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Growth in Adult Mice

Eva Moreno,! Mathilda J.M. Toussaint,' Saskia C. van Essen,' Laura Bongiovanni,1 Elsbeth A. van Liere,’ Mirjam H. Koster,?

Ruixue Yuan,? Jan M. van Deursen,** Bart VVestendorp,1 and Alain de Bruin'?

BACKGROUND AND AIMS: Up-regulation of the E2F-
dependent transcriptional network has been identified in
nearly every human malignancy and is an important driver
of tumorigenesis. Two members of the E2F family, E2F7 and
E2F8, are potent repressors of E2F-dependent transcription.
They are atypical in that they do not bind to dimerization
partner proteins and are not controlled by retinoblastoma pro-
tein. The physiological relevance of E2F7 and E2F8 remains
incompletely understood, largely because tools to manipulate
their activity in vivo have been lacking.

APPROACH AND RESULTS: Here, we generated trans-
genic mice with doxycycline-controlled transcriptional activa-
tion of E2f7 and E2/8 and induced their expression during
postnatal development, in adulthood, and in the context of
cancer. Systemic induction of E2f7 and, to lesser extent, E2/8
transgenes in juvenile mice impaired cell proliferation, caused
replication stress, DNA damage, and apoptosis, and inhib-
ited animal growth. In adult mice, however, E2F7 and E2F8
induction was well tolerated, yet profoundly interfered with
DNA replication, DNA integrity, and cell proliferation in di-

ethylnitrosamine-induced liver tumors.

CONCLUSION: Collectively, our findings demonstrate that
atypical E2Fs can override cell-cycle entry and progression
governed by other E2F family members and suggest that this
property can be exploited to inhibit proliferation of neoplas-
tic hepatocytes when growth and development have subsided
during adulthood. (HepaTOLOGY 2021;73:303-317).

he cell cycle consists of a sequence of

tightly controlled and ordered events, which

together ensure proper genetic inheritance.
Central among these events is the oscillatory activity
of the E2F transcription program. Individual E2F
family members bind to hundreds of target genes,
many of which are essential for DNA replication and
repair. Hence, entry into S phase depends on activa-
tion of this program.(l’2> Once S phase has started,
E2F transcription becomes silenced again. E2F7
and E2F8 are the repressing family members that
redundantly mediate this downswing during late S
and G, phases.(3'7) They are referred to as atypical
E2Fs because they possess unique structural fea-
tures compared to the other E2Fs. They cannot bind
to dimerization partner proteins and instead act as
homodimers or heterodimers.®® Furthermore, their
activity is not controlled by retinoblastoma protein
(pRb). This is important, because RB is inactivated,
mutated, or lost in a wide array of human can-
cers. 10 Manipulation of E2F7/8 can uncouple E2F
target gene transcription from pRb activity."" The
resulting unrestrained E2F transcription is thought
to contribute to cancer progression in a variety of
cancer types, including hepatocellular carcinoma
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(HCC). Accordingly, we observed that conditional
deletion of E2f7 and E2f¥ in mice caused up-regu-
lation of many E2F target genes, resulting in spon-
taneous liver cancer and accelerated skin cancer
progression.'>'3 These results indicate that atypical
E2Fs are capable of controlling proliferation under
stress conditions. For example, DNA damage can
trigger a p53-dependent up-regulation of E2F7 to
block cell-cycle progression. ™ These data led
us to hypothesize that tipping the balance between
activator and repressor E2Fs in favor of repressors
might be a potent strategy to inhibit tumor prolif-
eration. Notwithstanding these tumor-suppressing
effects, in vitro studies aimed at overexpressing atyp-
ical E2Fs have yielded conflicting results. A number
of studies have indicated that E2F8 overexpression
can promote proliferation of lung, breast, and liver
cancer cell lines.”>1” Other work demonstrated
that overexpression of E2F7 and E2F8 is a potent
inhibitor of proliferation in HelLa, MEF, and U20S
cells (13:5,8,18

To resolve these issues, we employed an in vivo
genetic approach to study the consequences of
inducible E2F target gene repression on prolifera-
tion of normal and cancer cells. We created dox-
yeycline-inducible  E2f7/8-transgenic  (Tg) mice
and demonstrate that transgene induction mark-
edly inhibited tissue proliferation in juvenile mice
by perturbing S-phase progression. Adult mice
tolerated the transgene induction better than juve-
nile mice. Moreover, induction of E2F7 and, to a
lesser extent, E2F8 revealed a consistent reduction
of liver tumor growth through repression of gene
transcription.
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Materials and Methods
ANIMAL EXPERIMENTS

Animal experiments were approved by the Utrecht
University Animal Ethics Committee (approval no.
AVD108002016626) and performed according to
institutional and national guidelines. Doxycycline
(2 g/kg) was administrated ad /ibitum in pellets to all
experimental mice (Bio Services). All lines were gen-
erated by Prof. Dr. Jan van Deursen (Mayo Clinic)
according to a described methodology® and main-
tained on a mixed genetic background, 129/Sv x
C57BV/6 x Friend virus B-type. Additional informa-

tion is available in the Supporting Information.

GENERATION OF INDUCIBLE
CELL LINES AND CELL CULTURE

Inducible cell lines were created by introducing
consecutively the pLenti CMV TetR and our synthe-
sized E2F7/8 containing plasmids into RPE-hTert
cells using a third-generation lentiviral packaging sys-
tem. In addition to E2F7/8, we used E2F7/8 com-
plementary DNAs (cDNAs) with both DNA binding
domains mutated as described.®” pLenti CMV TetR
Blast (716-1) and pLenti CMV/TO Puro DEST (670-
1) were a gift from Eric Campeau and Paul Kaufman
(Addgene plasmids 17492, http://n2t.net/addge
ne:17492; RRID:Addgene_17492, and 17293, http://
n2t.net/addgene:17293; RRID:Addgene_17293). The
HeLa/TO E2F8PPP™ cells were available in our lab
from previous studies.") Further information is avail-
able in the Supporting Information.
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HeLa and retinal pigment epithelium (RPE)
cells were maintained in Dulbecco’s modified Eagle
medium supplemented with 10% Tet System—
approved fetal bovine serum (Clontech; CL631106)
and 1% penicillin-streptomycin at 37°C, 5% CO,.
Overexpression was induced by adding 0.2 pg/
mL doxycycline (Sigma-Aldrich) to the cell culture
medium.

For the proliferation assay, HeLa/TO E2F7 cells
were seeded at a density of 1 x 10° cells in a 60-cm
Petri dish. Doxycycline was refreshed every 2 days.
Cells were harvested in duplicate daily and counted

using a BioRad TC20 Automated Cell Counter.

FLOW CYTOMETRY AND
FLUORESCENCE-ACTIVATED CELL
SORTING

For determination of DNA content, cells were
trypsinized, washed twice with phosphate-buffered
saline (PBS), fixed with 70% ethanol, and stored at
4°C. Nuclei suspensions from frozen liver tissue were
obtained as described.®® Details can be found in the
Supporting Information.

Fluorescence-activated cell sorting (FACS) based
on enhanced green fluorescent protein (EGFP) flu-
orescence was performed on a BD-Influx. Cells were
collected in cell culture medium and immediately
plated at a density of 5 x 10° cells per well for the

colony formation assay.

RNA ISOLATION, CDNA, AND
QUANTITATIVE REAL-TIME PCR

RNA isolation, cDNA synthesis, and quantitative

PCR were performed based on the manufacturers’

instructions: Qiagen (RNeasy Kits), Thermo Fisher
Scientific (c(DNA synthesis kits), and Bio-Rad (SYBR
Green Master Mix). Reactions were performed in
duplicate, and the relative amount of cDNA was nor-
malized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) using the AACt method. Quantitative
real-time PCR primer sequences are provided in

Supporting Table S1.

IMMUNOBLOTTING

Protein lysates were obtained with radio immunopre-

cipitation assay buffer (50 mM Tris-HCI [pH 7.5],1 mM
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ethylene diamine tetraacetic acid, 150 mM NaCl, 0.25%
deoxycholic acid, 1% Nonidet-P40), 1 mM Nak, and
NaV,0, and protease inhibitor cocktail (11873580001,
Sigma-Aldrich). After centrifugation at full speed (12g)
for 10 minutes, supernatants were collected and we pro-
ceeded to a standard sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis immunoblot. Immunoblot
antibodies are shown in Supporting Table S3.

IMMUNOHISTOCHEMISTRY AND
HISTOPATHOLOGICAL ANALYSIS

Tissues were embedded in paraffin and sectioned
at 4 pm. Details on antibodies, procedures, and quan-
tifications are outlined in the Supporting Information
and Supporting Table S3. Liver tumors were classified

as described.®”*®

FIBER ANALYSIS

Cells were pulse-labeled with 25 pM chlorode-
oxyuridine followed by 250 pM iododeoxyuridine
for 20 minutes each. The rest of the protocol was
performed as described.®” Pictures were taken
with a Leica SPE-II-DMI4000 confocal micro-
scope using a x63 objective and the LAS-AF, HCS
basic module software. Track lengths and quanti-
fication of number of origins fired were manually
analyzed with Image] software. Replication track
lengths were calculated using the conversion factor

1 pm = 2.59 kb.®?

COLONY FORMATION ASSAYS

HeLa cells were seeded after FACS in dupli-
cate at low density (5 x 10*/well in six-well plates)
from three different cell clones. Cells were incubated
with or without doxycycline for 10 days. For fixation,
medium was removed, and cells were washed twice
with PBS and fixed with acetic acid/methanol 1:7
(vol/vol) for 5 minutes. Then, colonies were stained
with 0.5% crystal violet for 2 hours. Pictures represent
entire wells (34.8 mm diameter), taken with a Nikon
camera. For quantification in Fig. 2F and Supporting
Fig. S2H, pictures were loaded in Photoshop CS6.
For each condition, 10 fields (300 x 300 pixels) were
randomly selected. Positive colony staining was mea-
sured with the Magic Wand Tool, with the tolerance
value set to 16. Relative intensity was defined as the
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ratio of positive purple-staining area (pixels) over the
total area of the field.

STATISTICS

The number of independent experiments, the
number of mice, and the type of statistical analysis for
each figure are indicated in the legends. All statistical
analyses were performed using SigmaPlot 13.0 soft-
ware. Every cell culture experiment was repeated at
least 2 times and with conditions in duplicate. Specific
statistical tests for each data set are mentioned in the
figure legends. Asterisks indicate where significant
differences were seen. Where relevant for understand-
ing the figure and individual comparisons, we indicate
with “n.s.” that significance was not reached.

Results

E2F7/8 OVEREXPRESSION
INHIBITS PROLIFERATION IN VIVO

To study the physiological consequences of atyp-
ical E2F repressor activation, we generated Tg mice
with doxycycline-inducible overexpression of E2F7
or E2F8. Gene constructs encoding EGFP-tagged
E2F7 or E2F8 (hereafter £2/7 Tg and E2f8 Tg) under
the control of a tetracycline-responsive element were
inserted in the collagen type I alpha 1 chain locus. The
M2 reverse tetracycline transactivator (M2-rtTA) is
expressed from the ROSAPgeo26 mouse locus, allow-
ing doxycycline-inducible expression of the transgene
(Fig. 1A). A third Tg mouse carrying a mutated version
of E2f8 containing mutations in both DNA-binding
domains (E2f8D BDmt. Tg) was created to validate that
the effects of E2F8 overexpression were caused by tran-
scriptional repression. Mice on doxycycline chow but
only expressing M2-rtTA served as negative controls.

Because expression of E2F target genes strongly
correlates with proliferation rates, we anticipated the
strongest impact of E2F7/8 overexpression in rapidly
proliferating tissues. Therefore, we first induced the
transgenes in juvenile mice immediately after wean-
ing, when the proliferation rates are high in multiple
tissues. To this end, we fed 21-day-old juvenile mice
with doxycycline for 3 or 6 days.

Doxycycline caused a strong induction of E2f7 Tg
and E2/8 Tg transcripts and proteins in the respective
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Tg mice (Supporting Fig. SIA-C) and repressed key
E2F target transcripts such as cell division cycle 6
(Cde6), chromatin licensing and DNA replication
factor 1 (Cdtl), and Rad51 recombinase (Rad51)
(Supporting Fig. S1D). Immunohistochemistry on
liver tissues revealed that transgenic E2F7 and E2F8
were nuclear proteins (Supporting Fig. S1E). After
6 days of transgene induction, E2f7 Tg and E2f8
Tg mice showed a clear growth reduction, mea-
sured by body weight and length, compared to con-
trol littermates and EZfS’D BDmt. Tg mice (Fig. 1B,C).
Furthermore, weights of multiple organs—including
liver, kidney, spleen, and thymus—were markedly
reduced in the E2f7 and, to a lesser extent, E2/8 Tg
mice (Fig. 1D; Supporting Fig. S1IEG).

Immunohistochemical analysis of Ki67 confirmed
a marked reduction of cycling cells in small intestinal
crypts of E2f7 and E2f8 Tg mice, thus reducing the
number of cells per crypt in each transgenic model
(Fig. 1E; Supporting Fig. S1H). These phenotypes
were more profound in E£2f7 Tg mice than their E2/8
Tg counterparts. The development of E2/8°5P™ Tg
mice did not deviate from normal development of
controls.

Collectively, the data demonstrate that E2F7 or
E2F8 overexpression is sufficient to repress cell pro-
liferation during postnatal development through a
mechanism that involves DNA binding.

E2F7/8 OVERABUNDANCE INHIBITS
DNA REPLICATION IN VIVO

Next, we examined whether the observed growth
inhibitions were due to perturbations in DNA rep-
lication. To this end, mice treated with doxycycline
tor 3 days were injected with the thymidine analogue
5-bromo-2’-deoxyuridine (BrdU) 2 hours prior to
euthanasia. Indeed, the incorporation of BrdU was
reduced in both small intestinal crypts and hepato-
cytes of juvenile £2/7 and E2f8 Tg mice (Fig. 2A,B;
Supporting Fig. S2A). Reductions were most profound
in E2f7 Tg mice and not observed in E2/8”*P" Tg
mice. In complementary experiments, we evaluated
S-phase progression upon E2F7 and E2F8 over-
expression on human RPE cells with doxycycline-
inducible expression of EGFP-tagged E2F7 and E2F8
(Supporting Fig. S2B,C). DNA replication fork pro-
gression was visualized and quantified by performing
a DNA fiber analysis.’” We found that the speed of
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FIG. 1. Inducible Tg E2F7 and E2F8 expression blocks proliferation in juvenile mice. (A) Schematic representation of the Tg model.
(B) Growth curves of Tig mice. Error bars represents SEM (n = 10, days 0-3; n = 5, dasy 4-6 of doxycycline treatment). (C) Body lengths
of juvenile mice after 3 and 6 days of transgene induction with doxycycline. Bars represent average (n = 5 mice). (D) Liver, kidney, and
spleen mass of Tg mice after 6 days with doxycycline. Organs were weighed postfixation with 4% paraformaldehyde. Crossbars represent
averages per genotype (n = 5 mice). £2f7 Tg spleen n = 4. (E) Representative pictures of Ki67 showing proliferating cells in small intestines
(top) and livers (bottom) of T'g mice after 3 days of doxycycline treatment. Scale bars, 50 pm (top) and 20 pm (bottom). Small intestine
quantification: total count and Ki67-positive nuclei per crypt of small intestines. Error bars represent SEM (n = 45 crypts/genotype,n =3
mice/genotype). Liver: Total Ki67-positive nuclei in 10 fields (x40 objective). Crossbars represent averages per genotype (n = 5 mice). Data
information: In (B-E), *P < 0.05,**P < 0.01, ™*P < 0.001 (Kruskal-Wallis one-way analysis of variance on ranks and Dunnett’s method for
multiple comparisons versus control). Abbreviations: Collal, collagen type I alpha 1 chain; SA, splice acceptor.
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FIG. 2. E2F7 and E2F8 expression inhibits ongoing DNA replication. (A) Immunohistochemistry using anti-BrdU to label S-phase
cells in small intestines of Tg mice treated for 6 days with doxycycline. Scale bar, 50 pm. Dot plot shows quantification of BrdU-positive
area in five fields using the x20 objective. Crossbars represent averages per genotype (n = 45 crypts/genotype, n = 3 mice/genotype). (B)
Dot plot shows the percentage of BrdU-positive hepatocyte nuclei per condition. Crossbars represent average values per condition (n =5
mice). E2f7 Tg after 3-day doxycycline (n = 4). (C) Experimental work flow and quantification of replication fork speed in the cell lines
and conditions indicated. Data from two separate experiments are pooled. Only ongoing replication forks (red+green) were included in
the quantification. Crossbars represent average values per condition. (D) Protein expression of cell cycle regulators in the indicated RPE
inducible cell lines after 24 hours of doxycycline treatment. (E) Transcript levels of CDC6, E2F1, and RADS51 in Huh7 cells. EGFP-
positive cells were sorted 24 hours after transfections and directly collected for RNA analysis. Fold changes were adjusted to average of
EGFP controls and GAPDH and RSPI18 were used to normalize the expression. Data represent average + SEM of at least two different
experiments. (F) Clonogenic survival assay of EGFP FACS-sorted Huh7 cells. Cells were transfected with the indicated plasmids for
24 hours before FACS-sorting and replated for 72 hours. Histogram shows the quantification of relative intensity from each condition.
Data represent average + SEM (two independent experiments were performed in at least duplicate). Data information: In (A,B,EF),
*P < 0.05,"P < 0.01, P < 0.001 (Kruskal-Wallis one-way analysis of variance on ranks and Dunnett’s method for multiple comparisons
versus control). In (C) **P < 0.001 (Mann-Whitney rank sum test). Abbreviations: CCNE1, cyclin E1; CIdU, chlorodeoxyuridine; 1dU,
iododeoxyuridine; Dox, doxycycline; veh, vehicle.

replication fork progression and the percentage of new
origins that fired were significantly reduced by trans-
gene induction (Fig. 2C; Supporting Fig. S2D,E),
confirming that overexpression of our E2F7 and E2F8
tusion proteins leads to replication stress. As expected,
RPE cell lines expressing the DNA-binding mutant
versions of our E2F7 and E2F8 transgenes showed no
signs of replication stress (Supporting Fig. S4A-C).

In addition, expression of activator E2Fs, cyclin
A2 and cyclin B1 was decreased in RPE cells upon
induction of E2F7 and E2F8 (Fig. 2D). The DNA
repair protein RADS51 and the cyclin-dependent
kinase (CDK) inhibitor P21, which are both known
E2F7/8 target genes, were also strongly repressed
in E2F7/8 expressing cells (Fig. 2D). Surprisingly,
p21 levels were profoundly induced in HeLa cells
after E2F7 induction, which could potentially
be explained by defective checkpoint functions.
Importantly, the inhibitory effect of E2F7 on pro-
liferation was consistently observed independently
of the genetic background (HeLa versus RPE) and
p53/Rb status (Fig. 2D; Supporting Figs. S2F and
S3A-D). In addition, we observed repression of
DNA replication and DNA repair transcripts as well
as an inhibitory proliferative effect on EGFP-sorted
HCC-derived cell lines with null and mutated p53,
Hep3B and Huh7, respectively, upon transfection
with E2F7-EGFP and E2F8-EGFP plasmids (Fig.
2E,F; Supporting Fig. S2G,H).

Together, these data show that overabundance
of E2F7 and E2F8 causes DNA replication stress
through transcriptional repression of multiple essen-
tial cell cycle genes.

E2F7/8 OVEREXPRESSION CAUSES
DNA DAMAGE AND APOPTOSIS

Because E2F7 and E2F8 repress multiple DNA
repair genes, their overexpression would not only
predispose cells to replication stress—induced dou-
ble strand breaks but also inhibit the repair of such
lesions. 22V Indeed, E2f7 and E2f8 Tg mice showed
a marked increase of gamma H2A.X variant histone
(y-H2AX)—-positive nuclei in intestines and livers
after 3 and 6 days with doxycycline, indicating severe
DNA damage in these tissues (Fig. 3A,B). On the
other hand, E2/8"*P™* Tg mice were unaffected.
In addition, we observed increased rates of apoptosis
in small intestinal crypts of E2/7 and E2f8 Tg mice,
suggesting that the DNA damage was severe enough
to be fatal (Fig. 3C; Supporting Fig. S5A). As a sec-
ond tissue, we analyzed liver, but overall apoptosis
rates were extremely low, precluding reliable assess-
ment of differences between genotypes (Supporting
Fig. S5B). Induction of E2F7 or E2F8 expression also
caused severe DNA damage in RPE cells (Fig. 2E;
Supporting Fig. S5C,D). Collectively, these data indi-
cate that E2F7 and E2F8 overexpression creates rep-
lication stress—induced DNA damage.

E2F7/8 TRANSGENE INDUCTION
IN LIVER TUMORS CAUSES
REPLICATION STRESS AND
INHIBITS NEOPLASTIC GROWTH

To study the in vivo consequences of elevated
E2F7/8 levels in cancer cells, we used our Tg mice to
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FIG.3. Replication stress induced by Tg E2F7/8 expression leads to DNA damage and apoptosis. (A) Representative pictures of y-H2AX
immunohistochemistry of small intestines (top) and livers (bottom) of Tg mice after 6 days of doxycycline treatment. Scale bars, 50 pm
(top) and 20 pm (bottom). (B) Quantification of total y-H2AX-positive nuclei in 10 fields using x40 objective of small intestine and liver
sections after 3 and 6 days of doxycycline treatment. Crossbars represent average (n = 5 mice). (C) Quantification of total cleaved caspase
3—positive nuclei in 10 fields using x40 objective of small intestine sections after 3 and 6 days of doxycycline treatment. Crossbars represent
average (n = 5 mice). Data information: In (B,C), *P < 0.05,**P < 0.01,**P < 0.001 (Kruskal-Wallis one-way analysis of variance on ranks
and Dunnett’s method for multiple comparisons versus control). Abbreviations: hpf, high-power field; n.s., not significant.
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induce E2F7 and E2F8 expression in a liver cancer
model. To this end, control, £2f7 Tg , E2f8 Tg, and
E2f8PBP™" T male mice were injected once with the
liver-specific carcinogen diethylnitrosamine (DEN) at
postnatal day 14 (Fig. 4A). After 9 months, we con-
firmed that 20 randomly chosen mice had macroscopic
tumors, although there was substantial variation in
tumor burden between mice (Supporting Fig. S6A,B).
Interestingly, 1 month of transgene induction neither
affected body weights nor caused obvious structural or
functional abnormalities in proliferative tissues such
as small intestine (Supporting Fig. S6C,D). These
findings suggest that mice tolerate E2F7 and E2F8
overexpression much better in adulthood than during
postnatal development.

Analysis of gross liver weights and number of
macroscopically visible tumors suggested that E2F7
overexpression reduced DEN-induced tumor burden,
although differences did not reach statistical signifi-
cance due to the large variation among animals (Fig.
4B; Supporting Fig. S6E). E2/8 Tg mice showed a
similar but weaker trend, whereas the mean tumor
burden in E2/8PPP™ Tg mice was nearly identical
to that of control mice. For more in-depth analysis,
we performed detailed histological analysis on seven
independent liver sections of each mouse in the study.
This analysis revealed a highly significant decrease
in the numbers of histologically detectable tumors
in E2f7 and E2f8 Tg livers, as well as a reduction
in the ratio between tumor and normal liver tissue
(Fig. 4C,D; Supporting Fig. S6F). Importantly, tumor
nodules of E2f7 and E2/8 Tg mice showed reduced
BrdU incorporation compared to controls, indicative
of reduced DNA replication (Fig. 4C,E), which was
accompanied by an increase in DNA damage, as mea-
sured with y-H2AX staining (Fig. 4C,F).

Histological analysis revealed that the majority of
the nodules in all genotypes are premalignant lesions,
characterized as focal cellular alteration. HCCs were
diagnosed in a very low percentage in all genotypes
(Supporting Fig. S7A). Notably, BrdU incorpora-
tion was reduced in tumor nodules of E2f7 and E2f8
Tg mice independently of their grade of malignancy
(Supporting Fig. S7B). These data are consistent
with a model in which E2f7 and E2f8 overexpression
inhibits tumorigenesis by blocking cell proliferation
in DEN-induced liver cancers. Additionally, in the
absence of DEN treatment, adult £2f7 and E2f8 Tg
mice that were long term—treated with doxycycline

MORENO ET AL.

developed spontaneous liver tumor with decreased
incidence compared to control animals (Supporting
Fig. S7C).

Taken together, these data suggest that E2F7 and
E2F8 can inhibit tumor growth by interfering with
DNA replication, irrespective of the grade of malig-
nancy. Importantly, adult mice were able to tolerate
the induction of the transgenes with little effect on

their quality of life.

HETEROGENEITY IN TRANSGENE
EXPRESSION UNDERLIES
VARIATION IN LIVER TUMOR
INHIBITION BY E2F7

To determine whether the heterogeneity in tumor
burden among E2F7 and E2F8 Tg mice might be
due to differences in transgene expression, we immu-
nolabeled tumor level sections of DEN-treated mice
for the EGFP tags of the Tg proteins. Surprisingly,
we observed completely negative tumor nodules side
by side with strongly positive nodules in E2f7 and,
to a lesser extent, £2/8 Tg liver tumors (Fig. 5A;
Supporting Fig. S8A). Analysis of EGFP-positive
versus EGFP-negative tumor nodules did not show
differences in vascularization. Thus, variation in acces-
sibility to doxycycline is unlikely to explain the vari-
ation in transgene expression (Supporting Fig. S8B).
The vast majority of the tumors from E2/EPBPm:
Tg mice presented high numbers of EGFP-positive
cells (Supporting Fig. S8A), indicating that E2F7
and E2F8 transgene expression was selected against
in a subset of tumors. Thus, E2F7/8 transgene induc-
tion may be such a potent mechanism of inhibiting
tumorigenesis that transgene silencing seems to be an
important requirement for tumor growth (Fig. 5B).

To further investigate this phenomenon, we kept
an additional cohort of DEN-treated mice on pro-
longed transgene induction of 3 months with doxy-
cycline (Supporting Fig. S9A). Interestingly, average
liver weights of control, £2f7, and E2/8 Tg mice
were similar and all higher after 3 months than after
1 month of transgene induction (Supporting Fig.
S9B). Moreover, quantification of EGFP-stained tis-
sue sections revealed a marked increase in the per-
centages of completely EGFP-negative nodules over
time in £2/7 and E2f8 Tg mice (Fig. 5C). In contrast,
E2f8PEP Tg mice presented very low percentages of
EGFP-negative nodules. We also saw that the average
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FIG. 4. Proliferation of DEN-induced liver tumors is inhibited by induction of transgenic E2F7 expression. (A) Schematic overview
of the tumor experiment. (B) Gross liver weights after 1 month of doxycycline treatment. Crossbars indicate the average per genotype
(control n = 24, E2f7 Tg n = 24, E2f8 Tg n = 22, E2f8D BDmut. Tg n = 18 mice). (C) Representative pictures of hematoxylin and eosin—
stained (top), BrdU-stained (middle), and y-H2AX-stained (bottom) liver sections after 1 month of doxycycline treatment. Liver tumors
are outlined with dashed lines. Scale bars, 500 pm (top), 100 pm (middle), and 50 pm (bottom). (D) Dot plot showing the numbers of
microscopic liver tumors detected in hematoxylin and eosin—stained sections per mouse after 1 month of doxycycline. Crossbars represent
average per genotype (control n = 23, E2f7 Tg n = 24, E2f8 Tg n = 22, E2/8°"P™* Tg n = 18 mice). (E) Quantification of BrdU
immunohistochemically stained liver sections from (C). Each dot represents the average of BrdU-positive hepatocytes, counted in five
fields (x40 objective), per nodule. At least three random tumor nodules were analyzed per mouse, n = 10 mice/genotype) (control n = 46,
E2f7Tgn =40, E2f8 Tg n = 42, E2/8°P™ Tg n = 47 nodules). (F) Average number of y-H2AX-positive hepatocyte nuclei per field (five
fields, x40 objective) per tumor nodule. At least three random tumor nodules were analyzed per animal, n = 10 mice/genotype. Crossbars
represent average values per genotype (control n = 41, E2f7 Tg n = 38, E2/8 Tg n = 38, EZﬁS’D BDmut. Tg n =50 nodules). Data information:
In (B,D-F),*P < 0.05,™P < 0.01, **P < 0.001 (Kruskal-Wallis one-way analysis of variance on ranks and Dunnett’s method for multiple

comparisons versus control). Abbreviations: Dox, doxycycline; H&E, hematoxylin and eosin; T, tumor.
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At least three random tumor nodules were analyzed per animal, n = at least 10 mice/genotype). P < 0.01, **P < 0.001 (Mann-Whitney

rank sum test).

number of EGFP-positive cells per nodule clearly
decreased in the period from 1 month to 3 months
with doxycycline in the E2f7 and E2/8 Tg mice (Fig.
5D). Importantly, genotyping of 3 month—treated
tumor samples showed the presence of the transgene
locus, indicating that loss of the transgene locus is an
unlikely scenario (Supporting Fig. S9C). However,
despite comparable mRNA expression of the Tet acti-
vator in juvenile livers and liver tumors after 3 months
of doxycycline, we observed a strong reduction of
EGFP mRNA in the tumor samples (Supporting
Fig. S9D). This indicates that transgene expression in
tumor cells might be epigenetically silenced, which is
a known phenomenon for tetracycline-inducible cyto-
megalovirus (CMV) promoters.?>2

To further support this concept of E2F7/8-
mediated selection pressure, we then set out to mimic
it in vitro. To test this, we cultured HeLLa cell lines with

stable doxycycline-inducible expression of EGFP-
tagged E2F7. We previously demonstrated strong
inhibition of proliferation and induction of apoptosis
for up to 4 days,™® but now we induced E2F7 over-
expression for up to 20 days. Quantitative PCR and
flow-cytometric analysis revealed a near-complete
loss of E2F7-EGFP expressing cells within 12 days
(Fig. 6A; Supporting Fig. S10A). Genotyping PCRs
on these HeLa/Tet On cell lines demonstrated that
the E2F7-EGFP locus was still clearly detectable
after 20 days of doxycycline. These data again suggest
epigenetic silencing of the inducible E2F7-EGFP
(Supporting Fig. S10B). Accordingly, E2F7-EGFP
cell lines cultured for 20 days in doxycycline prolif-
erated at a similar rate as noninduced cells, whereas
acute induction caused a near-complete inhibition of
proliferation (Fig. 6B). Importantly, a control cell line
carrying doxycycline-inducible EGFP had very stable
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Abbreviations: Dox, doxycycline; veh, vehicle.

expression levels over the course of 20 days, suggest-
ing again that the loss of expression in E2F7-EGFP
cell lines is due to the selection pressure caused by the
antiproliferative effect of E2F7 (Fig. 6A; Supporting
Fig. S10A).

We then used FACS on inducible HeLLa E2F7-
EGFP based on expression levels shortly after dox-
yeycline induction (16 hours), and we analyzed the
colony-forming capacity of these cells. This assay
revealed that HeLa cells with high expression of
E2F7 cannot survive long term compared to neg-
ative or very low expressers and vehicle condition
(Fig. 6C,D). Even when we removed the doxycy-
cline after sorting and replating, high E2F7 express-
ing cells did not proliferate, indicating that they are
irreversibly damaged after only 16 hours of E2F7
induction (Supporting Fig. S10C). The colony-
forming capacity of cells expressing E2F7PBDmut
was not affected, confirming that transcriptional
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repression is the mechanism of DNA damage induc-
tion (Supporting Fig. S10D).

Collectively, our data reveal that Tg expression of
E2F7 has a strong dose-dependent antiproliferative
effect on cancer cells iz vivo. This creates a strong growth
advantage for cancer cells losing transgene expression.

DEREGULATION OF E2F-
DEPENDENT TRANSCRIPTION
IS ASSOCIATED WITH DISEASE
PROGRESSION AND POOR
SURVIVAL

To determine the relevance of our findings to human
HCC, we compared patients with HCC (The Cancer
Genome Atlas Liver Hepatocellular Carcinoma)

with high versus low expression of E2F7 and E2F8
target genes (Supporting Fig. S11A). We observed
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that deregulated expression of these target genes was
strongly associated with poor survival. Interestingly,
when we divided patients according to tumor stage
(American Joint Committee on Cancer stages I-1II),
we observed only a strong correlation in the advanced
stages of HCC (II and III; Supporting Fig. S11B).
Collectively, these results further support the notion
that E2F-dependent transcription contributes to cell
proliferation and disease progression, resulting in poor
clinical outcome in patients with HCC.

Discussion

Up-regulation of E2F-dependent transcription due
to alterations in the CDK/RB/E2F pathway is an
important characteristic of HCC. Our in vitro and in
vivo studies demonstrate that boosting atypical E2F
repressor activity can efficiently block deregulated
E2F-dependent transcription, leading to reduced pro-
liferation of neoplastic hepatocytes. Mechanistically,
we show that overexpression of E2F7 or E2F8
represses transcription of E2F target genes involved in
DNA replication and DNA repair, resulting in DNA
replication stress and DNA damage. Importantly,
we show that ubiquitous induction of atypical E2F
activity inhibits liver tumor growth without a major
impact on the health status of adult mice. These find-
ings could open a therapeutic avenue for patients with
HCC through increasing the transcriptional repressor
activity of atypical E2Fs.

The Tg mouse model presented here provides a
powerful tool to inactivate E2F-dependent transcrip-
tion at any desired time and allowed us to evaluate
this effect during mouse development and liver can-
cer progression. The notion that E2F7 overexpression
virtually blocks postnatal development is consistent
with previous work showing that combined loss of
the activators £2/7 and E2/3a results in growth retar-
dation, d;lsplasia of multiple tissues, and multiorgan

@ However, loss of activator E2Fs can either
cause impaired S-phase entry or S-phase progression.
Thus, in that model it is difficult to distinguish the
relative importance of these two functions. In addi-
tion, E2F1-3 can switch from activators to repressors,
depending on tissue context and Rb status.?® The
advantage of inducible E2F7/8 induction is that its
effect is largely confined to S/G,-phase progression:

we previously demonstrated that both endogenous

failure.
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and exogenous E2F7 and E2F8 are highly efficiently
degraded through anaphase promoting complex/
cyclosome relying on cadherin 1 (APC/CM) during
Gl.(lg) This means that the Tg E2f7/8 only accumu-
lates once S phase has already begun. Therefore, the
cell cycle defects in multiple organs in the juvenile
E2f7/8 Tg mice described here now unequivocally
show that unscheduled inactivation of E2F tran-
scription during S phase strongly impairs cell cycle
progression.

Inhibition of cell cycle progression by the E2f7
and E2/8 transgenes in normal cells as well as can-
cer cells clearly supports their role as tumor suppres-
sors. Nevertheless, E2F7 and in particular E2F8 have
also been suggested to have oncogenic effects. This
idea is based on the notion that E2F7 and E2F8 are
highly expressed in cancer and that their transcript

levels positively correlate with poor prognosis.(15’16’17)

However, E2F7 and E2F8 are E2F target genes
themselves, whose expression levels peak during S
phase. Therefore, high E2F7/8 mRNA levels simply
correlate with a high percentage of cycling cells, and
hence poor prognosis. To understand the biological
actions of atypical E2Fs on tumor growth, it should
be taken into account that they are tightly regulated
by multiple posttranslational mechanisms, including
APC/CE and checkpoint kinase 1 (CHK1), indicat-
ing that mRNA levels do not necessarily reflect high
activity of atypical E2Fs.182!
some in vitro studies using cancer cell lines suggested

that overexpression of E2F8 promoted tumor cell
(15,16,17,30

) A second notion is that

proliferation. ) However, we now demonstrate
that E2F7/8 overexpression invokes a strong selection
pressure on cells. Thus, generation of stable E2F7/8-
overexpressing cell lines could be problematic because
it would favor the selection of severely adapted cell
lines. Nevertheless, we cannot exclude that cell-type
context or concomitant mutations in cancer-related
genes uncover oncogenic functions of E2F7 or E2F8.

Our study shows that severe repression of E2F-
dependent transcription during S phase causes clear
signs of DNA replication stress. Because replication
stress is often seen in cancer cells, it is likely that tip-
ping the balance between atypical repressors and acti-
vator E2Fs toward the former will have a particularly
strong impact on the cell-cycle progression of cancer
cells under DNA damaging conditions. In this respect,
it is interesting to note that CHK1 inhibits repressor
E2F activity under conditions of replication stress to
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maintain a high level of E2F-dependent transcription
for boosting DNA repair and restarting DNA replica-
tion.?"V) As a consequence, the cell-cycle arrest seen
in CHK1-depleted cells is rescued by additional loss
of atypical E2Fs.*? Together with these insights, our
data suggest that low levels of E2F-dependent tran-
scription sensitize cancer cells to replication stress. In
further support of this notion, recent work showed
that high levels of E2F-dependent transcription,
through loss of E2F7, promote resistance of cancer
cells toward poly(adenosine diphosphate-ribose) poly-
merase inhibitors and interstrand-crosslinking drugs
such as cisplatin and mitomycin C.5*39

In conclusion, the inducible Tg mouse model
presented here strongly suggests that a basal level
of E2F-dependent transcription is essential for the
proliferation of mammalian cells. In addition, we
provide a strong rationale to combine the inhibi-
tion of E2F-dependent transcription during S phase
with DNA-damaging reagents to achieve synergistic
cancer-killing effects. Future studies should explore
whether the transcriptional repressor activity of atyp-
ical E2Fs can be boosted in patients with HCC, for
example, by applying small molecules that specifically
inhibit the degradation of E2F7/8.
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