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Abstract

Background & Aims: The CCNE1 locus, which encodes cyclin E1, is amplified in many types 

of cancer cells and is activated in hepatocellular carcinomas (HCCs) from patients infected with 

hepatitis B virus or adeno-associated virus type 2, due to integration of the virus nearby. We 

investigated cell cycle and oncogenic effects of cyclin E1 overexpression in tissues of mice.

Methods: We generated mice with doxycycline-inducible expression of Ccnel (Ccne1T mice) and 

activated overexpression of cyclin E1 from age 3 weeks onwards. At 14 months of age, livers were 

collected from mice that overexpress cyclin E1 and non-transgenic mice (controls) and analyzed 
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for tumor burden and by histology. Mouse embryonic fibroblasts (MEFs) and hepatocytes from 

Ccne1T and control mice were analyzed to determine the extent to which cyclin E1 overexpression 

perturbs S-phase entry, DNA replication, and numbers and structures of chromosomes. Tissues 

from 4-month-old Ccne1T and control mice (at that age were free of tumors) were analyzed for 

chromosome alterations, to investigate the mechanisms by which cyclin E1 predisposes 

hepatocytes to transformation.

Results: Ccne1T mice developed more hepatocellular adenomas and HCCs than control mice. 

Tumors developed only in livers of Ccne1T mice, despite high levels of cyclin E1 in other tissues. 

Ccne1T MEFs had defects that promoted chromosome missegregation and aneuploidy, including 

incomplete replication of DNA, centrosome amplification, and formation of non-perpendicular 

mitotic spindles. Whereas Ccne1T mice accumulated near-diploid aneuploid cells in multiple 

tissues and organs, polyploidization was observed only in hepatocytes, with losses and gains of 

whole chromosomes, DNA damage, and oxidative stress.

Conclusions: Livers, but not other tissues of mice with inducible overexpression of cyclin E1, 

develop tumors. More hepatocytes from the cyclin E1-overexpressing mice were polyploid than 

from control mice, and had losses or gains of whole chromosomes, DNA damage, and oxidative 

stress – all of these have been observed in human HCC cells. The increased risk of HCC in 

patients with hepatitis B virus or adeno-associated virus type 2 infection might involve activation 

of cyclin E1 and its effects on chromosomes and genomes of liver cells.
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Complexes of CDK2 and E-type cyclins (E1 and E2) trigger S-phase entry through 

phosphorylation of specific substrates, including members of the retinoblastoma protein 

(RB) family.1, 2 Combined genetic inactivation of cyclin E1 and E2 results in embryonic 

lethality during mid-gestation with placental and cardiac defects.3, 4 Elegant follow-up 

experiments using conditional knockout alleles in which ablation of E-type cyclins was 

postponed until the end of embryogenesis revealed that cyclin E1 and E2 are dispensable for 

postnatal growth and viability.5 Interestingly, however, when E-type cyclin-deficient mice 

were challenged with a carcinogen that causes liver cancer, they were found to be protected 

against tumor formation, indicating that, in contrast to normal cells, neoplastic cells cannot 

progress through S-phase in the absence of E-type cyclins. This dependence of tumor cells 

has been linked to CDK-independent functions of E-type cyclins in loading MCM helicase 
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onto chromatin-bound CDT1.5, 6 Collectively, these insights led to speculation that agents 

targeting E-type cyclins could provide successful protection against tumor cell proliferation 

while leaving normal cells unperturbed.5

In addition to being required for tumor cell proliferation, cyclin E1 has been widely 

documented to be overexpressed in multiple human cancers, including ovarian, breast, lung 

and liver cancers, where it is thought to result in premature S-phase entry, ineffective DNA 

replication and genomic instability.7–9 Cell-cycle regulators are often expressed at elevated 

levels in human malignancies, which arguably could be a consequence of an increased 

mitotic index. However, this is unlikely to apply to cyclin E1 because the CCNE1 gene locus 

is frequently amplified in human tumors.10 Furthermore, recent studies have identified the 

CCNE1 locus as a viral integration site in 2-5% of HCCs of HBV-infected patients, resulting 

in marked upregulation of CCNE1 expression in tumorous versus normal liver tissue, 

presumably by viral enhancer elements.11–14 More than 50% of HCC patients worldwide are 

expected to develop from the estimated 350 million chronic HBV carriers,15 who have a 

100-fold increased risk for acquiring HCC. A substantial number of HCC cases are therefore 

expected to have an HBV integration in CCNE1. The respiratory virus AAV2 infects up to 

50% of the population.16 It is largely considered non-pathogenic and AAV2 derivatives are 

utilized in gene therapy approaches. However, recent studies have documented clonal 

insertions of AAV2 in 6% of HCC cases,17 sparking debate about the safety of these viral 

vectors in clinical trials. Importantly, one study reported that 3 of 11 HCC tumors with 

clonal AAV2 insertions showed viral integration in the CCNE1 locus.17

Here we investigated the consequences of cyclin E1 overexpression in mice using a 

doxycycline (dox)-inducible ubiquitous promoter. We found that these mice are prone to 

hepatocellular adenomas and HCCs and that hepatocytes with high levels of cyclin E1 have 

multiple features of human HCC cells, including increased polyploidization, losses and 

gains of whole chromosomes, DNA damage, and oxidative stress.

Methods

Mouse strains

All mice were housed in a pathogen-free barrier environment. Mouse protocols were 

reviewed and approved by the Mayo Clinic IACUC. All animals were maintained in a mixed 

129/Sv × C57BL/6 genetic background. Ccne1-HA (PCR-amplified Ccnel cDNA with 3′ 
HA tag) transgenic mice were generated using KH2 ES cells (Origene Technologies) 

according to previously described methods.18 KH2 ES clones properly expressing Ccne1-
HA were injected into blastocysts, and chimaeras from two independent Ccnel-HA 
(Ccne1T18 and Ccne1T20) clones achieved germline transmission. These transgenes were 

maintained on M2-rtTA (TA) hemizygous background (ROSA26). Both sexes were used for 

experimentation. At 3 weeks of age, transgenic mice were continuously administered 2 

mg/ml doxycycline (#690902, Letco Medical) in drinking water containing 5% sucrose. At 

14 months, mice were sacrificed and major organs were screened for overt tumors. Separate 

cohorts of mice were generated where dox was administered between 3 and 5, 5 and 7, or 3 

and 16 weeks of age.
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Generation and culture of MEFs

Ccne1T18 and Ccne1T20 MEFs were generated at embryonic day 13.5 and cultured as 

previously described.23 At least three independently generated MEF lines per genotype were 

used. Mitotic MEFs were prepared by culturing asynchronous cells for 5 h in medium 

containing 100 ng/ml nocodazole (#M1404, Sigma-Aldrich) and harvesting cells by “shake 

off”. Monastrol washout was carried out by sequentially treating MEFs with monastrol 

(#BML-GR322, Enzo life sciences) for 1 h, monastrol and MG132 (#C2211, Sigma-

Aldrich) for 1 h followed by MG 132 alone for 90 min. Cells were then fixed with PBS/4% 

PFA for 10 min and stained with Hoechst.

Hepatocyte isolation and ploidy analysis

Hepatocytes from mouse livers were isolated by collagenase perfusion through the hepatic 

portal vein as described previously.41 Hepatocytes were purified by Percoll gradient 

centrifugation, counted and 1 million cells were used for propidium iodide (PI) staining and 

FACS analysis. Flow data were analyzed via pulse shape analysis in FlowJo 6.4.7.

Partial hepatectomy

Partial hepatectomies were performed on 8-10-week-old male mice, induced with dox from 

3 weeks of age, as described.42 Forty-eight h after the surgery, mice were sacrificed, the liver 

lobes were collected and fixed in PBS/4% PFA for immunostaining.

Western blot analysis

Western blot analysis was carried out as previously described.23 Subcellular fractionation 

was performed per manufacturer’s protocol (Thermo Scientific, #78840 or #87790). Primary 

antibodies used for western blotting are listed in Supplemental Table 1.

Statistical analyses

GraphPad Prism software was used for all statistical analyses. Graphs are indicated with the 

significance score of *P < 0.05, **P < 0.01 and ***P < 0.001. We note that no power 

calculations were used. Sample sizes were based on previously published experiments where 

differences were observed. No samples were excluded. Investigators were not blinded to 

allocation during experiments and outcome assessment.

Aneuploidy analyses

Chromosome counts were carried out on metaphase spreads from colcemid-treated 

transgenic MEFs grown in the presence or absence of dox for 48 h or on splenocytes of 5-

month-old transgenic mice treated with dox since weaning.23 Interphase FISH analysis with 

probes for chromosomes 4 and 7 was carried out on single-cell suspensions of various 

tissues and tumors as previously described.23

Single-cell Whole Genome Sequencing (scWGS)

scWGS on liver tissue from 4-month-old mice (on dox from weaning) was performed as 

described previously.43 FACS sorted tetraploid (4n) cells were exclusively used for 
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preparing libraries and sequencing. Copy number alterations and segmental aneuploidy 

score were determined using the AneuFinder software.43

In vitro kinase assay

Kinase assays were performed as previously described.44

Additional methods are described in the supplementary section.

Results

Generation of cyclin E1 overexpressing mice

To achieve ubiquitous overexpression of full-length cyclin E1 in mice, we generated dox-

inducible Ccnel transgenic animals using FLP/Frt-mediated site-directed integration 3′ of 

the Col1A1 locus of KH2 embryonic stem (ES) cells (Figure 1A).18 Two independent 

transgenic strains were obtained, referred to as Ccne1T18 and Ccne1T20 (in experiments 

where both lines were used interchangeably, they are denoted as Ccne1T). Tissues and MEFs 

from both strains showed high overexpression of cyclin E1 protein in the presence of dox, 

whereas no transgene expression was observed in its absence (Figure 1B and C, 

Supplementary Figure 1A). In MEFs, both protein and transcript levels were elevated about 

40-fold (Supplementary Figure 1B and C).

Cyclin E1 overexpression disrupts Cdk-dependent and -independent functions

Cyclin E1 levels of dox-treated MEFs were highly elevated in G1, S and G2 phase, yet 

normal in mitosis, suggesting that proteolytic degradation occurs before M phase entry 

(Figure 1D). Immunolabeling of MEFs with an antibody against phosphorylated Cdk (pCdk) 

substrates suggested that cyclin E1 overexpression had no impact on global Cdk activity 

(Figure 2A and B). Furthermore, Cdk2 immunoprecipitated from asynchronous Ccne1T 

MEFs cultured in the presence of dox did not show elevated activity in an in vitro kinase 

assay with Histone H1 as substrate (Supplementary Figure 2). On the other hand, serum-

starved Ccne1T MEFs released in serum-containing medium with dox showed accelerated 

phosphorylation of Rb1 and precocious S-phase entry as evidenced by the premature 

induction of cyclin A2 (Figure 2C). Consistent with this, fluorescence ubiquitination cell 

cycle indicator (FUCCI) analysis revealed a significant shortening of G1 phase in dox-

treated Ccne1T MEFs (Figure 2D). Furthermore, a small subset of proteins detected by the 

pan Cdk substrate antibody on immunoblots was expressed at elevated levels in these cells 

(Figure 2C), implying that cyclin E1 overexpression alters Cdk substrate phosphorylation in 

a select rather than a global manner.

Cyclin E1 also has a Cdk-independent function in loading the MCM DNA helicase complex 

onto origins of replication to drive initiation and elongation of DNA replication in S phase.
5, 6 To examine whether this function was perturbed with cyclin E1 overexpression, we 

compared cytoplasmic, nuclear and chromatin-associated levels of key MCM proteins 

between dox-treated and untreated Ccne1T MEFs, including Mcm2, 4 and 7. All three of 

these proteins were reduced in both the nuclear and chromatin fractions of cyclin E1 

overexpressing cells (Figure 2E), predicting DNA replication stress and chromosomal 
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instability (CIN). Furthermore, cytoplasmic levels of Mcm2, but not Mcm4 and 7, were also 

reduced.

Cyclin E1 overexpression causes a complex CIN phenotype in MEFs

To examine the impact of cyclin E1 overexpression on chromosomal instability (CIN) we 

prepared metaphase spreads of Ccne1T MEFs cultured in the presence or absence of dox and 

performed chromosome counts. Aneuploidy rates were indeed elevated with cyclin E1 

overexpression (Figure 3A and Supplementary Figure 3A). Consistent with this, live-cell 

imaging of Ccne1T MEFs stably overexpressing H2B-mRFP demonstrated that chromosome 

missegregation rates were elevated in the presence of dox, with both lagging chromosomes 

and chromatin bridges driving the increase (Figure 3B). Phosphorylation of Chk1 at Ser345, 

a marker of replication stress associated with chromatin bridge formation19, was elevated in 

dox-treated Ccne1T MEFs (Supplementary Figure 3B). FUCCI analysis revealed that cyclin 

E1 overexpression extends S-G2-M, providing further evidence for replication stress (Figure 

2D). Furthermore, DNA fiber assays showed that cyclin E1 overexpression increases 

replication fork stalling (Supplementary Figure 3C). Un-replicated single-stranded DNA at 

stalled replication forks is vulnerable to breakage. Indeed, in immunolabeling experiments 

for γH2AX, 53BP1 and RPA2, cyclin E1 overexpressing MEFs showed elevated rates of 

double-stranded DNA breaks (DSBs; Supplementary Figure 3D and E). Furthermore, cyclin 

E1 overexpressing cells had high p53 activity, a feature of cells with DSBs (Supplementary 

Figure 3F). These data indicate that incomplete DNA replication contributes to chromatin 

bridge formation in cyclin E1 overexpressing MEFs.

Next, we assessed how cyclin E1 overexpression promotes the formation of merotelic 

attachments that produce lagging chromosomes. These attachments can form through 

multiple mechanisms, including centrosome amplification,20 aberrant centrosome dis-

junction or movement,21 defective attachment error correction,22 and accelerated mitotic 

timing. Error correction and timing of mitosis were not impacted by cyclin E1 

overexpression (Supplementary Figure 3G and H). However, cyclin E1 overexpression led to 

the formation of merotely-prone pseudobipolar mitotic spindles with supernumerary 

centrosomes, as revealed by immunolabeling for γTubulin and αTubulin (Figure 3C). 

Furthermore, spindle poles of cyclin E1 overexpressing MEFs with normal centrosome 

numbers frequently failed to align perpendicularly to the metaphase plate (Figure 3D and E). 

Such non-perpendicular spindles can result from aberrant disjunction or movement of 

duplicated centrosomes, and are a source of merotelic attachments.21 Analysis of γTubulin-

stained MEFs revealed that centrosome disjunction in G2 was accelerated at high cyclin E1 

levels (Figure 3F and G), a phenotype that is consistent with the aberrantly high levels of 

centrosome-associated cyclin B2, pAurA, and pPlk1 (Figure 3H–K and Supplementary 

Figure 4A and S).23 Western blot analysis of lysates of prometaphase-arrested MEFs 

confirmed that cyclin B2, Plk1, pPlk1, AurA and pAurA levels were elevated with cyclin E1 

overexpression, as were AurB and pAurB (Figure 3L). All these mitotic regulators are E2F 

target genes, further supporting that cyclin E1 overexpression deregulates Cdk activity. We 

note that even though centrosome-association and phosphorylation of Eg5 were unperturbed 

(Supplementary Figure 4C and D) a small proportion of cyclin E1 transgenic MEFs showed 
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slow centrosome movement, which could contribute to lagging chromosome formation 

(Supplementary Figure 4E).

The observation that cyclin E1 overabundance increases the expression of key regulators of 

bipolar spindle assembly, prompted us to conduct a more comprehensive analysis of mitotic 

regulator levels in mitotic shake-off lysates of dox-treated and untreated MEFs (Figure 3M). 

Cdc20, a key activator of APC/C, was highly elevated in dox-treated CcneT20 MEFs. Key 

substrates of APC/CCdc20 were either present at normal levels, such as Nek2a and cyclin A2, 

or substantially elevated, such as securin and cyclin B1. Securin and cyclin B1 both inhibit 

separase-mediated cleavage of cohesin, raising the possibility that their overabundance 

causes anaphase bridge formation through non-disjunction of sister chromosomes. Even 

though two core mitotic checkpoint proteins, Bub1 and Mad2, were mildly elevated, spindle 

assembly checkpoint activity remained unperturbed with cyclin E1 overexpression 

(Supplementary Figure 4F). The observed increases in cyclin B1, Mad2, Bub1, and securin 

may be due to the fact that they are transcriptionally regulated by E2F.24 Nek2a and cyclin 

A2 are as well, but they are not elevated, which could be due to increased APC/CCdc20-

driven proteasomal degradation. Collectively, the above data reveal that cyclin E1 

overexpression disrupts cell-cycle control and causes CIN in MEFs.

Ubiquitous cyclin E1 overexpression selectively induces tumors in liver

To assess the impact of cyclin E1 overexpression on tumorigenesis, we generated cohorts of 

Ccne1T18, Ccne1T20 and TA control mice that were on dox-containing water from 3 weeks 

(weaning) onwards. These mice were sacrificed and screened for tumors at 14 months of 

age. Tumors were collected and subjected to histopathological evaluation. Both Ccnel 
transgenic lines showed a dramatic increase in tumor incidence, which was solely driven by 

a strong predisposition for liver tumors (Figure 4A). Eight of 22 liver tumors that we 

evaluated were HCCs, while the remainder lesions were hepatic adenomas (Figure 4B–D). 

Furthermore, non-neoplastic proliferative lesions that are thought to be pre-neoplastic25 

were frequently observed in Ccne1T livers, but not in TA control livers (Figure 4E and F). 

Taken together, these data demonstrate that high cyclin E1 overexpression selectively drives 

neoplastic growth of mouse hepatocytes. Importantly, these data further imply that high 

overexpression of cyclin E1 in HCCs of chronically infected HBV or AAV2 patients with 

viral integrations in the CCNE1 locus might be disease causing.

To determine the extent to which Ccne1T represents a faithful model for these patients, we 

assessed whether levels of CCNE1 overexpression reported in HCC samples with HBV or 

AAV2 integrations were similar to those of seen in livers of dox-treated Ccne1T mice. Three 

HCC samples with AAV2 insertions on average have 470-fold higher CCNE1 transcript 

levels than normal liver tissue without viral integrations, as assessed by RT-qPCR.17 Using a 

similar approach, we found that livers of 4-month-old Ccne1T mice had 428-fold higher 

Ccnel transcript levels than those of age-matched TA control mice (Figure 4G). Using RNA 

sequencing, we determined that CCNE1 transcript levels of 3 HCC samples with HBV 

integrations in CCNE1 ranked 2nd, 4th and 7th among 424 HCC samples in the TCGA cohort 

(Figure 4H). On average, these 3 tumors had 32-fold higher transcript levels than 

corresponding tumors without such insertions. RNA sequencing on livers of 4-month-old 
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Ccne1T and TA control mice revealed a 117-fold increase in Ccnel transcript levels of 

transgenic livers (Figure 4I). Collectively, these data indicate that our Ccne1T transgenic 

mice constitute a reasonably faithful model for HCC tumors with AAV2 or HBV insertions.

Cyclin E1 overexpression causes near polyploid aneuploidy in the liver

To understand the mechanism(s) by which cyclin E1 overexpression promotes neoplastic 

transformation in hepatocytes, we characterized the impact of transgene induction at 3 

weeks (the age we started dox treatment in our tumor susceptibility study) on genomic 

content, and numerical and structural chromosome integrity in these cells. Mouse 

hepatocytes remain in a proliferative mode during the first few weeks of postnatal life and 

then exit the cell cycle to become quiescent, a process that is largely completed by 4 weeks 

of age. At this point, quiescent hepatocytes are mononuclear with 2n or 4n DNA content, or 

binucleated with 2 × 2n DNA content.26

As expected, 5-week-old TA control mice that we treated with dox for 2 weeks after 

weaning showed a marked reduction in proliferating cells compared to 3-week-old mice, as 

evidenced by both staining for the mitotic marker phospho-histone H3Ser10 (pHH3) and EdU 

incorporation (Figure 5A and B). In contrast, dox-treated Ccne1T counterparts sustained 

rates of hepatic cell division characteristic to the proliferative phase of post-natal liver 

development. In animals treated with dox for 2 weeks starting at 5 weeks of age, after cells 

had entered the quiescent phase, cyclin E1 overexpression also significantly increased 

hepatic cell proliferation, albeit to a lesser extent than from 3 to 5 weeks (Figure 5A and B). 

Furthermore, although hepatic cell proliferation rates in Ccne1T mice treated with dox 

between 3 and 16 weeks of age remained significantly elevated over TA control mice, they 

were much lower than those observed between weeks 3 and 5 (Figure 5A and B). 

Collectively, these findings indicate that cyclin E1 overexpression increases hepatic cell 

proliferation irrespective of the timing of transgene induction. Cyclin E1 overexpression 

significantly decreased the proportion of bi-nucleated hepatocytes, a finding that is 

indicative of cellular stress (Figure 5C).

Hepatocyte nuclear diameter measurements showed that cyclin E1 overexpression markedly 

increased nuclear size, regardless of whether transgene induction occurred during the 

proliferative or quiescence phase of liver development (Figure 5D). Comparison of Ccne1T 

mice treated with dox for 2 or 13 weeks starting at 3 weeks of age indicated that this nuclear 

enlargement phenotype was progressive, at least in a subset of mice (Figure 5D). Hepatic 

tumors collected from 14-month-old dox-treated Ccne1T mice had a very similar nuclear 

enlargement phenotype as livers from 4-month-old dox-treated Ccne1T mice (Figure 5D). 

Nuclear size enlargement was not commonly observed in liver tumors from 14-month-old 

dox-treated TA mice (Figure 5D). FACS analysis of hepatocyte suspensions demonstrated 

that nuclear size enlargement with cyclin E1 overexpression is caused by polyploidization, 

irrespective of whether transgene induction occurs during the proliferative or quiescent 

phase of liver development (Figure 5E). FISH analysis of these same suspensions revealed 

that cyclin E1-induced polyploidization is frequently accompanied by aneuploidization 

(Figure 5F, Supplementary Figure 5A). FISH analysis on cell suspensions of other tissues 

from cyclin E1 overexpressing mice, including kidney, lung and spleen, uncovered no 
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evidence for polyploidization, although kidney and lung were prone to near-diploid 

aneuploidy (Supplementary Figure 5B and C). BrdU incorporation experiments confirmed 

that cyclin E1 overexpression increased cell proliferation in kidney and spleen 

(Supplementary Figure 5D). Collectively, the above findings indicate that cyclin E1 

overexpression promotes hepatocyte proliferation, polyploidization and aneuploidization.

High cyclin E1 causes chromosome missegregation and DSBs in hepatocytes

Next, we examined the extent to which the CIN phenotype observed in cyclin E1 

overexpressing MEFs is conserved in hepatocytes. First, we immunolabeled liver sections 

from dox-treated Ccne1T and TA mice for pHH3 and inspected mitotic figures for aberrantly 

arranged chromosomes. Chromosome misalignment outside of the metaphase plate was 

markedly increased in hepatic cells overexpressing cyclin E1, regardless of the timing of 

transgene induction (Figure 6A). We also observed a trend towards increased chromosome 

lagging, but anaphases were hard to find and values did not reach statistical significance. 

However, with the application of partial hepatectomy to stimulate cell division, we observed 

a high incidence of anaphases with lagging chromosomes upon cyclin E1 overexpression 

(Figure 6S). Importantly, this correlated with high rates of non-perpendicular spindles 

(Figure 6C), which are enriched in merotelic microtubule-kinetochore attachments that 

produce lagging chromosomes.21 Missegregation of whole chromosomes due to cyclin E1 

overexpression was confirmed by single-cell genomic DNA sequencing on FACS-sorted 

hepatocytes with 4n DNA content (Figure 6D and E). Furthermore, focal amplifications and 

losses of chromosome segments were significantly increased with cyclin E1 overexpression 

(Figure 6D and F).

Segmental chromosome rearrangements require DSBs, which prompted us to determine 

whether this form of DNA damage was also increased in hepatocytes overexpressing cyclin 

E1. Indeed, immunolabeling of liver sections for γH2AX revealed that cyclin E1 

overexpression significantly increased DSB formation, regardless of the timing of transgene 

induction (Figure 6G). The increase in DSBs did not appear to be simply the result of a 

higher ploidy status, and was selective for liver (Supplementary Figure 6A). Consistent with 

our observations in MEFs, elevated cyclin E1 levels in liver resulted in a reduction of Mcm2 

in cytoplasmic, nuclear and chromatin fractions, indicative of replication stress (Figure 6I). 

No such declines were observed in lung, kidney and spleen, all of which failed to show 

evidence for increased DSBs (Figure 6G and I, and Supplementary Figure 6B).

High cyclin E induces extensive transcriptional changes selectively in liver

To better understand why cyclin E1 overexpression selectively promotes liver tumorigenesis, 

we conducted genome-wide transcriptome profiling on liver, kidney and lung samples of 4-

month-old dox-treated Ccne1T and TA mice. Hierarchical clustering based on gene 

expression pattern similarity grouped liver samples by genotype, but not kidney and lung 

samples (Figure 7A). In liver, cyclin E1 overexpression induced widespread transcriptional 

changes, with 2469 transcripts upregulated and 2496 transcripts down-regulated (Figure 7B). 

In contrast, cyclin E1 overexpression altered <100 genes in kidney and lung (Figure 7B), 

even though the extent of Ccnel expression was similar in all 3 tissues (Supplementary 

Figure 7A). Using functional annotation analyses on the up-regulated differentially 
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expressed genes (DEGs), we identified hundreds of significantly enriched annotations in 

cyclin E1 overexpressing livers. We classified these into functional clusters (Figure 1C, 

Supplementary Figure 7B and C). One cluster indicated that overexpression of cyclin E1 

increases oxidative phosphorylation (Figure 7D), in turn leading to oxidative stress (Figure 

7E), a key feature of various human liver diseases, including HCC.27–29 Staining of livers 

from 4-month-old mice with the ROS-sensitive dye dihydroethidium (DHE) validated that 

cyclin E1 overexpression creates oxidative stress in the liver (Figure 7F).

A second cluster identified by functional annotation analyses showed enrichment for 

immune system-related functions, including the upregulation of multiple factors that 

regulate Tnf signaling (Figure 7G). Consistent with this, Ccne1T livers showed elevated 

expression of Tnf (encoding Tnfα; Figure 7G), a cytokine linked to inflammation, necrosis 

and apoptosis in various liver diseases, including HCC.29–31 Kupffer cells were a source of 

increased Tnfα production, as evidenced by immunolabeling of liver sections from 4-month-

old dox-treated Ccne1T and TA mice for F4/80 and Tnfα (Figure 7H). Kupffer/macrophage 

cell numbers were not increased, and there was no evidence for an invasion of other immune 

cell types at 4 months (Supplementary Figure 7D and E).

Other clusters identified by functional annotation analyses showed enrichment for functions 

related to DNA damage/repair, p53 signaling, and cell death/survival (Figure 1C). All these 

clusters included several p53-regulated genes, including the cell-cycle regulators Cdkn1a, 
Cdkn1b, Ccna2 and Ccnb1 (Figure 7I), the pro-apoptotic genes Bbc3 (encoding Puma), Bax 
and Tnfrsf10 (encoding DR5/Killer) (Figure 7J and Supplementary Figure 8A), and the 

repair gene Ddb2 (Supplementary Figure 8B). Western blot analysis of lysates of 4-month-

old Ccne1T and TA liver samples demonstrated that p53, p21, Bax and Puma protein levels 

were upregulated with cyclin E1 overexpression (Figure 7K). In contrast, p53 was 

consistently undetectable in Ccne1T liver tumors (Figure 7K), indicating that inactivation of 

this tumor suppressor is a requirement for liver tumorigenesis in our model, which also 

holds true for many human HCCs.32,33 Interestingly, while loss of p53 in Ccne1T liver 

tumors coincided with reduced p21 expression, levels of Bax and Puma did not decline, 

implying that their expression was regulated in a p53-independent fashion (Figure 7K). 

Despite elevated expression of pro-apoptotic genes in 4-month-old Ccne1T livers, cyclin E1 

overexpression did not increase apoptosis, as revealed by TUNEL staining (Figure 7L). 

Several genes associated with pro-survival functions were differentially upregulated in 4-

month-old Ccne1T livers, including Birc5, which encodes Survivin (Figure 7J and 

Supplementary Figure 7G), raising the possibility that prosurvival mechanisms counteract 

pro-apoptotic functions to retain hepatocyte viability.

Induction of p21, as observed in 4-month-old Ccne1T livers, is a feature of cellular 

senescence. Another key senescence marker, p16 (Cdkn2a), was however undetectable by 

RNA sequencing of these livers (data not shown). The same was true for key components of 

the senescence-associated secretory phenotype (SASP) (Supplementary Figure 8C). 

Additionally, 4-month-old Ccne1T livers failed to stain for senescence-associated beta-

galactosidase (SA-β-Gal), a widely used marker of senescence (Supplementary Figure 8D). 

Collectively, these data demonstrate that hepatocytes are unlikely to activate the senescence 

program in response to cyclin E1 overexpression.
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Discussion

Our approach of ubiquitously overexpressing cyclin E1 uncovered that this cyclin is 

particularly oncogenic in hepatocytes, a finding that has several important clinical 

implications. First, our data indicate that in a subset of HCC patients with chronic HBV 

infection, neoplastic transformation is likely to be driven by genomic integration of the virus 

in the CCNE1 locus. Thus, it is not only important to treat chronic HBV infection early to 

reduce the risk of cirrhosis, but also to limit genomic viral integration in CCNE1 and 

perhaps other common integration sites encoding oncogenes with putative neoplastic 

properties in the liver, such as TERT and KMT2B,11, 13, 14 Second, our findings imply that 

insertion of AAV2 into the CCNE1 locus is a capable initiating event in patients with HCC.
17 Unlike HBV patients, HCC cases with AAV2 insertions show no evidence of cirrhotic 

disease, reminiscent of cyclin E1 overexpressing mice.17 Third, AAV-derived vectors are 

now widely used as gene delivery tools in clinical-stage experimental therapeutic strategies 

for various conditions, including lipoprotein lipase deficiency, Leber congenital amaurosis, 

and the bleeding disorder hemophilia B. Although, these vehicles thus far appear to be safe 

in both preclinical and clinical settings, the observation that robust CCNE1 expression is 

sufficient to drive HCC in otherwise wildtype mice warrants consideration of precautionary 

monitoring of patients receiving AAV-based therapies for indications of liver pathology, 

particularly when vectors are used that show tropism towards hepatocytes. For instance, 

frequent non-invasive testing such as alpha fetoprotein might be beneficial.

Our studies provide insight into how and why cyclin E1 overexpression selectively drives 

tumorigenesis in the liver. Importantly, cyclin E1 overexpression increased aneuploidy in 

multiple tissues, but two other cancer-associated CIN phenotypes, polyploidization and 

DSBs, were observed only in hepatocytes. Our data suggest that cyclin E1 overexpression 

promotes polyploidization through precocious S-phase entry, erroneous DNA replication and 

aberrant expression of mitotic regulators, resulting in abortion of mitotic progression and 

cytokinesis. Polyploidization may further be encouraged by compensatory proliferation in 

response to hepatocyte necrosis induced by Tnfα released by Kupffer cells.28, 29 Near 

polyploid-aneuploidies may arise when hepatocytes successfully separate their 

chromosomes but do so inaccurately due to aberrant centrosome dynamics, leading to 

merotely-prone non-perpendicular spindles that yield lagging chromosomes. Our in-depth 

studies in MEFs suggest that cyclin E1 overexpression disrupts centrosome dynamics 

through hyperactivation of cyclin B2, Aurora A, and Plk1, three centro-some-associated core 

components of a signaling cascade that controls centrosome disjunction.26, 27, 29 In addition 

to whole chromosome instability, we observed segmental aneuploidies, which are known to 

be induced by DSBs.34 In MEFs, cyclin E1 overexpression induces replication stress, thus 

promoting the formation of chromatin bridges that resolve via DSBs.26, 36 Notably, 

transcriptomic analysis uncovered that cyclin E1 overexpressing hepatocytes experience 

oxidative stress, a well-documented alternative cause of DSBs.35, 36 In fact, given the rarity 

of chromatin bridges in anaphases upon partial hepatectomy, oxidative stress may be the 

primary source of structural chromosome damage in hepatocytes that overexpress cyclin E1. 

Oxidative stress has been long recognized as a key contributor to the initiation and 

progression of cancer through multiple mechanisms, including oncogene activation, tumor 
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suppressor gene inactivation, aberrant metabolism, and mitochondrial dysfunction.37 p53 is 

activated in response to oxidative stress to remove damage to genomic and mitochondrial 

DNA and to regulate the expression of antioxidant genes38, 39, and its inactivation is 

associated with tumor progression.32, 3340 We consistently observed this exact pattern of 

activation of p53 at the preneoplastic stage and the subsequent inactivation of p53 as tumors 

emerge, giving credence to the idea that oxidative stress caused by cyclin E1 overexpression 

drives liver tumorigenesis.

In closing, our demonstration here that cyclin E1 overexpression causes liver-specific 

molecular and cellular defects underscores that it will be important to use comprehensive 

experimental approaches to assess whether and how overexpression of other genes at 

common integration sites of liver tropic viruses drives hepatocarcinogenesis. Such efforts 

hold promise for the identification of druggable molecular targets for the development of 

innovative experimental therapies for the treatment of HCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Generation of Ccnel transgenic mice. (A) Ccnel transgene integrated in the Col1A1 locus. 

(B) Western blots of lysates of Ccne1T MEFs cultured in the presence or absence of dox for 

72 h and probed for HA and cyclin E1. β-actin served as loading control. (C) Western blots 

of tissue extract from the indicated 6-week-old transgenic mice. Ponceau S (PonS) staining 

of blotted proteins served as a loading control. (D) Left: MEFs at various stages of cell cycle 

stained for cyclin E1. γTubulin staining was used for cell cycle staging. P, prophase; PM, 

Prometaphase; M, Metaphase; A, Anaphase. Right: Quantification of cyclin E1 signals 

(normalized to -dox G1 expression). Data represent mean ± s.e.m. Statistics: D, two-tailed 

paired t-test. *P < 0.05, **P < 0.01. Scale bar, 5 μm.
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Figure 2. 
High transgenic expression of cyclin E1 alters cell-cycle timing. (A) Representative images 

of dox-treated and untreated Ccne1T MEFs at the indicated stages of cell cycle 

immunolabeled for phosphorylated Cdk substrates. Scale bar, 5 μm. (B) Quantification of 

pCdk substrate signals of the indicated MEFs at various stages of the cell cycle (normalized 

to -dox G1, signals). (C) Western blots of lysates of Ccne1T MEFs harvested at the indicated 

time points after release from serum starvation in the presence or absence of dox. Asterisks 

mark hyperphosphorylated Cdk substrates. (D) Analysis of the indicated MEFs by FUCCI 

Aziz et al. Page 16

Gastroenterology. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



technology. (E) Western blots of fractionated lysates of MEFs grown with or without dox for 

72 h. Histone H3, Hdac2, and αTubulin represent chromatin, nuclear and cytoplasmic 

markers, respectively. Data in B and D represent mean ± s.e.m. Statistics: B and D, two-

tailed paired t-test. *P < 0.05, **P < 0.01.
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Figure 3. 
Cyclin E1 overexpression causes chromosome segregation errors and aneu-ploidy in MEFs. 

(A) Chromosome counts on metaphase spreads of the indicated MEFs. (B) Chromosome 

segregation analysis of MEFs expressing H2B-mRFP. Images: Ccne1T MEFs with indicated 

segregation errors. (C) Incidence of pseudobipolar or multipolar spindles in metaphases 

stained for αTubulin and γTubulin. Image: Ccne1T MEF with indicated spindle defect. (D) 
Representative metaphases with perpendicular (top) and non-perpendicular spindles 

(bottom). (E) Incidence of non-perpendicular metaphase spindles. (F) Representative images 
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of G2 MEFs with normal (top) and premature (bottom) centrosome disjunction. (G) 
Measurements of centrosome separation in G2 MEFs staged for equal pHH3 expression. (H) 
Representative images of pPlk1-stained prophases grown with and without dox. (I) 
Quantification of pPlk1 levels at centrosomes (normalized to γTubulin levels). (J, K) As in 

H for cyclin B2 and pAurA, respectively. (L, M) Western blots of mitotic shake-off lysates 

probed for the indicated proteins. Data in A-C, E, G, I-K represents mean ± s.e.m. 

Statistics: A-B, E, G, I-K, two-tailed paired t-test. C, two-tailed unpaired t-test *P < 0.05, 

**P < 0.01. Scale bars, 5 μm.
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Figure 4. 
Cyclin E1 overexpression selectively induces tumors in liver. (A) Spontaneous tumor 

incidence in 14-month-old mice induced with dox from weaning (organs not included did 

not have noteworthy tumor incidence). (B) Gross image and histology of a 14-month-old TA 
liver. (C) Gross image and histology of a Ccne1T hepatocellular adenoma (*), with loss of 

normal lobular architecture and irregular growth pattern, compressing the surrounding liver 

parenchyma (arrows). (D) Gross image and histology of a Ccne1T hepatocellular carcinoma, 

with trabecular (*) and adenoid growth pattern and cystic dilation of the adenoid structures 
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(arrows). (E) Incidence of non-neoplastic proliferative lesion (NNPL). (F) Gross image and 

histology of a Ccne1T liver with a focal area of cellular alteration (*). (G) RT-qPCR analysis 

of Ccnel transcripts in 4-month-old livers of indicted genotypes. Data represent mean ± 

s.e.m. (H) RNA sequencing-based expression values of CCNE1 in the indicated HCC 

samples of the TCGA cohort. (I) RNA sequencing-based Ccnel expression values for the 

indicated 4-month-old mouse livers. FC, fold change. Statistics: A and E, two-tailed Fisher’s 

exact test; G, two-tailed unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars, 1 

mm (B-D) and 300 μm (F).
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Figure 5. 
Cyclin E1 overexpression causes near polyploid aneuploidy in the liver. (A) Quantification 

of mitotic cells in liver sections immunostained with pHH3 (n=3 per group except for the 

3-16-week group where n=10 per group). (B) Quantification of EdU or BrdU-positive cells 

in liver sections of the indicated mice (n=3 per group except for 3-16 week where n= 11 per 

group). (C) Quantification of binucleated hepatocytes in H-E-stained liver sections (n=3 per 

group except for the 3-16-week group where n=10 per group; n=200 hepatocytes per group). 

(D) Hepatocyte diameters in the indicated liver or liver tumor samples (each column 
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represents 1 liver or liver tumor; n=200 hepatocytes per sample). (E) Top: Flow cytometry 

profiles of hepatocyte ploidy as assessed by propidium iodide (PI) staining. Bottom: 

Quantification of hepatocyte DNA contents into diploid (2n), tetraploid (4n) and polyploid 

(≥8n) cell fractions (n=3 mice per group). (F) FISH analysis for chromosome 4 and 7 signals 

on the hepatocyte suspensions used in E (n=3 per group; n=100 hepatocytes per sample). 

Data represent mean ± s.e.m. Statistics: A-E, two-tailed unpaired t-test. *P < 0.05, **P < 

0.01, ***P < 0.001.

Aziz et al. Page 23

Gastroenterology. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Cyclin E1 overexpression causes a complex CIN phenotype in hepatocytes. (A) 
Chromosome segregation errors (T, total, L, lagging, M, misaligned) in liver sections of the 

indicated mice (n=3 per group except for the 3-16-week group where n=9 per group). Inset, 

representative image of a cell in metaphase with misaligned chromosomes. (B) 
Quantification of anaphases with lagging chromosome in liver sections of the indicated 8-

week-old mice 48 h after partial hepatectomy (PHx). Image shows a representative Ccne1T 

hepatocyte with a lagging chromosome. (C) Quantification of metaphases with non-
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perpendicular spindles in samples described in B. Images show metaphases with 

perpendicular (left) and non-perpendicular spindles (right). (D) Representative segmentation 

plots of single tetraploid liver nuclei with normal ploidy, numerical aneuploidy and 

structural aneuploidy. (E, F) Numerical and structural aneuploidy assessments by single-cell 

DNA sequencing of hepatocytes FACS-sorted for 4n DNA content (n=4 mice per group, 

15-22 hepatocytes per mouse). (G) Quantification of γH2AX foci per nuclear area in liver 

sections of the indicated mice. Image represents γH2AX staining for liver cryosections at 4 

months of age (arrow indicates a hepatic cell with an abundance of γH2AX-positive foci). 

(H) Western blots of fractionated lysates of liver and lung tissue Histone H3, Hdac2, and 

αTubulin represent chromatin, nuclear and cytoplasmic markers, respectively. Data 

represents mean ± s.e.m. Statistics: A-G, two-tailed unpaired t-test. *P < 0.05, **P < 0.01. 

Scale bars, 5 μm.
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Figure 7. 
Identification of pro-tumorigenic changes in preneoplastic livers of mice overexpressing 

cyclin E1. (A) Hierarchical clustering using RNA sequencing data from lung, liver and 

kidney of the indicated 4-month-old mice. The y-axis represents the metric 1-Pearson 

correlation as distance between samples. (B) Venn diagrams depicting numbers of 

significantly up- or downregulated differentially expressed genes (DEGs) in the indicated 

Ccne1T tissues versus corresponding TA tissues. (C) Selected functional clusters 

overrepresented in upregulated DEGs from Ccne1T versus TA livers. Points within each 
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cluster represent individual annotations. The total number of annotations per cluster is 

indicated. FDR, false discovery rate. (D) Heatmap of upregulated DEGs for the indicated 

annotation. Depicted are log2 fold expression changes in Ccne1T versus TA tissues (box 

color) and the significance per gene (box size). (E) Heatmap of upregulated DEGs generated 

from GO annotation “Response to oxidative stress”. (F) Representative images of cryo-

sections of the indicated 4-month-old livers stained with DHE. Scale bar, 40 μm. (G) 
Heatmap of upregulated DEGs for the indicated annotation within the immune system 

cluster. (H) Left: Images of representative liver sections of the indicated 4-month-old mice 

immunolabeled for Tnfα and F4/80. Scale bar, 10 μm. Right: Quantitation of Tnfα+ cells 

among the F4/80+ cells in the indicated liver sections. (I, J) Heatmaps of upregulated DEGs 

for the indicated annotations of the “p53 signaling” and “cell/death/survival” clusters, 

respectively. K) Western blots of lysates from 4-month-old livers and liver tumors of 14-

month-old mice. Ponceau S (PonS) served as loading control. (L) Quantification of TUNEL-

positive cells in liver sections of the indicated 4-month-old mice. Data in H and L represents 

mean ± s.e.m. Statistics: H and L, two-tailed unpaired t-test. **P < 0.01. Heatmap legends 

in E, G, I, and J are as in D.
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