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Abstract

In D. melanogaster, CycE and E2F1 are critical proteins in endocycle control. It 

is known that both of these proteins are required for endocycling and that cycE mRNA 

and protein oscillate in endoreduplicating tissues (ERT’s). The mechanism of endocycle 

regulation by E2F1 through CycE, however, has not been elucidated. Here, I implicate 

E2F1 protein oscillation in the fluctuation of two of its specific target genes, cycE and 

rnr2, which is then responsible for the G-S transition of Drosophila ERT’s. The results 

also suggest that E2F1 control of S phase initiation within the endocycling cell is 

dependent on nutritional inputs.
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Introduction

Endoreduplication is a common type of cell cycle variant found in many 

organisms. This type of replication, also known as endoreplication, or endocycling, is 

especially common in larval Drosophila melanogaster tissues. Because endocycles are 

tightly controlled by nutrition (Britton and Edgar, 1998), they allow for the 

endoreplicating tissues (ERT’s) within the fly to grow very rapidly, up to 200 fold, within 

the five-day larval period before pupation. This growth occurs because the affected cells 

undergo alternating S and G phases, but lack cell division. As a result, the endocycle is 

tightly associated with a large increase in cell growth.

I studied the regulation of the endocycle by two proteins, E2F1 and Cyclin E 

(CycE). Previous experiments have shown that fluctuations or oscillations in the level of 

CycE within larval ERT’s of D. melanogaster are required for endoreplication, but 

constitutive expression blocks endocycle progression (Follette et al., 1998; Weiss et al., 

1998). Moreover, CycE downregulates cycE transcription within ERT’s (Sauer et al., 

1995; Lilly and Spralding, 1996), and E2F1 activity induces the expression of CycE 

within ERT’s (Duronio and O’Farrell, 1995; Weng et al., 2003). This suggests a model 

for CycE and E2F1 control of the endocycle in which their respective levels oscillate 

alternatively resulting from positive and negative feedback between the two proteins and 

the available levels of nutrition (Figure 1). The model hypothesizes that E2F1, 

stimulated by nutrition, causes an increase in cycE transcription during gap phases, 

encouraging positive feedback of CycE on e2fl and, therefore, the augmentation of both 

e2fl transcription and CycE activity. Once the levels of CycE reach a threshold they 

push the cell into S phase, but then begin negative feedback on E2F1 activity by CycE



mediated degradation of E2F1 protein (Reis, unpublished). This loss of E2F1 activity 

then decreases CycE transcription, which returns to basal levels, and allows preparation 

for the subsequent S phase.

The purpose of this research was to test this oscillation model of E2F1 and CycE 

activity. In particular, I focused on examining the expression levels of e2fl mRNA and 

protein and also the mRNA levels of two targets of E2F, cycE and rnr2. I hypothesized 

that levels of E2F protein and activity oscillate throughout the endocycle.
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Materials and Methods

Fly Strains and Cultures

Wild-type Sevelen stocks were used in all experiments except determination of 

E2F1 protein activity and ectopic cycE expression. Ectopic expression of E2F1 used 

UAS-dE2Fl, hsFLP122 (Neufield, de la Cruz, Johnston, and Edgar, unpublished) and 

UAS-GFP, act>cd2>GAL4 (Neufield, de la Cruz, Johnston, and Edgar, unpublished), as 

well as UAS-CycE, hsFLP122 (obtained by H. Richardson).

All ‘fed’ larvae were grown on standard com meal media at 25°C in vials or

bottles. ‘Starved’ larvae were removed from fly food after 72 hours and transferred to a 

20% sucrose solution in phosphate buffered saline (PBS). Larvae were transferred to 

fresh sucrose every 24 hours after food withdrawal.

Larval endocycling tissues including gut, fat body, and salivary glands were 

mounted in PBS + 0.1% Tween-20 (PBS-Tween).

Ectopic transgene expression

The flp-out Gal4 technique was used according to Brand and Perrimon (1993). 

This involved the Gal4-driven expression of green fluorescent protein (UAS-GFP) and

loss of Cd2, which is excised from the Act>Cd2>Gal4 cassette upon activation. GFP 

then served as a marker for the desired gene (UAS-E2F7). Heat shock treatments were 

omitted because UAS-driven expression occurs in a small percentage of endoreplicating 

cells prior to the onset of polyploidization independently of heat shock (Britton et al.,

2002).
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Antibody labeling

Embryos were collected on grape juice agar plates for 2 hr and aged until the third

instar at 25°C. Early third instar larvae were fixed and immunolabeled using 4% 

paraformaldehyde for 20 min, blocking in PAT (IX PBS, 0.1% Triton-X-100, 1.0%

BSA) for two hr, incubation overnight at 4°C with an anti-E2Fl primary antibody and for

two hr at 25°C in goat anti-mouse secondary antibody and PBT (IX PBS, 0.3% Triton-X-

100, 0.1% BSA, 0.1% sodium azide). DNA labeling used lug/mL DAPI stain for one hr.

BrdU Incorporation

Second instar larvae were dissected in PBS-Tween, and were placed in 1 mg/ml

BrdU for 35 min at 25°C for incorporation of BrdU. Following incorporation, the larvae

were washed once in PBS-Tween and twice in PBS. These larvae were then fixed for 30

min in 4% formaldehyde followed by washing three times in 0.3% Triton X- 

100/PBS (PBST) for 20 min each. BrdU was detected using a mouse anti-BrdU antibody 

(Becton Dickinson, 1:100). Secondary antibodies were from Jackson ImmunoResearch

Lab.

In-situ hybridization

In situ hybridization was performed as described in Tautz and Pfeifle (1989) with 

modifications including the use of digoxygenin-labeled RNA probes (Boehringer 

Mannheim), omission of the pretreatment with proteinase K following embryo fixation 

and an increase in the hybridization temperature from 45°C to 55°C.
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Results

E2F1 transcript, protein, and activity levels in the endocycling cell

E2F1 protein is a conserved transcription factor that induces expression of several 

cell cycle genes, including cycE (Duronio and O’Farrell, 1995; Weng et al., 2003). 

Although it has been shown that CycE protein levels must oscillate within endocycling 

cells, in situ hybridization with digoxigeninylated probes indicates that e2fl transcript 

levels do not oscillate significantly. Figure 2 reveals that fluctuation of e2fl transcription 

is not noticeable in D. melanogaster larvae 96 hours after egg deposition (AED), as there 

is little variation among the RNA staining within the cells.

CycE and rnr2 are both transcriptional targets of the E2F1 protein. As shown in 

Figures 3 and 4, transcription of these two targets varies throughout endocycling cells. In 

situ hybridization with digoxigeninylated probes indicates that the targets are only being 

transcribed in a portion of the endocycling cells. Figure 5 demonstrates differences in 

E2F1 protein level within several endoreplicating cells.

E2F1 transcriptional targets seem to oscillate with the same regularity as S phase

Incorporation of bromodeoxyuracil (BrdU) in a short period of time within larval 

endocycling cells indicates the percentage of these cells that are experiencing S phase at 

any one time. Approximately 30% of cells are in S phase at one time (Figure 6). This 

percentage of S phase cells also correlates with the percentage of cells that are actively 

transcribing E2F1 targets, approximately 25% (Figures 3 and 4).

Elevation of E2F1 levels augments endocycling, even in the absence of nutrients

Endocycling tissues within D. melanogaster larvae require nutritional inputs. 

However, ectopic induction of E2F1 overexpression within these cells allows significant
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increase in size and ploidy (Figure 7). Also, starvation of larvae for three days in which 

the E2F1 protein is ectopically expressed reveals increased size and shape reminiscent of 

non-starved larvae (Figure 8).

Continuous cycE blocks endocycles

As previously determined (Weiss et al, 1998; Follette et al. 1998), continuous 

cycE expression inhibits endocycle progression. The arrows in Figure 9 reveal that 

ectopically induced CycE within endocycling cells leads to smaller size and abnormal 

shape of the cell.
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Discussion

CycE and E2F1 are both critical for entry of the endocycle into S phase.

However, little is known about the relationship of these two proteins with each other and

their ties with the nutrition/growth pathway in regulation of the G-»S transition.

It is known that E2F1 protein is a transcriptional regulator for cycE and rnr2 

(Lilly and Spralding, 1996). The experiments described in this thesis show that there

may, in fact, be an oscillatory relationship between the E2F protein and E2F target 

transcripts within the cell and that this oscillation may be correlated with endocycle 

periodicity. e2fl transcript does not seem to fluctuate appreciably, while E2F1 protein 

does oscillate. Similarly, the transcripts of the target genes of the E2F1 protein, cycE and 

rnr2, also oscillate within the larval Drosophila ERT’s. The results presented here and 

previous work by Follette et al. (1998) suggest that elevated levels of CycE protein are 

required for breakdown of the endocycle. Furthermore, e2fl is transcribed continuously, 

but E2F1 is regulated post-translationally in order to cause an oscillation of target genes, 

and therefore, cycling of the cell into S phase.

However, the nutrition/growth pathway also regulates the endocycle. My results 

suggest that in the absence of nutrition, ectopic expression of E2F1 within the cell allows 

for the compensation of the lack of nutrients. Because this overexpression effectively 

causes a bypass of the nutrition pathway on endocycle regulation, the data show that the 

nutrition pathway may be an E2F1 post-transcriptional regulator.

The mechanism of regulation of CycE by E2F1 protein within endocycling cells 

can be postulated (Figure 1). This model demonstrates the stimulation of E2F1 by the 

nutrition/growth pathway, which then stimulates CycE protein production. This cycle
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allows the augmentation of the CycE protein levels until a threshold level is reached, at 

which time S-phase is initiated in the endocycling cell.

The model presented here also offers many opportunities for further investigation. 

It is assumed that the cycling of E2F protein, levels of cycE mRNA transcript and protein 

are all oscillating in correlation with the initiation of S-phase, but this has not yet been 

experimentally demonstrated. Double labeling of cycE mRNA and E2F1 protein in 

conjunction with S-phase labeling would provide better evidence of the relationship of 

their respective oscillatory patterns within the endocycling cell. Furthermore, the model 

presented proposes a cyclic relationship between CycE and E2F proteins, with input of 

the nutrition/growth pathway and an output of S-phase entry. The equilibrium of events 

in this model could be examined by variation of one component within the system and 

analysis of the results. Additional experiments include the analysis of endogenous E2F 

protein levels within the cell and these levels in cell size expressors, such as dMyc.
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Nutrition

Figure 1. Model for Cyclin E and E2F1 control of the endocycle 
through a feedback loop. Rbf, retinoblastoma-family protein allows 
positive feedback between CycE and E2F1 until elevated levels of CycE 
cause G-S transition to occur.
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Salivary Gland Fat Body

Figure 2. E2F1 transcription does not vary dramatically from cell 
to cell. All cells show an accumulation of transcript,. Genotype: wt.
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Figure 3. Transcripts of E2F1 target genes, such as rnr2 oscillate. As 
demonstrated by the varying levels of mRNA within a given ERT, 
only a fraction of the cells contain transcript. Genotype: wt.
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Figure 4. Transcripts of cycE also oscillate within the endoreplicating 
cell. Only a small percentage of these cells contain transcript. 
Genotype: wt
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«E2F GFP

Figure 5. E2F1 protein level oscillates in UAS-GFP/UAS-E2F lines. 
Although GFP is produced equally over time in the ectopically expressed 
cells, E2F1 protein is not, as seen by the differences in staining intensity of 
the E2F1 antibody. Genotype: yw hsflp122 ; + ; UAS E2F/act>cd2>GAL4, 
UAS GFP
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Figure 6. S phase cell percentage correlates with E2F1 target 
transcripts. BrdU incorporation into a growing ERT allows 
approximate determination of fraction of cells in S-phase at one time. 
Genotype: wt
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GFP DAPI

Figure 7. Ectopic expression of E2F1 leads to increase in ploidy. Using an 
E2F1 overexpressor allows observation of marked increase in nuclear size
and intensity of a cell expressing GFP, and therefore, E2F1. Genotype: yw 
hsflp122 ; + ; UAS E2F/act>cd2>GAL4, UAS GFP
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Figure 8. Ectopic expression of E2F1 within starved ERT larval tissue 
results in a higher ploidy. E2F1 expression, as noted by GFP staining, in 
nutrient-deprived cells leads to increased nuclear size and staining 
intensity. Genotype: yw hsflp122 ; + ; UAS E2F/act>cd2>GAL4, UAS 
GFP
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4

DAPI DAPI

Figure 9. Continuous expression of CycE blocks endocycles. Expression of 
cycE within an endocycling cell leads to deterioration of the nucleus, as seen 
in the cells marked with arrows. Genotype: yw hsflp122 ; + ; UAS 
CycE/act>cd2>GAL4, UAS GFP
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Figure 10. Proposed relationship between E2F1 protein, transcripts, and 
endocycle periodicity


