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Summary
Background Human cytomegalovirus (HCMV) infection has been actively implicated in complex neoplastic pro-
cesses. Beyond oncomodulation, the molecular mechanisms that might underlie HCMV-induced oncogenesis are
being extensively studied. Polycomb repressive complex 2 (PRC2) proteins, in particular enhancer of zeste homolog
2 (EZH2) are associated with cancer progression. Nevertheless, little is known about EZH2 activation in the context
of HCMV infection and breast oncogenesis.

Methods Herein, we identified EZH2 as a downstream target for HCMV-induced Myc upregulation upon acute and
chronic infection with high-risk strains using a human mammary epithelial model.

Findings We detected polyploidy and CMV-transformed HMECs (CTH) cells harboring HCMV and dynamically
undergoing the giant cells cycle. Acquisition of embryonic stemness markers positively correlated with EZH2 and
Myc expression. EZH2 inhibitors curtail sustained CTH cells’ malignant phenotype. Besides harboring polyploid
giant cancer cells (PGCCs), tumorigenic breast biopsies were characterized by an enhanced EZH2 and Myc expres-
sion, with a strong positive correlation between EZH2 and Myc expression, and between PGCC count and EZH2/
Myc expression in the presence of HCMV. Further, we isolated two HCMV strains from EZH2HighMycHigh basal-
like tumors which replicate in MRC5 cells and transform HMECs toward CTH cells after acute infection.

Interpretation Our data establish a potential link between HCMV-induced Myc activation, the subsequent EZH2
upregulation, and polyploidy induction. These data support the proposed tumorigenesis properties of EZH2/Myc,
and allow the isolation of two oncogenic HCMV strains from EZH2HighMycHigh basal breast tumors while identify-
ing EZH2 as a potential therapeutic target in the management of breast cancer, particularly upon HCMV infection.
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Introduction
Human cytomegalovirus (HCMV), or human herpesvi-
rus 5 (HHV-5), is a ubiquitous DNA virus with a mid to
high seroprevalence, reaching up to 95% of the adult
population worldwide.1 Beyond the paradigm of onco-
modulation, HCMV infection and viral products fulfill
the criteria of cancer hallmarks updated by Hanahan
and Weinberg to rationalize the complexities of neoplas-
tic disease,2,3 with viral proteins and/or nucleic acids
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Research in context

Evidence before this study

Beside the fact that the majority of the adult population
worldwide are human cytomegalovirus (HCMV)-sero-
positive, HCMV infection and viral products meet the
criteria of cancer hallmarks in which HCMV-viral prod-
ucts are being detected in multiple cancers. Most
importantly, recent evidence reveals that HCMV gene
products are found in more than 90% of tumors and
metastases of breast cancers, and their augmented
expression can be linked to a more aggressive pheno-
type. To intervene in the development and implementa-
tion of effective diagnostic, preventive, and therapeutic
measures, we must imperatively identify HCMV’s mech-
anism of action in breast cancer. Recent data demon-
strated that polyploidy giant cancer cells play a critical
role in breast cancer pathophysiology. Polyploid giant
cancer cells (PGCCs) or tumorigenesis drivers were
mostly detected in poorly differentiated and therapy
resistant cancers. Previously, we showed that the infec-
tion with the two clinical strains HCMV-DB (KT959235)
and HCMV-BL (MW980585) induces HMECs transforma-
tion into CMV-Transformed HMECs (CTH cells). CTH cells
presented a polyploid phenotype, stemness, epithelial-
to-mesenchymal plasticity which resulted in fast grow-
ing breast tumors in NSG mice.

Added value of this study

Given the oncogenic properties of enhancer of zeste
homolog 2 (EZH2) and Myc especially in high-grade
breast cancer, in the present study, we intended to
assess the link between HCMV, PGCCs, EZH2, and Myc
in the context of breast cancer development and pro-
gression. Originally, our findings show that high-risk
HCMV strains can promote a polyploid phenotype and
reveal the existence of a potential link between HCMV
infection, Myc/EZH2 upregulation and polyploidy gen-
eration in vitro and in basal breast tumors. Altogether,
our findings confirm the proposed tumorigenic proper-
ties of EZH2 and Myc in the context of HCMV infection.

Implications of all the available evidence

A better understanding of the potential link between
HCMV and breast cancer will pave the way for new tar-
geted therapies thus increasing the overall survival of
breast cancer patients.
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being detected in a multitude of cancer types.4 For
instance, in the context of breast cancer, HCMV pro-
teins were confined to neoplastic cells in primary
tumors, sentinel lymph node5,6 and brain metastases,
with shorter overall survival and time to tumor progres-
sion in patients having the highest expression of
HCMV immediate early (IE) proteins.7 Recently, pro-
ductive HCMV infection in breast tumor cells has been
reported and could indicate that HCMV replication may
play a role in breast cancer progression.8 This
rationalizes the urgent need to actively dissect the exact
etiological role of HCMV in the relevance of breast can-
cer in order to contribute to the development of novel
diagnostic, preventive, or therapeutic strategies.

On the other hand, polyploid giant cancer cells
(PGCCs) are recognized as a cancerous cellular subpop-
ulation endowed with an enhanced tumorigenic proper-
ties, tumor maintenance and recurrence, as well as
therapy resistance, the latter accentuated by tumor het-
erogeneity.9�11 Giant cancerous cells were described in
a wide range of high-grade cancers, chemoresistant
tumors and cancer cell lines, for instance glioma, breast,
lung, prostate and colorectal cancer.12 Being greatly
dedifferentiated with embryonic stem-like traits, PGCCs
are able to replicate through an asymmetric division pat-
tern, resulting in the establishment of a mitotically-com-
petent progeny population.13 Remarkably, a shared
characteristic among all malignancies triggered by
oncoviruses is the presence of polyploidy, highlighting
PGCCs as keystone phenotype in virally-induced
tumors.14

Being the enzymatic subunit of polycomb repressive
complex 2 (PRC2), enhancer of zeste homolog 2
(EZH2) is a histone-lysine N-methyltransferase respon-
sible of transcriptional silencing.15 EZH2 aberrations
are associated with the development and progression of
a variety of cancers.16,17 Indeed, high EZH2 levels, nota-
bly in triple-negative breast cancer,18 are strongly associ-
ated with poor clinical outcome19 and correlate with
aggressive pathologic features, including high nuclear
grade and proliferative index.18 In parallel, EZH2 was
shown to expand the stem cell pool and the breast
tumor initiating cells, including luminal progenitor
cells, hence enhancing accelerated breast cancer initia-
tion, metastasis and growth.20�22 Interestingly, EZH2
is identified as a downstream target of Myc oncogene,
the latter coordinately regulating EZH2 through tran-
scriptional and post-transcriptional mechanisms during
tumor initiation and disease progression.23,24 On the
other hand, EZH2 was shown to be recruited to the
major immediate early promoter (MIEP) in CD14+
monocytes where HCMV establishes latent infection in
vivo.25 Further, EZH2 was demonstrated to be overex-
pressed in glioblastoma multiforme tissues harboring
HCMV.26 Intriguingly, EZH2 is overexpressed in
PGCCs,27,28 the latter being also triggered by HCMV
infection,29 which points toward a potential link
between HCMV, PGCCs, and EZH2.

Previously, we demonstrated that the infection with
the clinical strains HCMV-DB (KT959235) and HCMV-
BL (MW980585) induces HMECs transformation into
CMV-Transformed HMECs (CTH), the latter displaying
a polyploid phenotype, stemness, epithelial-to-mesen-
chymal (EMT) plasticity, and resulting in the appear-
ance of fast growing breast tumors in NSG mice.29,30

Given the stated EZH2 oncogenic functions, we aimed
to evaluate the presence of a potential link between the
www.thelancet.com Vol 80 Month June, 2022
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triad of HCMV, PGCCs and EZH2, as well as the poten-
tial interrelation with Myc in the context of breast carci-
nogenesis. Subsequently, in the present study, we
assessed the activation of Myc, EZH2 and SUZ12
expression, as well as polyploidy levels following acute
infection with low- or high-risk HCMV strains.31 This
was complemented by deciphering the morphological
and phenotypic characteristics of CTH cells undergoing
the giant cell cycle and the potential implication of Myc
and PRC2 proteins in both CTH cells and breast cancer
biopsies.
Materials and methods

Cell lines and culture
Human primary mammary epithelial cells (HMECs,
A10565) and embryonic lung fibroblasts (MRC5,
84002) were purchased from Life Technologies (Carls-
bad, CA, USA) and RD-Biotech (Besançon, France),
respectively. Human breast cancer cell lines MDA-
MB231 and MCF7 were obtained from Institut Hiscia
(Arlesheim, Switzerland). MRC5, MDA-MB231 and
MCF7 cells were grown in Dulbecco's modified Eagle
medium (DMEM) (PAN-Biotech) supplemented with
fetal bovine serum (Dutscher) and penicillin/streptomy-
cin (Life Technologies) (10% and 1% final concentra-
tion, respectively). HMECs were cultured in HMEC
medium (Life Technologies) supplemented with HMEC
supplement and bovine pituitary extract (Life Technolo-
gies) at 37 °C, 5% CO2 and 95% humidity. CTH cells
emerging following chronic infection with HCMV-BL
and HCMV-DB isolates were cultured in the same con-
dition as HMECs. Mycoplasma monthly screening was
performed to certify mycoplasma free cultures (Venor-
Gem classic mycoplasma detection, Minerva biolabs).
HCMV clinical isolates growth and detection
HCMV-FS, HCMV-KM, HCMV-BL, and HCMV-DB
clinical strains were isolated from patients hospitalized
at Besançon University Hospital (France). The clinical
and biological data for the four hospitalized patients
from whom we isolated the HCMV-DB, BL, FS and KM
strains were provided (Suppl. Table 1). Viral stocks were
prepared and stored at -80°C as detailed previously.29

The presence of ULb’ region was detected in all the four
strains as well as in the B544 and B693 strains isolated
from the triple negative breast cancer (TNBC) tissues
(see below), as measured by the detection of UL128/
UL130/UL131 by qPCR (Suppl. Fig. 1). Infection of
HMECs or MRC5 (1£106) cells with the clinical isolates
was carried out at a multiplicity of infection (MOI) of 1.
Briefly, cells were incubated at 37°C for 2 h, after which
the inoculum was discarded, and the cellular monolayer
was washed thoroughly three times with 1X PBS and
covered with fresh medium. To determine viral kinetics,
www.thelancet.com Vol 80 Month June, 2022
infectious cell-free supernatant was harvested at the
indicated time points post-infection, DNA was isolated
(EZNA Blood DNA Kit, D3392-02, Omega BIO-TEK)
and real-time IE1 quantitative PCR (qPCR) was per-
formed using a Stratagene Mx3005P thermocycler (Agi-
lent), using IE1 primers (Suppl. Table 2). qPCR was
performed using KAPA SYBR FAST Master Mix (KAPA
BIOSYSTEMS, KK4601) and reactions were activated at
95°C for 10 min, followed by 50 cycles (15 s at 95°C and
1 min at 60°C). Results were collected and analyzed
using MxPro qPCR software. Where indicated, HCMV
lncRNA4.9 was determined by PCR assay by using
DreamTaq DNA polymerase (EP0701, Thermo Scien-
tific). PCR products were resolved by agarose gel electro-
phoresis and SYBR Green I (Roche) was used for
visualization.
Microscopy
CTH cells were monitored using an Olympus optical
microscope (Japan) and OPTIKA microscopy digital
camera (Opticam, Italy). To study the giant cell cycle,
confocal microscopy was used and DAPI (40, 60-diami-
dino-2- phenylindole) staining was performed according
to the manufacturer’s protocol. To assess the expression
of EZH2, SUZ12, Myc, pp65, and HCMV late Ag, unin-
fected HMECs and CTH cells were washed with 1X
PBS, fixed and permeabilized (BD Cytofix/Cytoperm,
554722). Primary antibodies targeting EZH2, SUZ12,
Myc, pp65, and HCMV late Ag (Suppl. Table 3) were
used in parallel to DAPI staining. After staining, slides
were evaluated using 63X oil immersion objective lens
with a Carl-Zeiss confocal microscope (Germany).
Images were analyzed using ZenBlue Software (Carl-
Zeiss Microscopy GmbH).
Western blotting
Western blotting was performed as described
previously.30,32 Lysates from uninfected HMECs, CTH
cells, MDA-MB231 and MCF7 were used to examine the
expression of EZH2 and SUZ12. Lysates from unin-
fected HMECs and CTH cells were used to determine
Myc expression. Antibodies used are listed in supple-
mentary Table 3. Densitometry using ImageJ 1.40 soft-
ware (National Institutes of Health, Bethesda, MA,
USA) was employed to quantify protein levels. b-actin
(A5316, St. Louis, MO, USA) was used as control to nor-
malize sample loading.
Flow cytometry analysis
Uninfected HMECs and CTH cells collection, fixation,
permeabilization, staining, and incubation were per-
formed as described previously.29 Cytofluorometric
analysis was performed using a BD LSRFortessa X-20
(BD Biosciences) flow cytometer. FACSDiva software
(BD Biosciences) was used to collect and analyze data.
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Staining was performed for EZH2, SUZ12, Oct4,
SSEA4, Nanog, Tra-1-60, SOX2, Akt, pAkt(Ser473),
STAT3, pSTAT3, EpCAM, CD49f, Vimentin, E-Cad-
herin, CD24 and CD44. Antibodies used are listed in
supplementary Table 3. Proliferation of CTH cells left
untreated or treated with EZH2 inhibitors was assessed
by measuring Ki67 antigen (Ag) expression by intracel-
lular flow cytometry as described previously.33 For cell
cycle analysis, uninfected HMECs or HCMV-infected
HMECs were washed in 1X PBS, fixed in 70% ethanol
and resuspended in 50 µg/ml propidium iodide (P3566,
life technologies, Eugene, USA) with 0.1 mg/ml RNase
(R4642, Sigma-Aldrich, Saint-Louis, MO, USA), then
incubated at 37°C for 30 min as described previously.34
RNA cross-linking immunoprecipitation (RNA CLIP)
assay
RNA Cross-linking Immunoprecipitation (RNA CLIP)
was performed on CTH cells as previously reported.25
Semi-quantitative reverse-transcriptase polymerase
chain reaction (RT-PCR)
Total RNA was extracted using E.Z.N.A.� Total RNA Kit
I (Omega Bio-Tech, GA, USA) according to the man-
ufacturer’s instructions. SuperScript IV First-Strand
Synthesis kit (Invitrogen, Carlsbad, CA, USA) was used
for reverse transcription. Semi-quantitative PCR was
performed for Oct4, SSEA-4 synthase, Nanog, Tra-1-60,
SOX2 and b-globin expression. Primers used are listed
in supplementary Table 2. Two ml target cDNA conver-
sion mixture was amplified using DreamTaq DNA poly-
merase (EP0701, 83 Thermo Scientific). RT-PCR
products were electrophoresed on a 2% agarose gel
stained with SYBR Green I (Roche).
EZH2 inhibition assay
The EZH2 inhibitors EPZ6438 and GSK343 (Cayman
Chemical, Ann Arbor, MI, USA) were dissolved in
Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich). CTH
cells were left untreated or treated by EZH2 inhibitors
at 0.1µM and fresh drugs were added every two days.
Soft agar colony formation and colorimetric MTT
assays
CTH cells left untreated or treated with EZH2 inhibitors
at 0.1µM and HMECs infected with HCMV-B544 and
HCMV-B693 strains were seeded in soft agar (Colori-
metric assay, CB135; Cell Biolabs Inc., San Diego, CA)
as described previously.35 After 15 days of incubation,
colonies quantification was performed using MTT (3-
(4,5- dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) assay as described previously30 and soft agar colo-
nies were observed under an Olympus microscope
(magnification 200£).
Mammosphere assay
CTH cells untreated or treated with EZH2 inhibitors
were cultured in 2 mL of mammosphere media
(CCM012, R&D Systems, Minneapolis, MN, USA) sup-
plemented with 2U/ml heparin (2812, Bio-Techne, Min-
neapolis, MN, USA) and 0.5 µg/ml hydrocortisone
(4093, Bio-Techne, Minneapolis, MN, USA), in an
ultra-low attachment surface 96-well plate. Mammo-
spheres were observed using an Olympus optical micro-
scope (Japan).
Chromatin immunoprecipitation (ChIP) assay
ChIP was performed using a Chromatin Immunoprecip-
itation assay kit (Millipore, cat no. 17-295) as previously
described.36 Chromatin cross-linking was achieved via a
10-min treatment of nuclear extracts with 1% formalde-
hyde at 37°C. Cross-linked lysates were sonicated to shear
the DNA to an average length of 300 to 1000 base pairs.
Following sonication, the lysates were pre-cleared via
incubation with a 50% slurry of salmon sperm DNA/Pro-
tein A Agarose for 30 min. The pre-cleared supernatants
were incubated with the primary antibodies anti-
H3K27me3, anti-H3K4me3, and total anti-H3 (1:50 dilu-
tion, Suppl. Table 3) overnight and then with salmon
sperm DNA/Protein A agarose beads at 4°C for 1 h. Fol-
lowing multiple washes, the DNA-protein complexes
were eluted and the DNA was recovered by reversing the
cross-linking with NaCl and proteinase K. The DNA was
then extracted using the Qiaquick PCR Purification Kit
(Qiagen, cat. no 28106) and analyzed by SYBR-Green
real-time qPCR. The immunoprecipitated samples, along
with the input DNA, were amplified for the HCMV
MIEP enhancer (Enh) (Suppl. Table 3).
Genomic analysis of HCMV strains
The analysis of HCMV-DB and BL genomes and their
comparison to other HCMV strains including the two
laboratory adapted strains AD-169 and Towne in addi-
tion to Merlin, Toledo, TR, PH, VR1814, Davis, JP, and
TB40/E (clinical strains with low passages in culture)
was done using the NCBI nucleotide blast tool (https://
blast. ncbi.nlm.nih.gov/BlastAlign.cgi). The phyloge-
netic analysis was performed as previously reported.37
Breast cancer biopsies
Tumor breast biopsies (luminal tumor biopsies n=10
and basal tumor biopsies n=9) and adjacent healthy
breast biopsies (n=8) were provided by the Regional
tumor bank (BB0033-00024 Tumoroth�eque R�egionale
de Franche-Comt�e). A written informed consent for par-
ticipation was obtained from all patients. The study was
authorized by the local ethics committees of Besançon
University Hospital (Besançon, France) and the French
Research Ministry (AC-2015-2496, CNIL n°1173545,
NF-S-138 96900 n°F2015). Hematoxylin and eosin
www.thelancet.com Vol 80 Month June, 2022



Articles
slides were used to detect PGCCs presence based on
Zhang et al. description, with PGCCs being defined as a
cancer cell with a nucleus at least three times larger
than that of a diploid cancer cell.38 RNA was extracted
from the biopsies using E.Z.N.A.� Total RNA Kit I
(Omega Bio-Tech, GA, USA). Reverse transcription was
performed using the SuperScript IV First-Strand Syn-
thesis kit (Invitrogen, Carlsbad, CA, USA). Expression
of EZH2, Myc, and GAPDH was assessed by real-time
qPCR using KAPA SYBR FAST Master mix (KAPA
BIOSYSTEMS, KK4601) and specific primers for
EZH2, Myc and GAPDH (Suppl. Table 2) according to
the manufacturer’s protocol. Fold change expression
was calculated using the delta-delta Ct method.39

The two strains, B544 and B693, were isolated from
patients with TNBC. The treatment, clinical outcome
and pathological data for these two TNBC patients were
provided (Suppl. Table 4). HCMV strains, B544 and
B693, were isolated by mechanical tissue disruption
and filtration of the frozen biopsy through a 0.45 µm fil-
ter and initially grown on MRC5 cells. The supernatant
from MRC5 culture was filtrated through a 0.45 µm fil-
ter and used to infect HMECs. The purity of our HCMV
cultures was confirmed by ruling out the presence of
other viruses (Epstein-Barr virus, human papillomavi-
rus, Kaposi sarcoma herpesvirus and adenovirus).
Statistical analysis
All quantitative results are reported as mean § SD of
independent experiments and analyzed by using statisti-
cal software SPSS 23. Statistical analyses were per-
formed using Mann-Whitney U test, and correlation
analyses were done using Pearson and Spearman corre-
lation tests. Differences with p-value�0.05 were consid-
ered significant and all exact p-values were provided in
each figure. Microsoft Excel was used to construct the
plots and histogram data.
Role of funding source
The funders had no role in the study design, data collec-
tion, data analyses or interpretation, manuscript writ-
ing, or publication decisions.
Reagent validation
Relevant documentation on reagent validation (anti-
body, cell lines, viruses) has been provided in the Sup-
plemental Data Reagent Validation file.
Results

Myc and EZH2 activation parallels polyploidy induction
in HMECs acutely infected with high-risk HCMV
We previously reported the replication of the clinical
strain HCMV-DB in HMECs in vitro.30 In the present
www.thelancet.com Vol 80 Month June, 2022
study, we infected HMECs with three newly isolated
HCMV clinical isolates that we previously sorted into
low- (HCMV-KM, HCMV-FS) and high- (HCMV-DB,
HCMV-BL) risk oncogenic strains,29,31 as well as the
already described HCMV-DB strain. All strains produc-
tively replicated in HMECs with the peak viral titer
detected between day 1 and 8 post-infection (Figure 1a)
due to the conservation of an intact ULb’ region29

required for infection of epithelial/endothelial cells.40

As control, productive infection peak level was lower by
1 to 3 logs in HMECs compared to MRC5 fibroblasts
(Figure 1b).

Previously, activation of proto-oncogenes, including
Myc was reported as an early event upon HCMV infec-
tion.41 We detected higher expression levels of Myc and
EZH2 in HMECs infected with high-risk strains com-
pared to low-risk ones (p-value=0.03 and 0.03, respec-
tively; [Mann-Whitney U test]) (Figures 1c and d, Suppl.
2). No distinct pattern of SUZ12 expression variances
was noted between low- and high-risk strains
(Figures 1e, Suppl. 2). In parallel, we detected a higher
percentage of <2N population in HMECs infected with
HCMV-FS and HCMV-KM, versus a higher percentage
of >4N population in HMECs infected with HCMV-BL
and HCMV-DB (Figure 1f), pointing toward a higher
polyploidy induction with the high-risk strains.

As we have previously demonstrated the activation of
JAK/STAT3 axis in primary human hepatocytes and
HepG2 cells infected with HCMV,33 we observed an
increase in STAT3 phosphorylation and STAT3 protein
in HMECs infected with the four strains at day 1 post-
infection (Figure 1g). EZH2 inhibitors and ganciclovir
partially blocked the upregulation of P-STAT3 and
STAT3 observed in HMECs acutely infected with
HCMV, mostly in cultures infected with the high-risk
DB strain (Suppl. Figure 3).
CTH cells and giant cells cycling in HMECs chronically
infected with high-risk HCMV strains
HMECs cultures were individually infected with the
four isolates to monitor long-term cultures.30 As con-
trol, uninfected cells were used, the latter being discon-
tinued after 50 days due to cellular senescence, as well
as for HMECs infected with the low-risk HCMV-FS and
HCMV-KM strains. Notably, CTH cells emerged only
with HMECs infected with HCMV-BL and HCMV-DB
isolates, with cells being heterogeneous in terms of
shape and size (Figure 2). Compared to uninfected cul-
tures that displayed typical epithelial-like morphology
(Figure 2a1), we observed a mixture of spheroids and
giant cells dispersed among small cells, with morpho-
logical heterogeneity raging from mesenchymal, epithe-
lial, and fibroblastic-like structures to small spore-like
cells (Figure 2). We were able to cluster the detected
shapes into elongated cells, round dark cells, and big
flat cells.
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Figure 1. Replication of HCMV clinical strains in HMECs with activation of oncogenic pathways and increased polyploidy. a. Time-
course of the viral titer in supernatant of HMECs infected with the strains HCMV-FS, HCMV-KM, HCMV-BL and HCMV-DB, as measured
by IE1 qPCR. b. Comparison of peak viral titer in supernatant of HMECs and MRC5 cells infected with the strains HCMV-FS, HCMV-KM,
HCMV-BL and HCMV-DB, as measured by IE1 qPCR. c, d, e. Comparison of the expression of (c) Myc, (d) EZH2 and (e) SUZ12, in
HMECs infected with the strains HCMV-FS, HCMV-KM, HCMV-BL and HCMV-DB. Histograms represent mean values § SD of 3 inde-
pendent experiments. f. Cell population repartition based on DNA content, as marked by PI staining of HMECs infected with the
strains HCMV-FS, HCMV-KM, HCMV-BL and HCMV-DB. Cells are classified between <2N, 2-4N and >4N populations. Histograms rep-
resent the mean §SD of 3 independent experiments. g. STAT3 and pSTAT3 expression in HMECs infected with HCMV-FS, HCMV-KM,
HCMV-BL, and HCMV-DB strains, as measured by FACS. Histograms represent mean §SD of 3 independent experiments. p-values
were determined by Mann-Whitney U test.
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Figure 2. Appearance of CTH and polyploid giant cancer cells following infection of HMECs with HCMV-DB and HCMV-BL strains. a.
Presence of neuron-like elongated cells, displaying multiple nuclei, as observed under an inverted light microscope (1-3) and a fluo-
rescence confocal microscope (4) using DAPI staining. Uninfected HMECs (1), CTH-DB (3 and 4) and CTH-BL (2). b. Presence of dense
bodied cells, showing morula-like or blastomere-like structures, as observed under an inverted light microscope (1-6) and a fluores-
cence confocal microscope (7-8) using DAPI staining. CTH-DB (3, 5, 6, 7) and CTH-BL (1, 2, 4, 8). c. Presence of giant cells, showing
granular appearance and blastocyst-like shapes and displaying intense polyploidy, as observed under an inverted light microscope
(1-6) and a fluorescence confocal microscope (7-8) using DAPI staining. CTH-DB (1, 5) and CTH-BL (2, 3, 4, 6, 7, 8). Inverted light
microscope scale bar represents 100µm; Confocal microscope scale bar represents 10µm.
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Elongated spindle-like cells displayed neuron-like
shapes, with some cells forming coral-like structures,
long microvilli, and filopodia (Figure 2a2-3). Upon
observation by confocal microscopy, multiple nuclei
were detected within bodies and branches of elongated
cells, from where small mononucleated daughter cells
were budding (Figure 2a4, red arrow). In parallel,
densely packed bodies with smooth edges were also
detected (Figure 2b1-6). Some cells exhibited morula-
like structure (Figure 2b5), while others were morpho-
logically indistinguishable from blastomeres
(Figure 2b1-4). Round cells with short microvilli and
some small budding spherical bodies were also present
(Figure 2b1, red arrows). Figure 2b7, 8 show asymmet-
ric cell division pattern represented by budding of
daughter cells from either mononucleated or multinu-
cleated cells. On the other hand, giant cells appeared to
www.thelancet.com Vol 80 Month June, 2022
be hypertrophic, irregular in shape with small apophy-
ses and granular appearance (Figure 2c). Cells displayed
ruffle shape (Figure 2c1) and multiple microvilli
(Figure 2c2) with some cells exhibiting a blastocyst-like
morphology (Figure 2c3). Intensive polyploidization
with nuclei displaying irregular contours was detected,
parallel to cells displaying a single giant nucleus
(Figure 2c7, 8).

The described morphological heterogenicity con-
firmed the presence of PGCCs in our culture. As the lat-
ter are described to undergo the “giant cell cycle”, we
monitored by confocal microscopy the fate of infected
cells (Suppl. Figure 4). In response to HCMV infection
(red arrow), a subset of cells enters the “giant cell cycle”
(1), as evidenced by a nucleus size increase, possibly due
to endoreplication. Some cells directly bud from giant
mononucleated cells (2), whereas others form elongated
7
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ones (3), where DNA migrates horizontally into adjacent
cells via the branch of cytoplasm, followed by budding
(7). On the other hand, some cells continue endoreplica-
tion (4) to generate mononucleated or multinucleated
PGCCs (5), followed by depolyploidization, as illustrated
by daughter cells budding from multinucleated (6) or
mononucleated (7) giant cells. Taken together, our data
suggest that infected cells can enter a self-renewal state
and grow as PGCCs, followed by depolyploidization,
thus fulfilling the steps of the “giant cell cycle”.
CTH cells display upregulated EZH2 and Myc
expression, EMT traits and stemness
As the deregulation of PRC2 proteins, particularly EZH2,
has been linked to the initiation of tumorigenesis, and
that Myc is identified as an EZH2 regulator during
tumor initiation and progression23, we assessed the
expression of EZH2, SUZ12 and Myc proteins in CTH
cells. EZH2 and Myc expression was upregulated in
CTH cells compared to uninfected HMECs (p-value=0.03
and 0.02, respectively; [Mann-Whitney U test]), with a
slight increase in SUZ12 expression (p-value=0.11;
[Mann-Whitney U test]) (Figure 3a). EZH2, SUZ12, and
Myc proteins were positively stained in CTH cells as
demonstrated by confocal microscopy imaging
(Figure 3b). According to CTH cells subpopulation analy-
sis on the basis of their size (FSC) and ploidy (N)
(Figure 3a),29 PGCCs were shown to highly express
EZH2, SUZ12 and Myc proteins, in contrast to small
cells (SC). This upregulation was further confirmed by
western blot, with a parallel enhanced expression of
EZH2, SUZ12, and Myc in CTH cells (p-value=0.07,
0.07 and 0.02, respectively; [Mann-Whitney U test])
(Figure 3c).

PGCCs and SCs undergoing the giant cell cycle are
described to have differential expression of prolifera-
tion, epithelial, mesenchymal and stemness
markers.27,42 Hence, we assessed the expression of a
panel of markers in PGCCs and SCs (Suppl. Figure 5).
Compared to uninfected HMECs and SCs, PGCCs are
highly proliferative, with high levels of Ki67 Ag, along
with a high expression of the mesenchymal marker
vimentin and the stemness markers CD49f and CD44,
as well CD24, a marker overexpressed in breast cancer
(Suppl. Figure 5). EpCAM downregulation was observed
in both PGCCs and SCs, compared to uninfected
HMECs (Suppl. Figure 5). A slight increase was seen
with the epithelial marker E-cadherin in PGCCs, with a
remarkable upregulation in SCs (Suppl. Figure 5).

As the acquisition of embryonic-like traits is acti-
vated in PGCCs,38,42 we detected the expression of the
embryonic markers Oct4 and Nanog in CTH cells
(Figure 4a). This was further confirmed by RT-PCR
(Figure 4b) and flow cytometric analysis (Figure 4c),
where an upregulation of Oct4, SSEA-4, Nanog, Tra-1-
60, and SOX2 in CTH cells compared to uninfected
HMECs was further demonstrated (p-value=0.03;
[Mann-Whitney U test]), with PGCCs expressing the
highest level of embryonic stemness compared to SCs
(Figures 4d and Suppl. 6). Interestingly, high EZH2
and Myc expression in PGCCs positively correlated with
embryonic stemness expression (Figure 4e and f), rein-
forcing the link between EZH2/Myc upregulation and
stemness.
EZH2 upregulation regulates proliferation,
transformation, stemness, and HCMV replication in
CTH cells
Viral presence in CTH cells was confirmed by detecting
HCMV pp65 antigen (Figure 5a), which could indicate a
potential link between the observed phenotype and
HCMV. In addition to pp65 detection, HCMV-DB
infected CTH cells were positive for HCMV late anti-
gens (Figure 5a) and IE1 antigen as previously
reported.29

As long non-coding RNAs (lncRNAs), in particular
HCMV lncRNA4.9, interact with components of the
polycomb repression complex and shape chromatin
structure,25 lncRNA4.9 presence and interaction with
EZH2 in CTH cells were confirmed by using conven-
tional PCR and RNA cross-linking immunoprecipita-
tion assay, respectively (Figure 5b and c). An increase in
HCMV titer with EZH2 blockage was also detected,
compared to untreated CTH cells (p-value=0.03; [Mann-
Whitney U test]) (Figure 5d). The viral replication was
upregulated in CTH cells treated with EZH2 inhibitors
parallel to enhanced H3K4Me3 chromatin mark in the
enhancer region of IE gene as measured by chromatin
immunoprecipitation (Suppl. Figure 7).

Previously, it has been shown that PRC2 increases
breast cancer proliferation and migration, with EZH2
being related to increased tumor cell proliferation43 and
expansion of breast tumor-initiating cells while promot-
ing a stem cell-like phenotype. Upon treatment with the
EZH2 inhibitors (EPZ6438 and GSK343), EZH2 block-
ade significantly decreased the proliferation of treated
CTH cells compared to untreated cells as assessed by
Ki67 Ag expression levels (p-value=0.02; [Mann-Whit-
ney U test]) (Figure 6a). In addition, EPZ6438 and
GSK343 treatment significantly diminished CTH cells
colony formation in soft agar (p-value=0.03; [Mann-
Whitney U test]) (Figure 6b). Mammospheres forma-
tion was described to be inhibited upon EZH2 deple-
tion.44 Unexpectedly, treatment with EZH2 inhibitors
(EPZ6438 and GSK343) did not inhibit mammospheres
formation in CTH cells with larger spheres formed with
EZH2 inhibitors treatment (Figure 6c). Finally, EZH2,
SUZ12, and Myc were highly expressed in HMECs
infected with the supernatant which was harvested
from CTH-DB cells as demonstrated by confocal
microscopy imaging (Suppl. Figure 8).
www.thelancet.com Vol 80 Month June, 2022



Figure 3.Myc, EZH2 and SUZ12 activation in CTH cells. a. Myc, EZH2, and SUZ12 expression in CTH cells and subpopulations, as measured by FACS. Histogram represents the mean§SD of 3
independent experiments. PGCCs: polyploid giant cancer cells; LC: large cells; IC: intermediate cell; SC: small cells. b. Myc, EZH2 and SUZ12 expression in CTH cells as observed by fluores-
cence confocal microscope. Scale bar represents 10µm. c. Myc, EZH2, and SUZ12 expression in CTH cells as measured by western blot. Protein expression was measured by densitometry
using ImageJ software; histogram represents the mean §SD of 3 independent experiments. p-values were determined by Mann-Whitney U test.
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Figure 4. Increased expression of embryonic markers in CTH cells compared to HMECs. a. Oct4 and Nanog expression in CTH cells
and HMECs, observed by fluorescence confocal microscopy. b. Expression of Oct4, SSEA-4 synthase, Nanog, Tra-1-60 and SOX2 at
mRNA levels in CTH cells and HMECs. Cellular DNA was used as positive control. Beta-globin was used as housekeeping control
gene. RT: reverse transcriptase; NTC: non-treated control. c. Embryonic markers expression in CTH cells and HMECs, as measured by
FACS. Histograms represent mean values §SD of 3 independent experiments. p-values were determined by Mann-Whitney U test.
d. EZH2 and embryonic markers expression for CTH cells subpopulations. Histograms represent mean §SD of 3 independent experi-
ments. PGCCs: polyploid giant cancer cells; LC: large cells; IC: intermediate cell; SC: small cells. e, f. Correlation between (e) EZH2 and
(f) Myc expression and embryonic markers expression in subpopulations of CTH cells. p-values were determined by Spearman’s cor-
relation test.
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Figure 5. Presence of HCMV in CTH cells and enhanced viral replication upon EZH2 inhibition. a. HCMV pp65 protein and HCMV late
Ag expression in CTH-DB cells, observed in fluorescence confocal microscopy. HCMV-infected cells were used as positive control.
DAPI was used for nuclear staining. b. RNA4.9 gene presence in CTH-DB cells, as detected by conventional PCR. HCMV-infected
HMECs and HCMV-DB genomic DNA were used as positive controls; MRC5 genomic DNA was used as negative control. Histogram
represents the ratio of RNA4.9 signal to beta-globin signal as mean§SD of 3 independent experiments. c. RNA-Immunoprecipitation
of lncRNA4.9 using EZH2 antibody. d. Viral titer in supernatant of CTH-DB cells untreated or treated with EZH2 inhibitors GSK343 and
EPZ6438, as quantified by IE1 qPCR. Histogram represents mean §SD of 3 independent experiments. p-values were determined by
Mann-Whitney U test.

Articles
PGCCs, EZH2 and Myc upregulation are detected in
breast cancer tissues that are HCMV-positive
Previously, PGCCs number in breast cancer was linked
to invasion and metastasis.45 PGCCs with giant or mul-
tiple nuclei were present in human breast cancer biop-
sies, in particular triple negative breast cancer biopsies
(Figure 7a). As expected, triple negative biopsies dis-
played higher tumor grade (p-value<0.001; [Mann-
Whitney U test]), tubule formation (p-value=0.02;
[Mann-Whitney U test]), nuclear pleomorphism (p-val-
ue<0.001; [Mann-Whitney U test]), and mitotic count
(p-value=0.0017; [Mann-Whitney U test]) compared to
luminal biopsies (Figure 7b). On the other hand, and
www.thelancet.com Vol 80 Month June, 2022
compared to healthy biopsies (mean=2.4), tumor biop-
sies displayed an enhanced EZH2 expression (mean=31,
p-value=0.02; [Mann-Whitney U test]), notably in the
basal ones (mean=35.8) (Figure 7c). In this latter subset,
EZH2 expression was prominent in biopsies harboring
HCMV (mean=47.2) (Figure 7c), pointing toward a
potential correlation between EZH2 upregulation and
HCMV presence. Similar results were observed for Myc
expression; Myc was highly expressed in HCMV-posi-
tive basal tumors (mean=17.9) compared to luminal
ones (mean=2.2) (Figure 7d). High expression levels of
EZH2 and Myc were measured in HCMV-positive basal
biopsies compared to HCMV-negative basal biopsies
11



Figure 6. EZH2 inhibitors block CTH cell proliferation, colony formation in soft agar and enhance mammosphere formation. a. Ki-67 Ag expression in CT untreated and treated with EZH2
inhibitors (GSK343 and EPZ6438), as measured by FACS. Histogram represents mean §SD of 3 independent experiments. b. Soft-agar assay on CTH cel untreated and treated with EZH2
inhibitors (GSK343 and EPZ6438). Colony formation was assessed by inverted light microscope observation and quantified by MTT assay. Scale bar repre nts 100µm. Histogram represents
mean§SD of 3 independent experiments. c. Mammosphere formation assay on CTH cells untreated and treated with EZH2 inhibitors (GSK343 and EPZ64 ). Mammospheres were observed
under an inverted light microscope. Scale bar represents 100µm. p-values were determined by Mann-Whitney U test.
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and to all luminal biopsies independent of HCMV sta-
tus (Figure 7c and d). This was further confirmed by the
presence of a strong positive correlation between EZH2
and Myc expression in tumor biopsies, exclusively in
the presence of HCMV (r=0.929, p-value <0.001;
[Pearson’s correlation test]) and particularly in basal
samples (r=0.914, p-value=0.03; [Pearson’s correlation
test]) (Figure 7e). Further, PGCC count strongly corre-
lated with EZH2 expression only in tumor biopsies har-
boring HCMV (r=0.750, p-value=0.012; [Pearson’s
correlation test]), notably in luminal ones (r=0.946, p-
value=0.015; [Pearson’s correlation test]) (Figure 7f). On
the other hand, PGCC count strongly correlated with
Myc expression in HCMV-positive tissues (r=0.733, p-
value=0.009; [Pearson’s correlation test]), remarkably
in basal ones (r=0.757, p-value=0.13; [Pearson’s correla-
tion test]) (Figure 7g). All in all, two HCMV strains,
namely B544 and B693, where detected in biopsies with
high expression levels of EZH2 and Myc, and were clas-
sified as EZH2HighMycHigh basal breast tumors
(Figure 7c and d).
Isolation of two oncogenic HCMV strains from
EZH2HighMycHigh basal breast tumors
Two HCMV strains, B544 and B693, were isolated from
EZH2HighMycHigh basal breast tumors by tissue disrup-
tion and filtration (Suppl. Figure 9a), and subsequently
grown in MRC5 cells, showing a peak of viral load at
day 20 and 19 post-infection, respectively (Suppl. Figure
9b). We measured the expression of EZH2, SUZ12, and
Myc by FACS analysis, and lncRNA4.9 and IE1 tran-
scripts by RT-PCR assay in HMECs acutely infected
with B544 and B693 strains at day 1 post infection. We
observed the upregulation of EZH2, SUZ12 and Myc
expression in infected cells versus uninfected controls
(Figure 8a). In parallel, lncRNA4.9 and IE1 transcripts
were detected in HMECs acutely infected with the two
strains (Figure 8a). Both B544 and B693 isolates of
HCMV transformed infected HMECs toward CTH cells
(Figure 8b). Thus, in the culture of CTH-B544 and
CTH-B693, at day 105 post-infection, we detected large
cells with blastomere-like morphology, numerous small
round cells along with mesenchymal cells (Figure 8c).
The previously described cell features are similar to that
of CTH which were observed in HMEC cultures acutely
infected with high-risk oncogenic strains DB and BL
(Figure 2); these features could denote transformed
cells which undergo different stages of the giant cell
cycling. In agreement with the transformation of
HMECs infected with B544 and B693 strains towards
CTH cells, we observed the formation of colonies in soft
agar seeded with HMECs infected with B544 and B693
strains (Figure 8d) indicating that they favor an anchor-
age-independent growth as previously observed for the
high-risk DB and BL strains.29 Finally, we observed the
upregulation of Myc and EZH2 expression in CTH-
www.thelancet.com Vol 80 Month June, 2022
B693 and CTH-B544 cells (Figure 8e). Also, we detected
lncRNA4.9 transcripts in CTH-B6544 and CTH-B693
cells (Figure 8e). In both CTH-B544 and CTH-B693
cells, we detected the IE1 and late HCMV Ag protein
using confocal microscopy (Figure 8f).
Discussion
We previously reported the classification of HCMV clin-
ical isolates into low- or high-risk transforming
strains.29,31 Herein, we show that differential expression
of Myc, EZH2 and SUZ12 proteins parallels polyploidy
induction upon acute infection with low- or high-risk
transforming strains. The activation of Myc/EZH2/
PGCCs axis upon chronic infection with high-risk
strains was further confirmed in CTH cultures, the lat-
ter being morphologically heterogeneous upon under-
going the “giant cell cycle”, with stemness and EMT
traits. Further, CTH cells were shown to harbor HCMV,
with a direct physical interaction between HCMV
lncRNA4.9 and EZH2, the latter being implicated in
proliferation, transformation potential, mammospheres
formation and HCMV replication. Breast tumor biop-
sies were found to harbor PGCCs with enhanced EZH2
expression, a strong positive correlation between EZH2
and Myc expression on one hand, and a high correlation
between PGCC count and EZH2/Myc expression on the
other hand, exclusively in the presence of HCMV.
Finally, two HCMV strains were isolated from EZH2-
HighMycHigh basal breast tumors which acutely trans-
formed infected HMECs toward CTH cells, thereby
indicating a direct link between high-risk HCMV strains
and basal-like breast cancer.

Accumulated evidence highlight Myc and EZH2 as
key players in both oncogenesis and stemness.46�49

Upon acute infection with high-risk strains, a slight acti-
vation of Myc, EZH2 and polyploidy induction was
noted (Figure 1). The activation of the described axis
was further accentuated in CTH cells with a substantial
upregulation of Myc and EZH2 proteins (Figure 3), and
the appearance of PGCCs in culture (Figure 2). EZH2
overexpression was described to play a crucial role in
breast cancer pathogenesis, where it represses early
growth response 1 (EGR1) expression, resulting in the
inhibition of EGR1-mediated tumor-suppressive sig-
nals.50 Furthermore, EZH2 mediates ribosomal DNA
stability via silencing of PHACTR2-AS1, inducing geno-
mic instability and promoting growth and metastasis in
breast cancer,51 in line with the reduction in CTH cells
proliferation observed upon EZH2 blockage
(Figure 6a). Our results are also consistent with the
reported GSK343-induced reduction in glioma cells pro-
liferation.52 In this sense, one of the molecular mecha-
nisms reported to trigger EZH2 overexpression is
through transcriptional regulation by Myc.23 Indeed,
Myc was shown to stimulate EZH2 expression by bind-
ing and activating the promoter of the latter,53,54 by
13



Figure 7. Detection of PGCCs in breast cancer biopsies and EZH2/Myc expression in healthy, tumor, luminal and basal biopsies. a.
Presence of PGCCs in breast tumor biopsies (arrows). Tissue was stained using HES. Magnification: 80X. Scale bars are 25 µm. b. Com-
parison of histological characteristics of luminal and basal tumor biopsies. p-values were determined by Mann-Whitney U test. c, d.
Scattered plots showing (c) EZH2 and (d) Myc expression in individual healthy, luminal, and basal HCMV-positive and negative biop-
sies. The cut-off for classifying high- and low-risk strains is represented by the horizontal red line. p-values were determined by
Mann-Whitney U test. e, f, g. Correlation between the expression EZH2, Myc, and PGCC count in tumor biopsies in the presence or
absence of HCMV. Correlation test between (e) EZH2 and Myc expression, (f) EZH2 expression and PGCC count, (g) Myc expression
and PGCC count in all tumor, luminal and basal biopsies in the presence or absence of HCMV. *p-value�0.05; ** p-value �0.01; p-val-
ues were determined by Pearson’s correlation test.
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alternatively repressing its negative regulator miR-
26a,55 or by directly suppressing miR-137, where Myc-
miR-137-EZH2 pathway was linked to cisplatin resis-
tance in ovarian cancer.56 Further, bromodomain-4
protein (BRD4) was shown to positively
regulate EZH2 transcription through Myc upregula-
tion.57 Intriguingly, Myc activation was widely reported
in breast cancer progression, particularly in triple-
www.thelancet.com Vol 80 Month June, 2022



Figure 8. The acute transformation of HMECs infected with two
HCMV strains which were isolated from EZH2HighMycHigh basal
breast tumors toward CTH cells. a. Left Panel. Upregulation of
EZH2, SUZ12 and Myc expression in HMECs infected with
HCMV-B544 and HCMV-B693 strains at day 1 post infection ver-
sus uninfected controls, as measured by FACS. Right Panel.
Detection of lncRNA4.9 and IE1 transcripts in HMECs infected
with HCMV-B544 and HCMV-B693 strains at day 1 post infec-
tion, as measured by RT-qPCR. b. Time-course of appearance of
CTH cells in HMEC cultures acutely infected with B544 and
B693 HCMV strains. c. PGCCs structures obtained in CTH cells
following the acute infection of HMECs with the two HCMV
strains B544 and B693. d. Colony formation in soft agar seeded
with HMECs infected with HCMV-B544 and HCMV-B693 strains.
After 14 days in soft agar (day 15 post infection), colonies were
observed under an Olympus microscope (magnification
200£). Results are representative of three independent experi-
ments. e. Left Panel. Expression of Myc, EZH2 and SUZ12 in
CTH-B693 and CTH-B544 cells, as measured by FACS. Right
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negative breast cancer and in tumors displaying drug
resistant phenotype,11,47,58 similarly to aggressive
medulloblastoma tumors where higher Myc levels were
associated with increased EZH2 expression.59 On the
other hand, by uncoupling DNA replication from mito-
sis, Myc overexpression can induce DNA replication,
thus opening the door toward polyploidy.60 In this con-
text, an intricate relationship between Myc, polyploidy
and cancer was demonstrated,61 with Myc being corre-
lated with nuclear pleomorphism in primary and meta-
static renal cell carcinomas.62 Interestingly, we
previously showed that the high-risk HCMV-BL robustly
induced Myc expression, along with low p53 levels,29

which can enhance stem cells replicative potential and
reprogramming of progenitors in breast cancer, as Myc
was identified as a transcriptional target of p53 in
mammary stem cells and is activated upon p53 loss.63

Besides, HCMV-DB strongly increased pRb expres-
sion,29 with the pRB-E2F pathway being described to
regulate the expression of EZH2.64 Finally, we infected
MCF-7 cells with HCMV-DB, BL, and TB40/E strains.
We observed the upregulation of Myc expression follow-
ing infection of MCF7 cells with the high-risk DB and
BL strains, but not with TB40E (Suppl. Figure 10). The
three strains slightly upregulated EZH2 and SUZ12 in
MCF7 cells (Suppl. Figure 10). Previously, following the
infection of HMECs with TB40/E strain, neither a sig-
nificant activation of the molecular oncogenic pathways
was observed in acutely infected HMEC nor CTH cells
were detected in culture,31 especially when compared to
the high-risk HCMV-DB and BL strains. Therefore,
TB40/E strain should be classified as a low-risk HCMV
strain. This data is consistent with the absence of colony
formation in soft agar that had been seeded with
HMECs infected with TB40/E strain.31 In addition, the
phylogenetic analysis which was done using the whole
genomic sequences of several HCMV strains corrobo-
rated the similarity of HCMV-DB and BL strains’
genomes; genomes of DB and BL strains were dissimi-
lar to the genome of TB40-E strain (Suppl. Figure 11).
This emphasizes the hypothesis that high-risk strains
DB and BL differentially induce Myc upregulation, and
consequently stimulate EZH2 overexpression as well as
polyploidy induction, pointing toward the presence
Myc/EZH2/PGCCs axis underlying the described
results.

Though, the interrelationship between HCMV and
EZH2 is further complexed by the detection of HCMV
lncRNA4.9 gene in CTH cells (Figure 5b and c). Indeed,
cellular lncRNAs such as HOX antisense intergenic
Panel. Detection of the lncRNA4.9 transcript in CTH-B544 and
CTH-693 cells, as measured by RT-qPCR. f. HCMV IE1 protein
and HCMV late Ag expression in CTH-B544 and CTH-B693 cells
observed by fluorescence confocal microscopy. DAPI was used
for nuclear staining.
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RNA (HOTAIR) were described to interact with the
PRC2 complex in breast cancer, and to increase cancer
invasiveness and metastasis.65 In our present study, it
was shown that HCMV-lncRNA4.9 interacts with
EZH2 (Figure 5c), which is in line with Rossetto et al.
report describing lncRNA4.9 interaction with EZH2
and SUZ12 proteins, suggesting a role of lncRNA4.9 in
mediating gene suppression at the MIEP during
latency.25 This is consistent with the increase in viral
titer following EZH2 inhibition, possibly due to latency
reversal (Figure 5d). In fact, the reactivation of HCMV
under EZH2 inhibitors could be explained by at least
two distinct mechanisms. First, EZH2 inhibitors could
directly block the repressive H3K27 trimethylation in
the HCMV promoter/enhancer and favor IE expression
followed by viral reactivation.66 Second, the promoter of
the MIEP transcriptional repressor, growth factor inde-
pendence 1 (GFI1), is controlled by the EZH2-NDY1/
KDM2B-JARID2 axis, therefore EZH2 inhibitors might
result in an enhanced GFI1 expression which could
block viral reactivation.36 To discriminate between the
respective effects of EZH2 on GFI1/MIEP axis and his-
tone methylation (H3K27, H3K4), we performed a ChIP
assay. The repressive H3K27Me3 and activator
H3K4Me3 marks on the enhancer of the MIEP were
studied. The H3K4Me3 mark was shown to be strongly
enhanced compared to a very limited increase in the
H3K27Me3 chromatin mark on its enhancer at 24 hrs
post treatment of CTH-DB (Suppl. Figure 7), consistent
with an active transcriptional promoter. Interestingly,
although the promoter of the MIEP transcriptional
repressor GFI1 is controlled by the EZH2-NDY1/
KDM2B-JARID2 axis and EZH2 inhibitors might there-
fore result in an enhanced GFI1 expression which could
block viral replication in human foreskin fibroblasts
acutely infected with HCMV,36 this was not observed in
our CTH model. In fact, promoters occupied by GFI1
showed higher levels of the marks associated with active
transcription such as H3K4me3.67 In addition, GFI1
associates with the chromodomain helicase DNA bind-
ing protein 4 (CHD4); GFI1/CHD4 complexes occupy
active or bivalent promoters as well as active enhancers.
These sites have a more closed chromatin configuration
when CHD4 is present and a more open chromatin con-
formation when GFI1 is present.67 Thus, in CTH cells
treated with EZH2 inhibitors, GFI1 might occupy an
active transcriptional promoter MIEP with enhanced
H3K4Me3 mark or a bivalent promoter, and thereby
could stimulate the expression of the IE gene and viral
replication. Further, the role of GFI1 on IE transcription
and viral replication could depend on the type of HCMV
infection (acutely infected cells versus “chronically-
infected” CTH cells), the cell type involved (fibroblasts
versus epithelial-derived CTH cells) and the differentia-
tion state and lineage commitment of the infected
cells.68 Altogether, the enhanced viral replication
observed in CTH cells treated with EZH2 inhibitors
could be mostly explained by the enhanced presence of
GFI1 on the MIEP parallel to the enhanced H3K4Me3
rather than the decreased H3K27Me3 chromatin marks
(Suppl. Figure 7). Finally, GFI1 may have additional
non-transcriptional functions and interacts with a num-
ber of proteins involved in DNA repair.68 An E2F1-
mediated DNA damage response contributes to the rep-
lication of HCMV69 making the role of GFI1 even more
complex in HCMV replication. The role of GFI1 on
HCMV replication definitively needs further studies.

Besides oncogenesis, recent studies have reinforced
the importance of EZH2 in maintaining embryonic
stemness,70,71 as well as its implication in cancer stem
cells.72 This evidence correlates with the previously
reported up-regulation of the stemness marker CD44
and mammospheres formation in CTH cells.29 Further,
EZH2 was shown to promote breast tumor initiating
cells expansion, including mammary stem and luminal
progenitor cells,21,22,73 possibly through the activation of
NOTCH1 signaling,20 prompting the hypothesis that
EZH2 facilitates transformation by blocking differentia-
tion.16 Interestingly, Myc controls the expression of
developmental regulators in embryonic stem cells via
the upregulation of the PRC2 complex.74 Myc inhibition
depletes cancer stem-like cells in a dose-dependent
manner in triple-negative breast cancer.75 Indeed,
EZH2-mediated stemness could underlie not only the
maintenance and expansion of PGCCs expressing high
degree of embryonic stemness (Figure 4), but also their
appearance in culture, as EZH2 expression in astrocytes
induced their dedifferentiation toward stem-like cells
expressing nestin, SOX2, and CD133.76 Contrary to the
loss and compromised self-renewal of stem cells upon
EZH2 deletion,71,77 we did not observe an inhibition of
mammospheres formation upon EPZ6438 treatment;
larger mammospheres were detected upon EZH2 block-
age (Figure 6c). Indeed, this is in line with some reports
describing an expansion of the stem and progenitor cell
compartments upon EZH2 loss, coupled to JAK2-
V617F axis activation.78 As EPZ6438 is a selective
EZH2 inhibitor,79 the observed mammospheres expan-
sion could be due to the expression of EZH1, a close
homologue of EZH2 that can form an alternative PRC2
complex that partially compensates for the loss of
EZH2.80 To note that, it would be possible that EZH2
depletion in luminal breast cancer cells such as MCF7
cells44 inhibits stemness and limits mammospheres
formation by blocking the appearance of progenitor
luminal cells. In this context, given the role of EZH2 in
shifting progenitor luminal cells towards basal-like
breast cancer cells, its blockade can result in the mainte-
nance of progenitor cells, ultimately increasing mam-
mospheres formation.81

A complex interrelation exists between Akt, STAT3
and EZH2. Certainly, STAT3 was described to act as a
transcriptional factor that induces EZH2 upregulation
by binding to the relative promoter region,82 justifying
www.thelancet.com Vol 80 Month June, 2022



Articles
the higher EZH2 expression levels detected in HMECs
infected with the high-risk strains compared to the low-
risk ones (Figure 1d). In turn, EZH2 overexpression is
sufficient for Akt activation, which can mediate breast
cancer gene 1 (BRCA1) inhibition, aberrant mitoses
with extra centrosomes, and genomic instability83.
Alternatively, Akt phosphorylation of EZH2 was also
reported, where the phosphorylation of the latter may
exert pro-tumorigenic functions in a trimethylation-
independent manner, as suggested by Xu et al.84 Phos-
phorylated EZH2 binds to and methylates STAT3, lead-
ing to enhanced STAT3 activity, highlighting the Akt-
EZH2-STAT3 axis as a positive regulator of tumor
malignancy.85 Interestingly, E2F8, an atypical transcrip-
tion factor regulated by STAT3 signaling, was shown to
be essential for polyploidization in mammalian cells,86

potentially participating in the induction of >4N popu-
lation observed upon infection with the high-risk strains
(Figure 1f). We previously described an increase in Akt
activation in HCMV-DB and HCMV-BL infected
HMECs which is consistent with the observed increase
in EZH2 and STAT3 activation.29,30,87 Detection of a
heterogeneous population in CTH cultures (Figure 2) is
in line with the previous reports describing the evolu-
tion of mononuclear cells upon radio- or chemotherapy
treatment into enlarged giant cells with single or multi-
ple nuclei, followed by budding of small daughter cells
that actively divide to generate their own progeny
cells.88,89 The detection of asymmetric division in CTH
cells confirmed previous reports’ findings in which they
describe the return of PGCCs into non-polyploid state
via the mechanisms of growth and division of simple
organisms such as yeasts and other unicellular
organisms.42,90 Indeed, this process of slow self-
renewal (Suppl. Figure 4) that was referred to as the
“giant cell cycle”9,38 not only coordinates the morpho-
logical dynamics observed in our cultures, but also
explains the differential expression of proliferation,
stemness and EMT markers between PGCCs and SCs
(Suppl. Figure 5). In particular, the activation of embry-
onic-like stemness in CTH cells (Figure 4) points
toward reprogramming and dedifferentiation as we and
other researchers previously described.29,42,91

Further, we reported the detection of PGCCs in
tumor biopsies displaying high EZH2 expression
(Figure 7). Our results are in line with other findings
describing strong EZH2 expression in the nucleus of
invading stem-like PGCCs,28 as well as in cancer stem-
cells population isolated from human breast cancer,
xenograft tumor cells, and primary breast tumor cells.21

It is worth mentioning that the positive correlation
detected between PGCC count and EZH2 or Myc
expression in tumor biopsies is only established in the
presence of HCMV (Figure 7), which indicates a poten-
tial role of the latter in the induction and/or mainte-
nance of the observed phenotype. In fact, as our results
are in accordance with a described significant positive
www.thelancet.com Vol 80 Month June, 2022
correlation between Myc and EZH2 mRNA expression
in primary prostate cancer specimens,23 it has been
shown that the infection with Epstein-Barr virus (EBV),
a closely related herpesvirus, markedly induced expres-
sion of both Myc, and EZH2 mRNA levels in the same
experimental model.92 Since we did not detect EBV in
our biopsy samples, this could emphasize a parallel role
of HCMV in our model, where further experimental
studies are certainly needed to comprehensively under-
stand the exact role played by HCMV in the context of
mammary tumors, in particular breast cancer molecular
subtypes.

Using distinct methodological approaches, we
detected the viral genes IE1 and lncRNA4.9, their tran-
scripts, and most importantly viral proteins such as IE1,
pp65, and the late HCMV antigens in CTH cells.29,31

The detection of early and late viral genes, transcripts
and proteins in CTH cells suggested that a lytic cycle is
taking place even at a low-level and that the whole
genome (or at least most of it) of HCMV high-risk
strains might be present in CTH cells. The lytic viral
replication could be necessary, even if limited, as well as
the viral latency, to maintain/favor the transformed
state of CTH cells in culture. In fact, the other two onco-
genic herpesviruses, namely EBV and Kaposi's sar-
coma-associated herpesvirus (KSHV), require the
presence of both lytic and latent viral stages to be onco-
genic. Indeed, in addition to the role played by viral
latency in EBV and KSHV-induced malignancies, lytic
replication might also contribute to EBV-induced onco-
genesis and KSHV-induced sarcoma, respectively.93,94

Further studies are required to clarify the role of HCMV
lytic replication and latent dormancy in the described
model and the potential contribution of individual lytic
or latent HCMV genes to oncogenesis.

Lastly, since EZH2 and Myc have been implicated in
tumor initiation, two HCMV strains (HCMV-B544 and
HCMV-B693) were isolated from EZH2HighMycHigh

basal tumors to assess their transforming potential.
After infection of HMECs cells with these HCMV iso-
lates, we were able to obtain CTH cells, with morpholog-
ical features matching those of PGCC, giant cell cycling
and the previously described CTH cells obtained with
HCMV-DB and HCMV-BL strains.29�31 The detection
of IE1 and HCMV late antigen proteins parallel to upre-
gulated Myc, EZH2 expression and lncRNA4.9 tran-
script in cultures of CTH-B693 and CTH-B544 cells
recapitulates the molecular phenotype observed in
CTH-DB and CTH-BL cells. As a result, some high-risk
HCMV strains are present in basal breast tumors in
which they possess tumor-promoting abilities and
therefore are considered as oncogenic strains.

In conclusion, our data indicate that high-risk
HCMV strains can induce a polyploid phenotype with a
distinctive cell cycle, tumor heterogeneity, epithelial to
mesenchymal plasticity and embryonic-like stemness.
Our findings highlight the presence of a potential link
17
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between HCMV infection, Myc/EZH2 upregulation and
polyploidy induction in vitro and in human breast can-
cer biopsies, supporting the proposed tumorigenesis
properties of EZH2 and providing new prospect of
using EZH2 inhibitors in the context of breast cancer.95

A more detailed analysis of PRC2 target genes within
CTH cells and their corresponding response to inhibi-
tors may establish new avenues to understand the com-
plex pathogenesis of breast cancer and open the door
for targeted therapies in the future.
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