich et aL.,1994). These observations

indicate that regulated zygotic DmcycE transcription is essential for the discrete pattern of

cell division in the epidermal thoracic patches"

Very limited analyses have been carried out on the epidermal thoracic patch cells,

and consequently the developmental fate of these tissues is unclear. It has been suggested

that a subset of the T I epidermal thoracic patch cells form either the anterior spiracles,

important for respiration in the larva, and/or the embryonic precursors of leg imaginal discs

(Bate and Martinez Arias, l99l ). It is also possible that some of these cells may form the

precursor of the dorsal prothoracic imaginal disc, which forms the humerus and the second

thoracic spiracle in the adult (Pedelty and Arking, l98l)" The dorsal prothoracic imaginal

disc is not histologically distinguishable until the 3rd larval instar, but is closely associated

with the larval anterior spiracle (Madhaven and Schneiderman, 1977; Pedelty and Arking,

l98l ), suggesting that the embryonic origin of the anterior spiracle and the dorsal

prothoracic disc may be similar. The discrete nature of these patches of tissue in the

thoracic region of the embryo suggests thaf DmcycÛ transcription in the epidermal thoracic

patches, and the resulting lTth cell cycle, may be regulated by developmental signals that
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specify the fate of this tissue. For example, the homeodomain protein encoded by the

Antennapedia (Antp) homeotic gene, is known to be expressed in the anterior spiracle

primordia (Martinez Arias, 1986), making Antp a candidate for regulation of anterior

spiracle fonnation. Similarly, the homeodomain protein encoded by the Distal-less (DII)

gene, is found specifically in the embryonic leg imaginal disc primordia (Cohen et al., 1989;

Cohen, I990). These patterning genes may therefore be regulators of DntcycE transcription

in this tissue" In addition, other genes involved in dorsal/ventral patterning, such as

cleca¡tentaplegic (dpp), or in anterior'/posterior patterning, such as the segment polarity genes

wingless (wg) and engraiLed (en), could also be involved in regulating epidermal thoracic

patch formation and DmcycE transcription.

This chapter describes further analysis of DmcycE transcription in the epidermal

thoracic patches, in an attempt to reveal connections between developmental signals and

DmcycE transcription and thus cell cycle regulation. This analysis includes dissection of

cis-acting l'egulatory sequences that control DmcycU transcription and the characterization of

potential trans-acting regulators of DmcycE transcription in the Tl and T2 epidermal thoracic

patchcs.

6.2 Epidermal thoracic patch DmcycE promoter-lacZ reporter constructs.

DmcycE promoter-/a cZ reporler construct analysis presented in the previous chapter

demonstrated that cis-acting regulatory elements important for driving DmcycE transcription

in the Tl and T2 epidermal thoracic patches are located within al.1 kb NheIlKpnI DmcycE

genomic fragment (summarized in Figure 5.ll). Additional DmcycE promoter-/acZ reporter

constructs, utilising either endogenous or heterologous promoters, were made in an attempt

to further localize the sequences regulatingDmcyc| transcription in this tissue. As well as

further defining these cis-acting sequences, it was hoped that the heterologous plomoter

constructs would separate the epidermal thoracic patch cell regulatory sequences from other

tissue specific control elements located in the endogenou s DmcycE promoter constructs as

described in Chapter 5. This would allow easier characterization of expression in the

epidermal thoracic patches and of potential trans-actingregulators of DmcycE transcription.
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6.2.I Generation of IacZ reporter constructs.

a) Cloning of constructs.

Five new DmcycE promoter-/¿cZ reporter constructs were generated to analyse Tl
and T2 DntcycU epidemal thoracic patch transcription (Figure 6.l). Initially, a 7.0 kb

EcoRI genomic fragment derived from DntcycE genomic cosmid clones was subcloned into

¡tBluescrip¡Ilin both orientations. This 7.0 kb EcoRI fragment spanned most of the 7.7 kb

NheUKpnI genomic fragment that contained Tl andT2 epidermal thoracic patch enhancer

activity, with the exception of 800 bp at the 3' end of the NheUKpnI fragment (Figure 6.1)

and was a convenient fragment to use to further dissect thel.7 kb NheUKpnI regulatory

region" In addition, a7.7 kb HindIII genomic fragment was subcloned from cosmid DNA

and used to generate lacZ reporter constructs, that spanned the 3' half of the I .7 kb

NheUKpnI genomic fragment (Figure 6.1). None of the DmcycÐ promoter-/acZ reporter

constructs generated from these two genomic fragments contained the complete 7.7 kb

NheUKpnI epidermal thoracic patches cis-acting regulatory region (Figure 6.1). However,

as all of theT.7 kb NheUKpnI sequences were represented, the new constructs were

expected to be effective in further dissecting the T1 andT2 epidermal thoracic patches

regulatory region.

The 7.0 kb EcoRI fragment was used to make the heterologous promoter constructs

(Figure 6.2 and 6.3) and the 3.3H/E+1.9H/l{-nlacZendogenous promoter construct (Figure

6.4). A SnaBI restriction enzyme site located 200 bp from the 3' end of the 7.0 kb EcoRI

subclone was a convenient site to use for generation of the heterologous promoter

constructs, making the 3.I H/BI-TATA-nIacZ sltghtly smaller than the analogous

3.3H/E+ 1 .9H/N-nlacZ endogenous promoter construct (Figure 6. I ). The I .7 kb HindIII

fragment was used to make the 7.7H+ I .9HQ,l-nlacZ endogenous promoter construct

(Figure 6.5). This construct is almost contiguous, but lacks a 300 bp fragment located 3' to

the 7 .7 kb HindIII fragment (Figure 6. I )" The endogenous promoter constructs were

generated in the pBST-1.9H/N-nlacZ plasmid described in Chapter 5. The heterologous

promoter constructs were generated in tbe pBST-TATA-nlacZ plasmid also described in

Chapter 5. Once these constructs were generated in the pBluescrip¡-derived nLacZ plasmids,

each construct was excised and cloned into the pCaSpeR4 P element transformation vector.

The cloning strategies for this series of constructs are outlined in Figures 6.2,6.3,6.4 and
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Figure 6.1 - Epidermal thoracic patch DmcycE promoter-iacZ reporter construct map.

Schematic diagram showing DmcycE genomic map with the relative locations of the zygotic Type I DmcycE transcript and the DmcycEPZ05278 p element

mutatlon.

The13.2N/l'l-nlacZ,the5.5K/N-nlacZandthe I.9H/N-nlacZendogenouspromoterconstructsareshownwithadescriptionof their IacZtranscription

patterns in the epidermal thoracic patches, as described in Chapter 5. Analysis of the expression patterns from these constructs defined a 1 .1 kb NheIl KpnI

DmcycE genomic fragment as having important cis-acting sequences for regulating DmcycE transcription in the epidermal thoracic patches. This region is

indicated by the red bar.

Five new DmcycE promoter-/dcZreporTer constructs that subdivide this 7.7 kb NheIlKpnlgenomic fragment are shown. The new constructs are shown

beneaththeredbarandincludethe3.3H/E+1.9H/l"l-nlacZandtheT.TH+1.9H/N-ntacZendogenouspromorerconstructsandthe 3.lH/BI-TATA-nlacZ,the

3.78/H-TATA-nlacZ and the 6.88/BI-TATA-nlacZ heterologous promoter constructs.
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Figure 6.2 ' Cloning scheme for the generation of the 3.78/H-TATA-nIacZ heterologous promorer construct.

For simplicity, only the insert and polylinker sequences are depicted in this diagram, with the grey dotted line representing the rest of the vector. All
represented DNA is to scale, with the exception of the polylinker (shown in grey) and the approximately 100 bp Xbalfragmenr, which consists of a TATA-

containing minimal hsp27 promoter. The TATA box within this promoter is represented by the red box. The lacZ gene is represented by a blue bar, and the

nuclear localisation signal is represented by a green box. Also note that not all polylinker sites of pBl uescriptll are shown in this figure. The restriction

enzyme sites cut during the cloning steps are highlighted in red (for construct generation) or green (for excision into pCaSpeR4). End filled HindIII sites are

denoted HindIII*

A map of the pBST-TATA-nlacZ plasmid utilised here can be seen in Figure 5.1.
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Figure 6.3 ' Cloning scheme for the generation of the 6.88/BI-TATA-nlacZ and 3.lH/BI-TATA-ntacZheterologous promoter consrructs.

For simplicity, only the insert and polylinker sequences are depicted in this diagram, with the grey dotted line representing the rest of the vector. All
represented DNA is to scale, with the exception of the polylinker (shown in grey) and the approximately 100 bp Xbalfragment, which consists of a TATA-
containing minimal hsp27 promoter. The TATA box within this promoter is represented by the red box. The lacZ gene is represented by a blue bar, and the

nuclear localisation signal is represented by a green box. Also note that not all polylinker sites of pBl uescriptll are shown in this figure. The restriction

enzyme sites cut during the cloning steps are highlighted in red (for construct generation) or green (for excision into pCaSpeR4).

A map of the pBST-TATA-nlacZ plasmid utilised here can be seen in Figure 5.1.

The generation of the pBST-7.0E plasmid utilised here is outlined in Figure 6.2.
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Figure 6.4 'Cloning scheme for the generation of the 3.3H/E +1.9H/E-nlacZ endogenous promoter construct.

For simplicity, only the insert and polylinker sequences are depicted in this diagram, with the grey dotted line representing the rest of the vector. All
represented DNA is to scale, with the exception of the polylinker (shown in grey). The IacZ gene is represented by a blue bar, and rhe nuclear localisation

signalisrepresentedbyagreenbox. NotethatnotallpolylinkersitesofpB/uescriptllareshowninthisfigure. Therestrictionenzymesitescutduringthe

cloning steps are highlighted in red (fbr construct generation) or green (for excision into pCaSpeR4). Also note that the 3.3 kb HindIlI/EcoRI and the L9

kb HindIIUNcoI promoter fragments are separated by a small region of polylinker sequence.

The pBST-7.08R clone is the same DmcycE genomic fragment shown in Figure 6.2 and,6.3, but cloned in the reverse orientation into pBluescript II
A map of the pBST-L.9H/1,{-nlacZ plasmid utilised here can be seen in Figure 5.6.
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Figure 6.5'Cloning scheme for the generation of the 7.7H+L9H/E-nIacZ endogenous promorer construct

For simplicity, only the insert and polylinker sequences are depicted in this diagram, with the grey dotted line representing the rest of the vector. All
represented DNA is to scale, with the exception of the polylinker (shown in grey). The IacZ gene is represented by a blue bar, and the nuclear localisation

signal is represented by a green box. Note that not all polylinker sites of pBluescriptll are shown in this figure. The restriction enzyme sites cut during the

cloning steps are highlighted in red (for construct generation) or green (for excision into pCaSpeR4).

A map of the pBST-L.9H/l''l-nlacZ plasmid utilised here can also be seen in Figure 5.6.
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6.5. The identity of plasmid clones was verified during each cloning step by digestion with

appropri ate restliction enzymes.

b) Generation of transgenic flies.

Transgenic flies containing DmcycE promoter-lacZ repofter constructs were

generated by P element mediated germline transformation by the method outlined in Chapter

5. Multiple independent, homozygous viable transformant lines werc obtained for each

construct shown in Figure 6. l, except for the 6"88/BI-TATA-nlacZ construct (see Table 6. I

for a transformant summary). The single transformant obtained for the

6.88/BI-TATA-nlacZ construct was mobilizedby providing a source of P element

transposase to generate other homozygous viable insertions to counter the possibility that

this particular transformant could be affected by chromosomal position effects (Table 6. I ).

Table 6.1: Summary of transformants obtained for the epidermal thoracic

patch DmcycE promoter-lacZ reporter constructs.

CONSTRUCT X chromosome

TRANSFORMANTS

2nd chromosome 3rd chromosome

3.lH/Bl-TATA-nlacZ

3.78/H-TATA-nlacZ

6.88/BI-TATA-nlacZ

3.3H/E+ I.9H/N-nlacZ

7.7H+ l.9H/N-nlacZ

25.4

4.1

l5.ll

20.2,25.9

20.2. t.3, t.l2I
5 1.6

29.2" 27.lT

15.4, 15.2Ï

25.2.2

1.4, 4.1

lx

33.1

15.1, l3.lT

T= homozygous lethal transformant

*= transformant generated by P element mobilization from original transformant

6.2.2 Analysis of epidermal thoracic patch DmcycE promoter-lacZ reporter

construct expression.

a) lacZ transcription in the epidermal thoracic patches.

Embryos homozygous for each of the five DmcycE promoter-lacZ reporter

consttucts generated above were analysed for lacZtranscription by whole mount in situ
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hybridization using a DIG labelled lacZ anfisense RNA probe. The lacZ transcription

patterns were compared to the Tl andT2 DmcycU epidermal thoracic patch transcription

patterns" As epidermal DmcycE expression in the 3rd thoracic segment is difficult to

observe, it was not included in this analysis. No epidermal Tl or T2 epidermal thoracic

patch lacZ transcripts were detected in stage I I embryos homozygous for the 3.78/H-

TATA-nlacZ heterologous promoter construct (Figure 6.6 B)" IacZ Íranscripts from this

construct were also observed in other tissues (described below). Transfolmant embryos

homozygous for each of the remaining four DmcycE promoter-lacZ reporter eonstructs

showed IacZ expression in only a subset of the cells that normally express DntcycE in either

the Tl or'12 epidermalthoracic patches. Embryos homozygous for the 3.lH/BI-TATA-

nlacZ heterologous promoter construct gave the smallest pattern of epidermal thoracic patch

transcription in the lst thoracic segment (Tl) (Figure 6.6 D). LacZwas expressed from this

construct in fewer Tl cells in the anterior/posterior axis compared to the wild type DmcycU

transcription pattern, with these cells appearing to lie in the posterior region of T l. No IacZ

transcripts were observed in the 2nd thoracic segment (T2) of these embryos (Figure 6.6

D). Stage I I embryos homozygous for the 6.BE/BI-TATA-n\acZ heterologous promoter

construct had a pattern of expression similar to that described for the 3.lH/BI-TATA-nlacZ

construct, but the size of the IacZ expressing domain of cells in T I appeared to be slightly

wider in the anterior/posterior axis (Figure 6.6 F). However, the number of IacZ

expressing cells was still less than the number of cells observed to express DmcycE inTl
epidennal cells in wild type embryos (Figure 6.6 A). In addition to IacZ transcription in Tl,

a small group of less intensely staining cells were observed in T2 of these embryos (Figure

6.6 F)" This additional staining makes the pattern of expression from the 6.88/BI-TATA-

nlacZ construct more similar to the wild type DmcycE transcription pattern, although it is

still not a complete DmcycE epidermal thoracic patch transcription pattern.

The patterns of epidermal thoracic patch transcription observed in embryos

homozygous for either the 3.3H/E+ I .9H/N-nlctcZ or the 7.7H+ I .9H/N-nlacZ endogenous

DmcycE promoter constructs were very similar to each other (Figure 6.6 C,E). lacZ

transcripts were observed in T I in a pattern similar to that of the 3" I H/BI-TATA-nlacZ

construct described above (Figure 6.6 A, C, D, E). However, in addition to this pattern,

IacZ transcripts were also observed in T2. These T2 cells were less intensely stained than

T I cells and again, the number of cells expressing lacZ appeared to be less than the number
l13



Figure 6.6 - Epidermal thoracic patch transcription patterns from DntcycE promoter-lacZ
reporter constfucts

(A) shows the wild type pattern of Dmcycï transcription, (B-F) shows the pattern of IacZ
transcription detected by whole mount in situ hybridization using DIG labelled antisense

DmcycE or LacZ RNA probes respectively. All embryos shown are at embryonic stage I l,
anterior to the left, dorsal up, showing epidermal transcription in the lst and 2nd thoracic
segments.

(A):- w|118 ".5.y6 showing the wild type pattern of Dmcycltranscription in the epidermal
thoracic patches. Tl, lst thoracic segment; T2,zndthoracic segment.

(B):- Embryo homozygous for the 3.78/H-TATA-nIacZ heterologous promoter construct. No
ktcZ transcripts are detected in Tl or T2 in an epidermal thoracic patch pattern" However,
transcripts are detected in the proliferating PNS (anows). Also see Figure 6.7.
(C):- Embryo homozygous for the 3.3H/E+ I.9H/l{-nlacZ endogenous promoter construct.
IacZ transcripts are detected in the epidermal thoracic patch in Tl, however the number of cells
expressing lacZ appears to be less than the number of Tl cells expressing DmcycE in (A)"
Lower levels of lacZ transcripts are also detected inT2"
(D):- Embryo homozygous for the 3.lH/BI-TATA-nIacZ heterologous promoter construct.
lacZ ttanscripts are detected in the epidermal thoracic patch in T l, but again the number of cells
expressing IacZ is less than the number expressing DmcycE in (A). No lacZ transcripts are

observed inT2.
(E):- Embryo homozygous for the 7.7H+ I.9H/N-nlacZ endogenous promoter construct. IacZ
transcripts are detected in the epidermal thoracic patch in a pattern similar to that seen in (C).
(F):- Embryo homozygous for the 6.88/BI-TATA-nlacZ heterologous promoter construct. lacZ
transcripts are detected in the epidermal thoracic patch in Tl, again in fewer cells than observed
for the wild type DmcycE transcription pattern (A). However, more cells appear to express IacZ
in embryos homozygous for this construct than in embryos homozygous for the 3.lH/BI-
TATA-nlucZ construct (D)" In addition, IacZ transcripts are observed at a reduced level in T2 in
comparison to (A)"
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of epidennal thoracic patch cells expressing DmcycÛ in wild type embryos (Figure 6"6 A,

C, E).

These data demonstrate that the regulation of DnrcycE transcription in the epidermal

thoracic patches is complex, with more than one regulatory region required to drive

tlanscription in a complete epidermal thoracic patch pattern. The results from this analysis

will be discussed firther at the end of this chapter and are surnmarized in Figure 6.17"

b) Other embryonic lacZ transcription.

From the results presented in previous chapters, it was concluded that cis-acting

elements necessary for regulatin g DmcycE transcription in the maxillary and labial PNS

neuroblasts wel'e located in the 7.7 kb NheUKpnl DmcycÛ genomic fragment, the same

fragment identified as containing epidermal thoracic patch cls-acting regulatory elements

(Figure 4.4 and 5"17) Therefore it is was not surprising to find that the constructs generated

for analysis in this chapter showed maxillary and labial neuroblast lacZ expression in

addition to the epidermal thoracic patch patterns described above. However, additional lacZ

transcription patterns were also observed. These lacZtranscription patterns will be

described for each construct.

The 3 . 7 E / H - TAT A - nl ac Z heter olo gous pr omoter cons truc t.

Embryos homozygous for the 3.78/H-TATA-nlacZ construct showed no epidermal

thoracic patch transcription, but did show maxillary and labial neuroblast transcription, as

well as lacZtranscription in other complex patterns. ktcZfranscripts were initially observed

early in embryonic development in all cells of the cellular blastoderm, but with higher lacZ

tlanscript levels in a broad central stripe (Figure 6.7 A). Later, in stage 7-8 embryos this

broad stripe of epidermal staining was refined to smaller stripes in alternating segments,

similar to a pair rule pattern, with higher levels of lacZ transcripts observed in the posterior

region of the embryos (Figure 6.1B). This distribution of IacZtranscripts in epidermal

cells is not like fhe DmcycE transcription pattern. Possible explanations for this pattern will

be discussed at the end of this chapter. At embryonic stage 9-10, the pail rule-type pattern

was observed to fade and high-levels of IacZ transcripts were detected in the maxillary and

labial head segments and in a region that most likely corresponds to part of the antennal head

segment. Transcripts were also seen in cells that may correspond to the precursors of PNS
1t4



neuroblasts in the thoracic and abdominal region of the embryo (Figure 6.7C, D). By

embryonic stage I I (full germ band extension), high levels of lacZ transcripts were

observed in the dividing PNS neuroblasts throughout the embryo, in a pattern similar to

wild type DntcycU transcription in the PNS (Figure 6;7 E-G). In addition to this, lower

levels of IacZ transcripts were observed in a subset of the CNS cells that would normally

express DmcycU at this stage of development (Figure 6.7 E-G). This strong PNS

transcription pattern was not observed later in germ band retlacting embryos, and no IacZ

transcripts were observed in the CNS or PNS cells of germ band retracted embryos (data

not shown).

The 3. I H /B I -TATA - nl acZ heter olo gous promoter co n s truct.

In contrast to the 3.78/H-TATA-nlacZ construct, no lacZ transcripts were detected in

early embryos homozygous for the 3.lH/BI-TATA-nlacZ construct. The first detectable

transcription pattern was in a subset of cells in the epidermal thoracic patch in TI of late

stage l0 embryos (Figure 6.8 A). This initial pattern of epidermal thoracic patch

transcription consisted of only a few cells, but at later stages (to embryonic stage I l), more

cells expressing lacZ were observed in the Tl epidermal thoracic patch (Figure 6.8 B and C,

compared with Figure 6.6 D)" A similar increase in the number of cells expressing DmcycU

in the Tl epidermal thoracic patch of wild type embryos progressing from embryonic stage

l0 to stage I I was observed (data not shown).

In addition to epidermal thoracic patch cells, IacZ ftanscripts were observed in the

PNS neuroblasts of the maxillary segment, at lower levels in the labial head segment and in

l-2 additional cells per segment. These additional cells appeared to be PNS precursor cells

in the thoracic and abdominal segments (Figure 6.8 B, C). LacZ tlanscripts were also

observed at lower levels in some proliferating CNS cells (Figure 6.8 B, C). In late stage

I l-early stage l2 embryos (beginning of germ band retraction), the level of lacZtranscripts

in the CNS cells increased (Figure 6.8 C, D, F). However, this CNS pattern is incomplete

as expression is absent in the most posterior segments of the embryo (6.8 D, G, H) and

lacZfranscripts were observed in fewer cells, particularly in the thoracic segments (Figure

6.8 E compared with F and, I compared with J). IacZ transcripts in the CNS pattern were

still detected in late stage 12 and stage l3 embryos (Figure 6.8 H, J)"

l15



Figure 6.7 'lacZ exprcssion pattern from the 3.78/H-TATA-nIacZ heterologous promoter

construct"

All embryos are homozygous for the 3.78/H-TATA-nlacZ heterologous construct, showing the

pattern of ktcZ transcription detected by whole mount in situ hybridization using a DIG labelled

antisense lacZRNA probe. All embryos are lateral views, anterior to the left and dorsal up

unless otherwise stated.

(A):- Stage 5, cellular blastoderm embryo. lacZ tanscripts are detected throughout the embryo,

but are detected at higher levels in a broad stripe in the middle of the embryo.

(B):- Stage 7-8 embryo" LacZ transcripts are detected in the epidennis in a striped pattern,

similar to pair rule genes. Higher levels of transcripts are detected in the posterior of the

embryo.

(C):- Stage 9- l0 embryo. Decreased levels of IacZ transcripts are detected in the epidermal

striped pattern.

(D):- Stage l0 embryo, slightly ventral view. IacZ transcripts are detected in the antennal (a),

maxillary (mx) and labial (lb) head segments, as well as in what may be PNS precursor cells

(arrowheads).

(E):- Stage I I embryo. High levels of IacZ transcripts are detected in the proliferating PNS in a

pattern similar to wild type DmcycE transcription, including the antennal (a), maxillary (mx)

and labial (lb) head segments.

(F):- Stage I I embryo, slightly dorsal view. lctcZ transcripts are detected in the ploliferating

PNS, as well as at a low level in a small number of CNS cells that would normally express

DmcycE (arrowheads).

(G):- Stage I I embryo, dorsal view. IacZ transcripts are detected in a small subset of the CNS

cells (arrowheads) that would normally be expressing DmcycU (compare with (F)). AIso note

that no LacZ transcripts are detected in the brain lobes.
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Figure 6.8'LacZ expression pattern from the 3"lH/BI-TATA-nlctcZ heterologous promoter
construct"

(A-D, F-H, J) show the pattern of lacZ transcription from embryos homozygons for the
3.lH/BI-TATA-nlacZ heterologous promoter construct and (E, I) show the patrern of DntcycE
transcription fiorn wild type embryos, detected by whole mount in.situ hybridization using DIG
labelled antisense IacZ or DmcycE RNA probes, respectively. (4, G) show embryos at higher
rnagnifications than the other embryos shown. All embryos are anterior to the left and dorsal up
unless otherwise stated.

(A):- Late stage l0 embryo. IacZtranscripts are detected in a small subset of cells in the Tl
epiderrnal thoracic patch. Note that this patch of cells is smaller than those shown in (B) and
Figure 6.6 D. No other IacZ exptession is evident.
(B):- Slightly ventlal view of a late stage lO/early stage I I ernbryo (older than the embryo in
(A)). Transcripts are observed in a subset of Tl epidermal thoracic patch cells, with more cells
staining than observed in the embryo in (A). A low level of IacZ expression is also observed in
the CNS cells (arrows), and a few PNS cells (arlowhead).
(C):- Stage I I embryo. I.acZtanscripts are detected at higher levels in the CNS compared to
(B)" PNS cells in the maxillary (mx) and labial (lb) head segments show lacZexpression, with
mote staining in the maxillary than the labial segment. Transcripts are also observed in I or 2
cells per segment in the thoracic and abdominal PNS (arowheads), and in a subset of Tl
epidermal thoracic patch cells.
(D):- Early sr,age 12 embryo. lacZffanscripts are detected in the CNS cells and also in the PNS
cells of the maxillary (mx) and labial (lb) head segments, with more staining in the maxillary
than the labial segment. Transcripts arc no longer observed in the epidermal thoracic patch or
the in thoracic and abdominal PNS (compare with (C)). Note that CNS expression appears to
be absent at the posterior end of the germband (bracketed)"
(E):- Ventral view of an early stage l2 embryo. DmcycE transcripts are detected in a wild type
pattern in the cNS cells. The thoracic region of the embryo is bracketed.
(F):- Embryo at approximately the same age and orientatiorr as the embryo in (E). tacZ
transcripts are detected in a subset of the CNS cells that would normally be expressing Dntcyc4,
palticularly in the thoracic region of the embryo (which is bracketed) compared to (E).
(G):- Dorsal view of a stage l2 embryo. lacZ transcripts are detected in CNS cells. Note the
absence of expression in the posterior region of the germband (bracketed).
(H):- Dorsal view of an older stage l2 embryo compared with (G). lacZ transcripts are detected
in the CNS cells. Note the strong expression in the brain Iobes and the absence of CNS
expression in the posteriol legion of the germband (bracketed).
(I):- Ventral view of a stage l3 embryo. DmcycE transcripts are detected in a wild type pattern
in the CNS cells. The thoracic region is bracketed.
(J):- Embryo at approximately the same age and orientation as the embryo in (I). tacZ
transcripts are detected in a subset of the CNS cells that would normally be expressing DmcycE,
particularly in the thoracic region of the embryo (which is bracketed) cornpared with (J).
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T he 6. I E/ B I - TATA - n I acZ heter olo gous pr omoter c onstr uct.

The additional lacZ expression patterns observed from embryos homozygous for the

6.88/BI-TATA-ttlacZ construct were an interesting combination of the patterns fr.om the

3.78/H-TATA-nlacZ and 3. 1H/BI-TATA-nlacZconstructs. Initially, lacZtranscrìpts were

observed in stage 5 embryos throughout the cellular blastoderm. However, this exprcssion

was reduced in two stripes in the middle of the embryo (Figure 6.9 A) and was unlike the

strong broad stripe of lacZ expression seen in embryos homozygous for the

3.70/H-TATA-nlacZ construct (Figure 6"1 A). During embryonic srage 7-8 (beginning of
germ band extension), epidermal IacZ transcripts appeared to be concentt'ated morc in the

posterior half of the embryo (Figure 6.9 B) as also seen with the 3.7H/E-TATA-nlacZ

construct (Figure 6.7 B). However, the pair rule-type IacZtranscription pattern seen for the

3.78/H-TATA-nlacZ construct was not observed for the 6.88/BI-TATA-nlacZ construct. In

Iater embryos (embryonic stage 9-10), lacZtranscripts in the epidermis disappear and a

srnall patch of cells of unknown origin stain in the head region (Figure 6.9 C). The pattern

of IacZ transcripts detected in these embryos from stage I I to stage 13 appears to be the sum

of the patterns observed from the 3.78/H-TATA-nIacZ and the 3.I H/BI-T'ATA-nlacZ

constructs (Figure 6"9 D-I). lacZ tt'anscripts were observed in the antennal, the maxillary

and the labial head segment PNS neuroblasts, and also in the thoracic and abdominal

proliferating PNS (Figure 6.9 D-F)" This pattern was not seen in the proliferating rhoracic

and abdominal PNS of early stage l2 embryos, similar to that observed for the 3.78/H-

TATA-nlacZ construct" However, PNS cell expression in the maxillary and labial head

segments (and presumably the antennal segment, obscured by brain expression) was still

observed (Figure 6.9 G). Staining was also observed in the CNS in a pattern similar to that

described above for the 3.1H/Bl-TATA-nlacZconstruct (Figure 6.9 D-I) and also in the

subset of epidermal thoracic patch cells as described above (Figure 6.9 D, E).

The pattern of lacZ transcripts detected in embryos homozygous for.either of these

two constructs was similar to the I .9H/N-nlctcZ endogenous promoter constructs, as both

showed lacZexpression in epidermaltissue during mitotic cycles l4-16 (Figure 6.10 A, B,

and data not shown), and also in the dividing cells of the CNS in a patter.n similar to that

observed for wild type DmcycE transcription (Figure 6.10 C-J). How ever, lacZ transcripts
116



were detected in CNS cells in the most posterior region of the embryo at lower levels than in

more anterior segments (Figure 6.10 E-H). This CNS expression pattern is consistent with

the combined expression patterns driven by the 3.1 kb HindIIUSnaBI DntcycE genomic

fragment and the 1.0 kb HindIIUEcoRI genomic fragment (Summarized in Figure 6.18). In

addition to these patterns, embryos homozygous for either construct also showed IacZ

expression in a subset of epidermal thoracic patch cells that would normally express

DmcycÛ (as described above; Figure 6.10 C, D).

IacZtanscripts were detected in embryos homozygous for the 3.3H/E+l.9HI,'l-

nlacZ construct in the maxillary and labial head segment PNS and in I to 2 PNS cells in the

thoracic and abdominal segments during stage l0- I I (Figure 6. l0 C, E, and data not

shown), a pattern similar to that observed for the 3.lH/BI-TATA-nlctcZ heterologous

promoter construct. The 7.7H+ I.9H/N-nlacZ construct also had maxillary and labial PNS

expression, and lacZ transcripts were also detected in the thoracic and abdominal

proliferating PNS in a pattern similar to that observed for wild type DmcycE transcription

(Figure 6" l0 D, F, H). This pattern is consistent with previous results, as the 1.1 kb

HindIlI DmcycU promoter fragment should contain regulatory sequences that can drive

DmcycU transcription in the thoracic and abdominal PNS (Summarized in Figure 6.18).

The additional lacZ expression patterns observed from this series of

Dmcyc E promoter-/ acZ rcporter constructs demonstrates i ncreased complexi ty of Dmcyc E

cis-acting regulatory sequences uncovered by the analysis of DmcycE transcription

described in previous chapters. In addition it is possible that some of these patterns are due

to the presence of cryptic regulatory regions that become active when taken out of the

normal context of the DmcycE genomic region. Conclusions about the location of DmcycU

cis-acting regulatory sequences will be presented and discussed at the end of this chapter

(section 6.1.2)"

6.3 The boundaries of DmcycE epidermal thoracic patch transcription.

To more precisely define the location of epidermal thoracic patch cells expressing

DmcycU in thoracic segments 1,2 and3, Dmcyc0 transcription \/as compared to the pattern

of expression of the homeotic gene Antennapedia (Antp) and of the segment polarity gene

wingless (wg). The patterns of expression of these genes provide markers for parasegment

(ps) boundaries. Parasegments define developmentally important boundaries in the embryo
n7



Figure 6.9 'IacZ expression pattern from the 6.8E/B'l-TATA-nIacZ heterologous promoter construct

All embryos are homozygous for the 6.88/Bl-TATA-nlacZheterologous construct, showing the pattern of lacZtranscription detected by whole mount
in situ hybridization using a DIG labelled antisense /¿cZ RNA probe. All embryos are lateral views, anterior to rhe left and dorsal up unless otherwise
stated.

(A):- Stage 5 embryo. IacZttanscripts were detected throughout the embryonic epidermis with the exception of two bands in the middle of the embryo
which had decreased levels.
(B):- Stage 7 embryo. IacZ lranscripts are detected most predominantly in the posterior half of the embryo.
(C):- Stage 9 embryo. IacZ lranscript Ieveìs are reduced or absent in the epidermis, except in an unidentified patch of tissue in the anterior of the
embryo (arrow).
(D):- Stage I I embryo. lacZtranscripts are detected in the proliferating PNS cells, including the antennal (a), maxillary (mx) and labial (lb) head segments,
and in a subset of the PNS cells in the thoracic and abdominal segmen ts. IacZtranscripts are also detected in a subset of cells in the Tl region of epidermal
thoracic patch (Tl) and more faintly in the CNS cells.
(E):- Ventral view of a stage I 1 embryo. lacZ transcripts are detected in the a subset of cells that would normally express DmcycE in the CNS. lacZ
transcripts can also be seen in the Tl epidermal thoracic patch pattem.
(F):- Dorsalviewof astage II embryo' lacZtranscriptsaredetectedinthePNSandasubsetof theCNScells. Notetheabsence of bcZtranscriptsinthe
CNS in the posterior region of the germband (bracketed).
(G):- Late stage 1l-early stage l2 embryo. lacZtranscripts are detected in the CNS cells and in the PNS cells of the maxillary (mx) and labial (lb) head
segments' Expression in the antennal segment is partly obscured by staining in the CNS cells of the brain. Note the reduced level of IacZ rranscripts in the
Tl epidermal thoracic patch (Tl)' AIso note that expression in the thoracic and abdominal PNS has mostly gone and that there is no CNS expression in the
posterior region of the germband (bracketed).
(H):- Stage 12 embryo. lacZ transcripts are detected in the CNS cells, and no PNS expression. Note the absence of hcZtranscripts in CNS cells in the
posterior region of the retracting germ band (bracketed).
(I):- Ventralviewof astage l3embryo. lacZtranscriptsaredetectedinasubsetof cellsthatwouldnormallybeexpressingDmcyc1intheCNS. Com
with Figure 6.8 I
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Figure 6.10 - IacZ expression pattern from rhe 3.3H/E+ I .9H/N-nlacz and the

7. 7 H + I . 9 H/N - nlacZ endogenous promoter constl.ucts.

(4, C, E, G, I) show embryos homozygous for the 3.3H/E+1.9H/N-nlacZ construct. (8, D, F,

H, J) show embryos homozygous for the 7.7H+ I .9H/N-nlacZ construct. IacZ transcripts are

detected in all embryos by whole mount itt situ hybridization using a DIG labelled antisense IacZ

RNA probe. All ernbryos are lateral views, anterior to the left and dorsal up unless otherwise

stated"

(4, B):- Stage 8 embryos. lacZtranscripts are detected in epidermal cells, in a pattern similar to

wild type DntcycE transcription.

(C, D):- Stage I I embryos " IacZ transcripts are detected in the proliferating CNS cells in a

pattern similar to wild type DmcycE transcription, in a subset of epidermal thoracic patch cells

(Tl) and in the PNS neuroblasts of maxillary (mx) and labial (lb) head segmenrs. (D) shows

LacZtranscripts in the thoracic and abdominal proliferating PNS, while (C) shows lacZ

expression only in l-2 PNS cells (arrowheads) in each thoracic and abdominal segment.

(8, F):- Late stage I l-early stage l2 embryos. (E) slightly dorsal view, (F) dorsal view. IacZ

transcripts are observed in the proliferating CNS cells in a pattern similar to that observed for

wild type DmcycE transcription. Note the reduced level of IacZ transcripts in the posterior

region of the germ band in both embryos (bracketed).

(G, H):- Early stage l2 embryos (later than the embryos in E, F)" IacZ transcripts are detected

in the proliferating CNS cells in both embryos. (H) shows expression in the proliferating PNS

cells, while this pattern is absent in the embryo shown in (G). Note the reduced levels of IacZ

transcripts in the posterior region of the germ band in both embryos (bracketed).

(I, J):- Stage l3 embryos" (I) ventral view, (J), lateral view. Both embryos show IacZ

transcripts in the proliferating CNS cells, in a pattern similar to that observed for wild type

DmcycE transcription" Note the absence of lacZ transclipts in the endoreplicating gut in (J).
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(Martinez Arias and Lawrence, 1985). Parasegments can be visualized by patterns of gene

expression in the embryo, but arc offset relative to the segments of the mature embryo, larva

and adult fly. For example, the first thoracic segment (T I ) is cornprised of the posterior

compaftment of ps 3 and the anterior compartment of ps 4 (Figure 6.I I F). The Antp gene

has a strong anterior boundaly of expression coincident with the anterior boundary of ps 4,

and is also expressed at a reduced level in ps 3 (Martinez Arias, 1986). The segment

polarity gene wg is expressed in each parasegment with the posterior edge of each wg stripe

marking the posterior boundary of each parasegment (Baker, 1987;Baker, 1988)" From

embryonic stage 10, wg expression is modified in the dorsal/ventral axis, as lvg expression

is absent in the dorso-lateral epidermis, while the dorsal and ventral ì,yg-expressing domains

remain (Figure 6.1 I E).

The pattern of DmcycE transcription was first compared to the pattern of Antp

expression by visualising DmcycE transcripts and ß-galactosidase protein distribution from

a IacZ transgene regulated by the Pl Antp promoter via the GAIA-UAS system (Brand and

Perrimon, 1993). Flies homozygous for a P element enhancer trap expressing GAI4 driven

by the P I Antp promoter (Andrew et al., 1994) were crossed to flies homozygous for a

UAS-lacZ transgene. The anterior boundary af GAIA expression, driven by the P I Antp

promoter, corresponds to the anterior boundary of ps 4 and has no expression in ps 3

(Andrew et aI." 1994). Embryonic progeny from this cross were then stained using anti-

ß-galactosidase antibody, to detect lacZ expression in rhe P I Antp pattern, and RNA tn sirø

hybridization to detect DmcycU transcripts (Figure 6.1 I A-D). This staining revealed that

DntcycÐ transcription in the lst thoracic segment (T I ) of the epidermal thoracic patch

partially overlapped with P/ Antp-GAIA::UAS-lacZ expression. The anterior boundary of

DmcycÛ transcliption in the Tl ventral epidermis, coincided with P1 Antp-GAlA::[JAS-acZ

expression, and thus ventral DmcycE transcription aligns with the anterior boundary of

ps 4. However, in the lateral/dorsal epidermis, T I epidermal thoracic patch DntcycU

transcription extended past the anterior boundary of ps 4 into the posterior half of ps 3

(Figure 6.1 I A-D).

To compare DmcycU epidermal thoracic patch transcription in the second and third

thoracic segments (T2 and T3) to parasegmental boundaries, DmcycE transcription was

compared to the pattern of expression of the segment polarity gene wg. Embryonic progeny

from parents heterozygous for the CyOwglacZbalancer were stained to detect Dmcycî
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transcripts by in situ RNA hybridization and immunostained to detect lacZ expression in the

vrg pattern. Analysis of embryos revealed that DmcycE transcription in theT2 epidermal

thoracic patch, spanned the boundary between ps 4 and ps 5, with most T2 patch cells

contained within the posterior region of ps 4 (Figure 6" I I E). It should be noted that

epidermal DntcycE transcription in T2 is more transient than expression in Tl epidermal

thoracic patch cells" This can be seen in Figure 6.1 I C, where epidermal Tl DmcycE

transcripts were clearly observed, while no epidermal DmcycE transcripts were detected in

T2. This is also the case with DmcycE transcription in the ventral epidermis of T3 which,

as noted earlier, was difficult to observe" However, DmcycE transcripts were sometimes

detected in the ventral epidermis of T3 in Figure 6.1 lE (and data not shown), overlapping

the boundary between ps 5 and ps 6. In addition, results from this experiment confirmed

that DmcycE transcription in the ventral region of the Tl epidermal thoracic patch was

contained within ps 4, while DmcycE transcription in more dorsal epidermalTl thoracic

patch cells extendod into the posterior region of ps 3. Expression of DmcycU in ps 3

corresponded with the absence of wg-lacZ expression in the lateral epidermis (Figure 6.1 I

E). A surnmary of the DmcycE transcription pattern in the epidermal thoracic patches

relative to the PI Antp-GAIA::UAS-IacZandthewg-lacZ expression patterns is shown in

Figure 6.1 I F.

6.4 DmcycE transcription in patterning gene mutants.

6.4"1 Distal-less"

As described in the introduction to this chapter, one of the proposed fates of the cells

in the epidermal thoracic patches was the formation of the embryonic precursors of leg

imaginal discs" These cells are marked by expression of the DistaL-less (D/Ð homeobox

gene. To determine if DmcycE transcription in the epidermal thoracic patch overlaps with

Dll expressing cells, DmcycE transcripts were compared to IacZ expression from a D//

promoter-/a cZ reporter (Dll-304-lacZ) transgene that marks leg imaginal disc precursor cells

in the embryo (Vachon et al., 1992). This analysis revealed that DmcycE transcripts in the

Tl epidermal thoracic patch (posterior ps 3, anterior ps 4) showed little overlap with Dll-

304-lacZ expressing cells. The two patterns of expression appeared almost complementary

to each other, except at the posterior margin of the DII-304-lacZ expression domain (Figure
l19



Figure 6.ll' Boundaries of DmcycE epidermal thoracic patch transcription

(A-E):- Stage I I ernblyos showing the pattern of DmcycE transcription and ß-galactosidase

plotein distribution, detected by whole mount RNA ¿rx situhybridization using a DIG labelled

DmcvcE antisense RNA probe (blue) and an anti-ß-galactosidase antibody (orange/br.own).

Embryos are shown anterior to the left and dorsal up unless otherwise specified.

(4, C):- Two magnifications of a lateral view of an embryo expressing LacZ via P I-Antp-

GAI¡\:: UAS-lctcZ" The anterior boundary of ß-galactosidase distribution marks the boundary

between ps 3 and ps 4. DmcycE transcripts in the T I epidermal tholacic patch overlap the ps

3/ps 4 boundary. (C) is a 5x magnificarion of (A).

(8, D):- Two magnifications of a ventral view of an embryo expressing lacZ via P I -Antp-

GAIA:: UAS-lacZ" as in (4, C). (D) is a 5x rnagnification of (B)" Dmcyc^E rranscriprs in the Tl
epidermal thoracic patch overlap the boundary between ps 3 and ps 4.

(E):- Lateral view of embryo heterozygous for the CyOwglacZbalancer chromosome.

ß-galactosidase protein distribution marks the posterior boundary of each parasegment. DmcycE

transcripts in the T1,T2 and T3 epidermal thoracic patches overlap the boundaries between

ps 3/ps 4, ps 4/ps 5 and ps 5/ps 6 respectively. The embryo is at the same magnification as the

embryos in (C, D).

(F):- Schematic diagram of a stage I I embryo (lateral view)" The relationship between

segmental and parasegmental boundaries is shown. Segments are separated by solid black lines

in the thorax/abdomen (Tl, T2,T3 and Al). The maxillary (mx) and labial (lb) head segmenrs

can be identified by lobular shapes. Parasegmental boundaries are separated by broken black

lines (ps 2, ps 3, ps 4, ps 5 and ps 6).

The expression patterns of wg, P I -Antp and the DmcycE epidermal thoracic patches are shown,

as interpreted fror¡ the data presented in the above embryos (A-E) and data not shown.

Green = wg expression, Yellow = Pl-Antp expression, Blue = DmcycE expression.
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6'12 A-D)" DmcycE transcripts in the T2 epidermal thoracic patch cells (posterior ps 4,

anterior ps 5) overlapped significantly with Dt.l-304-lacZ staining cells, such that rhe leg

irnaginal precursor cells formed a subset of cells expressing DmcycE (Figur-e 6.12 B, D).

DntcvcE transcripts in the T3 epidermal thoracic patch are most clearly observed in embryos

from a ventral prospective" As shown in Figure 6.12D, DmcycE expression in T3 was

observed to have some overlap with DII-3}4-lacZ expressing cells, but the two stainings are

not coincident.

To determine if DLL regulates DntcycE tr-anscription in the ventral region of the

epidelmal thoracic patches, the distribution of DmcycE transcripts were analysed in embryos

homozygous for a null Dtl allele, Oil5 çCohen and Jurgens, 1989). No obvious defect in

the Dntcyc9 expression pattern was observed in the epidermal thoracic patches, indicating

that DLL does not regulate DmcycE transcription in these tissues (Figure 6.12p-H).

However, an obvious defect in the DmcycE transcription pattern was observed in the

maxillary and labial head segments, with reduced or absent transcription in PNS cells

(Figure 6.121, J). DU is also expressed in the maxillary, labial and antennal head segments,

from which external sense organs are known to form (Cohen, 1990). DII mutants have

been reported to lack these external sense organs (Cohen and Jurgens, 1989), which are

most likely derived from the dividing PNS cells in the antennal, maxillary and labial head

segments. The absence of DmcycE transcripts in the PNS cells of the maxillary and labial

head segments in homozygous Dll mutantembryos, may be a direct result of lack of DLL
function which normally activates DmcycU transcription in these PNS cells. Alternatively,

DLL could be affecting the fate of the PNS precursor cells, such that they do not delaminate

from the ectoderm. If these PNS cells do not form, then they cannot express Dntc¡,çf, ¡ç

undergo the normal cell division pattern, and thus the effect of Dtl on Dntcyc| transcription

would be indirect. It was notpossible to determineif DmcycE transcripts were ¿rlso absent

fi'om the PNS cells of the antennal segment in Dtl mutant embryos, as the DntcycE

transcription pattern in the antennal PNS cells is obscured by DmcycT expression in

proliferating blain cells"

6.4.2 Antennapedia and. teashirt.

Another possible fate of a subset of the Tl epidermal thoracic patch cells is to form

the anterior spiracle. The cells that form the anterior spiracle in the embryo are known to
t20



express the homeotic gene Antp within ps 4. Antp expression appears to promote anterior

spilacle development, as the level of CUT protein, which is a marker for anterior spiracle

cells in the embryo (Blochlinger et al., 1990), is reduced in embryos homozygous for Antp

¡rìutations (Heuer and Kaufman,1992). In addition, ectopic CUT-expressing anterior

spiracle cells can be seen when Antp is ectopically expressed from a transgene under the

control of a heat shock inducible promoter (Heuer and Kaufman, 1992)" Thus ANTP is a

potential trans-acting regulator of DmcycE transcription" To determine if ANTP regulates

DntcycE epidermal thoracic patch transcription, DntcycU expression was analysed in

ernbryos hornozygous for a loss of function Antp mutation (Antp7 ; Abbott and Kaufman,

1986). No defect in DntcycE epidermal thoracic patch transcription was observed in

homozygou s AntpT embryos, indicating that Antp does not regulate DmcycE transcription in

this tissue (Figure 6.13 B compared with A)"

Another homeotic gene that promotes trunk versus head development and also

appears to co-operate with Antp to promote thoracic identity in ps 4 and 5 is the teashirt (tsh)

gene (Roder, et al., 1992; de Ztlueta et al., 1994). The tsh gene is expressed from ps 3 to

l3 in the embryo and encodes aZinc finger protein that can bind to specific DNA sequences

in vitro" suggesting that TSH regulates gene transcription in vivo (Fasano et al." l99l

Alexandre et a|.,1996). To determine if tsh could be regulating DntcycE transcription in

the epidennal thoracic patches, DmcycE expression was analysed in embryos homozygous

for a null tsh allele, rslr8 (Fasan o et al." l99l). Again, no defect in the patterns of DmcycE

transcription in the epidermal thoracic patches was apparent (Figure 6.13 C, D).

6.4"3 wingless.

As described above (section 6.3), wg expression partially overlaps with DntcycE

expression in the epidermal thoracic patches, particularly in T2 (posterior ps 4). wS

encodes a secreted signalling molecule of the Wnt family, impoftant for patteln formation

(reviewed in Nusse and Varmus, 1992). To determine if WG signalling could be affecting

DmcycE transcription in the epidermal thoracic patches, the distribution of DmcycE

transcripts were analysed in embryos homozygous for either the wgl - l7 ot wgl -8

mutations, which are both null wg mutations (Baker, 1987; van den Heuvel et a1.,1993).

The domains of DmcycE expressing cells in the epidermal thoracic patches were reduced in

size in embryos homozygous for both the wgl -17 and wgl -8 mutations (Figure 6.13 G, H
l2t



Figure 6.72 ' DmcycE transcription in relation to the D// expression pattern and the affect of

D// mutations on DntcycE tlanscription.

Stage I I embryos showing the pattern of Dmcyc9 transcription and ß-galactosidase protein

distribution, detected by whole mount RNA ¿r? "çila hybridization using a DIG labell ed DmcycE

antisense RNA probe (blue) and an anti-ß-galactosidase antibody (orange/brown). Embryos are

shown anterior to the left and dorsal up unless otherwise specified.

(4, C);- Lateral view of the same embryo showing ß-galactosidase expression from the DIL-

304-lacZ transgene, marking the embryonic precursors of leg imaginal discs. (C) is a 5x

magnification of (A). Note that DmcycE and DII-3}4-lacZ expression in the T I epidermal

thoracic patch is mostly complementary, with some overlap in the posterior region of Tl
D lI- 3 04 - lacZ expression domain.

(8, D):- Ventral view of the same embryo showing ß-galactosidase expression, from the DU-

304-lacZ transgene, marking the embryonic precursors of leg imaginal discs. (D) is a 5x

magnification of (B). DmcycÛ transcripts in the T2 and T3 epidermal thoracic patches partially

overlaps with the patch of cell expressing the DII-3}4-lacZ construct.

(E, G):- Ventral view of a OilS/CyOwglacZembryo. (G) is a 5x magnification of (E). DmcycT

transcripts arc observed in the epidermis, in a wild type pattern, in all thoracic segments.

(F, H):- Ventral view of a plt5/OU5 embryo (identified by the lack of orange wg-lacZ staining)"

(H) is a 5x magnification of (F). DmcycE transcripts are observed in the epidermis in a wild

type pattern in all thoracic segments (compare with heterozygous sibling embryo in (E, G)).

(I):- Lateral view of a DilS/CyOwglacZembryo, at the same magnification as the embryo in (C,

D, G, H, J). DmqtcE transcripts are observed in the PNS cells of the maxillary (mx) and labial

(lb) head segments in a wild type pattern.

(J):- Lateral view of a Dil5/D//5 embryo (iclentified by the lack of orange wg-lacZsraining), ar

the same rnagnification as the embryo in (I). DntcycE transcripts are ¡nostly absent from the

PNS cells of the maxillary (mx) and labial (lb) head segments compared to the heterozygous

sibling embryo in (I).
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Figure 6.13 - DntcycE transcription in Antp, tsh and wg mutant embryos.

All embryos show the pattern of DmcycE transcription and ß-galactosidase protein distribution,
detected by whole mount RNA llx rit¿¿ hybridization using a DIG labelled Dntcl,cp antisense
RNA probe (blue) and an anti-ß-galactosidase antibody (orange/brown) respectively. Embryos
are shown anterior to the left and dorsal up unless otherwise specifiecl. (A-F):- Stage I I
embryos" (G, H):- Early stage l2 embryos.

(A):- Lateral view of an AntpTf[M3ftzlacZ embryo. DmcycE transcripts are detected in the
T l(ps 3/ps 4) andT2 (ps 4/ ps 5) epidermis in a wild type pattern (ftz.-lacZ staining in brown is

predominant in ps 4).

(B):- Latelal view of an Antp7lAntp7 embryo (identified by the lack of .ftz-tacZ expression)"

DrncycE tlanscripts are detected in the T I (ps 3/ps 4) and T2 (ps 4/ ps 5) epidermal thoracic
patches in a wild type pattern, compared to the heterozygous sibling embryo in (A).
(C):- Ventral/lateral view of a rch8/CyOwglacZembryo. Dmcyc| transcripts are detected in the
T I (ps 3/ps 4) and T2 (ps 4/ ps 5) epidermal thoracic patches in a wild type pattern (wg-tacZ
pattern in brown is seen at the posterior edge of each parasegment).

(D):- Lateral view of a tshS/rc/28 embryo (identified by the lack of wg-lacZexpression).
DmcycE transcripts ate detected in the Tl(ps 3/ps 4) andT2 (ps 4/ps 5) epidermal rhoracic
patches in a wild type pattern, compared to the heterozygous sibling embryo shown in (C).
(E):- Ventral/lateral view of awgl-17¡¿rOftztacZembryo" Dmcyc?transcripts are detected in
the T I (ps 3/ps 4) and T2 (ps 4/ ps 5) epidermal thoracic patches in a wild type patern (ftz-lacZ
staining in brown is seen in alternating even parasegments).

(F):- Lateral view of awgl-17¡rgl-17 embryo (identified by the lackof ftz-tacZexpression).
DmcycE transcripts are reduced in the Tl (ps 3/ ps 4) epidermal thoracic patch and absent in T2
epidermal thoracic patch (ps 4/ps 5). In addition, PNS expression appears abnormal, with only
l-2 cells per segment showing DmcycE transcripts.
(G):- Lateral view of awgl- l7¡çrOftztacZembryo. DmcycE rranscriprs are detected in the
proliferating PNS cells in a wild type pattern.

(H):- Lateral view of awgl-176g1-17 embryo (identified by the lackof .ftz-tacZexpression)"
Transcription in the proliferating PNS cells appears abnormal, with only l-2 cells per segment
showi ng Dmcyc E transcripts.

Note:- The embryos in (G, H) are shown at a lower magnification than the remaining embryos
in this figure. The CyOftzlacZbalancer expresses IacZ more strongly than rhe TM3ftzlacZ
balancer, which shows lacZ expression most strongly in ps 4.
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and data not shown). DmcycÛ transcripts werc absent in the T2 (ps 4/ps 5) epidermal

thoracic patch and less cells expressed DntcyçP in the Tl (ps 3/ps 4) epidermis. This result

suggests that WG signalling directly or indirectly induces DmcycE transcription, particularly

in the T2 epidermal thoracic patch. In homozygous wg mutant embryos, the posterior

region of each segment either changes to a more anterior segment fate, or is absent

depending of the strength of the wg mutation (Bejsovec and Martinez Arias, l99l ; Bokor

and DiNardo" 1996). The changes in DntcycE epidermal thoracic patch transcription in wg

mutant embryos, therefore may be an indirect rcsult of the absence or change of fate of these

epiderrnal cells.

Defects in the pattern of DmcycU transcription in the proliferating PNS cells were

also observed in embryos homozygous foreither thewgl-17 or wgl-8 mutations. In stage

1l homozygous vrg mutant embryos, Dmcycî transcripts were observed in only a few cells

per segment, in what appeared to be PNS precursor cells (Figure 6" l3 F)" In stage I I and

early stage l2 wild type and heterozygous wg mutant embryos, DmcycE transcripts are

observed in more cells as the PNS precursorcells proliferate (Figure 5.8 C, Figure 6.13 G).

However in early stage l2homozygous vllg mutant embryos, DmcycU transcripts were still

only observed in a few cells per segment (Figure 6.13 H compared with G). One possible

explanation of these results is that some of the primary PNS neuroblasts are forming in wg

homozygotes but are unable to undergo cell division despite expressing DmcycE. It has

been rcpofted that wg mutants have defects in cell division in the dorsal ectoderm

(Hartenstein et al., 1994), and the pattern of transcription of the mitotic regulator, string, is

also defective during the l5th and l6th mitoses (Edgar et al.,l994a). Therefore it is

possible that wg mutant embryos may have a similar cell division defect in the dividing PNS

cells due to defects in string expression. Alternatively, PNS neuroblast delamination from

the ectoderm may be defective in wg mutants, due to a change in epidelmal fate. Further

experiments are required to distinguish between these possibilities.

6.4.4 Ultrabithorsx.

a) DmcycE transcription.

The Ultrabithorax (Ubx) homeotic gene is expressed in the embryo from ps 5 to

ps l3 (Beachy et al., 1985; White and Wilcox, 1985) and mutations in Ubx cause
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transformations of ps 5 and ps 6 towards a ps 4 fate. For example, in embryos

homozygousfor Ubx mutations, the anterior spiracle marker cut (ct), which encodes a

homeodomain protein (Blochlinger et a|.,1990), is not only found in ps 4 where the

anterior spiracle normally forms, but also in ps 5 and ps 6 (Heuer and Kaufman,1992;

Castelli-Gair et al., 1994). In addition, ectopic Ubx expression can repress the formation of

the CUT-expressing anterior spiracle primordia (Heuer and Kaufrnan" 1992; Castelli-Gair ¿r

al., 1994). Together these results indicate Thaf Ubx represses anterior spiracle development.

As one of the proposed fates of a subset of the Tl epidermal thoracic patch cells in ps 4 is

the anterior spiracle, UBX may also be repressing epidermal DmcycE transcription in ps 5

and ps 6. To determine if UBX represses DmcycU transcription in the epidelmal thoracic

patch, DmcycE transcription was analysed in embryos homozygous for a null Uåx mutation

(lbx25" Frayne and Sato, l99l). Interestingly, ectopic DmcycE transcription was

observed in ps 5 andps 6 in apattern similar ro DmcycÛ transcription in ps 4 (Figure 6.14

A, B). This result indicates that UBX directly or indirectly represses DmcycE transcription

in ps 5 and ps 6.

b) 3 " I H/BI-TATA-nlacZ transcription.

To determine if UBX can repress lacZ epidermal thoracic patch transcription from

DmcycE promoter-/acZrcpofter constructs, the distribution of lacZfranscripts was analysed

in embryos homozygous for the 3.1H/Bl-TATA-nlacZconstruct and the Ubx25 mutation.

This DmcycE promoter-lacZ reporter construcl was chosen for analysis, as it contains the

smallest DmcycE genomic fragment that can drive transcription in a subset of the Tl

epidermal thoracic patch cells (see section 6.2.2 a)" IacZ îanscripts were detected in

3" IH/BI-TATA-\acZ transformed and Ubx25 homozygous mutant embryos in a subset of

epidermal thoracic patch cells in ps 4, in the pattern described above (section 6.2.2a).

However, ectopic lacZ transcripts were observed in ps 5 and ps 6 (Figure 6.14 C, D). This

indicates that UBX can directly or indirectly repress IacZ transcription from the

3.1H/BI-TATA-nlacZ promoter construct. These results also predict that if UBX repression

of epidermal thoracic patch transcription is direct, then UBX homeodomain binding sites

should be located with the 3.1 kb HindIIUSnaBI DmcycE promoter fragment.
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Figure 6.14 - Ernbryonic DmcycE transcription in Ubx loss of function mutants or following
ectopic Uåx expression.

(4, B, E-J):- Enrbryos show the pattern of DmcycU transcription detected by whole mount

RNA i¡z situhybtidization using a DIG labelled DmcycE antisense RNA probe (blue). (4, B, [,
J) were also counter stained with a ß-galactosidase specific antibody to detect IacZ expression

(orange/brown). (C, D):- Embryos show the pattern of I.acZ transcription detected by whole

mount RNA iz situhybridization using a DIG labelled lacZ antisense RNA probe (blue).

All embryos are stage I I , except (I) which is a stage 9 embryo. Anterior is to the left and dorsal

up unless otherwise specified.

(A):- Lateral view of a Ubx25/TUl3fA,lacZ embryo. DmcycE transcripts are detected in the

epidelmis in Tl (ps 3/ps 4) andT2 (ps 4/ ps 5), in a wild type pattern (ftz.-IacZ staining in

brown, is predominant in ps 4).

(B):- Lateral view of a Ubx25/Ubx25 embryo (detected by the absence of theftz-lacZ patfern)"

DmcycE transcripts are detected in the Tl(ps 3/ ps 4) epidermis, in a wild type pattern" Ectopic

DmcycE transcripts are detected in ps 5 and ps 6, in a pattern resembling DmcycE expression in

ps 4.

(C):- Lateral view of a3.lH/BI-TATA-ntacZ; Ubx25QM3falacZembryo. lacZtranscripts are

detected in ps 4 (Tl) in a pattern similar to that described for embryos homozygous for the

3.lH/BI-TATA-nlacZ construct (compare with Figure 6.6 D,6.8 A-C).
(D):- Lateral view of a 3. lH/BI-TATA-nIacZ; Ubx25/Ubx25 embryo. IacZtranscripts are

detected in ps 4 (Tl) in a similar pattern to that described for the embryo in (C), but also in ps 5

(T2) and ps 6 (T3), in a pattern resembling the IacZ expression pattern in ps 4.

(E):- Lateral view of embryos heterozygous for the UAS-Ubx 62.1 consrruct alone, as a

positive control. DmcycE transcripts are detected in the Tl (ps 3/ps 4) andTZ (ps 4/ ps 5)

epidermis, in a wild type pattern and also in the CNS and PNS cells.

(F):- Lateral view of embryos heterozygous for both the 1 12-50-GAL4 enhancer trap and the

UAS-Ubx 62.I construct. DmcycE transcripts are detected in the CNS and PNS in a patrern

similar to wild type, but are absent from the Tl (ps 3/ps 4) andT2 (ps 4/ ps 5) epidermis. Thus

ectopic Ubx can repress DmcycÛ transcription in the epidermal thoracic patches.

(G, H):- Embryos heterozygous for both the I I2-50-GAIÁ enhancer trap and the UAS-lacZ

construct, (I) - slightly dorsal view, stage 9 embryo, (J) - lateral view, late stage l0 - early

stage I I embryo. DmcycE transcripts are detected in a wild type pattern. ß-galactosidase

protein is distributed ubiquitously throughout the embryos, with lower levels of expression in

(I) compared with (J).
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c) Ectopic Ubx expression.

The above experiments indicate that loss of UBX function in embryos results in

ectopic epidermal DmcycÛ transcription in ps 5 and ps 6, in a pattern similar to epiderrnal

DmcycÐ transcription in ps 4. If UBX represses DmcycE transcription in the epidermis of

ps 5 and ps 6, ectopic expression of Ubx in ps 4 should repress Drucyc9 epidennal thoracic

patch transcription. This hypothesis was tested using the GALzI::\JA,S system (Brand and

Perrimon, 1993) to ectopically express Ubx ihrotghout the embryo. Flies containing a P

element enhancer trap that ubiquitously expresses GALA throughout the embryo

(l I2-50-GAUI)"balanced over the CyO chromosome, were crossed to flies homozygous

fbr a UA.S- Ubx iransgene (UAS-Ubx 62.1; Castelli-Gair et al", 1994). The embryonic

progeny of this cross were analysed for the pattern of Dmcyc9 transcription by whole

rnount RNA i¡r ^titü hybridization. Half of the progeny were expected to be heterozygous

for both the I I2-50-GAIA enhancer trap and Íhe UAS-tJbx 62.1 transgene, and thus would

ectopically express Ubx throughout the embryo. Significantly, approximately half of all

stage I I embryos examined lacked DmcycU transcripts in the epidermal thoracic patches,

indicating that ectopic Ubx expression can repress DmcycE transcription in the epidermis

(Figure 6"14F compared with E).

To determine when ectopic Ubx expression first begins in these embryos,

I I2-S)-GADII CyO flies were also crossed to flies homozygous for a UAS-IacZ transgene"

Embryonic pt'ogeny were double stained to detect DmcycÙ transcripts and also

ß-galactosidase protein distribution. Half of the progeny of this cross showed

ß-galactosidase expression ubiquitously throughout the embryo (Figure 6.14 G, H)"

ß-galactosidase protein was first detected at embryonic stage 8 - 9 (Figure 6.14 G). This

appears to be slightly earlier than the time that endogenous UBX protein is first detected in

embryos (stage 9, Castelli-Gair and Akam, 1995) and clearly prior to the time when

DntcycE transcliption is observed in the epidermal thoracic patches (approxirnately stage

l0). Duling stage l0- I l, ß-galactosidase protein was detected at high levels throughout the

embryo, indicating that ectopic Uåx should be expressed in epidermal thoracic patch cells at

this time (Figute 6.14 H). It could not be determined if I 12-50-GAIA::UAS-lacZ was

expressed at low levels before stage 8 due to high levels of DmcycE transcription in the

epidermis at this stage (data not shown).
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6.5 Developmental fate of the T1 epidermal thoracic patch.

As mentioned in the introduction to this chapter, one of the proposed fates of a

subset of the T I epidermal thoracic patch cells (with in ps 4) is to become the anterior

spiracle. As DntcycE transcription in the epidermalthoracic patches is transient, it is

difficult to follow the fate of these cells to determine if these cells do form the anterior

spiracle and if they contribute to other structures in the ernbryo. The generation of flies that

contain Dmcl,ç[, promoter-/d cZ reporter constructs that express IacZ in a subset of the

epidermal thoracic patch cells allows the fate of these cells to be followed later in

embryogenesis, due to the perdurance of ß-galactosidase protein.

Embryos homozygous for the 3.lH/BI-TATA-nlacZ promoter construct were

stained with an anti-ß-galactosidase antibody to look at Tl epidermal thoracic patch cells

during later embryonic stages. ß-galactosidase protein was detected in the epidermal

thoracic patch of stage I I embryos in a pattern similar to that described for IacZ

transcription above (see figure 6.15 A)" At embryonic stage 13, ß-galactosidase protein was

localized to the posterior edge of the lst thoracic segment, in a thin band of cells that

extended almost to the top of the dorsal ectoderm (Figure 6. l5 C). At embryonic stages l5-

16, the ventral most domain of these cells migrate to form a semicircular structure, while the

dorsal most cells remain in a straight band (Figure 6.15 E). This pattern of ß-galactosidase

protein distribution is very similar to that described for CUT protein, which marks the

anterior spiracles (Blochlinger et al." 1990; T. Shandala, personal communication).

However, the band of cells expressing CUT appears to contain less cells than the domain of

ß-galactosidase staining cells (Figure 6.15), suggesting that the cells expressing lacZftom

¡he 3" lH/BI-TATA-nlacZpromoter construct form the anterior spiracle, as well as some

other embryonic tissue. The pattern of ß-galactosidase protein staining from the 3. I H/BI-

TATA-nlacZ construct also appears very similar to the pattern of lacZ expression in stage

l2- I 3 embryos from a P element lacZ enhancer trap inserted in the heaclcase gene (Weaver

and White, 1995)" This enhancer trap acts as a marker for precursors of imaginal tissue,

and marks cells of the prothoracic imaginal disc that are also located at the posterior margin

of the lst thoracic segment (V/eaver and White, 1995). This suggests that the epidermal

thoracic patch cells, marked by expression from the 3.1H/BI-TATA-\acZ promoter

construct, include the precursors of the prothoracic imaginal disc. Co-staining for either the

cut or headcase markers and ß-galactosidase protein distribution from the 3.1H/BI-TATA-
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Figure 6.15 - Comparison between ß-galactosidase protein distribution in 3. IH/BI-TATA-
nlacZ DntcycE transgenic embryos and the distribution of the CUT protein in wild type
embryos.

(4, C, E):- Embryos homozygous for the 3.1H/BI-TATA-nlacZ promoter construct showing
the pattern of ß-galactosidase protein distribution detected by an anti-ß-galactosidase antibody

(orange/brown).

(B, D, G):- Wild type embryos showing the pattern of CUT protein distribution detected via an

anti-CUT antibody (blue). CUT stained embryos were obtained from T. Shandala.

In all embryos the arrow points to ps 4 (Tl) staining pattems. Anterior is to the left and dorsal

up unless otherwise specified.

(A):- Stage I I embryo showing ß-galactosidase protein in the T I subset of the epidermal

thoracic patch. This pattern is similar to the distribution of IacZ transcripts shown in Figure
6.6D and 6.8.

(B):- Stage I I embryo showing CUT protein in the anterior spiracle primordia (arrow). CUT is
also observed in the posterior spiracle primordia (PSp) and in PNS cells. Note that the number

of CUT-staining cells in the anterior spiracle primordia is less than the epiderrnal thoracic patch

cells expressing lacZ in (A). (B) is shown at a higher magnification than the embryo in (A).
(C):- Stage 13 embryo showing ß-galactosidase protein in a subset of the Tl epidermal thoracic

patch (anow), as well as in the CNS. Note that.IacZ transcripts are not detected at this late stage

(Figure 6.8), but the perdurance of ß-galactosidase protein labels these cells duling the later

stages of embryogenesis.

(D):- Embryo at a similar stage as the embryo in (C), showing the pattern of CUT protein

distribution. Note the CUT-marked anterior spiracle cells (arrow) and also crl expression in

differentiating PNS cells. The number of cells staining in the anterior spiracle appeil to be less

than the number of cells showing ß-galactosidase protein in (C)"

(E):- Slightly ventral view of a stage l5-16 embryo showing ß-galactosidase protein in a subset

of the Tl epidermal thoracic patch, as well as in the CNS. Note that the Tl labelling cells have

formed a semicilcular structure (arrow).

(F):- Slightly ventral view of a wild type embryo at a stage similar to the embryo in (E),

showing the pattern of CUT protein distribution. Note that the labelled anterior spiracle cells in
Tl have formed a semicircular structure (arrow) which is very similar to the Tl cells labelled in

(E), suggesting that these lacZ expressing Tl epidermal thoracic patch cells are indeed

contributing to the anterior spiracle. c¿,¿t is also expressed in differentiating PNS cells.
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nLacZ constrlrct is required to confirm if this subset of epidermal thoracic patch cells forms

both the anterior spiracle as well as the embryonic precursor of the prothoracic imaginal

disc.

6"6 Conclusions and discussion.

6.6"1 DmcycU epidermal thoracic patch cis-acting elements.

This chapter describes the further characterization of the cis-acting sequences that

rcgulate DmcycE transcription in the T I and T2 epidermal thoracic patches" A second series

of DntcycÐ promoter-/a cZ reporter constructs subdivided a7 .7 kb NheIlKpnI Dntcyct

genomic fragment identified in chapter 5 as having cis-acting regulatory sequences

necessary for epidermal thoracic patch transcription (Figure 6.16)" Analysis of these

constructs revealed that regulation of DmcycE transcription in this tissue is complex, and

that the complete epidermal thoracic patch pattern in T1 and T2 appears to be regulated by a

combination of several different cis-acting elements (Figure 6.16). The results from this

analysis demonstrate that the 3.1 kb HindIIUSnaBIDmcycE genomic fragment has cis-

acting regulatory elements that can drive DmcycE transcription in a subset of the cells that

nonnally express DmcycÛ in the epidermal thoracic patch in the lst thoracic segment (Figure

6.16)" Interestingly, addition of the 3.7 kb EcoRIlHindIII fragment (in the 6.88/8I-TATA-

nlacZ heterologous promoter construct), resulted in an increase in the number of cells

expressing IacZin this domain, even though the3.7 kb EcoRIlHindIII fragmenr alone could

not drive lacZ transcription in any of the epidermal thoracic patch cells. Addition of the 3.7

kb EcoRUHirzdIII fragment also promoted lacZ Íranscription in a subset of cells in the 2nd

thoracic segment indicating that a combination of cis-acting elements in the 3. I kb

HindIIUSnaBI and the 3.1 kb EcoRUHirzdIII genomic fragments are required for DntcycT

epidermal thoracic patch transcription in Tl and T2 (Figure 6.16).

A similar result was obtained when the 3.3 kb HindlIIlEcoRI fragment (which

consists of the 3. I kb HindllUSnaBI fragment with an addition al 200 bp at the 3' end) was

cornbined with the I.9H/N-nlacZ endogenous promoter construct. The combination of

these two genomic regions drove transcription in a subset of epidermal thoracic patch cells

in Tl and T2. As the l.9H/l'{-nlacZ endogenous promoter construct cannot drive I.acZ

transcription in any of the epidermal thoracic patch pattern and the 3.1 kb HindIIIJSnaBl
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alone can only drive transcription in T l, it appears that both of these promoter fragrnents are

required forT2 epidermal thoracic patch transcription (Figure 6.16)" However, it is also

possible that the addition of the extra 200 bp to the 3.1 kb HindIIUSnaBI genomic fragment

to form the 3.3H/E+ 1.9HI,{-nIacZ endogenous promoter construct was responsible for

driving the addition al LacZ transcription in T2 (Figure 6. l6). Another possible explanation

for the different epidermal thoracic patch expression patterns between rhe 3.lH/BI-TATA-

nlacZ heterologous promoter construct and the 3.3H/E+ I.9Htrtr-nlacZ endogenous

promoter construct, apart from specific cis-acting elements, is promoter specificity" Perhaps

sequences in the endogenous TATA-less DmcycE promoter in association with the 3.1 kb

HùtdIlASnaBI genomic fragment, are necessary to activate transcription in the T2 epidermal

thoracic patch. Generation of additional DmcycE promoter-/ccZreporter constructs is

required to distinguish between these possibilities, and also to further define the location of

the TI (ps a) epidermal thoracic patch regulatory elements.

It is interesting to note that none of the promoter constructs analysed in this chapter

showed IacZexpression in the ps 3 (anterior Tl) epidermal thoracic patch cells. Complete

epidermal thoracic patch transcription in Tl and T2 was observed from the I3.2Nt''l-nlacZ

endogenous promoter construct (see Chapter 5 and Figure 6.16), which spans all of the

promoter fragments analysed in this chapter. Thus it appears that DntcycE transcription in

this subset of cells is also regulated by a combination of regulatory elements that was not

recreated in the promoter constructs analysed here. The generation of addition al DmcycE

promoter-/øcZreporter constructs with different combinations of genomic fragments may be

necessary to reconstitute this pattern of expression.

6"6.2 Other DmcycE embryonic cis-acting elements"

The DmcycE promoter-lacZ reporfer constructs generated to subdivide epidermal

thoracic patch cls-acting elements, also revealed other interesting patterns of IacZ

transcription (summarizedin Figure 6.11). Significantly, additional cis-acting regulatory

sequences were uncovered that can drive transcription in subsets of the proliferating CNS

and PNS cells. Both the 3.1 kb EcoRI/HindIlI and the 3.1 kb HindIIUSnaBI DmcycÐ

genomic fragments were found to contain cis-acting sequences that could drive transcription

in the maxillary and labial PNS cells (Figure 6.17). This result is consistent with

conclusions drawn from Chapters 4 and 5, that crs-acting regulatory elements that can drive
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Figure 6.16 'Epidermal thoracic parches regularory element map

Schematic diagram showing restriction enzyme sites, the relative position of the Type I DmcycT rranscripr, the site of insertion of the DmcycEPZ05278
P element insertion and the location of DmcycE promoter-/d cZ reporter constructs with respect to the map (similar to Figure 6.l). Also summarized are the

patterns of epidermal thoracic patch transcription from each reporter construct, and the deduced locations of important cis-acting regulatory sequences,

represented by the coloured bars

The red bar indicates the location of sequences important for transcription in a subset of epidermal thoracic patch cells in T I (ps 4)
The orange bar indicates the location of sequences important for expanding the domain of cells expressing lacZinthe Tl (ps 4) pattem. This increase in size

is only observed when this region is present with sequences represented by the red striped oval.

The pink bars indicate two regions that are important for transcription in the T2 (ps 4/ps 5) epidermal thoracic patch. It is not clear from this analysis which
of these two regions is responsible for driving transcription in this tissue. The region represented by the red striped oval may also be necessary for this T2
epidermal thoracic patch transcription.
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Figure 6.17 - Sunrmaty map of the regulatory elements controlling Drncyc9 transcription,

identified by DmcycÐ promoter- laczrcporter construct anarysis.

Sumrnary diagram showing restriction enzyme sites, the relative position of the Type I Dmcyc7

transcript, the site of insertion of the DmcycEPZ05278 p element inserlion and the location of
the DmcycÐ promoter-id cZ reporter constructs analysed in Chapters 5 and 6. These constructs

are (flom top to bottom) the I .0H/E-TATA-nlacZ, the t.2N/N-nLacZ, the t .9H/N-nlacZ, the

2.9N-nlacZ, the 5.5K/N-nIacZ, the 13.2N/N-nlacz, the 3.3H/E+ t .9H/N-nlacz, the

7.7H+ I .9H/N-nlacZ, the 3.I H/BI-TATA-nlacZ, the 3.78/H-TATA-nktcZ, the 6.88/BI-TATA-

nlacZ, the I6.4 CI'{-nlacZ and the 3.3C+ I .9HI{-nlacZ. Also shown is a summary of the

embryonic lacZ transcription patterns obtained from embryos homozygous for each construct.

A '+' indicates that lacZ transcription was observed in the indicated pattern. Similarly, a'-'

indicates no transcription in that pattern. A '+/-' indicates incomplete or abnormal lacZ

transcription in the indicated pattern. 'NA' indicates not applicable. The deduced location of

impoftant regulatory elements are represented by the coloured bars at the base of the map.

The yellow bars indicate the location of CNS and/or epidermal regulatory elements.

The green bars indicate the location of trunk PNS regulatory elements.

The pale blue/aqua bars indicate the location of head PNS regulatory elements"

The purple bal indicates the possible location of regulatory elements important for transcription

in the endoreplicating gut"

The red, orange and pink bars (and the red striped ovals) indicate the location of epidermal

thoracic patch regulatory elements, as shown in Figure 6.16.



DmcycE transcliption in the PNS of rnaxillary and labial head segments are localized to the

same regulatory region as epidermal thoracic patch elements. Interestingly, the 3.7 kb

EcoRUHindIII fragment was able to drive IacZ rcpofter transcription in more PNS cells in

the rnaxillaly and labial head segments than the 3" I kb EcoRIJSnaBI fragrnent and also in

what is likely to be the antennal head segment. DmcycE transcription in the PNS of the

antennal segment had not previously been observed, possibly due to high levels of

underlying Dmcyçf, transcription in the proliferating brain which is absent from the 3.78/II-

TATA-nlctcZ construct. Thus, it is possible that other DmcycE promoter constructs that

show IacZ expression in the maxillary and labial segments, as well as in the proliferating

brain, also express LacZ in the antennal PNS cells. The pattern of IacZ transcription in the

antennal, maxillary and labial segments is very similar to the pattern of Dll expression in the

head. This observation is interesting, as DmcycE transcription in the head PNS cells is

absent in DII mutants. The significance of this observation will be further discussed below.

Despite the fact that the CNS and PNS pattern was driven respectively by the 1.0 kb

HindIIUEcoRI and the2.6kb KpnUNcoI genomic fi'agments (Chapter 5), other additional

cls-acting elements were identified that can regulate CNS and PNS transcription, indicating

that DmcycE transcription in these neural cells is regulated by redundant elements (Figure

6.17). It is unclear why such redundancy and separation between early and late patterns of

CNS and PNS cis-acting regulatory elements should exist. However it is interesting to note

that promoter dissections of Drosophila pan-neural genes, deadpan, scratch and snail, which

are expressed in all neuroblasts throughout embryogenesis in a pattern similar to DmcycE

transcription in neural cells, show a similar subdivision of early and late CNS and PNS

cis-acting elements (Ip et aI.,1994;Ernery and Bier, 1995). This may suggest that similar

mechanisms regulate transcliption of DmcycE and these pan-neural genes.

The 3.7 kb EcoRUHindIII genomic fragment was also able to drive lacZ

transcription in a strong epidermal pattern, particularly in the middle of cellular blastoderm

embryos, with reduced transcription at both the anterior and posterior ends of the embryo.

DmcycÐ transcription is detected ubiquitously during this time, but in a variable striped

pattern which is considerably different from the expression pattern from embryos

homozygous for the 3.78/H-TATA-nIacZ construct. The 3.1kb HindllltsnaBlpromoter

fragment does not show any transcription at this stage. When this fragment is added to the

3.7 kb EcoRUHindIII fragment to form the 6.88/BI-TATA-nlacZ construct, transcription in
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the early epidermis is less intense than that observed from the 3.78/H-TATA-nlacZ

construct and more like the DmcycE transcription pattern. One possible explanation for this

result is that the 3.7 kb EcoRUHindIII genomic fragment contains cis-acting elements that

can promote epidermal transcription but, when out of normal context, causes aberrant

transcription in the epidermis. HoweveL, in combination with the 3.1 kb ,lLlindIIUSnaBI

genomic fragment, this epidermal regulatory element is restored to a more wild type context,

promoting epidermal IacZtranscription in a pattern more similar to DmcycE transcription.

This result also suggests that like the DmcycE CNS and PNS regulatory elements, DmcvcE

transcription in the epidermis during mitotic cycles l4-16 may be under the control of

redundant cis-acting regulatory elements.

6.6.3 Trans-acting factors regulating DmcycE transcription.

The last half of this chapter described attempts to identify potential trans-acting

regulators of DmcycE transcription in the epidermal thoracic patches, by analysing DmcycE

transcription in embryos deficient for putative regulatory proteins. Candidate upstl'eam

regulators were tested by examining DmcycE transcription patterns in loss of function

mutations in a particular gene" Mutations in two genes, wg and Ubx, caused defects in the

DmcycE epidermal thoracic patch transcription pattern. However, loss of function

mutations in the Antp, tsh or DII genes did not appear to affect DmcycE transcription in the

epidermal thoracic patches. wg andD/l mutant embryos also exhibited altered DmcycE

transcription in the trunk and head PNS cells respectively.

It is impossible to conclude from this analysis that these potential regulators of

Dmcyc\ transcription (i.e. wg, DII and Ubx) directly regulate transcription via DmcycE cis-

acting sequences (through either the DNA binding of a transcription factor such as UBX or,

in the case of WG, via a direct signalling pathway), as DmcycE transcription may be

indirectly affected by cell fate changes in these mutant embryos. Fufther experiments are

needed to explore the nature of the link between these regulatory genes and DmcycE

transcription. Nevertheless, the possible role of each regulator of DmcycE transcription will

be discussed in turn.

a) UBX, a negative regulator of DmcycE transcription?

The effect of Ubx on DmcycÛ transcription has been most closely examined.
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Analysis of embryos either homozygous for a loss of function Ubx mutation or ectopically

expressing Ubx suggest that UBX rnay directly repress Dmcyc\ epidennal thoracic patch

transcription in ps 5 and ps 6. Ectopic Ubx expression from a heat shock inducible

promoter during stage I I can cause head and thoracic ventral epidermal cells to change fate

towards a first abdominal segment (ps 6) identity, as determined by larval cuticle structures

(Mann and Hogness, 1990; Gonzalez-Reyes and Morata, 1990, l99l ). Thus, given rhe

time diffèrence between initial I I2-50-GAI4::UAS-Ubx expression (stage 8-9), and rhe

time of Dmcyç[ transcription in the epidelmal thoracic patch (stage l0-l l), the effecr of

ectopic Uóxexpression on Dmcycî transcliption may be indirect, due to achange in cell

fate. One way to overcome this ambiguity, would be to provide a short burst of Uåx

expression (from a heat shock inducible promoter) in stage l0 embryos, and then analyse

DmcycE transcription during embryonic stage l0-l l. An absence of DmcycE transcription

in the epidermal thoracic patch in a precisely timed experiment would argue Thaï Dmcycï

transcription is directly repressed by UBX.

The results presented here and those of Castelli-Gair and Akam (1995) suggest that

DmcycE and Ubx expression may overlap to a small degree near the anterior boundary of

the ps 5 (T2) and ps 6 (T3). If UBX is repressing epidermal Dmcycî transcription in ps 5

and 6, then the small number of cells that may co-express DmcycE and Ubx in ps 5 and 6

must be resistant to repression by UBX. The dissection of cis-acting regulatory elements in

this chapter has demonstrated that Tl andT2 epidermal thoracic patch regulatory elements

may be distìnct. Thus it is conceivable that ps 5 (T2) DmcycE regulatory elemenrs respond

differently to UBX, while ps 4 (Tl) regulatory elements are repressed by UBX, enabling

DmcycE tlanscription in ps 5 in the presence of UBX. Alternatively, a temporal difference

in the onset of Ubx and Dmcyçp expression may exist, such that DmcycE is expressed in

ps 5 and ps 6, before Ubx. Ubx expression in ps 5 and ps 6 is initially only fbund in the

dorsal region of the epidermis, and in later embryos, (Jbx expression in ps 5 and ps 6

expands to include the ventral epidermis (Castelli-Gair and Akam, I995). This spatio-

temporal difference in Ubx expression would then permit transcription of DmcycE in ps 5

and ps 6, before the ventral expansion of Ubx expression. This explanation would also

account for the more transient DmcycU transcription observed in ps 5 and ps6. Spatio-

temporal regulation of Ubx expression has also been shown to be important for the initial

activation of DII expression in T2 and T3. Du is repressed by UBX in abdominal
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segments, and ectopic Ubx expression in thoracic segments can also repress initial DII

expression. The absence of UBX in the ventral region of ps 5 and ps 6, allows D/l

transcription to be activated. Subsequent D// expression is under different reguìatory

controls that are not repressed by UBX. Thus the ventral expansion of Ubx expression in

ps 5 and ps 6 does not repress late DIL transcription (Castelli-Gair and Akam, 1995)"

Co-staining to detect DmcycU transcripts and UBX protein in embryos would determine if

Dmc¡,cE transcription in ps 5 and ps 6 overlaps with or is complementary to Ubx

expression.

b) Potential UBX binding sites within the DmcycE promoter.

If UBX directly represses DmcycE epidermal thoracic patch transcription in ps 5

and ps 6, then UBX would be expected to bind to sequences within the 3.1 kb

HindIIUSnaBI DmcycE promoter fragment that drives [acZtranscription in a subset of ps 4

epidermal thoracic patch cells. The sequence of the 3.1 kb HindIIASnaBl DmcycE

promoter fragment was available from the Berkeley Drosophil¿ Genome Project (BDGP),

and was analysed using the SIGNAL SCAN program (Prestridge, l99l) and also by

personal inspection, to search for homeodomain binding sites. Several homeodomain core

conserved binding sequence of 5'-T-A-A-T-3' were observed. However approximately 40

sites were identified that were similar to an in vitro consensus sequence, 5'-T-T-A-A-T-

G/T-G/A-C-C-3', for UBX DNA binding (Ekker et al.,l99l; Ekker et aI.,1992;Figure

6.18). These sites are mainly clustered in the 5' half of the 3.I kb HindIIUSnøBI fragment.

Interestingly, studies on two other promoters that are directly repressed by UBX, fhe Dll

promoter (Vachon et al." 1992) and the Antp P2 promoter (Appel and Sakonju, 1993),

show different distributions of functional UBX binding sites. Vach on et al., (1992) defined

an 877 bp DII promoter fragment that could drive DII expression in Tl, T2 and T3" Deletion

of a 197 bp region from this fragment caused derepression in more posteriol segments. In

vitro analysis showed that UBX could bind to two sites within this 197 bp fragment.

Mutation of either of these sites within the original 877 bp promoter fragment caused

derepression of transcription in vivo, indicating that both of these UBX binding sites are

functional, and that only two sites are required to mediate repression. In contrast, Appel

and Sakonju ( 1993) analysed a 2.3 kb Antp P2 promoter fragment that could drive

expression in thoracic tracheal cells. This expression was derepressed in Ubx mutant
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Figure 6.18 - 3.3 kb HindIIIlEcoRI restriction enzyme map showing the locarion of potential UBX DNA binding sites

(A):- Schematic diagram showing DNA restriction enzyme sites and potential UBX DNA binding sites within the 3.1 kb HindIIIlSnaBIfragment. An
additional 200 bp is included at the 3' end to form 3.3 kb HindIIllEcoRI fragment. The numbers in brackets represent the number of base pairs from the

HindIII site (1). Potential UBX binding sites are shown on the map in either red (small) or green (large) ovals. Each site has the core 5,-T-A-A-T-3,
sequence and some of the preferred bases flanking the core sequence. Red sites have less than 7/9 bases matching the invilro consensus sequence for UBX
binding sites (shown in (B); Ekker et a\.,1991;Ekker et al.,lgg2). The green sites have 119 ormore bases matching rhe invitro consensus sequence for
UBX binding sites"

Two sites that match a binding site for the TSH protein are shown in blue circles. This sequence is also found in the promoters of the modulo and Dttgenes
(Alexandre et al., 1996>"

Note that the additional200 bp at the 3'end of the 3.1 kb HindIIIlSnaBI fragment, which may promote additional iacZrranscriprion in rhe T2 epidermal

thoracic patch has 4 potential UBX binding sites and a porential TSH binding site.

(B):- Table showing the most conserved UBX binding sites (marked by the green ovals in (A)) within the 3.3 kb HindIIllEcoRI promoter fragment. The in
vltro consensus sequence is shown in red and the flanking prefened bases shown in green. The underlined green bases are less preferred than a G in the

same position' The potentiaì UBX binding sites have the same colour coding as the consensus seqLrence, with b¿rses not matching the consensus shown in
black. The base pair map position fbr each potential UBX binding site is indicated.
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embryos. Approximately 30 UBX binding sites were identified by in vitro binding analysis

using the 2.3 kb fragment. Analysis of mutated UBX binding sites in ttivo revealed that

depression was only observed when approximately half of the 30 in vitro UBX binding

sites were mutated, with no particular preference for which of the binding sites were

mutated. These ¡'esults suggest that all of the 30 binding sites may be involved in mediating

UBX repression, and a critical number of sites are required to achieve repression. This

latter example of UBX repression perhaps reflects the ability of UBX to co-operatively bind

to clustered UBX binding sites and to binding sites located at a distance via DNA looping

(Beachy et al., 1993). The requirement of rnultiple UBX binding sites for Antp P2

repression in vivo may be explained if multiply bound UBX protein and subsequent DNA

looping are impoftant for transcriptional reprcssron.

The distribution of potential UBX binding sites within the 3.1 kb HindIlUSnaBI

DmcycU genomic fragment is similar to the distribution of UBX binding sites within the

Antp P2 promoter fragment. Therefore many of the approximately 40 potential UBX

binding sites within this DmcycE fragment may be required for UBX repression of

epidermal thoracic patch transcription" Alternatively, only a few of these sites may be

required to mediate repression, as is the case with the DII promoter. A thorough in vitro and

in vivo analysis of the potential UBX binding sites within the 3.1 kb HindIIUSnaBl

genomic fragment is required to determine if UBX repression of Dmcyc0 epidermal thoracic

patch transcription is direct, and whether repression is mediated via a few distinct sites, or

through multiple sites.

c) Potential homeotic activators of DmcycE epidermal thoracic patch

transcription.

Two potential activators of DmcycE transcription in the epidermal thoracic patches,

Antp and tsh, were tested individually. Mutations in either gene did not appear to have any

affect on DmcycE transcription. Interestingly, the phenotype of embryos mutant for both

Antp and tsh, is more extreme than Antp or rslz single mutations. Mutations in Antp cause a

horneotic transformation of ventral epidermis in the T2 and T3 segments towards a more

anterior Tl/labial head segment fate (Wakimoto and Kaufman, 1981). Mutations in tsh

cause a general disorganization of ventral cuticle, with Tl ventral cuticle replaced by head

cuticle (Fasano et aI., 1991; Roder et aI., 1992). Absence of both Antp and rslz results in
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Tl,T2 and part of T3 ventral cuticle taking on a head epidermal fate (Roder et aL.,1992).

These data indicate that both of these genes are required to form the thoracic ventral

epidermis. DmcycE transcription in embryos mutant for both Antp and /sl¿ was not

examined in this study, but may reveal if these two genes play a redundant role in the

regulation of DmcycE transcription in the epidermal thoracic patches. In addition, ectopic

expression of Antp or tsh during embryonic stage l0-11 would show whether ectopic

epidermal DmcycE transcription can be induced by ANTP or TSH. ANTP can bind to the

core homeodomain DNA binding sites, such as the sites identified as potential UBX DNA

binding sites (Figure 6.18). Intriguingly, two potential TSH DNA binding sites were

observed in the 3.3 kb HindIIUEcoRI DmcycE genomic fragment that can drive

transcription in a subset of epidermal thoracic patch cells (Figure 6.18). The significance of

these potential TSH binding sites and homeodomain binding sites remains to be tested.

d) Spatial regulation of Dmcyc.E epidermal thoracic patch transcription.

The potential activators (Antp and tsh) and repressor (Ubx) of DmcycE epidermal

thoracic patch transcription may regulate DmcycE transcription in this tissue, but cannot

provide all of the spatial regulation to produce the specific epidermal thoracic patch pattern.

WG signalling may be important in providing additional spatial cues, given that DmcycE

epidermal thoracic patch transcription is reducedinwg mutant embryos (section 6.4.3).

WG is an autocrine and paracrine Wnt-type signalling molecule that acts through the

Frizzled2receptor to activate a pathway that leads to the accumulation of the Armadillo

(ARM) ß-catenin (Reviewed in Eaton and Cohen, 1996; Orsulic and Peifer, 1996). From

studies in vertebrate systems, ß-catenin then associates with LEF/TCF type HMG domain

tlanscription factors, leading to activation of gene expression of Wnt target molecules

(Reviewed in Moon et a|.,1997). A homolog of a vertebrate LEF protein, Pangolin (PAN)

has recently been described in Drosophila, and appears to transduce the WG signal,

downstream of ARM (Brunner et aL, l99l), indicating that this pathway seems to be

conserved between Drosophila and vertebrates. It would therefore be interesting to analyse

DmcycE transcription in the epidermal thoracic patches in embryos deficient for components

of the Iù/G signalling pathway, such as alm and pan, to determine if the same defect in

DmcycE transcription is observed.

It remains possible that the effect of wg mutations on DmcycE transcription results
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from a change in epidermal cell fate within segments, rather than from a direct regulatory

role for the WG pathway on DmcycE transcription. One way to discriminate between these

possibilities would be to use wg and pan temperature sensitive alleles (wgILI 14. Nusslein-

Volhard et a1.,1984 and panERI ' Brunner et al., lg97). Analysis of the effect of the loss

of WG signalling at different developmental stages, particularly during stage l0-l l when

DmcycE epidermal thoracic patch transcription is observed, may distinguish between a

direct effect on DmcycE transcription and an indirect effect due to cell fate changes induced

in wg mutations.

Another clue to the mechanisms of spatial regulation of DmcycE transcription in the

Tl (ps 3/ps 4) epidermal thoracic patch, may come from the observation that the pattern of

DmcycU transcription in the Tl epidermis seems to be almost complementary to the wg

expression pattern, particularly in the lateral epidermis where lrg expression is absent

(Figure 6" I I E, F)" Thus it is possible that the factors repressing wg transcription in the

lateral epidermis, may activate DmcycE transcription in the ps 3 region of the T1 epidermal

thoracic patch. It is not known how wg expression is repressed in this domain, but one

potential candidate may be the dorsal/ventral patterning gene dpp. dpp is expressed in

stripes spanning the dorsaVventral axis, with one particular stripe positioned at the dorsal tip

of the ventral wg stripe (Cohen et aI., 1993). Thus it would be interesting to analyse

DmcycE transcriptionin dpp mutant embryos for defects in epidermal thoracic patch

transcription"

Another possible regulator of DmcycE transcription in a subset of cells within the Tl
epidermal thoracic patch may be the homeodomain protein encoded by the cut gene. As

CUT is a marker of the anterior spiracles and part of the epidermal thoracic patch is likely to

contribute to the anterior spiracles, the CUT homeodomain could be regulating DmcycE

tlanscription in anterior spiracle precursor cells. Analysis of Dru cycÛ Íranscription in cut

mutant embryos would be informative in determining if CUT is regulating a subset of

DmcycE epidermal thoracic patch transcription in the lst thoracic segment.

e) DLL and DmcycU transcription in the head segment PNS cells.

Analysis of DmcycU transcriptionin DII mutant embryos revealed that DmcycE

transcription was absent in PNS cells of the maxillary and labial head segments. This is an

intriguing observation, as DII is expressed in the epidermal cells, and Dmcycî is expressed
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in neural cells. So how can DLL, a DNA binding protein, regulate transcription in a

different cell type? One likely explanation is that DLL is involved in specifying these PNS

cells so that, in D// mutant embryos, PNS neuroblasts in the region of DII expression do not

form. In this case the affect of Dll on DmcycÛ transcription is indirect due to a cell fate

change" Staining of DII mutant embryos with a neuroblast marker such as deadpan (Bier

et al." 1992)" would reveal whether these PNS cells form"

6"6.4 Conclusions.

In summary, the results presented in this chapter revealed that regulation of DmcycU

transcription in the epidermal thoracic patches is under the control of a complex set of

separate cls-acting elements. These elements appear to combine to produce a complete

epidermal thoracic patch pattern. In addition, analysis of potential trans-acting regulators of

DmcycE transcription in this tissue has raised the possibility that epidermal thoracic patch

transcription is regulated directly by integration of developmental patterning cues" Further

characterization of the role of UBX and WG in regulatin g DmcycÛ transcription in this

tissue, and the analysis of other potential regulators such as the patterning gene product

DPP, will determine whether the regulat\on of DmcycE transcription, and thus regulation of

cell proliferation, is a direct downstream target of developmental patterning genes.
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CHAPTER 7 - General Discussion and Future Directions.

7"I Regulation of DmcycE transcription is complex.

The aim of this work was to investigate the mechanisms by which DmcycE

transcription is regulated during development, to determine how DmcycE transcription, and

thus cell proliferation, is regulated by developmental signals and patterning cues during

development. Initially , the DmcycE cis-acting regulatory region was analysed using three

complementary methods: phenotypic analysis of deletions in the DmcycE regulatory region,

phenotypic analysis of embryos camying a genomic transgene which spans the Type I
DmcycE transcript in a null DmcycE mutant background and analysis of transgenic embryos

carrying DmcycE promoter-/øcZreporter constructs. These studies clearly demonstrated the

existence of multiple, tissue specific, cis-acting regulatory elements that drive DmcycE

transcription during embryonic and larval development. Tissue specific regulatory regions

were identified that drive DmcycE transcription in subsets of the wild type DmcycE

transcription pattern in the CNS and PNS cells, and also in the epidermal thoracic patches

during embryogenesis. Significantly, the existence of multiple cis-acting regulatory regions

indicates that DmcycE transcription is controlled in a complex manner, by many different

trans-acting factors. Indeed, more detailed dissection of the control sequences that drive

DmcycE transcription in the epidermal thoracic patch suggested that different regulatory

regions, some separated by several kb, are required to express DmcycE in subsets of the

epidermal thoracic patch pattern. Thus, the complexity of cis-acting sequences supports the

proposition that these sequences are directly integrating different patterning cues to regulate

Dmcycî transcription. These results also rule out the possibility that DmcycE transcription

is regulated in a simple way in response to cell cycle cues.

7"2 Further dissection of DmcycU cis-acting regulatory regions.

Most of the DmcycE tissue specific regulatory regions characterized in this thesis are

not precisely defined" For example the region that can drive transcription in the proliferating

thoracic and abdominal PNS cells (see Chapter 5) has only been restricted to a2.6kb

fragment. To identify the specific sequences that are responsible for tissue specific

regulation, further dissection of these cis-acting regulatory elements is required. Refining

the location of these sequences will also facilitate the identification of the trans-acting factors
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that bind to these sequences. In addition, despite analysis of 16.4 kb to genomic sequence

5' of the start site of Type I DmcycE transcription, the cis-acting regulatory regions that

drive expression in some tissues, such as the 3rd instar eye imaginal disc, were not found.

Thus, further experiments are also required to localize the regulatory elements that drive

DmcycU transcription in these additional DmcycE expression patterns and as well as to

refine the location of the as-acting sequences described in this study. Potential future

experiments are discussed below.

7.2.1, Further DmcycE promoter'lacZ reporter constructs.

As summarized in Figure 6.17 , many of the DmcycE cis-acting control regions

identified in this study are poorly defined and can drive expression in several different

subsets of the pattern of DmcycE transcription observed in wild type embryos" The

generation of more DmcycE promoter-lacZ rcporter constructs, using smaller DmcycU

genomic fragments, will help to localize and separate the sequences that drive expression in

different patterns. For example, the 3.1 kb HindnUSnaBI fragment can drive transcription

in subsets of the T1 epidermal thoracic patch cells, in the maxillary and labial head segment

PNS, and in subsets of late CNS cells and early trunk PNS cells. Dissection of this

fragment into smaller fragment may separate the different tissue specific elements that drive

expression in this complex pattern.

The generation of further DmcycE promoter-/acZrcporter constructs that test

genomic fragments outside of the 16.4 kb covered in this analysis may identify the location

of sequences not found in this present study that drive DmcycE transcription in larval tissues

such as the eye imaginal disc and most of the wing imaginal disc.

7"2.2 P element mediated Dmcyc^E deletions'

Most of the P element mediated promoter deletions analysed in Chapter 3 deleted

sequences 3' of the DmcycEPZ05278 p element and only a few of these showed any

significant differences in the DmcycE transcription pattern during embryogenesis.

However, even these few deletions identified some important regulatory regions required

for DmcycÛ transcription in different tissues. Further P element mutagenesis may create

deletions that extend in the 5' direction allowing the analysis of regions not covered in this

study, or generate 3' deletions that allow more preciselocalization of the cis-acting
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legulatory elements identified in this study.

Many of the DmcycE deletions in chapter 3 are homozygous embryonic

semi-viable, and the small 3'deletions 6L, 7L and l9L are homozygous embryonic viable,

but die during the lst or 2nd larval instar. The larval phenotype of these mutations has not

been analysed, but may be useful in determining or localizing the position of cls-acting

regulatory sequences important for larval development. The small deletions are in the same

region as the site of insertion of the P element in the DmcycEJP homozygous viable,

hypomorphic allele that gives a rough eye phenotype, suggesting that sequences important

for DmcycE expression in the developing eye imaginal disc are located in this region. The

generation of mitotic clones of these deletion alleles during larval development would reveal

whether any of these regions are important for regulation of DmcycE transcription during

brain or imaginal disc development.

7.2"3 Genomic rescue.

Rescue of DmcycE null mutations using larger genomic fragment would define the

full extent of the cls-acting sequences required to regulate DmcycE transcription during

development. The genomic rescue construct analysed in Chapter 4 was relatively small and

lacked important cis-acting regulatory sequences required for wild type expression of

DmcycE during embryogenesis. However, a larger genomic fragment, for example a

cosmid genomic clone that spanned the zygotic DmcycE Type I transcript and a considerable

amount of upstream and downstrcam DmcycE sequence, may be more successful in

rescuing null Dmcyc0 mutant embryos to adulthood. If a larger genomic construct could

not rescue DmcycE mutant embryos to viability, analysis of the DmcycE expression pattern

in a transcriptional null mutant background could still potentially identify more crs-acting

regulatory regions.

7.3 ldentification of trans-acting regulators of DmcycU transcription.

7.3.1 Regulation of DmcycE transcription in the epidermal thoracic

patches.

In this study, patterning genes that encode potential regulators of DmcycE

transcription in the epidermal thoracic patches were examined. The UBX transcription
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factor and the WG signalling protein were both identified as putative regulators, as embryos

deficient for either of these proteins have defects in the DmcycE epidermal thoracic patches

transcription pattern. The action of UBX, which either directly or indirectly represses

DmcycÛ transcription in ps 5 and 6, was most closely analysed. Importantly, this study

revealed that repression by UBX may be an example of direct regulation of DmcycU

transcription, and thus S phase entry, by a developmental regulator. Further experiments

are required to demonstrate that regulation by UBX is direct. As mentioned above,

transcription in a subset of epidermal thoracic patch cells in ps 4 is driven by the 3.1 kb

HindIIIlSnaBIDmcycE genomic fragment. Analysis of the 3.1 kb HindIIUSnaBI sequence

revealed that many potential UBX DNA binding sites were located in this fragment. The

significance of these sites needs to be tested, firstly in vitro by gel retardation and DNA

footprinting experiments. UBX binding sites identified by this in vitro analysis would then

need to be tested in vivo, by the specific mutation of the binding sites within the 3.1 kb

HindnIlSnaBI fuagment and the generation of transgenic flies containing DmcycE promoter-

IacZreporterconstructswiththemutant3.l kb HindIIUSnaBIfragment. If theUBX

binding sites tested are directly bound by UBX in vivo, tben IacZ transcription in the

epidermal thoracic patches from the mutant lacZreporter construct would be derepressed in

ps 5 and 6, similar to a Ubx mutant phenotype. The difficulty with these experiments is the

high number (approximately 40; see Figure 6.18) of potential UBX binding sites within the

3.1 kb HindIIIlSnøBI fragment. It is likely that UBX will bind to many of these sites ¿n

vitro, and analysis of mutations in some or all of these sites in vivo would be laborious.

Thus, this type of analysis would be greatly facilitated by finer mapping of the regulatory

region that drives transcription within the ps 4 epidermal thoracic patch domain of cells

using smaller DmcycU promoter-IacZreporter constructs" The identification of a smaller

regulatory region would allow a simpler analysis of the significance of UBX binding sites"

In addition a smaller ps 4 epidermal thoracic patch regulatory region would aid identification

of other trans-acting factor that activate DmcycE in these cells. For example, a yeast one-

hybrid screen could be undertaken to isolate the trans-acting factors that bind to these

smaller cls-acting regulatory regions.
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7.3.2 Trans-acting regulators that drive DmcycU transcription in other

tiss ues.

As discussed in the introduction to this thesis, there are several tissues in which

S phase, and thus DmcycE transcription, may be regulated by developmental signals.

a) Embryonic endoreplicating gut tissues.

The cis-acting regulatory regions that drive DmcycE transcription in the

endoreplicating gut tissue have not been definitively localized. However, one region, the

3.3 kb Clalftagment, may have sequences that are necessary for regulating DntcycE

transcription in the embryonic midgut (Chapter 5). DmcycE transcription in this tissue is

dependent on the E2F transcription factor (Duronio and O'Farrell, 1995; Royzman et al.,

1997). Sequence analysis revealed that several E2F DNA binding sites are located within

the 3.3 kb CIaI fragment, suggesting that E2F may regulate DmcycÛ transcription via this

fragment. Interestingly, ectopic expression of both the dDP and the dE2F subunits of the

E2F transcription factor can induce lacZtranscription in the midgut in embryos homozygous

for the 3.3C+1.9HllV-nIacZ endogenous promoter construct (R. Duronio, personal

communication)" Further analysis of the 3.3 kb Clalfragment is required to confirm that

this fragment does indeed drive transcription in the endoreplicating midgut. Upon

confirmation of this result, analysis of embryos carrying constructs that contain the 3.3 kb

Chlfragment in anE2F mutant background will reveal whether E2F can regulate Dmcycï

transcription via this regulatory element. Subsequent biochemical analysis to determine if
E2F binds to sites within the 3.3 kb Clalfragment in vítro, and testing the significance of

these sites in vivo, is required to conclusively demonstrate that E2F directly regulates

DmcycU transcription in the endoreplicating embryonic gut.

b) 3rd instar larval lamina precursor cells.

The lamina precursor cells within the optic lobe of 3rd instar larval brains undergo a

developmentally regulated Gl to S phase transition that is triggered by innervation of

photoreceptor cell axons from the eye via secretion of the HH signalling protein (Selleck er

aI., 1992; Huang and Kunes, 1996). It would be interesting to examine if the HH

signalling pathway is influencing DmcycE transcription in the lamina precursor cells to

regulate entry into S phase. If DmcycE transcription is not observed due to the absence of
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HH signalling in the lamina precursor cells, the 1.0 kb HindIIUEcoR[ fragment that can

drive transcription in these cells can be tested to see if Cubitus interruptus (CI), the

transcription factor thought to be directly downstream of the HH signalling pathway, (for

review see Hammerschmidt et aI.,1997) can directly bind to this fragment. Direct binding

of CI would strongly suggest that HH signalling is directly regulating DmcycU transcription

and thus S phase entry in these cells.

7.4 Final conclusions.

In conclusion, this study has shown that DmcycE transcription is regulated by a

complex arrangement of cis-acting regulatory sequences. These findings suggest that this

regulatory region may be subject to direct regulation by developmental signals to generate

the specific spatio{emporal pattern of DmcycU transcription during development. In some

cases, such as cells in the embryonic epidermal thoracic patches, the direct integration of

patterning cues to drive DmcycE transcription may be responsible for co-ordination of S

phase and thus cell proliferation during development. Such diroct regulation of DmcycE

would be analogous to the transcription regulation of the string gene, which drives mitosis

in a complex spatio-temporal pattern in the three post-blastoderm cell divisions that occur

early in Drosophila embryogenesis (Edgar and O'Famell, 1990; Edgar et aI.,l994a;

Patterson, 1996). The string cis-acting regulatory sequences have a complex arrangement

of regulatory regions that drive transcription in separate mitotic domains which are also

likely to directly integrate patterning information during early embryonic development.

Thus, in these first analyses of transcriptional control of conserved cell cycle regulatory

genes in developing organisms, complex developmental regulatory mechanisms and not cell

cycle phase specific mechanisms have been observed. Developmental regulation of cell

cycle control gene transcription may therefore be an important mechanism for co-ordinating

cell proliferation with morphogenesis in other organisms. The results obtained in this study

now provide a basis for determining the precise mechanisms by which developmental cues

interact with the DmcycÙ cis-acting control regions to regulate S phase and cell proliferation

during D ro s ophila development.
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