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Introduction

The liver is a fascinating organ with multiple functions and
remarkable features. In addition to its crucial role in a wide array
of metabolic processes, it also possesses regenerative capabilities
that enable it to respond to several types of damage. Although
the liver is made up of various cell types, hepatocytes account for
78% of liver volume and 70% of all liver cells (1), and these cells
carry out most of the important functions of the liver. Hepatoc-
ytes are quiescent and differentiated cells, with an average life
span ranging from 200 to 300 days. Moreover, mammalian hepa-
tocytes are able to increase their number of chromosome sets, a
phenomenon called polyploidization. Polyploid hepatocytes are
characterized by the number of nuclei per cell (cellular ploidy)
as well as the ploidy of each nucleus (nuclear ploidy). In rodents,
hepatocytes are mainly tetraploid (binuclear with 2 diploid nuclei
or mononuclear with 1 tetraploid nucleus) and octoploid (binu-
clear with 2 tetraploid nuclei or mononuclear with 1 octoploid
nucleus) (2, 3). In humans, hepatocytes are essentially tetraploid
(4, 5). Although the process of liver polyploidization has been
documented extensively (6-8), this phenomenon remains poorly
understood. During postnatal development, a scheduled division
program characterized by incomplete cytokinesis results in the
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Polyploidization is one of the most dramatic changes that can occur in the genome. In the liver, physiological polyploidization
events occur during both liver development and throughout adult life. Here, we determined that a pathological
polyploidization takes place in nonalcoholic fatty liver disease (NAFLD), a widespread hepatic metabolic disorder that

is believed to be a risk factor for hepatocellular carcinoma (HCC). In murine models of NAFLD, the parenchyma of fatty

livers displayed alterations of the polyploidization process, including the presence of a large proportion of highly polyploid
mononuclear cells, which are rarely observed in normal hepatic parenchyma. Biopsies from patients with nonalcoholic
steatohepatitis (NASH) revealed the presence of alterations in hepatocyte ploidy compared with tissue from control
individuals. Hepatocytes from NAFLD mice revealed that progression through the S/G, phases of the cell cycle was inefficient.
This alteration was associated with activation of a G,/M DNA damage checkpoint, which prevented activation of the cyclin
B1/CDK1 complex. Furthermore, we determined that oxidative stress promotes the appearance of highly polyploid cells, and
antioxidant-treated NAFLD hepatocytes resumed normal cell division and returned to a physiological state of polyploidy.
Collectively, these findings indicate that oxidative stress promotes pathological polyploidization and suggest that this is an
early event in NAFLD that may contribute to HCC development.

genesis of binuclear tetraploid hepatocytes (2x2n), which sub-
sequently play a pivotal role in liver polyploidization (3, 9-11).
Remarkably, during postnatal development and adult life, hepa-
tocytes are able to increase their DNA content but also reduce it
through a process call “ploidy reversal” (2, 12). In fact, polyploid
hepatocytes undergo multipolar mitosis, producing daughter cells
with half the chromosome content but also with aneuploid con-
tent. Polyploid hepatocytes use dynamic aneuploidization and
polyploidization to induce genetic heterogeneity and thus main-
tain homeostasis or cope with environmental stress (13). Hepa-
tocytes in adult rodents and humans retain a remarkable ability
to proliferate in response to damage. In these circumstances, the
liver polyploidy profile can also be modified. Signals promoting
hepatocyte polyploidy include liver regeneration following par-
tial hepatectomy (14), metabolic overload (15, 16), chemical over-
load (17), oxidative damage (18), and viral infection (5). However,
the cellular and molecular mechanisms regulating polyploidy in
these different situations are not fully understood.

We showed previously that insulin signaling controls the gen-
esis of polyploid hepatocytes during liver development through
the PI3K/AKT pathway by regulating the late stages of mitosis (19,
20). The close connection between liver physiology and insulin
signaling prompted us to investigate whether polyploidy is modi-
fied during metabolic disorders of the liver, such as nonalcoholic
fatty liver disease (NAFLD). This metabolic disease is commonly
associated with metabolic syndrome (MS), obesity, and type 2 dia-
betes (21, 22). Due to the increasing incidence of obesity, NAFLD
has become a worldwide health concern. NAFLD includes a large
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Table 1. Cellular ploidy of the NAFLD mouse models (by image
quantification)

NAFLD models Mononuclear Binuclear Pvalue SEM
proportion (%)  proportion (%)
ob/ob 836 164 <0.001 +13
WT 571 429 +21
HFD 82.7 173 <0.005 +0.8
Control 66.2 338 +0.6
MCD diet 733 26.7 <0.001 +11
Control 65.6 344 +13
Pten KO 80.6 194 <0.05 +15
Control 72.0 28.0 +17

Mononuclear proportion and binuclear proportion refer to the hepatocyte
population. Statistical significance was determined with a 2-tailed
Student’s t test.

spectrum of hepatic lesions, ranging from simple reversible steato-
sis (intrahepatic accumulation of triglycerides) and nonalcoholic
steatohepatitis (NASH) to more severe lesions, such as cirrhosis
and hepatocellular carcinoma (HCC) (23-25). There is growing
evidence that HCC can occur during NALFD in noncirrhotic livers
(26-29). A “2-hit” model has been proposed to explain the pro-
gression of simple fatty liver disease to NASH (30). Alterations of
lipid homeostasis associated with obesity, insulin resistance, and
adipokine abnormalities constitute the first hit and result in fat
accretion in the liver (31). This state subsequently primes the liver
for the second hit, characterized by oxidative stress, lipid peroxi-
dation, and an increase in cytokine production and inflammation,
ultimately resulting in NASH (32, 33). Oxidative stress originating
from mitochondria and cytochrome P450 2E1 is considered as a
key signal in the pathophysiology of NASH (34, 35). Interestingly,
studies in animal models and patients show that antioxidants, such
as vitamin C, vitamin E, and N-acetylcysteine (NAC), are useful for
both protecting against NAFLD and treating this disease (36-38).
ROS affect several cell signaling pathways involved in cell prolif-
eration and tumorigenicity (39, 40). Increasing evidence indicates
that NAFLD strongly affects the intrinsic proliferative properties of
hepatocytes. Many signs of impaired proliferation have been found
in fatty hepatocytes (41-43).

In the present study, we used both mouse models and
patients suffering from NAFLD to demonstrate that the molec-
ular and cellular mechanisms controlling liver polyploidization
are altered profoundly during the course of this metabolic dis-
ease. Indeed, our work reveals that oxidative stress induces an
alteration of hepatic polyploidy, which could represent a novel
cellular signature for NAFLD.

Results

NAFLD drives the genesis of highly polyploid hepatocytes in rodent and
human liver parenchyma. We first examined changes to the ploidy
profile of hepatocytes during NAFLD in obese, diabetic leptin-
deficient ob/ob mice. These mice are hyperphagic and display insulin
resistance, hyperglycemia, and hypercholesterolemia and develop
massive hepatic steatosis with moderate necroinflammation and
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mild fibrosis (44-47). We analyzed the hepatocyte ploidy profile
by flow cytometry (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI73957DS1). We
observed that livers of 0b/ob mice were enriched in hepatocytes
with high DNA content compared with the control one (Figure 1A).
In order to determine whether cellular (number of nuclei per hepa-
tocyte) and/or nuclear ploidy (ploidy of each nucleus) were altered,
we used imaging approaches. Labeling of nuclear (Hoechst) and
plasma membrane (B-catenin) compartments was performed to
investigate cellular ploidy in liver sections (Figure 1B and refs. 3,
5, 48). The binuclear fraction was lower in the liver parenchyma
of ob/ob mice than in that of WT mice (ob/ob: 16.4% * 1.3%;
WT: 42.9% * 2.1%) (Figure 1B and Table 1). This result is consis-
tent with observations made in the context of insulin resistance
(20). We next investigated nuclear ploidy by measuring the nucleus
area. The mononuclear diploid (2n) hepatocyte population was sub-
stantially lower in 0b/0b liver than in WT liver (ob/0b: 9.5% *+ 1.7%;
WT:29.9% *+2.7%) (Figure 1Cand Table 2). By contrast, mononuclear
tetraploid hepatocytes were enriched in 0b/ob liver (ob/ob: 34.2%
*2.6%; WT: 22.4% * 1.5%) (Figure 1C and Table 2). Importantly,
ob/ob liver contained highly polyploid mononuclear hepatocytes
(=8n), which were infrequently observed in WT liver (ob/0b: 39.9%
+1.2%; WT: 4.8% *3.2%) (Figure 1C and Table 2).

Next, we investigated ploidy profiles in diet-induced mouse
models of NAFLD, including mice fed a high-fat diet (HFD) or a
methionine-choline-deficient (MCD) diet, to further examine
the link between steatosis and alterations to ploidy. A HFD is
well known to increase body weight, body fat, and induce insu-
lin resistance and hyperinsulinemia (49). The MCD diet promotes
steatohepatitis by impairing the secretion of very low-density
lipoprotein and creating conditions of high oxidative stress (50).
Consistent with our findings in the 0b/0b model, alterations of
cellular and nuclear ploidy profiles were observed in both models
(Figure 2 and Tables 1 and 2). Importantly, the highly polyploid
mononuclear fraction was enriched in mice fed a HFD or a MCD
diet (Figure 2 and Table 2). Finally, we determined the ploidy pro-
file in the liver-specific phosphatase and tensin homolog (Pten)
knockout mouse, which is a genetic mouse model that reflects
the progression of NAFLD to NASH and HCC, which is related
to human pathology. In the liver, the activation of the pro-ana-
bolic PI3K/AKT pathway drives de novo lipogenesis as well as
pathological liver growth (25). In this mouse model, loss of PTEN
tumor suppressor results in chronic activation of PI3K/AKT sig-
naling, leading to pronounced steatosis and, as mice age, to liver
tumorigenesis (25). We first evaluated the nuclear ploidy profile
in 3-month-old Pten KO mice at pretumoral stages. At this age,
the Pten KO mouse liver shows extensive steatohepatitis (51, 52).
Similar to other NAFLD models, the ploidy profile of Pten KO liv-
ers was different from that of WT livers and was characterized by
the amplification of the highly polyploid mononuclear population
(Supplemental Figure 2A and Table 2). In order to establish a rela-
tionship between hepatocyte polyploidy and HCC incidence, we
have also analyzed ploidy profile in 10-month-old Pten KO mice.
At this age, hepatic PTEN mutants are presented with multiple
malignant lesions (51, 52). Importantly, we observed that highly
polyploid mononuclear hepatocytes (=8n) were also enriched in
livers of tumoral KO mice compared with those in control animals
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Figure 1. Hepatocyte ploidy profiles are altered in a genetic mouse model of NAFLD. (A) Hepatocytes from WT and ob/ob livers were separated into
ploidy populations by FACS analyses (n = 3 per group) with 2c, 4c, and 8c and >8c DNA content corresponding to diploid, tetraploid, and highly polyploid
hepatocytes, respectively. Of note, smear between hepatocytes populations (ob/ob cells) is due to high granularity (correlation with high lipid content).
7AAD, 7-aminoactinomycin D. (B) Images of liver sections from WT and ob/ob mice after double staining with B-catenin (plasma membrane labeling, red)
and Hoechst (nucleus, green) (scale bar: 20 um). Percentage of binuclear hepatocytes in WT and ob/ob mice (n = 6 per group). Results represent mean +
SEM. ***P < 0.001, Student’s t test. (C) B-Catenin/Hoechst immunostaining in WT and ob/ob mice (scale bar: 20 pm) and box plots of the percentage of
2n, 4n, and 28n mononuclear hepatocytes relative to total hepatocytes in WT and ob/ob mice. The bottom, central, and top lines of each box represent
the first quartile, median, and third quartile of the distribution, respectively (n = 6 per group). **P < 0.005, ***P < 0.001, Student’s t test.

(Supplemental Figure 2A). Interestingly, we observed that highly
polyploid hepatocytes were also present in hepatocellular tumors
in the livers of Pten KO mice (Supplemental Figure 2B).
Importantly, we also investigated the ploidy profile of the liver
in patients diagnosed with NASH who had undergone liver resec-
tion for HCC. Patients included in the study were of similar age
(54 £ 7 years), which is important because hepatocyte ploidy varies
in accordance with age (53). MS was the only risk factor for chronic
liver disease (CLD) in patients with NASH (n = 16). Eight patients
had moderate fibrosis (NASH Grp1), and the others had bridging
fibrosis or cirrhosis (NASH Grp2). The control group (n = 8, HCC
resected) was composed of patients with bridging fibrosis or cir-
rhosis but did not present any risk factors for MS. Immunofluores-
cence staining and quantification revealed that the binuclear frac-
tion was small and equivalent in liver parenchyma for the 3 groups
of patients (Figure 3A and Table 3). Interestingly, the percentage
of diploid hepatocytes was significantly lower in patients with
NASH with moderate (NASH Grpl: 46.3% * 1.8%) or advanced
fibrosis (NASH Grp2: 42.8% * 2.8%) than in the control patients

(control: 59.3% *5.5%) (Figure 3B and Table 4). Conversely, the per-
centage of highly polyploid mononuclear hepatocytes (=8n) was sig-
nificantly higher in patients with NASH with moderate or advanced
fibrosis (NASH Grpl:15.3% *1.3% and NASH Grp2:16.0% *1.6%,
respectively) than in control patients (control: 5.2% * 0.9%) (Figure
3B and Table 4). Finally, in order to determine whether polyploidy
could be causally related to hepatocarcinogenesis, we analyzed
ploidy profiles in patients with NASH without HCC (NASH Grp3).
Highly polyploid mononuclear hepatocytes were also present in
fatty liver parenchyma tissue (18.0% *+ 2.8%) (Figure 3 and Table 4).
Altogether, our data reveal a shift in the distribution of hepatocyte
ploidy toward an increase in highly polyploid mononuclear hepato-
cytes in patients with NASH, which seems to be independent of the
severity of fibrosis and precedes HCC development.

Progression of NAFLD hepatocytes through S and G, phases is
altered. We sought to determine the precise mechanism leading
to the genesis of the highly polyploid mononuclear population
in NAFLD livers. We isolated primary hepatocytes from WT and
ob/ob mice and analyzed cell cycle progression. In our culture con-
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Table 2. Nuclear ploidy of the NAFLD mouse models (by image quantification)

NAFLD models Mononuclear 2n Pvalue 4n
proportion (%)

ob/ob 83.6 95+17 <0.001 342+26
WT 571 299+27 224 +15
HFD 827 121+£14 <0.05 29.8+0.7
Control 66.2 16.2+29 33.7+14
MCD diet 733 27612 <0.001 341+0.8
Control 65.6 379+1.0 254+0.7
Pten KO 80.6 235+03 <0.05 30.0+0.7
Control 72.0 26.2+0.8 275+ 05

Mononuclear proportion refers to the hepatocyte population. Statistical significance was determined

with a 2-tailed Student’s t test.

<0.001

<0.005

<0.001

<0.05

The increase of D-cyclin (Ccndl) and
E-cyclin (Ccnel) mRNA abundance dur-

Pvalue 281  Pvalue ing cell cycle progression was equivalent
in both cultures (Supplemental Figure 3B).

399+12 <0.001 Interestingly, ob/ob hepatocytes accumu-

48+32 lated in S phase at late time points during
408+17 <0.001 culture (48 and 60 hours), whereas control
163433 hepatocytes exited S phase as expected

16£15 <0.001 during this period (Figure 4B). We con-

2304 firmed this result by analyzing expression

1287; i :][:5 <0.005 of A-cyclin (CCNA?2), a master regulator of

progression through the S phase (55). The
abundance of Ccna2 mRNA decreased at
between 48 and 60 hours in the control

ditions, primary hepatocytes only divided once and progressed
through S phase 48 hours after plating, with a maximal mitotic
index 60 hours after plating (Figure 4A and refs. 3, 54). Cell via-
bility after liver perfusion was equivalent for both genotypes. BrdU
incorporation was similar between ob/ob and WT hepatocytes
early during culture, suggesting that ob/ob hepatocytes entered S
phase normally (Figure 4B and Supplemental Figure 3A). We also
investigated the expression pattern of components of the cell cycle
machinery that control progression through G, and entry to S phase.

A Hepatocyte ploidy

culture, whereas its expression signifi-
cantly increased in 0b/0b hepatocytes (Fig-
ure 4D), likely reflecting alterations of S phase progression.

We then used phospho-histone H3 (PHH3) punctiform
nuclei labeling (a marker for cells in late G,) to determine G,
progression (Figure 4C). In contrast with control cultures,
ob/ob hepatocytes accumulated in G, phase in cultures at 60
hours after plating (Figure 4C). We next examined the abun-
dance of mitosis-promoting factor (MPF), which comprises a
complex between B-cyclin (CCNB1) and CDK1. The accumula-
tion of CCNB1 and dephosphorylation of CDK1 at Tyr15 are nec-

B Hepatocyte ploidy

CTRL MCD CTRL HFD
150k 150k 150k 150k

< 2¢ 4c 8¢ and > 8¢ < 2c 4c 8c and = 8¢ < i 2c 4c 8¢ and > 8¢ < 2c 4c 8c and > 8¢

o = o =

-§100k S 100k = g 100k

& & & &

= 50k = 50k = =S 50k

o o o o

o T T T T T 1 0 T T T T T 1 0 L T T T T 1
0 50k 100k 150k 200k 250k O 50k 100k 150k 200k 250k 250k 0 50k 100k 150k 200k 250k
7AAD 7AAD 7AAD 7AAD
(Fluorescence intensity, AU) (Fluorescence intensity, AU) (Fluorescence intensity, AU) (Fluorescence intensity, AU)
Nuclear ploidy Nuclear ploidy
CTRL . .

2 Highly polyploid (= 8n) 8 Highly polyploid (= 8n)
% hk '%. 60- Hkk
O 301 o
g g
g 2, =
i @
o2 o
S S
5 104 5 204
& 5
== L — .
N : ' e CTRL MCD
Ed CTRL MCD 2

Figure 2. Hepatocyte ploidy profiles are altered in dietary mouse models of NAFLD. (A) MCD diet model. Hepatocytes were separated into ploidy popu-
lations by FACS analysis (n = 3 per group) with 2c, 4c, and 8c and >8c DNA content corresponding to diploid, tetraploid, and highly polyploid hepatocytes,
respectively. Images of liver sections after double staining with anti-p-catenin (plasma membrane labeling, red) and Hoechst (nucleus, green) in WT

mice fed control (CTRL) or MCD diets (scale bar: 20 um). Box plots of the percentage of >8n mononuclear hepatocytes relative to total hepatocytes in
control-fed and MCD diet-fed mice. Results represent mean + SEM (n = 8 per group). ***P < 0.001, Student’s t test. (B) HFD model. Hepatocytes were sep-
arated into ploidy populations by FACS analysis (n = 3 per group) with 2c, 4c, and 8c and >8c DNA content corresponding to diploid, tetraploid, and highly
polyploid hepatocytes, respectively. Images of liver sections after double staining with anti-p-catenin (red) and Hoechst (green) in WT mice fed a control
or a HFD (scale bar: 20 um). Box plots of the percentage of >8n mononuclear hepatocytes relative to total hepatocytes in control-fed and HFD-fed mice.
Results represent mean + SEM (n = 5 per group). ***P < 0.001, Student’s t test.
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Table 3. Cellular ploidy of patients with NASH (by image
quantification)

Mononuclear Binuclear Pvalue SEM

proportion (%)  proportion (%)
Control 90.5 95 NS +09
NASH Grp1 90.2 9.8 +0.7
NASH Grp2 91.5 8.5 NS* +11
NASH Grp3 90.8 9.2 +2.2

Mononuclear proportion and binuclear proportion refer to the hepatocyte
population. Comparisons were between control and NASH groups and among
the 3 NASH groups. Statistical significance was determined with a 2-tailed
Student’s t test. ANS reflects a comparison among all 3 NASH groups.

essary for the activation of the MPF complex and the initiation
of mitosis (56, 57). In our model, the abundance of Ccnbl mRNA
and protein increased normally from G, to G, phase (24-60
hours after plating) and CDK1 was highly phosphorylated dur-
ing S phase (36 hours after plating) in both 0b/0b and control
hepatocytes (Figure 4, D and E). The phosphorylation of CDK1
decreased in WT hepatocytes as the cells proceeded through
G,/M; however, in 0b/ob cultures, inhibitory CDK1 phosphory-
lation was maintained and enhanced in 0b/0b cultures (Figure
4E), reflecting an inactive MPF. We also analyzed the expres-
sion of MCM7, which is one of the minichromosome mainte-
nance (MCM) proteins that are critical for licensing DNA rep-
lication in proliferating cells (58). MCM2-MCM?7 are normally
removed from replicated DNA, so that it cannot undergo further
initiation events until it passes through mitosis (59). The abun-
dance of MCMY protein was higher in 0b/0b proliferating hepa-
tocytes than in control hepatocytes (Supplemental Figure 4). In
control cells, only a small amount of MCM7 was present in the
chromatin fraction at 60 hours, the time at which hepatocytes
progress through G,/M phase (Figure 4F). By contrast, MCM7
was highly abundant in the chromatin fraction in 0b/ob hepa-
tocytes (Figure 4F), consistent with G,/M arrest. Importantly,

A cmR NASH Grp1 NASH Grp2

RESEARCH ARTICLE

similar alterations in cell cycle progression were observed in
MCD diet and HFD hepatocyte cultures (Supplemental Figure
5). Taken together, we showed that NAFLD hepatocytes present
an altered cell cycle progression, which correlates to the genesis
of highly polyploid mononuclear cells in fatty liver tissue.

We determined next whether mononuclear polyploid fatty
hepatocytes are able to bypass the G,/M arrest and reenter a new
cell cycle. We used continuous labeling with 2 thymidine ana-
logs (chlorodeoxyuridine [CldU] and iododeoxyuridine [IdUJ)
to follow division in vivo during disease progression (Figure 5A).
Briefly, mice were fed an MCD diet, and CldU and IdU were incor-
porated successively into their drinking water. This approach
enables the proliferative status of liver cells to be followed over a
large time period. Importantly, it can show whether an individual
hepatocyte that has already progressed through S phase (CldU,
green nucleus, Figure 5B) is able to reenter another replicative cell
cycle (CldU*1dU", yellow nucleus, Figure 5B). We observed that
polyploid mononuclear fatty hepatocytes (4n: 45.6% and =8n:
10.9%) have achieved a first replicative cell cycle (CldU*, green
labeling, Figure 5, B and C) and have progressed through another
replicative cycle (IdU", red labeling, Figure 5, B and C). These data
strongly suggest that polyploid mononuclear hepatocytes are able
to reenter the cell cycle despite G,/M arrest.

A persistent DNA damage response, resulting from oxidative
stress-induced polyploidization in NAFLD hepatocytes. Recent
work suggests that pathological polyploidization is an adaptation
to genomic stress (60). Cells respond to a diverse array of DNA
lesions with an evolutionarily conserved DNA damage response
(61). The DNA damage response is a signal transduction pathway
that is primarily mediated by proteins of the PI3K-like protein
kinase family: ataxia telangiectasia mutated/ataxia telangiecta-
sia and RAD3-related (ATM/ATR) (62, 63). We assessed whether
this DNA damage checkpoint was activated in proliferative
NAFLD hepatocytes. ATR phosphorylation was barely detect-
able in proliferative control hepatocytes (Figure 6). By contrast,
ATR was highly phosphorylated as the cells proceeded through
S and G, phase in 0b/0b hepatocytes (48-60 hours after plating)

Figure 3. Alteration of liver nuclear ploidy in
patients diagnosed with NASH. Nuclear ploidy
profiles were analyzed in patients with CLD
(resection for HCC) with bridging fibrosis or
cirrhosis but with no features of MS (control), in
patients with MS with moderate fibrosis (NASH
Grp1), and in patients with MS with bridging
fibrosis or cirrhosis (NASH Grp2) (n = 8 per group).

NASH Grp3

104

=

L
total hepatocytes in each patient group. The

bottom, central, and top lines of each box

represent the first quartile, median, and third

Nuclear ploidy o ) ) Nuclear ploidy profiles were also analyzed in
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Table 4. Nuclear ploidy of patients with NASH (by image quantification)

Mononuclear 2n Pvalue 4n Pvalue
proportion (%)
Control 90.5 59.3+55 <0.05 26.0+4.8 NS
NASH Grp1 90.2 46318 286+15
NASH Grp2 915 428+28 NS 32.7+2.2 NS
NASH Grp3 90.8 42.7+3.7 301+13

Mononuclear proportion refers to the hepatocyte population. Comparisons were between control and
NASH groups and among the 3 NASH groups. Statistical significance was determined with a 2-tailed

Student’s t test. NS reflects a comparison among all 3 NASH groups.

stress in 0b/ob liver parenchyma. Remark-
ably, the proportion of highly polyploid

>8n Pvalue hepatocytes was significantly lower in

treated 0b/ob mice than in untreated

52+09 <0.001 ob/ob mice, with a concomitant enrich-

15313 ment of the diploid hepatocytes (Figure

16.0+16 NS* 7E). Hence, these data indicate that affect-
18.0+28

ing oxidative stress during NAFLD is suf-
ficient to prevent the development of the
pathological polyploidization.

Discussion

(Figure 6). As expected, this was associated with an activation of
p53 protein and the accumulation of p21 protein in 0b/ob hepato-
cytes (Figure 6). Importantly, the DNA damage checkpoint was
also activated in proliferative MCD diet and HFD hepatocytes
(Supplemental Figure 5, C and D). These results are consistent
with the idea that the transient arrest in G,/M of NAFLD hepato-
cytesis regulated by the DNA damage pathway under the control
of ATR/p53/p21 signaling.

ROS overproduction and subsequent oxidative stress influ-
ence genomic integrity greatly (40). Oxidative stress in the liver
plays a central role in the progression of steatosis (34, 64). As
expected, markers of oxidative stress are detectable in 0b/0b hepa-
tocytes both in vivo and in vitro: accumulation of ROS, a high abun-
dance of glutathione peroxidase-3 (GPX3) (reflecting the adaptive
activation of antioxidant defenses), and a high abundance of
hemoglobin o (HBA1) recently correlated with oxidative stress
in patients with NASH (ref. 65 and Supplemental Figure 6, A-C).
We treated primary ob/ob hepatocytes with the antioxidant NAC
and examined cell cycle progression. NAC treatment impaired
the accumulation of ROS (assessed with dihydroethidium [DHE]
labeling) as well as that of Gpx3 and Hbal mRNA (Figure 7A and
Supplemental Figure 6C), with no impact on cell viability. More-
over, the accumulation of BrdU at 60 hours after plating was lower
in ob/ob hepatocytes treated with NAC than in untreated cells (Fig-
ure 7B), showing that treated cells progressed normally through
the cell cycle. Importantly, ATR activation at this time point was
substantially lower in treated cells than in untreated cells (Figure
7C). Finally, by analyzing ploidy at a late time point of culture,
we observed that highly polyploid hepatocytes were enriched in
o0b/ob cultures compared with control (at 60 hours after plating)
cultures (Supplemental Figure 6D). Notably, antioxidant treat-
ment restored a normal ploidy profile in 0b/0b cultures (Supple-
mental Figure 6D). We then subjected 0b/ob and WT mice to long-
term NAC treatment to examine the role of oxidative stress in vivo.
This antioxidant was chosen because it is well tolerated in animals
and can be administered orally over long periods of time (66). NAC
treatment was initiated from early gestation through administra-
tion to pregnant female mice and maintained after birth until the
mice were killed at 10 weeks old. DHE labeling and Gpx3 and Hbal
mRNA levels were significantly lower in 0b/0b mice treated with
NAC than in untreated ob/ob mice (Figure 7D), confirming that
long-term administration of NAC significantly alleviates oxidative
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The development and progression of
NAFLD is a growing health issue world-
wide, and this condition can lead to
end-stage liver diseases such as cirrhosis and HCC. Our lim-
ited understanding of the pathogenesis of NAFLD stems from
its complex nature, governed by close interactions between
genetic factors and environmental cues (67). Alarmingly, there
are increasing reports of NASH linked to HCC, without accom-
panying cirrhosis (26, 29). Our results reveal for what we believe
to be the first time a connection between hepatocyte polyploidy
and fatty liver disorders (Figure 8). Using various murine mod-
els of NAFLD, we show that polyploidization is altered in fatty
liver, with a specific enrichment of the highly polyploid mono-
nuclear population, which is rarely observed in normal hepatic
parenchyma. We also observed similar alterations of hepatocyte
ploidy in patients with NASH. In addition, we show that poly-
ploidization occurs in NAFLD hepatocytes experiencing a “G,/M
DNA damage checkpoint” (ATR/p53/p21 signaling). We also
show that oxidative stress, a key player in NAFLD progression, is
crucial for pathological polyploidization in fatty liver.
Polyploidization is one of the most dramatic changes known
to occur in the genome. In mammals, the development of poly-
ploid cells can contribute to tissue differentiation and, therefore,
may represent a gain of function (68). However, given that cellular
stress promotes polyploidization and that many diseased organs
contain polyploid cells, polyploidization could also be consid-
ered as a pathological lesion (69). The liver is the only organ that
modulates its ploidy content both during its life span and follow-
ing different types of stress (13, 19, 70). The primary mechanism
for physiological polyploidization involves a failure of cytokinesis,
characterized by a modulation of insulin/AKT and E2F signaling
(9, 11, 20). Interestingly, other factors can promote polyploidy
in adults, such as regeneration following partial hepatectomy
(48, 71, 72), fibrogenesis (5, 73), and metabolic overload (18, 74).
Although some correlation exists between polyploidization and
these stresses, little is known about the mechanisms leading to
the genesis of polyploid hepatocytes and the consequences on
liver parenchyma function. Our findings suggest that alteration of
the ploidy profile of hepatocytes can be considered as a new sig-
nature of metabolic liver disorders. Indeed, our data from both
mouse models and patients with NAFLD support the hypothesis
that steatosis is sufficient per se to induce alterations in ploidy sta-
tus. Many signals and genes are reported to be involved in patho-
logical polyploidization (7, 60, 69). In our model, oxidative stress
triggered the activation of a G,/M DNA damage checkpoint under
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Figure 4. NAFLD hepatocytes preferentially undergo an altered cell cycle. Experiments were carried out in hepatocytes isolated from WT or ob/ob livers
(4 independent cultures). (A) Experimental scheme of culture. T12H, time 12 hours after plating. (B) Immunostaining of primary hepatocytes with anti-
BrdU (green) and Hoechst (blue) at 60 hours after plating (scale bar: 20 um) and quantitative analysis of BrdU labeling (percentage of BrdU* hepatocytes).
Data represent the mean + SEM. ***P < 0.001, Student’s t test. (C) Double immunostaining of primary hepatocytes at 60 hours after plating, with anti-
PHH3 (green) and Hoechst (blue) (scale bar: 20 um) and quantitative analysis of G,-labeling index (percentage of PHH3* nuclei). Data represent mean +
SEM. ***P < 0.001, Student’s t test. (D) RNA extracted from WT (black circle) and ob/ob (gray square) primary hepatocytes (n = 5) and Ccna2 and Ccnb1
mRNAs were analyzed by quantitative real-time PCR. *P < 0.05, **P < 0.01, Student’s t test. (E) CCNB1 and phosphorylated CDK1 (Tyr15) protein levels
were analyzed in WT and ob/ob cultures during the time-course experiment. y-Tubulin was used as a loading control. The CCNB1 blot was derived from
parallel samples run on a separate gel. The Western blot is from the same experiment as the Figure 6 and Supplemental Figure 4 and is representative of 4
different cultures. Lanes were run on the same gel but were noncontiguous, as indicated by the black line. (F) Soluble chromatin was prepared from culture
at 60 hours, and MCM7 was analyzed by Western blotting. Lamin A-C was used as an indicator of fraction purity. Tot, total fraction; Chro, chromatin frac-

tion. The Western blot is representative of 4 different cultures. Lanes were run on the same gel but were noncontiguous.

the control of ATR/p53/p21 signaling, preventing the activation
of the cyclin B1/CDKI1 complex. Eukaryotic cells have evolved
strategies to counteract a G, DNA damage signal and may enter
senescence or continue to grow through endoreplication (60, 69,
75,76). Endoreplication (also called endocycling and endomitosis)
refers to a process when cells successively alternate between S and
G phases without chromosome segregation (60, 77). Interestingly,
we have observed that NAFLD polyploid hepatocytes can undergo
two successive S phases, suggesting that endoreplication might
be preferentially performed in this context. Previous studies have
shown an evolutionary conserved link between ATM/ATR-depen-
dent pathways and polyploidy-inducing endoreplication cycles
(60, 69). In Arabidopsis, root tip and sepal cells activate ATM and
ATR orthologs and undergo endoreplication following the induc-
tion of double-stranded DNA breaks (78). In mammals, telomere
shortening appears to be a potent signal for endoreplication, and
Davoli et al. showed that p53-deficient cells undergo endoreplica-

tion, which requires ATM/ATR (79). Interestingly, these polyploid
cells resume cell division cycles upon the restoration of telomere
protection (79). Endoreplication is now well known and considered
as an alternative division method in the context of genomic stress
(60). Hepatocytes have extraordinary regenerative capabilities and
respond strongly to both physiological and pathological prolifera-
tive signals. These cells must therefore have efficient mechanisms
to cope with genomic alterations. In fatty liver, we suggest that
genomic alterations, induced by oxidative stress, could be respon-
sible for pathological polyploidization. We have already shown that
oxidative stress in NAFLD liver directly activates a DNA damage
checkpoint (ATR activation) (see above). Remarkably, prevention
of oxidative stress was sufficient to restore a physiological hepatic
ploidy status. Future studies will elucidate the precise mechanism
linking genomic stress to pathological polyploidy.

The relevance of these highly polyploid hepatocytes to the
pathogenesis of NAFLD is unclear. It is tempting to speculate that
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fatty hepatocytes with specific alterations of cell division partici-
pate in the progression of NAFLD to NASH and HCC. Interestingly,
we observed that alteration of polyploid profile takes place before
HCC development in the livers of patients. Additionally, a highly
polyploid contingent was present in the HCC nodules in the liv-
ers of Pten-null mice, suggesting its implication in the tumorigen-
esis process. Future studies should aim to trace the mononuclear
polyploid population and determine both its fate and role in liver
carcinogenesis. Current data suggest that polyploid hepatocytes
can be considered to act as a kind of “Dr. Jekyll and Mr. Hyde.”
Diril and collaborators demonstrated that Cdkl”" livers regenerate
through endoreplication cycles. In this context, M phase kinase
deficiency confers a total resistance against tumorigenesis induced
by activated RAS and the silencing of p53, suggesting that endorep-
lication drives hepatocytes to senescence (80). By contrast, poly-
ploid hepatocytes generate progenies with reduced ploidy by a pro-
cess called “ploidy reversal” (2, 12). Uniquely, this cellular process
generates daughter cells that are mostly aneuploid. Recent data
suggest that aneuploid hepatocytes generated in physiological con-
ditions are beneficial and these cells even promote adaptation to
chronic injury in a tyrosinemia mouse model (12). In the context of
NAFLD, it is possible that highly polyploid hepatocytes with DNA
damage give rise to pathological aneuploid progenies that could
contribute to progression to NASH and HCC in this circumstance.

In conclusion, the present study demonstrates for what we
believe to be the first time a clear link between oxidative stress
and pathological polyploidization during NAFLD. Future stud-
ies should be aimed at understanding the role of the population
of highly polyploid hepatocytes in the emergence of HCC during
NAFLD, which is a major concern for public health.
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Figure 5. NAFLD mononuclear polyploid cells are able to reenter the
cell cycle. (A) Schematic representation of the nuclei double-labeling
experiment with thymidine analogs. C57BL/6) mice were fed MCD
diet for 4 weeks (d1-d27). At d15, animals had access to labeled CldU
drinking water for 5 days. Over following 2 days, animals had access
to unlabeled water to clear unincorporated CldU, followed by 5 days
of access to IdU drinking water. (B) Images of hepatocyte nuclei from
MCD diet liver sections after costaining with anti-CldU (green) and
anti-1dU (red) and a merge with Hoechst (blue) (scale bar: 50 um).
The arrowheads point to double-labeled nuclei (yellow) (scale bar:
200 pm). (€) Quantification of polyploid mononuclear fatty hepatoc-
ytes with nuclei double labeling (CIdU*IdU") in MCD diet liver (n = 4).
Results represent mean + SEM.

Cld + IU + Hoescht

Methods

Animals care and diets. C57BL/6] lean (WT) and ob/ob
(B6.V-Lep’/]) male mice purchased from Janvier Laboratories
were housed in a temperature-controlled environment with
12-hour-light/dark cycles. Animals had free access to water
and a control diet (D12492, Research Diet), providing 60%
carbohydrate, 20% fat, and 20% protein in terms of energy.
For HFD-induced NAFLD experiments, 21-day-old C57BL/6]
mice were assigned randomly to 2 groups fed for 12 to 16 weeks
with the control diet or a HFD (D07051001, Research Diet),
providing 10% carbohydrate, 70% fat, and 20% protein in
terms of energy. For MCD diet-induced fatty liver, 10-week-
old mice were fed for 3 to 5 weeks with a MCD diet (Ssniff EF
R/M, MCD mod) purchased from Ssniff Spezialdidten GmbH.
Alb-Cre Pten" (Pten KO) mice were obtained from the labora-
tory of M. Pende (Inserm U1151/CNRS UMR 8253, Necker Enfants
Malades Institute) (52). For investigations with the antioxidant NAC,
heterozygous male and female ob/+ mice were mated and had a free
access to water with or without 10 mM NAC. Progenies were kept
with their parents for 21 days and then weaned and had free access
to water with or without 10 mM NAC. For all experiments, animals
were sacrificed and livers were immediately flash frozen and stored at
-80°C or fixed in phosphate-buffered 4% formalin.

Patients. The study group included 32 male patients who under-
went liver biopsy or resection for HCC. These patients were part
of a previously published cohort, which was characterized for all
parameters linked to CLD and MS (27, 81). The first group included
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Figure 6. Polyploidization in NAFLD is associated with the activation of ATR/
p53/p21 signaling. The abundance of phosphorylated ATR (Ser428), phos-
phorylated p53 (Ser15), and p21 protein was analyzed in primary hepatocytes
isolated from WT or ob/ob mice. y-Tubulin was used as a loading control. The
Western blot is from the same experiment as the Figure 4E and Supplemental
Figure 4 and is representative of 4 different cultures. Lanes were run on the
same gel but were noncontiguous, as indicated by the black line.
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Figure 7. Antioxidant treatment prevents activation of the G,/M DNA damage checkpoint and rescues normal hepatocyte polyploidy. (A) DHE stain-
ing of hepatocytes (60 hours of culture). The ROS-sensitive vital dye DHE (red) was used to detect the production of superoxide (scale bar: 20 um).

The abundance of Gpx3 and Hbal mRNA was assessed by gPCR in WT hepatocytes and in ob/ob hepatocytes treated with NAC or not treated (n = 4).
*P < 0.05, **P < 0.01, Student’s t test. (B) Quantitative analysis of BrdU labeling. Data represent mean + SEM of 4 independent cultures. **P < 0.01,
Student's t test. (C) Western blot analysis of phosphorylated ATR (Ser428) (60 hours of culture). y-Tubulin was used as a loading control. The Western
blot is representative of 4 different cultures. (D) DHE immunostaining of liver sections isolated from ob/ob mice treated with NAC for 10 weeks or from
ob/ob mice that were not treated (n = 3 per group) (scale bar: 20 um). The abundance of Gpx3 and Hbal mRNA was assessed by gPCR (n = 3 per group).
*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test. (E) Analysis of nuclear ploidy in ob/ob mice treated or not with NAC. Box plots of the percentage
of diploid (2n) and highly polyploid (>8n) hepatocytes relative to all mononuclear hepatocytes. The bottom, central, and top lines of each box represent
the first quartile, median, and third quartile of the distribution, respectively (n = 3 per group). *P < 0.05, ***P < 0.001, Student’s t test.

24 patients with MS without HCC (8 patients) or with HCC (16
patients); MS was the only risk factor for CLD. MS was defined as
increased waist circumference (waist-to-hip ratio >0.9 in men) or
body mass index >30 kg/m? and at least two of the following risk
factors: fasting plasma glucose >6.1 mM, dyslipidemia (triglycer-
ides 21.7 mM or high-density lipoprotein cholesterol <0.9 mM), and
hypertension (blood pressure >140/90 mm Hg). All other potential
causes of CLD were ruled out. For all patients, pathological analy-
sis was performed to assess the different lesions of the nontumoral
liver, including steatosis and fibrosis (82). Using a semiquantitative
score (Kleiner score, ref. 82; METAVIR score, ref. 83), fibrosis was
determined for patients with CLD and MS as follows: FO, no fibro-
sis; F1, enlarged portal tracts without extensive septa; F2, presence
of a few fibrous septa; F3, presence of numerous fibrous septa; and
F4, cirrhosis. Diagnosis of steatohepatitis was based on the NAFLD
activity score. Cases with an NAFLD activity score ranging from
0 to 2, 3 to 4, or >5 were considered as “not NASH,” probable, or
“definite NASH,” respectively. For comparison, we also selected a
second group of 8 patients with HCC as a consequence of HCV cir-

rhosis, with no evident causes of MS and absent or mild steatosis.
Histologic examination of lesions was performed in a blinded fash-
ion by surgical pathologists.

Liver tissue labeling with CldU and IdU. CldU and IdU were pur-
chased from Sigma-Aldrich and dissolved in drinking water at a con-
centration of 1 mg/ml. Four-week-old C57BL/6] mice were fed MCD
diet for 4 weeks. For the experiments, CldU treatment was initiated at
day 15, after the beginning of the diet, for 5 days. Animals had a free
access to unlabeled water to clear unincorporated CldU during the
following 2 days. Thereafter, IdU treatment was performed using the
same method as that for CldU. Labeled drinking water was stored in
the dark and changed every 24 hours. Immunofluorescence labeling
was performed as described previously (84).

Cell isolation, culture of primary hepatocytes, and FACS analysis.
Hepatocytes were isolated from mouse livers by in situ perfusion
and were seeded in complete medium, as described previously (20);
briefly, hepatocytes were isolated in 6- to 7-week-old 0b/0b mice and
in 6- to 7-week-old MCD diet-fed mice (following 3 weeks of diet)
and in 16-week-old HFD-fed mice (following 13 weeks of diet). Cell
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Figure 8. Proposed model for the role of oxidative stress in liver poly-
ploidization during NAFLD.

viability after liver perfusion was equivalent (290%) in all mouse
models (WT, ob/ob, MCD diet, HFD). After cell spreading, the cul-
ture medium was deprived of fetal bovine serum and proliferation
was induced with treatment with 50 ng/ml mitogenic EGF (Sigma-
Aldrich). For rescue experiments, primary hepatocytes were treated
with 7.5 mM NAC after seeding and during all of the culture time.
Incorporation of the thymidine analog BrdU was used as an index of
cell proliferation (Roche Mannheim). Freshly isolated hepatocytes
were fixed in 70% ethanol overnight at 4°C. Fixed hepatocytes were
loaded with 7-aminoactinomycin D (Invitrogen), and DNA content
was determined with a LSR2 cytometer (BD Biosciences). Date files
were analyzed using Flow]Jo software.

Gene expression analysis. Total RNA was isolated from frozen
livers or frozen primary hepatocytes using a Nucleo-Spin RNA II
Kit (Macherey-Nagel), and 2 pg were used as a template for cDNA
synthesis (MMLV, Life Technologies). PCR reactions contain-
ing the cDNA were set up in triplicate using FastStart SYBR Green
Master (Roche) or the QuantiTect SYBR Green PCR Kit (Qiagen).
Quantitative PCR was performed in real time using the Light-
Cycler instrument (Roche Applied Science). Primer sequences
were 5-ACCCGGTCAACTTCAAGC-3' (forward) and 5-AACGG-
TATTTGGAGGTCAGC-3' (reverse) for Hbal and 5-GTCCGC-
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CAGTATGCTGCCAGGAA-3' (forward) and 5-GCTTTGGTCCT-
GGGCTTCTTACC-3' (reverse) for 6S sense. Others primers were
predesigned QuantiTect Primers purchased from Qiagen. Expres-
sion of mouse ribosomal protein 6S (6S) or hypoxanthine guanine
phosphoribosyl transferase (Hprt) (Qiagen) was used as reference.

Preparation of protein and chromatin extracts. Total proteins
were extracted from snap-frozen livers or from primary hepatoc-
ytes as described previously (20). Hepatocytes nuclear extracts were
prepared using the NE-PER Nuclear and Cytoplasmic Extraction
Reagent Kit (Thermo Fisher Scientific). The nuclear fraction was
centrifuged for 5 minutes at 1,700 g, and the pellet (corresponding
to the chromatin fraction) was washed with 3 mM EDTA/0.2 mM
EGTA/1 mM fresh DTT/Protease Inhibitor Cocktail (Roche) and
finally sonicated for 30 minutes. Protein concentration was deter-
mined using the Bio-Rad Protein Assay.

Western blot analysis. Proteins (about 50 pg) were resolved by
SDS-PAGE and then transferred onto nitrocellulose membranes
(0.45-pum pore size), which were incubated overnight at 4°C with
antibodies. Rabbit anti-p21 and mouse anti-MCM?7 antibodies were
purchased from Santa Cruz Biotechnology Inc. Rabbit anti-CCNBI,
anti-phosphorylated ATR (Ser428), anti-phosphorylated CDK1
(Tyr15), and anti-phosphorylated p53 (Ser15) antibodies and mouse
anti-lamin A/C (4C11) antibody were purchased from Cell Signaling
Technology. Mouse y-tubulin-GTUS88 antibody was purchased from
Sigma-Aldrich. The protein-bound primary antibodies were detected
with an appropriate horseradish peroxidase-conjugated secondary
antibody (ThermoFisher Scientific). Immunoreactive bands were
revealed with a chemiluminescence kit (Supersignal West Pico Chem-
iluminescent Substrate) purchased from ThermoFisher Scientific,
and blots were exposed to Amersham Hyperfilm(GE Healthcare). In
all Western blots, y-tubulin was used to normalize the results.

Immunohistochemistry. Animal and human livers were fixed over-
night in formalin, embedded in paraffin, and cut into 3- to 7-um-thick
slices. Primary hepatocytes were fixed in 20°C methanol for 5 minutes
for PHH3 staining or in -20°C ethanol 75% /acetic acid 25% for 20 min-
utes for the BrdU labeling. Immunohistochemistry was performed with
the BrdU Detection Kit I (Roche), mouse anti-B-catenin antibody (1:200)
(BD Biosciences), rabbit anti-PHH3 antibody (1:200) (Millipore), or
mouse anti-pan cytokeratin KL-1 antibody (1:50) (Clinisciences). Anti-
mouse or -rabbit IgG antibodies (1:500) conjugated with Alexa Fluor 488
or Alexa Fluor 594 (Invitrogen) were used as the secondary antibodies.
Hoechst 33342 (0.2 pg/ml) purchased from Sigma-Aldrich was included
in the final wash to counterstain nuclei.

In situ detection of ROS. In the presence of ROS, DHE (Invitro-
gen) was oxidized to ethidium bromide, which stains nuclei bright red
by intercalating with the DNA (85). Fresh cross sections (10 um) of
unfixed, frozen mouse livers were immediately incubated with 5 pM
DHE at 37°C for 30 minutes in a humidified chamber, subsequently
washed twice with ice-cold phosphate-buffered saline, and cover-
slipped. Primary hepatocytes were washed twice with ice-cold phos-
phate-buffered saline, incubated with 5 uM DHE at 37°C for 30 min-
utes, subsequently washed twice with ice-cold phosphate-buffered
saline, and coverslipped. The fluorescence intensity of DHE staining
was measured with Image] software.

Image acquisition and analysis. For BrdU/PHH3/DHE staining
and ploidy experiments (Hoechst 33342/B-catenin/KL1), images were
taken using a LEICA DMI 6000 microscope at x20 or x40 magnifi-
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cation, PL APO objectives, a MicroMAX-1300Y/HS Princeton Instru-
ments camera, and Metamorph 7 software (Molecular Devices). Z-axis
stacks were collected using a piezoelectric device mounted at the base
of the objective. For BrdU/PHH3 staining, at least 500 hepatocytes
were counted in at least 10 different areas at each culture time (12, 24,
36, 48, 60 hours after plating). For ploidy experiments, at least 250
randomly selected fields of liver sections were imaged, corresponding
to the analysis of more than 8,000 cells for nuclear ploidy analysis and
more than 1,000 cells for cellular analysis.

To perform ploidy experiments, Hoechst 33342 staining was used
to recognize nuclei with a roundness >0.8, and then B-catenin (mouse
models) or KL1 (patients) staining was used to discriminate mononu-
clear and binuclear hepatocytes. Nuclear ploidy was detected auto-
matically by a specific macro developed with Image]J software (pixels
ranging from 200 to 2,500 px?). Adobe Photoshop CS (Adobe Systems
Software) was used for figure construction.

Statistics. Statistical significance was determined with a 2-tailed
Student’s ¢ test performed using GraphPad Prism 5.0 (GraphPad Soft-
ware Inc.). All data are representative of 3 to 8 animals of each geno-
type or 3 to 5 cultures and are expressed as mean + SEM. A P value of
less than 0.05 was considered statistically significant.

Study approval. All procedures were carried out according to the
French guidelines for the care and use of experimental animals. All
animal studies were approved by the regional veterinary services
of the Paris police headquarters (agreement no. 75-956) and by the
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Mouse Facility Core laboratory (Institut Cochin, Inserm U1016,
Université Paris Descartes, Paris, France). All patients gave written
informed consent, and the study protocol was approved by the ethics
committee of the Beaujon Hospital.
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