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E2F transcription factors are master regulators of the eukaryotic
cell cycle. In Drosophila, the sole activating E2F, E2F1, is both
required for and sufficient to promote G1—S progression. E2F1
activity is regulated both by binding to RB Family repressors and
by posttranscriptional control of E2F1 protein levels by the EGFR
and TOR signaling pathways. Here, we investigate cis-regulatory
elements in the E2f1 messenger RNA (mRNA) that enable E2f1
translation to respond to these signals and promote mitotic prolif-
eration of wing imaginal disc and intestinal stem cells. We show
that small upstream open reading frames (UORFs) in the 5’ untrans-
lated region (UTR) of the E2f7 mRNA limit its translation, impacting
rates of cell proliferation. E2f1 transgenes lacking these 5'UTR
UuORFs caused TOR-independent expression and excess cell prolifer-
ation, suggesting that TOR activity can bypass uORF-mediated
translational repression. EGFR signaling also enhanced translation
but through a mechanism less dependent on 5’'UTR uORFs. Further,
we mapped a region in the E2f1 mRNA that contains a translational
enhancer, which may also be targeted by TOR signaling. This study
reveals translational control mechanisms through which growth
signaling regulates cell cycle progression.
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Postembryonic cell proliferation is controlled largely by
extracellular signaling and nutrients that stimulate both
growth-associated (anabolic) metabolism and cell cycle progres-
sion. However, despite great progress in understanding both cell
signaling and cell cycle regulation, the mechanisms that link
growth signaling to the cell cycle control apparatus remain
poorly understood. Studies in yeast have led to models in which
cell proliferation is a direct consequence of cell growth, either
through dilution of a cell cycle inhibitor as cell volume increases
or, alternatively, through growth-dependent accumulation of cell
cycle activators (1-3). In budding yeast, the level of CIn3, a G1
cyclin analogous to metazoan Cyclins D and E, are highly sensi-
tive to translational efficiency. Cln3 possesses a short upstream
open reading frame (uORF) that dampens Cin3 translation,
favoring accumulation when overall translational efficiency is
high (2). Because CIn3 activity is rate-limiting for G1/S progres-
sion, manipulation of CIn3 synthesis rates affects the size at
which yeast cells divide. Similarly, M-phase entry is regulated by
translation rates in fission yeast, where translation of a limiting
mitotic activator, Cdc25, is highly sensitive to cellular translation
rate (4). Another study demonstrated that subthreshold concen-
trations of Whi5, a negative cell cycle regulator, are sufficient
to trigger G1/S (1). Because the amount of Whi5 per cell is
constant throughout G1, cell volume increases during G1 are
sufficient to dilute Whi5 to levels that allow G1/S entry. These
different mechanisms are not mutually exclusive but rather
reflect the likely possibility that metazoan cell cycles harbor
multiple growth-sensing mechanisms to ensure that division is
tightly coordinated with cell growth.

The involvement of a growth responsive cell cycle regulator,
i.e., a “growth sensor,” is a shared feature of these models from
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yeasts, but such a mechanism has so far not been elaborated in
metazoan cells. Current models of the metazoan cell cycle do
not include specific explanations for why cells enter the cell cycle
only once a certain cell volume or growth rate is achieved,
though this topic is widely discussed (3, 5, 6). In textbook mod-
els of mammalian cell cycle control, growth factor signaling trig-
gers a transcriptional cascade that culminates in the expression
of Cyclin D (CycD1, D2, D3), the activator of Cyclin Dependent
Kinases 4 and 6 (Cdk4, Cdk6). CycD/Cdk4 complexes then
phosphorylate Retinoblastoma protein (Rb) family transcrip-
tional repressors to unleash E2F family transcriptional activa-
tors that promote transcription of a large set of genes needed
for DNA replication and mitosis (7-9). However, whether this
model can be universally applied is debatable, as several studies
report examples wherein Cyclin D and/or CDK4/6 are dispens-
able for cell proliferation (10-12), and show that cells are
responsive to growth factor signaling in their absence. While
extensive data support the importance of the E2F transcrip-
tional activators for cell cycle progression, there are probably
unknown factors in addition to Rb repressors that control E2F
activity.

Previous work in Drosophila indicates that E2F1 acts as a
potential growth sensor during G1—S transitions in endocycling
salivary gland cells and midgut enterocytes. In Drosophila’s
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salivary glands, E2F1 protein levels are posttranscriptionally regu-
lated by the TOR signaling pathway (13), whereas in adult midgut
enterocytes, levels of E2F1 protein, but not messenger RNA
(mRNA), were found to be EGFR/RAS-dependent (14). TOR
activity is regulated by nutrient-dependent Insulin/PI3K signaling
and amino acid levels and can increase translational efficiency by
stimulating factors including S6K and eIF4E (15-18). TOR thus
provides a link between nutritional sensing and translation. The
translational efficiency of mRNAs is greatly influenced by the
sequence and structure of their 5 untranslated regions (UTR),
which can suppress or enhance translation initiation. uUORFs in
the 5UTR cannot only suppress translation but can also favor
translation of select transcripts during cellular stress (19). A
well-known example is the stress-activated translation of mam-
malian ATF4. In this case, the eukaryotic Initiation Factor 2
(eIF2) is phosphorylated upon stress, and this reduces the num-
ber of eIF2 ternary complexes and the ability of uORFs to throt-
tle translation of ATF4. There is also a known mechanism
wherein uORFs can be selectively bypassed to allow translation
in nonstressed conditions. In Drosophila, DENR and MCT-1 can
promote reinitiation of ribosomal scanning along the 5UTR,
thus aiding the ability of ribosomes to reinitiate translation at
start codons downstream of a uORF (20). Shortening of
5'UTRs, and thus removal of uORFs, can increase translation in
both mammalian and Drosophila cells (21, 22). Furthermore, sec-
ondary RNA structures in 5’UTRs, including 5" Terminal Oligo-
Pyrimidine tracts and stable hairpin structures, can also influence
the translational efficiency of an mRNA. These structures are
especially dependent upon the RNA helicase activity of eIF4E
(23-25), which can be controlled by TOR through phosphory-
lation of the eIF4E inhibitor, 4E-BP. In addition, TOR also
activates another RNA helicase responsible for “melting” sec-
ondary structures, elF4B, through activation of S6K. In con-
clusion, mRNA translation can be selectively regulated in
response to growth conditions, and such a mechanism is likely
to impact the levels and activities of cell cycle regulators, thus
linking the cell cycle apparatus to cell growth. Here, we fur-
ther investigate the function of Drosophila E2F1 as a transla-
tionally regulated growth sensor. Our studies indicate that
uORFs and a ~400 nucleotide region within the 5UTR have
significant regulatory effects on E2f1 translation and on E2F1-
dependent cell proliferation.

Results

E2f1 Expression Is Regulated Posttranscriptionally by TOR in Mitotic
Cells. Our previous work demonstrated that Drosophila E2fI is
posttranscriptionally regulated by EGFR/Ras/Raf and TOR
signaling in adult midgut enterocytes and larval salivary gland
cells, respectively (13, 14). Both cell types are postmitotic, poly-
ploid endocycling cells. E2fI has also been reported to be post-
transcriptionally up-regulated by TSC/TOR in diploid mitotic
cells of the Drosophila eye disc (26), although whether this
up-regulation affected proliferation was not tested. In wing
imaginal discs (WD), overexpressed E2F1 accelerates prolifera-
tion and loss of E2F1 arrests proliferation (27), indicating that
E2F1 levels can be rate-limiting for mitotic cell cycle progres-
sion. We therefore tested whether E2F1 levels are posttran-
scriptionally regulated by TOR and/or EGFR signaling in WD
cells. To do this, we overexpressed Rheb, an activator of TOR
(28), or activated Ras (Ras¥'>5%) (29), or their downstream
targets, Myc and S6K, in the posterior WD. We then compared
E2F1 levels in posterior versus anterior WDs using an anti-
E2F1 antibody (30). We observed that overexpressed Rheb
increased E2F1 protein expression (Fig. 1 4 and B) without
affecting E2f1 mRNA levels (Fig. 1C). Using the same approach,
we also observed increased E2f1 expression following Myc or
RasV!%5%5 overexpression (SI Appendix, Fig. S1), though no
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significant change was observed following overexpression of a
constitutively active form of S6K (S6KTE2 (331), a downstream
effector of TOR. Thus, Myc and Ras"'*5% promoted E2F1
protein expression in WDs but to a lesser extent than Rheb
(Fig. 1B). TOR is known to regulate general translation through
S6K activation in growing cells (15-18). These results demon-
strate that TOR is also likely to regulate E2F1 protein levels
posttranscriptionally in mitotic cells, a relationship similar to that
reported earlier in endocycling cells (13). However, we cannot
exclude the possibility that TOR also influences E2fI expression
through transcription, for instance, through affecting E2f1 iso-
form expression. Both TOR and Ras activity can promote cell
growth and G1—S transitions in WD cells (28, 32), and it has
also been demonstrated that E2f1 expression limits cell cycle pro-
gression in these cells (27). Thus, our results suggest that TOR
signaling promotes WD cell cycle progression by posttranscrip-
tionally increasing E2F1 protein levels through a mechanism
independent of S6K.

E2f1 Translation Rate Is Controlled by Its UTRs. We hypothesized
that posttranscriptional control of E2F1 levels might be exe-
cuted by translational control sequences in the E2f] mRNA.
Hence, we tested whether the translation of E2f] mRNA is
dependent on sequences in its UTRs. mRNA translation is
often regulated through 5'UTRs, which can contain linear
motifs and secondary structures that interfere with translation
initiation (33-38). Interestingly, the predicted E2f] mRNA iso-
forms include six variant 5UTRs and one alternative transcrip-
tion termination site that gives rise to two variant lengths of the
3'UTR (Fig. 1D and SI Appendix, Fig. S2) (39) (FlyBase version
FB2021_3). Two variant isoforms of the E2F1 protein have also
been reported, such that one variant, E2F1b, possesses an addi-
tional short (48bp) internal exon, adding 16 amino acids to a
region of the E2F1 sequence known as the “marked box domain”
(40). Expression of both E2F1 protein isoforms is required to
sustain larval development and endocycles, where E2F1b is espe-
cially required in salivary glands. Based on isoform analysis of
RNA sequencing data using the Cufflinks algorithm, the E2fI-RA
mRNA isoform was found to be the predominant isoform
expressed in S2R+ cells, WDs, and salivary glands (Fig. 1E).
This isoform possesses the longest 5UTR, which contains an
unusually high number (11 in total) of conserved short uORFs
for Drosophila (Fig. 1F and SI Appendix, Fig. S3) (41). A shorter
E2fI isoform, E2fI-RE, was the predominant isoform expressed
in cells of the adult midgut, which includes intestinal stem cells
(ISCs), enteroblasts (EBs), and enterocytes (Fig. 1E). To test
the potential functions of elements in the E2fl SUTRs we
designed a translational sensor assay that allowed us to compare
the translational efficiency of sensors containing different UTR
sequences in vivo. These sensor mRNAs possess a green fluo-
rescent protein (GFP) coding sequence (CDS) flanked by a
5'UTR and 3'UTR from either E2fI or B-globin (SI Appendix,
Fig. S44). A short Xenopus p-globin UTR was chosen as a con-
trol due to its lack of known regulatory sequences (42). The
CDS contains a super folder GFP, a nuclear localization signal,
and Escherichia coli dihydrofolate reductase (ecDHFR). These
sensors were expressed in S2R+ cells under control of an actin
promoter. The ecDHFR CDS destabilizes expressed proteins
through recognition by the proteasome unless bound to Tri-
methoprim, a small molecule that can be added to the cells to
control sensor expression (43). S2ZR+ cells were imaged for 24 h,
with or without the addition of Trp at T = 0 h, on an Olympus
ScanR Screening Microscope. We observed that the translational
sensor with the full-length E2fI UTR sequences (RA) accumu-
lated GFP more slowly than a sensor possessing short UTRs
(AUTR; Fig. 1G). This indicated that the E2fI-RA UTRs
possess regulatory sequences that attenuate E2f] expression
in S2R+ cells. mRNA levels were not affected by the different
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Fig. 1. E2f1 expression is posttranscriptionally regulated through its 5UTR in Drosophila imaginal discs. (A) Myc, Rheb, Ras"'%%3%, and S6K™®" were overex-
pressed in the posterior WD (P) using the engrailed driver. E2F1 levels, stained with anti-E2F1 antibody, were enriched in cells overexpressing Rheb. (Scale bar:
100 pm.) (B) Quantification of posterior E2F1 levels relative to anterior E2F1 levels in WDs. Overexpression of Myc, Rheb, and Ras"'?*** induced increased
expression of E2F1 in posterior WD compared to control cells in the anterior (A) WD. (C) qRT-PCR of E2f17 and Rheb mRNA levels in WT WDs and discs overex-
pressing Rheb. (D) Drosophila E2f1 has six isoforms differing mainly by alternative splicing of the 5UTR. (E) RNAseq expression data of E2f1 isoform transcripts
from ISCs, EBs, enterocytes (ECs), salivary glands (SG), WDs, and S2R+ cells. (F) Distribution of uORFs in Drosophila transcripts. Graph based on published data
(41). (G) Live recording of fluorescence accumulation, generated from E2f1 translational sensors, in S2R+ cells. RA-E2F1 translational sensor displays lower
accumulation rate compared to AUTR sensor. (H) qRT-PCR analysis of expressed translational sensors reveals no significant effect on mRNA levels. Error bars in

B and H represent mean and SD. Student's t test performed in B and H (*P > 0.05, **P > 0.01,***P > 0.001, ****P > 0.0001).

UTRs (Fig. 1H), implying that UTRs regulate expression by
altering translation efficiency.

The 5'UTR of the E2f1-RA Isoform Encodes a TOR-Responsive Ele-
ment. As shown in Fig. 1, E2F1 protein expression is responsive
to TOR activity in imaginal discs. To test whether TOR-responsive
elements might be present in the 5UTR of the E2fI-RA mRNA,
we induced clones of TscI ™'~ cells, which have high TOR activ-
ity, in eye discs carrying mutations of the E2f] 5UTR RD/RA/
RE region (44) (SI Appendix, Fig. S2). The E2f1*®! mutant has
had the entire RD/RA/RE region removed by FLP-FRT recom-
binase using two flanking FRT sites (44). Another allele, E2f1%
(P{RSS}E2fI°4-1661) " possesses an RS5 P-element insertion
(45, 46) that has previously been shown to primarily affect
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expression of the E2fI-RE, RA, and RD isoforms (44, 46). We
found that E2F1 levels were markedly increased in Tscl ™/~
clones that were wild type for E2f] but were not increased in
cells that were also homozygous for either E2fI® or E2f1°*
(Fig. 2 A and B). E2fI transcripts were not enriched in Tsc/
mutants compared to control, indicating that E2F1 protein levels
are increased posttranscriptionally in 7sc/ mutants (Fig. 2C).
qRT-PCR of E2fI*** and E2fI*5’ (44) mutant eye discs revealed
that the total E2f] mRNA levels were only mildly affected (Fig.
2D, Left bars), suggesting the E2f] RB, RC, and RF mRNA iso-
forms are incapable of responding to increased TOR activity.
This suggests that TOR regulates expression of E2F1 protein
levels posttranscriptionally through a feature unique to the E2fI-
RA, -RD, and -RE mRNAs.
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uORFs Limit E2f1 Translation in Wing Discs. Next, we tested
whether certain UTR sequences are sufficient to control E2f1
translation and proliferation in vivo. We therefore constructed a
panel of transgenes possessing alterations in the E2f] UTR
sequences (Fig. 34) to use for in vivo expression tests. We inves-
tigated the E2fI-RA isoform because it possesses the longest
5'UTR among the 6 E2f1 mRNA isoforms and because it is the
predominant isoform expressed in larval tissues (salivary glands,
WDs) and also in S2R+ cells (Fig. 1E). We included the longer
3UTR variant because the length of the 3'UTR is modified dur-
ing transcription by the presence of alternative polyadenylation
sites (47, 48). Our alterations in the E2fI-R4 5'UTR included 5
nested truncations [A(1-414), A(207-621), A(414-828), A(621-
1035), A(828-1242)] and a variant with single nucleotide sub-
stitutions (ATG—AAG) to remove all 11 uORF start codons
(AuORF) (Fig. 34 and SI Appendix, Fig. S4B). To measure
effects on mRNA translation without affecting the cell cycle,
we constructed one set of transgenic lines, referred to hence-
forth as “translational sensors,” which included the GFP pro-
tein CDS but not the E2fI CDS (SI Appendix, Fig. S4C). The
E2f1 CDS was excluded in these constructs to prevent periodic
degradation normally conferred by the E2F1 PIP degron (49) as
well as changes in proliferation that might affect GFP accumula-
tion. The translational sensors were expressed in WDs using the
Gal4/UAS expression system (50). Gal4 was expressed in entire
larvae using the tubulin promoter (tubGal4). Larvae expressing
the translational sensors were raised at 25°C for 6 d until the
wandering L3 stage. We confirmed by qRT-PCR that the sensor
mRNAs were expressed at similar levels, suggesting that changes
in the 5UTR did not influence the amount of available mRNA
(Fig. 3B). GFP levels of individual WD cells from ~20 WDs
were then measured by flow cytometry using Hoechst 33342 to
identify nucleated cells (SI Appendix, Fig. S5A). We observed
that inactivating the uORFs strongly increased the levels of GFP
compared to the control construct (Fig. 3C). A similar increase
in GFP expression induced by a construct based on the E2fI-RD
isoform (RD-GFP), lacking uORFs (RD*“C*F_GFP) (SI Appendix,
Fig. S4C), was also detected in eye discs (SI Appendix, Fig. S6
A-C). These results are consistent with uORFs acting as a
translational throttle (51). Three transgenes possessing dele-
tions in the SUTR [A(1-414), A(207-621), and A(621-1035)-
GFP] expressed levels of GFP that were higher than RA-GFP
but lower than AuORF-GFP. Each of these deletions removed
3 to 5 uORFs, which may explain the increased GFP levels. Two
transgenes, A(414-828) and A(828-1242), expressed decreased
GFP levels compared to the RA-GFP control transgene (Fig.
3C), suggesting that sequences in the 414-828 and 828-1242
regions enhance translation of E2fl mRNA. The A828-1242
truncation covers a region found in the SUTR of all E2fI iso-
forms, whereas the A414-828 truncation covers a region present
only in the RA and RD mRNA isoforms.

A possible mechanism to explain these results is that this
region serves as an internal ribosomal entry site (IRES), which
allows ribosomes to bypass a majority of the uUORFs. We there-
fore constructed a bicistronic translational sensor similar to the
RA-GFP translational sensor but containing an RFP CDS inser-
tion at the 414 nt position (RA-RFP**-GFPN™5, SI Appendix,
Fig. S4C). IRES activity should thus be detected by the presence
of GFP signal. When expressed in larval WDs, we could not
detect GFP, suggesting E2f1 is not controlled through this mech-
anism in this tissue (SI Appendix, Fig. S7). However, we could
detect GFP signal in salivary glands, suggesting an IRES may
facilitate E2fI translation in a tissue-dependent manner. We also
observed GFP expression in a few cells (<5 GFP+ cells per gut)
of the adult midgut. We conclude that SUTR uORFs limit the
translation rate of E2fI and that the (414-828) and (828-1242)
regions are required for optimal translation of E2f1 through a
mechanism independent of IRES in larval WDs. Interestingly,
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the (621-1035) deletion, which overlaps with the (414-828)
and (828-1242) region, did not display decreased translation.
This result may suggest the presence of multiple regulatory
sites in this region, such that different combinations of deleted
sites yields different effects. It could also be the consequence
of alterations in an RNA tertiary structure that dictates trans-
lation efficiency.

Mitotic Cell Cycle Rate Is Regulated by E2f1 Translation. Expres-
sion of E2F1 has previously been shown to be rate-limiting for
endocycling in the salivary glands and was proposed to act as a
sensor of growth and growth signaling (i.e., TOR activity) in
that tissue (13). To determine whether E2fI translation rates also
control rates of proliferation in mitotic cells, we performed
experiments in larval WDs. To test whether cell cycle rates can
be adjusted by the rate of E2f] translation in larval WDs, we
expressed transgenes with SUTR alterations identical to those
used in the translational sensors described previously but encod-
ing a functional GFP-E2F1 (Fig. 34 and SI Appendix, Fig. S4B).
We crossed these transgenes with an engrailed-Gal4 driver line
coexpressing temperature sensitive Gal80 (en-Gal4 tub-Gal80")
so that ectopic GFP-E2F1 expression would be limited to poste-
rior wing compartments after a temperature shift. GFP* off-
spring were raised for 5 d at 18 °C and shifted to 29 °C to activate
GFP-E2F1 expression 2 d before dissection. Live WD cells were
dissociated, stained for DNA and run through a flow cytometer
(Cytoflex). We noticed a significantly increased ratio of cell
numbers in the posterior wing compartment compared to ante-
rior wing compartment when overexpressing E2F1 transgenes,
with the exception of the A(414-828)-E2F1 and A(828-1242)-
E2F1 transgenes (Fig. 3D), which had normal cell numbers.
This is consistent with the very low rate of translation of these
two transgenes (Fig. 3C). We also observed decreased cell sizes
in E2F1-overexpressing cells, and we noticed that cells express-
ing A(207-621)-E2F1 were significantly smaller than R4-E2F1
expressing cells, while A(414-828)-E2F1 expressing cells were
larger (Fig. 3E). However, the strongly expressed AuORF-E2F1
transgene displayed a lower cell number ratio than the RA-E2F1
control (Fig. 3D), suggesting that E2F1 cannot increase prolifer-
ation if expressed beyond a certain level. It is also known that
excessive E2f1 expression causes apoptosis. Indeed, we observed
more apoptosis when expressing the strongly translated AuORF-
E2F] transgene compared to the more weakly expressed RA-
E2FI transgene (Fig. 3F). We then asked how different levels of
E2fI translation affected cell cycle progression. We therefore
compared DNA profiles to assay the proportions of cells in G1,
S, and G2 phase (Fig. 3G). We compared three transgenes rep-
resenting three levels of translation efficiency: A(414-828)-E2F1
(low translation), RA-E2F1 (medium translation), and A(1-414)-
E2F1 (high translation). We found that higher levels of E2fI
expression correlated with decreased numbers of G1 cells and
increased numbers of G2 cells (Fig. 3G). These data, which are
consistent with an earlier analysis of E2F1 function in WDs in
Ref. 27, demonstrate that alterations in E2f] translation, medi-
ated through its 5UTR, alter cell size and G1 length in a rate-
limiting manner in mitotic cells.

uORFs Render E2f1 Translation Sensitive to TOR. As demonstrated
previously, E2f] translation is sensitive to TOR activity in WDs
(Fig. 1) and salivary glands (13). Thus, we tested whether uORFs or
the 414-828 region of the E2fl YUTR affected sensitivity to TOR
activity. We expressed the RA-GFP and AuORF-GFP translational
sensors in larval tissues using the mub-Gal4 driver. We then fed
early third instar larvae (4 d after egg laying) 100 pM rapamy-
cin for 24 h before WDs were removed by dissection. Larvae
fed an equal concentration of dimethyl sulfoxide (DMSO;
vehicle) served as controls. GFP fluorescence was measured
by flow cytometry (Fig. 44 and SI Appendix, Fig. S5A4).
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Because TOR activity regulates cell growth, we used cell size
(forward scatter) as a control for successful TOR inhibition (Fig.
4B). As expected, GFP fluorescence was weaker in flies express-
ing RA-GFP and fed rapamycin, demonstrating that suppression
of TOR activity suppresses E2fl translation. However, WDs
expressing AUORF-GFP were resistant to rapamycin, suggesting
that TOR activity may bypass the suppression of translation by
the uORFs (Fig. 44). Next, we tested whether AuORF-E2F]
could maintain proliferation in larvae fed 100 pM rapamycin for
20 h. RA-E2F1 and AuORF-E2F1 were expressed for 24 h using
the en-Gal4® UAS-GFP driver. Dissected WDs were fixed and
stained with anti-phosphoserine-10-Histone-H3 (pH3) antibod-
ies to assay mitoses. By assaying proliferation in posterior WDs,
we observed strong reduction of RA-E2FI driven proliferation
(~75% reduction) upon rapamycin treatment, reaching levels sim-
ilar to anterior control compartments (Fig. 4C). However,
AuORF-E2F1 was still capable of maintaining high levels of prolif-
eration, with only ~39% reduction (Fig. 4 C and D), suggesting
the AuORF-E2F1 transgene is less dependent on TOR activity.
Considering that AuORF-GFP translation was unaffected by rapa-
mycin treatment, it is likely that the 39% reduction in prolifera-
tion is caused by reduced translation of other protein targets that
promote cell cycle progression. In conclusion, our data suggest
that the presence of uORFs in the E2f1 SUTR render E2fI trans-
lation more dependent on TOR activity.

E2f1 Translation Controls ISC Proliferation. As E2f] translation can

adjust cell cycle length in wing imaginal cells, we tested whether
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this is the case in other cell types. Cells of the wing grow and
divide continuously through larval development, and we were
curious whether E2f] translation could determine proliferation/
quiescence decisions in cells that proliferate less frequently. We
therefore tested E2F1-dependent proliferation in ISCs of the
adult midgut, which have long periods of quiescent punctuated
by bursts of proliferation, for instance, during damage-induced
regeneration following a bacterial infection (52). A previous
study showed that E2F1 is essential for ISC proliferation (14).
ISCs normally express the E2fI-RE mRNA isoform, which is
transcribed from the same promoter as E2fI-RA but lacks an
~800 nt exon that includes the entire A(414-828) region found
in E2fI-RA, resulting in a shorter SUTR with 2 uORFs (Fig. 1D).
The shorter E2fI-RE 5'UTR also results in a longer first uUORE,
as a result of a stop codon that differs from the initial uORF
found in E2fI-RA. To identify regulatory sequences in the 5UTR
of E2fl, we used our existing E2fI transgenes (Fig. 34 and
SI Appendix, Fig. S4C) to assess mechanisms of 5'UTR regulation
that modulate E2f] translation levels. Each of the GFP transla-
tional sensors was expressed from a temperature sensitive esgar-
got (esg)-Gald driver (esg-Gal4” UAS-GFP), limiting expression
to ISCs and postmitotic progenitors called EBs. The 4 to 5-d-old
female flies were shifted to 29°C for 8, 16, and 24 h to induce
expression of GFP before guts were dissected and cells dissoci-
ated and run through a Cytoflex flow cytometer. We measured
GFP mRNA levels from guts expressing the translational sensors
for 24 h, normalized to Gal4 transcript levels, to monitor changes
in mRNA stability conferred by the different UTR variants. Most
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Fig. 3. E2f1-RA translation is affected by the 5'UTR sequence. (A) Overview of E2f1 transgenes. (B) qRT-PCR analysis of E2f1 translational sensors
expressed in Drosophila WDs display similar levels of transcription. (C) Accumulations of E2f1 translational sensors assayed by GFP signal recorded by flow
cytometry. (D) Comparison of cell numbers in posterior versus anterior WDs expressing GFP-E2F1 transgenes, quantified by flow cytometry. Data points
represent average numbers of individual replicate samples. A cross with en-Gal4® UAS-GFP driver stock and w'’’® flies served as control in D and E.
(E) Comparison of cell size in posterior versus anterior WDs expressing GFP-E2F1 transgenes, assayed by forward scatter using flow cytometry. Data points
represent average numbers of individual replicate samples. (F) Confocal microscopy Z-projections of L3 wandering larvae. Apoptotic cells were stained
using anti-cleaved caspase antibody. (Scale bar: 100 um.) (G) DNA profiles of posterior and anterior WD cells of L3 larvae expressing GFP-E2F1 transgenes
in posterior compartment. Cell cycle phases were estimated in FlowJo using the Watson model. Error bars in B, D, and E represent mean and SD. Error
bars in C represent median and 95% Cl. Student’s t test performed in B-E (*P > 0.05, **P > 0.01,***P > 0.001, ****P > 0.0001).

transcripts displayed similar levels of expression (Fig. 54). The
one exception was the A(414-828)-GFP transcript, which was
expressed at ~1/3 the level of the RA-GFP transcript. ISCs and
EBs were identified by RFP expressed from a coexpressed UAS
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promoter, which allowed gating of RFP+ cells followed by quan-
tification of GFP signal using FlowJo (SI Appendix, Fig. S5SB
and Fig. 5 B and C). We observed increased GFP levels from
the AuORF-, A(1-414)-, and A(207-621)-GFP sensors, with the
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AuORF giving the strongest expression (Fig. 5B). This is con-
sistent with our observations in WDs. GFP expression from
the A(414-828)-GFP sensor was extremely low; even when nor-
malized to its lower mRNA levels, GFP protein was virtually
undetectable in vivo from this transgene (Fig. 5C). As we could
detect low GFP levels by flow cytometry in WDs, using this trans-
gene, we can rule out that the introduced GFP is defective in this
transgene (Fig. 3C). In agreement with our results from WDs
(Fig. 3 B-E), this suggests that the 414-828 region of the E2fI-
RA 5'UTR also positively regulates E2f] translation in ISCs. To
test whether the regulation of E2fI translation through its 5UTR
limits the proliferation of ISCs, the functional E2F1-encoding
transgenes were expressed in ISCs (SI Appendix, Figs. S4B
and S8) for 24 h, as described previously. As expected, expres-
sion of RA-E2F] increased the number of mitotic, pH3+ cells
(Fig. 5D). This is consistent with previous reports showing that
overexpressed E2F1 is sufficient to accelerate mitotic cell cycle pro-
gression in Drosophila wing and eye discs (Fig. 4) (27, 53, 54) and
endocycling in salivary glands and gut enterocytes (13, 14).
However, this is an instance of Drosophila E2F1 triggering the
proliferation of Drosophila cells that are essentially quiescent.
Expression of AuORF-E2F1 increased ISC proliferation signifi-
cantly more than RA-E2F]1 (Fig. 5D). The levels of E2f] mRNA
from our various transgenes were similar (SI Appendix, Fig. S9),
implying that changes in mitotic indices were due mostly to
posttranscriptional effects. Deletions within the 5UTR also had
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DAPI/pH3

Immunofluorescence: Wing discs from L3 larvae fed 100 yM Rapamycin

Fig. 4. 5'UTR uORFs render translation and E2F1-
dependent proliferation sensitive to TOR. (A) Accu-
mulations of E2f1 translational sensors assayed by
GFP signal recorded by flow cytometry, comparing
animals fed 100 pM rapamycin (+) with DMSO control
(—). (B) Comparison of cell size in WDs expressing
GFP-E2F1 transgenes and fed either 100 pM rapamy-
cin (+) or DMSO (-), assayed by forward scatter using
flow cytometry. (C) Comparison of mitotic cells,
assayed by pH3+ cells per 1,000 pm?, in posterior (P)
and anterior (A) WDs from L3 larvae fed either 100
pM rapamycin 4 d after egg laying (AEL) (+) or DMSO
5 d AEL (-) for 20 h. The different timing of rapamy-
cin and DMSO feeding was done to ensure similar
WD sizes for comparison. Error bars in A and B repre-
sent median and 95% Cl. Error bars in C represent
mean and SD. Student'’s t test performed in A-C (*P >
0.05, **P > 0.01,***P > 0.001, ****P > 0.0001). (D)
Immunostaining of WDs from L3 wandering larvae,
fed 100 UM rapamycin, expressing E2F1. (Scale bars in
D =100 pm.)

a positive effect on ISC proliferation, with the exception of the
A(414-828) deletion. Overexpressed A(414-828)-E2F1 had no
impact on ISC proliferation, suggesting that sequences in the
region 414-828 are essential for translation. Consistently, accumu-
lation of GFP from the translational sensor with the A(414-828)
5'UTR was minimal in ISCs (Fig. 5C). To further test the impor-
tance of the 414-828 region, we constructed a hybrid transgene
that lacked the 414-828 region but also had mutations that inacti-
vated the six remaining uORFs [AuORFA(414-828)-GFP-E2F1]
(SI Appendix, Fig. S4B). When this AuORF-A(414-828)-GFP-
E2F] transgene was expressed in ISCs as described previously,
we observed proliferation rates that matched those conferred
by the AuORF transgene, suggesting that the (414-828) region
is not required in the absence of uORFs (Fig. 64). This result
suggests that sequences in the (414-828) region facilitate trans-
lation past uORFs.

Stress Overrides Inhibitory Elements in the E2f1 mRNA. We next
asked how inhibitory and activating E2f] mRNA elements affect
ISC proliferation during a stress response induced by Pseudomo-
nas entomophila (Pe.) infection. This stress response includes
the activation of EGFR/Ras/Raf and Upd/Jak/Stat signaling,
which trigger rapid ISC proliferation (52, 55, 56). We observed
increased proliferation in response to Pe. in both control and
RA-E2fl1 samples, with RA-E2fl samples showing a stronger
response roughly (52, 55, 56) proportional to their higher rates
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of basal ISC proliferation (Fig. 6B). In contrast, midguts express-
ing AuORF-GFP-E2F] displayed very high rates of mitosis but
minimal additional response to Pe., indicating that removal of
the uORFs is sufficient to de-repress E2F1 activity to a similar
degree as Pe. infection (Fig. 6B). Further, we observed that the
A(414-828)-E2F1 transgene, which failed to show expression or
activity in nonstressed flies (Fig. 6B), was quite active and
expressed quite strongly upon Pe. infection (Fig. 6 B-D). This
suggests that the translational activator site that is deleted in the
A(414-828)-E2F1 transgene is not essential for E2fI translation
during infection stress. The A(414-828)-E2F1 transgene induced
somewhat lower levels of proliferation as compared to the R4-
E2F] transgene (Fig. 6B), however, suggesting the 414-828
region still contributes to proliferation upon stress.

E2f1 Translation Is Increased by Enteric Infection Stress. Our pre-
vious work demonstrated that E2f] is posttranscriptionally
up-regulated by MAPK signaling, which is activated upon stress
in the midgut to increase ISC proliferation (14). Hence, we tested
whether MAPK signaling is required to induce E2fI expression
in the absence of uORFs. We induced expression of E2f] trans-
genes (RA-E2F1, AuORF-E2F1) (SI Appendix, Fig. S4B) or trans-
lational sensors (RA-GFF, AuORF-GFP) (SI Appendix, Fig. S4C),
together with MEK™*_ for 3 d and quantified proliferation and
translation of GFP, respectively. In addition, we treated one set
of these flies with Pe. for 20 h, leaving a second set as controls.
We observed increased accumulation of GFP when infecting
flies expressing RA-GFP (Fig. 6F), consistent with increased pro-
liferation (Fig. 6F). This demonstrates that E2fI translation rate
increases specifically in ISCs upon stress. Similar to RA-GFP,
translation of the AuUORF-GFP sensor also increased during Pe.
infection, but proliferation was already high and did not increase.
These observations suggest that while stress can induce E2f1
translation independently of the uORFs, the removal of the
uORFs probably saturates E2f] expression to a level that drives
maximal proliferation. When coexpressing MEK®N with RA-GFP
or RA-E2F1 in ISCs, we observed significantly decreased levels of
GFP or proliferation (Fig. 6 E and F), consistent with previous
reports that show that EGFR signaling is required for ISC prolifer-
ation (14). This is similar to what we observed with AuORF-GFP
and AuORF-E2F1, namely that both translation and proliferation
were sensitive to MEK activity. When combining MEK®¥* with
Pe. infection, both proliferation and translation were reduced in
cells expressing RA-E2F1 or RA-GFP, respectively (Fig. 6 E and F).
This was also the case when expressing AuORF-GFP or AuORF-
E2FI1. In conclusion, we have demonstrated that translation of
E2fI increases in response to Pe. infection in an MEK-dependent
manner. We have also demonstrated that stress, induced by enteric
infection, and MEK activity promote E2f] translation through a
mechanism independent of the uORFs.

Discussion

E2f1 mRNA Acts as a Growth Sensor in Mitotically Proliferating Cells.
Previous studies have shown that E2f] expression is posttran-
scriptionally regulated by growth signaling, including EGFR
and TOR signaling, and that this regulatory mechanism controls
endocycles in polyploid cells (13, 14). Here, we demonstrate
that increasing the translation of E2fl mRNA by removing its
S"UTR uOREFs can also accelerate mitotic cell cycles. Our data
support a model (Fig. 7) wherein E2fI mRNA acts as a transla-
tionally regulated growth sensor that regulates proliferation in
Drosophila wing disc cells and ISCs. This mechanism is analo-
gous to what has been described for regulation of the budding
and fission yeast cell cycles, which are limited by translational
regulation of CIn3 (2) and cdc25 (4), respectively. TOR and
EGFR signaling are well-known regulators of both cell growth
and protein translation (57-59), so our observation that these
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pathways also stimulate E2fI translation reveals a regulatory
link that couples the growth rate of a cell to its proliferation
rate. This translational mechanism is noteworthy because it pro-
vides an alternative to the prevailing transcriptional model for
growth signaling control of the animal cell cycle. Whereas the
transcriptional model is supported by extensive data, it is
unlikely to account for all aspects of growth-dependent cell
cycle control because its transcription-dependent -effectors,
Cyclins D1 to D3, are nonessential genes, and growth factors
and nutrients can stimulate cell cycle progression even without
them (10-12).

Although E2F1 may be the predominant translationally regu-
lated growth sensor in most Drosophila cells, other cell cycle regu-
lators may also be regulated by similar mechanisms in animal cells.
Previous reports have indicated that Cyclin E1 and Cyclin D1 are
translationally regulated in mammals (60-64), suggesting that mul-
tiple cell cycle regulators could serve as growth sensors. We show
here that translational regulation of E2fI is strongly mediated by
sequences in its 5UTR, implying that the expression of mRNA
isoforms with different 5 UTRs can be decisive in tissue specific
responses to upstream regulation. In turn, this implies that the
specific set of cell cycle regulators that serve as growth sensors
may differ by cell and tissue type and in different organisms.

E2f1 Translation in Imaginal Discs. Our study suggests that the
E2fI-RA mRNA isoform possesses a TOR-responsive element in
its UTR (Fig. 2). Further, our results demonstrate that efficient
E2fI translation is less dependent on TOR activity in the absence
of uORFs (Fig. 4). TOR-dependent translation through uORFs
has so far not been widely studied; however, a previous study in
Arabidopsis reported that ribosome reinitiation following uORFs
could be affected by TOR (65). Another study using mamma-
lian cells showed that a uOREF is required for the expression of a
truncated isoform of C/EBP, through an unknown mechanism
dependent on TOR activity (66). Among the TOR-responsive
E2fI isoforms, the E2fI-RA and E2fI-RD isoforms have the
most uORFs (11 and 9, respectively). It is tempting to assume
that the additive effect of multiple uORFs is responsible for
TOR-dependent E2f] translation; however, we cannot exclude
that a specific subset of uORFs are more potent translation
attenuators. In fact, uORF-mediated translation attenuation
depends in part on the associated Kozak element and uORF
length (20, 41). With our truncated translational sensors that
lack the first 7 uORFs (Fig. 3), A(1-414)- and A(207-621)-GFP,
we observed consistent increases in translation both in WD cells
and ISCs. However, these de-repression effects were less than
we observed with the AuORF-GFP sensor. We infer that among
the first seven uORFs, at least two uORFs dampen E2f1 expres-
sion, assuming there are no other regulatory motifs involved.
Due to the possibility of unknown regulatory elements in the E2f1
5'UTR, pinpointing which uORFs attenuate translation would
require individual and combined removal of uORFs. Further
studies will be necessary to determine which uORFs are trans-
lated in vivo and how they affect E2fI translation in different
cell types and under different growth conditions. Moreover, we
have not taken mRNA secondary structure into consideration,
and we cannot exclude the possibility that our AuORF trans-
genes have introduced changes in RNA secondary structure or
other unforeseen effects on E2fI translation.

We also identified a region, between positions 414-828 of
the E2f1-RA 5'UTR, that is required for efficient E2fI trans-
lation in wing disc and midgut cells. This region only exists in
the E2fI1-RA and -RD isoforms, which are the two E2fI iso-
forms most highly expressed in the wing disc (Fig. 1). E2fI-
RA and -RD are also two of the three isoforms predicted to
be TOR-sensitive (Fig. 2), suggesting the 414-828 region
serves as a potential regulatory site for TOR. Surprisingly,
the expression of the transgenes with truncations that flank
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5'UTRs affect E2F1-dependent proliferation in the midgut. (A) gRT-PCR analysis of E2f1 translational sensors expressed in Drosophila midgut dis-

play similar levels of transcription, with the exception of A(414-828)-GFP. Temperature sensitive expression controlled by esgGal4® UAS-RFP. The 24
h expression was induced by 29 °C temperature shift. (B) Accumulations of E2f1 translational sensors assayed by GFP signal recorded by flow cytometry 8,
16, and 24 h post induction. Expression was induced by 29 °C temperature shift. ISCs were sorted by Hoechst and RFP. (C) Confocal images of adult midg-
uts expressing translational sensors. Only weak GFP signal can be detected in guts expressing A(4714-828)-GFP (marked with arrows). (D) E2f1 transgenes
expressed in Drosophila midgut ISCs, using esgGal4™ UAS-GFP driver. The 3 to 4 d old females were shifted to 29°C for 24 h, and proliferation was
assayed by counting the total number of pH3+ cells per midgut. A cross with esg-Gal4™ UAS-GFP driver stock and W'’’® flies served as control. Student's t
test performed in A and D (*P > 0.05, **P > 0.01,***P > 0.001, ****P > 0.0001). (Scale bar in C =30 pm.)

and overlap the 414-828 region [A(207-621) and A(621-1035)]
did not display similar effects on translation as the A(414-828)
transgene. This suggests that regulatory sequence(s) within the
414-621 region and 621-828 region redundantly enhance E2fI
expression in wing discs. There are two regions around the
sixth-seventh uORFs and eighth-ninth uORFs conserved among
several species of Drosophila (SI Appendix, Fig. S3) that lie on
opposite sides of the 414-828 region. These may be translational
enhancer sites. In addition, we used RBPsuite (67) to predict
potential protein binding sites that may be involved in translational
regulation. Interestingly, there are predicted binding sites for sev-
eral eukaryotic initiation factors (eIFs) near the conserved eighth
and ninth uORFs in addition to the site near the E2F1 start codon
(SI Appendix, Fig. S10). How elFs might contribute to enhanced
translation in wing discs (33) without serving an IRES (S/
Appendix, Fig. S7) remains obscure but may be an interesting pos-
sibility to investigate.

E2f1 Translation in I1SCs. ISCs predominantly express the E2f1-RE
mRNA isoform, which lacks the exon containing the entire 414-
828 region found in the E2fI-RA isoform. Based on our data,
this suggests that E2F1 protein expression should be low in
ISCs. However, the E2fI-RE isoform also possesses fewer
uORFs than the E2fI-RA4 isoform (2 vs. 11, respectively), and
this could compensate for the lack of translational enhancement
by the 414-828 region. In fact our results show that in ISCs,
the 414-828 region is dispensable in the absence of uORFs
(Fig. 64). This suggests that E2fI-RE translation is less
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dependent of input from TOR. The expression of E2fI-RE in
ISCs, instead of E2fI-RA, may thus reflect an adaption to
respond to EGFR signaling rather than to TOR signaling (14).
ISCs encounter situations where cells need to proliferate in
response to tissue damage rather than growth. Although ISCs
require TOR for growth in basal conditions, this requirement can
be bypassed by EGFR/MAPK signaling during episodes of
stress-induced ISC activation (14). Furthermore, enforced TOR
activity is not sufficient to activate ISC proliferation (28, 68-70).
Here, we have shown that E2fI translation in ISCs is also
enhanced in response to infection-induced stress (Fig. 6B), which
activates EGFR signaling. Interestlngly, we found that the
AuORF-GFP translational sensor is sensitive to MEKRNA! (Fig,
6 E and F), suggesting that MEK/MAPK signaling can regulate
E2fI translation independently of the uORFs. Evidently, the
E2fl mRNA can respond translationally to multiple different
proliferation signals through distinct mechanisms. Our data
suggest that the different E2f7 mRNA isoforms provide dif-
ferent mechanisms for controlling E2fI translation in
response to different inputs, in a cell type—specific manner.
Identifying the transacting factors that mediate the effects of
MAPK, TOR, and other signaling pathways on E2fI transla-
tion should further illuminate how growth signaling interfaces
with cell cycle control. It is likely that MAPK, TOR, and
other growth signaling pathways regulate translation of other
critical cell cycle regulators beyond E2F1, and that the mech-
anisms illuminated here may come into play in many if not
most animal cells.
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Fig. 6. P.e. infection of adult midguts expressing E2f1 transgenes. (A and B) E2f1 transgenes expressed in Drosophila midgut ISCs, using esgGal4®™ UAS-
RFP driver. The 4 to 5 d old females were shifted to 29 °C for 24 h, and proliferation was assayed by counting total number of pH3+ cells per midgut. The
flies in B were fed either 5% sucrose (—) or 5% sucrose + P.e. (OD50) (+). A cross with esg-Gal4™ UAS-RFP driver stock and W'"8 flies served as control in
B and E. (C and D) Confocal images of samples from B. Examples of GFP positive cells marked by arrowheads. (E) GFP translational sensors coexpressed,
with or without MEKRNA in Drosophila midgut ISCs as in D. GFP intensity of individual cells measured by flow cytometry. (F) E2f1 transgenes coexpressed,
with (+) or without (—) MEKRNA in Drosophila midgut ISCs, using esgGal4®™ UAS-RFP driver. The 3 to 4 d old females were shifted to 29 °C for 24 h while
being fed OD50 P.e. (+) or sucrose (), and proliferation was assayed by counting total number of pH3+ cells per midgut. Error bars in A and D represent
mean and SD. Error bars in E represent median and 95% Cl. Student’s t test performed in A, D, and E (*P > 0.05, **P > 0.01,***P > 0.001, ****P >

0.0001). (Scale bars in B and C = 30 pm.)

Methods and Materials

Immunostaining. After dissection, samples were fixed in phosphate buffered
saline (PBS) with 4% paraformaldehyde for 30 min at room temperature,
washed in PBS with 0.015% Triton X-100, and blocked in PBS with 0.15%
Triton X-100 and 10% normal goat serum (NGS) for at least 1 h at room tem-
perature. WDs and adult midgut samples were then stained with primary anti-
bodies at 4 °C overnight with the following dilutions: guinea pig a-E2F1 (X. Bi,
Dalian Medical University, 1:200), rabbit a-Cleaved Caspase-3 (Cell Signaling,
1:100), and rabbit a-PH3 (Millipore, 1:1,000). DAPI (Thermo Fisher Scientific,
1:1,000) was used to label nuclei. Eye discs were stained with affinity purified
rabbit a-E2F1 (N. Dyson, Harvard Medical School, 1:100). Staining was
detected by Alexa Fluor 488, 568, or 633 conjugated species appropriate sec-
ondary antibodies (Thermo Fisher Scientific, 1:1,000). Images were taken on a
Leica SP8 confocal microscope at the Cell Imaging and Analysis Network,
McGill University, and a Leica SP8 confocal microscope at the Cell Imaging
Core at the University ofUtah. For quantification of endogenous E2f1 expres-
sion and pH3+ cells from immunohistochemistry samples, see details in S/
Appendix, Supplementary Materials and Methods.

Complementary DNA Synthesis and qRT-PCR on Drosophila Tissue. Adult
midguts and larval tissues were dissected in PBS and transferred to PBS on ice.
PBS was then replaced with lysis buffer from Ambion RNAqueous kit, and
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samples were vortexed and supplemented with EtOH before being stored at
—80°C. Samples were stored no longer than 1 wk before RNA extraction. RNA
from lysate was purified using the Ambion RNAqueous micro kit following
the manufacturer’s recommended protocol. Total RNA (~300 ng) was reverse
transcribed using Invitrogen SuperScript Il reverse transcriptase (Thermo
Fisher Scientific) with oligo-dT primers (DNA/Peptide Facility, Health Sciences
Center Cores at the University of Utah). qRT-PCR reactions of 10 uL total vol-
ume were assembled using complementary DNA (cDNA) equivalent to
0.15 ng total RNA, 500 nM gene specific forward and reverse primers, and
5 pLiTAQ Universal SYBR Green Supermix (Bio-Rad). qRT-PCR reactions were
run on a C1000 thermal cycler with a CFX-384 module (Bio-Rad). Samples
were run as three technical and three biological replicates. Relative expres-
sion levels were normalized to Gal4 mRNA expression. Primers recognizing
GFP transcripts were used to measure transgene expression. For quantifi-
cation of endogenous E2F1 and ectopically expressed Rheb levels in WD,
we normalized to Drosophila DP transcription factor (dDP). Statistical sig-
nificance of mMRNA expression was assessed in Prism 8 by Student’s t test
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Primers used are listed
in S Appendix, Table S2.

cDNA Synthesis and qRT-PCR on Drosophila S2R+ Cells. See S/ Appendix,
Supplementary Materials and Methods.
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Fig. 7. Cell cycle control by E2f1 translation. Proposed model of E2F1
dependent cell cycle regulation. In ISCs, P.e.-induced stress enhances E2f1
translation through MAPK signaling, which in turn accelerates prolifera-
tion. In WDs, E2f1 translation is suppressed by multiple uORFs in the E2f1
5'UTR. E2f1 translation is relieved by TOR activity.

Real Time Measurement of Translational Sensors in S2R+ Cells. See S/ Appendix,
Supplementary Materials and Methods.

E2f1 Isoforms Abundance Estimation via Cufflinks. For the analysis of adult
midgut cells, raw reads from the SRP047054 entry (71) on the NCBI Sequence
Read Archive (SRA) were downloaded using the SRA Toolkit version 2.9.2.
Raw reads were aligned to the Drosophila genome version 6 using TopHat2
version 2.0.9 (72), and Bowtie2 version 2.1.0. E2f1 isoform abundance was esti-
mated using Cufflinks version 2.2.1 (73). The E2f1 entry in the Drosophila
genome annotation file used in conjunction with Cufflinks was modified as
follows (SI Appendix): the 3'UTR of isoforms FBtr0334678, FBtr0084117, and
FBtr0084119 were altered to match that of the other E2f7 isoforms; the exon
at coordinates 3R: 21624245-21624292 was removed from isoforms
FBtr0345217 and FBtr0334678. These modifications resulted in the difference
between transcripts being entirely in their 5UTR region.

Fly Stocks. Fly stocks used in this paper are summarized in S/ Appendix,
Table S1, listed by the order they appear. Crosses containing Gal80* were
maintained at 18°C until shifted to 29°C at the desired timepoint. Other
crosses were raised at 25°C. Tsc1~ (Tsc19%7%), E2F17%%° and Tsc1?87%
E2F14R4 were generated by meiotic recombination. An unrelated homozy-
gous lethal mutation in E2F1%"* was recombined out. Transgenic lines
were established through PhiC31 integrase-mediated transformation (Best
Gene). UASTattB vectors, carrying inserted transgenes, were used to trans-
form BDSC stock # 9744 (PBac{yellow[+]-attP-9A}VK00027), guiding insertion
of transgene into the 89E11 cytosite.

Rapamycin Feeding Larvae. Water was mixed in with complete fly food until
fluid enough to pipette with a 25 mL pipette. Rapamycin in DMSO was added
to fly food to a final concentration of 100 uM. An equal amount, 1:1,000,
DMSO was added to control. Fly food was then thoroughly mixed by vortex-
ing. Then, 5 mL fly food was pipetted on 60 x 15 mm polystyrene Petri dishes

1. K. M. Schmoller, J. J. Turner, M. Kdivomagi, J. M. Skotheim, Dilution of the cell cycle
inhibitor Whi5 controls budding-yeast cell size. Nature 526, 268-272 (2015).

2. M. Polymenis, E. V. Schmidt, Coupling of cell division to cell growth by translational
control of the G1 cyclin CLN3 in yeast. Genes Dev. 11, 2522-2531(1997).

3. M. B. Ginzberg et al., Cell size sensing in animal cells coordinates anabolic growth rates
and cell cycle progression to maintain cell size uniformity. eLife 7, e26957 (2018).

4. R. R. Daga, J. Jimenez, Translational control of the cdc25 cell cycle phosphatase: A
molecular mechanism coupling mitosis to cell growth. J. Cell Sci. 112, 3137-3146
(1999).
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with ventilation ribs (Sigma Aldrich). Larvae were transferred to Petri dishes
20 to 24 h prior to dissection and incubated at 29 °C.

Construct Generation. See S/ Appendix, Supplementary Materials and Methods.

DNA Profiling and Measurement of GFP Translational Sensors Expressed in
WDs by Flow Cytometry. WDs from L3 larvae were dissected and washed in
PBS and transferred in ~10 uL PBS to 1.5 mL Eppendorf tubes on ice. Then,
150 pL 10x trypsin (Thermo Fisher Scientific) was added to discs before incuba-
tion at room temperature on an Eppendorf shaker (600 rpm) for 2 h. Hoechst
was added after 1 h to a final concentration of 5 pg/mL. Trypsin was inacti-
vated by adding fetal bovine serum to a final concentration of 2%. Samples
were briefly vortexed and filtered through a 20 pm cell strainer. Samples were
protected from light until run through Beckman Coulter Cytoflex LX. Data
were analyzed using FlowJo and gated as in S/ Appendix, Fig. S5A. For repre-
sentation of GFP levels, data points from final gate (fourth) were extracted
and plotted in Prism 8. For comparison of posterior and anterior cells in en-
Gal4™ UAS-GFP wing discs, the posterior cell population (GFP+) was defined
by presence of GFP (fourth gate), whereas anterior cell population (GFP—)
was defined by absence of GFP (third gate - fourth gate). Ratio metric com-
parison of cell numbers was done by dividing the number of GFP+ cells with
GFP— cells. Ratio metric comparison of cell size was done by dividing average
forward scatter of GFP+ cells with GFP— cells. For DNA profiling, posterior
and anterior cells were analyzed in FlowJo using the Watson cell cycle algo-
rithm. Statistical significance of GFP expression was assessed in Prism 8 by Stu-
dent’s t test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Measurement of GFP Translational Sensors Expressed in Adult Midgut by Flow
Cytometry. Midguts from adult flies were dissected in Schneider’s medium
and transferred to Schneider’s medium on ice, where they were stored until
completion of dissection. Collagenase was added to a final concentration of
0.2 U/mL and incubated for 1 h at 29 °C with shaking (850 rpm). Cells were
harvested by centrifugation 2,500 rpm for 12 min and were resuspended in
500 pL 1x PBS with 40 pM Hoechst. Cells were passed through a 70 um cell
strainer before samples were measured on a Beckman Coulter Cytoflex LX.
Data were analyzed using FlowJo. Singlet cells were first gated by FSC-A
and FSC-Width, and then cells stained with Hoechst were gated as in S/
Appendix, Fig. S5B. ISCs and EBs were then gated by RFP expressed under
esgGal4, UAS-RFP. Cells of similar size were then gated and measured for
GFP expression. For representation of GFP levels, data points from final
gate were extracted and plotted in Prism 8. Statistical significance of GFP
expression was assessed in Prism 8 by Student's t test (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001).

P.e. Infection. The 4 to 5-d-old flies were starved for 2 h prior to infection in
vials containing an acetate cellulose vial plug soaked in 8 mL 5% sucrose to
prevent desiccation. Flies were treated for 20 h with either 1 mL 5% sucrose or
1 mLP.e. (optical density [OD] = 50), from a 20 to 24 h culture grown at 29°C,
200 rpm in Luria broth containing 100 pg rifampicin, resuspended in 5%
sucrose. P.e. and control solutions were distributed on ~6 x 6 cm What-
man paper.

Clone Generation in Eye Discs. See S/ Appendix, Supplementary Materials
and Methods.

Protein Extraction and Western Blot. See S/ Appendix, Supplementary Materials
and Methods.

Data Availability. All study data are included in the article and/or SI Appendlix.
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