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In brief

Donne et al. find that non-alcoholic
steatotic liver disease (NAFLD) hepato-
cytes display hallmarks of replication
stress due to a nucleotide pool imbal-
ance. Replication stress is sufficient to
elicit NAFLD hepatocyte DNA lesions and
to drive the activation of the DNA-sensing
pathway cGAS-STING.

¢? CellPress


mailto:chantal.desdouets@inserm.�fr
https://doi.org/10.1016/j.devcel.2022.06.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.devcel.2022.06.003&domain=pdf

@ CelPress Developmental Cell

Replication stress triggered by nucleotide pool
imbalance drives DNA damage and cGAS-STING
pathway activation in NAFLD

Romain Donne,' Maéva Saroul-Ainama,’-'" Pierre Cordier,’-'" Adel Hammoutene,?12 Christelle Kabore,'-'3

Mira Stadler,®'2 lvan Nemazanyy,® Isabelle Galy-Fauroux,’ Mounia Herrag,* Tobias Ried|,®> Marie Chansel-Da Cruz,*
Stefano Caruso,® Stéphanie Bonnafous,” Rupert Ollinger,® Roland Rad,® Kristian Unger,° Albert Tran,”

Jean-Pierre Couty,’ Philippe Gual,” Valérie Paradis,?'? Séverine Celton-Morizur,” Mathias Heikenwalder,® Patrick Revy,*
and Chantal Desdouets™'%*

1Team Proliferation, Stress and Liver Physiopathology, Centre de Recherche des Cordeliers, INSERM, Sorbonne Université, Université
Paris-Cité, 75006 Paris, France

2Université Paris-Cité, Centre de recherche sur I'inflammation, INSERM U1149, CNRS, ERL8252, 75018 Paris, France

3Division of Chronic Inflammation and Cancer (F180), German Cancer Research Center, Heidelberg, Germany

4Laboratory of Genome Dynamics in the Immune System, Labellisé Ligue, INSERM UMR 1163, Université Paris-Cité, Institut Imagine, Paris,
France

5Platform for Metabolic Analyses, Structure Fédérative de Recherche Necker, INSERM US24/CNRS UMS 3633, Paris, France
8Functional Genomics of Solid Tumors Team, Centre de Recherche des Cordeliers, INSERM, Sorbonne Université, Université Paris-Cité,
Université Paris 13, Labex Immuno-Oncology, Equipe Labellisée Ligue Contre le Cancer, Paris, France

“Université Cote d’Azur, INSERM, U1065, C3M, CHU, Nice, France

8|nstitute of Molecular Oncology and Functional Genomics, Rechts der Isar University Hospital, Munich, Germany

9Research Unit of Radiation Cytogenetics, Helmholtz Zentrum Miinchen, Neuherberg, Germany

10Service d’Anatomie Pathologique, Hopital Beaujon, Assistance Publique-Hopitaux de Paris, Clichy, France

MThese authors contributed equally

12| ead contact

13These authors contributed equally

*Correspondence: chantal.desdouets@inserm.fr

https://doi.org/10.1016/j.devcel.2022.06.003

SUMMARY

Non-alcoholic steatotic liver disease (NAFLD) is the most common cause of chronic liver disease worldwide.
NAFLD has a major effect on the intrinsic proliferative properties of hepatocytes. Here, we investigated the
mechanisms underlying the activation of DNA damage response during NAFLD. Proliferating mouse
NAFLD hepatocytes harbor replication stress (RS) with an alteration of the replication fork’s speed and acti-
vation of ATR pathway, which is sufficient to cause DNA breaks. Nucleotide pool imbalance occurring during
NAFLD is the key driver of RS. Remarkably, DNA lesions drive cGAS/STING pathway activation, a major
component of cells’ intrinsic immune response. The translational significance of this study was reiterated
by showing that lipid overload in proliferating HepaRG was sufficient to induce RS and nucleotide pool imbal-
ance. Moreover, livers from NAFLD patients displayed nucleotide pathway deregulation and cGAS/STING
gene alteration. Altogether, our findings shed light on the mechanisms by which damaged NAFLD hepato-
cytes might promote disease progression.

INTRODUCTION

Obesity and diabetes are now considered pandemic social and
economic burdens. The liver is one of the key organs affected
by these conditions, resulting in non-alcoholic steatotic liver dis-
ease (NAFLD) (Anstee et al., 2019, 2013; Diehl et al., 2019; Eslam
et al., 2020; Friedman et al., 2018; Younossi et al., 2018). NAFLD
is characterized by excessive triglyceride accumulation in hepa-
tocytes in the absence of significant alcohol consumption. The
prevalence of NAFLD is currently estimated at 25% in the general
population (Estes et al., 2018; Younossi et al., 2016). NAFLD en-
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compasses a spectrum of liver conditions ranging from simple
hepatic steatosis or non-alcoholic steatotic liver (NAFL) to the
concomitant presence of hepatocellular damage (ballooning),
Mallory-Denk body formation, and lobular necro-inflammation,
defining non-alcoholic steatohepatitis (NASH), which can lead
to various degrees of additional fibrosis (Brunt et al., 1999; Brunt
and Kleiner, 2017; Kleiner et al., 2005; Singh et al., 2015). The risk
of adverse outcomes is low for NAFL, whereas NASH can prog-
ress to more severe stages, such as cirrhosis and hepatocellular
carcinoma (HCC) (Anstee et al., 2019; Fingas et al., 2016).
NAFLD is currently driving an alarming increase in the incidence
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and prevalence of HCC in developed and developing countries,
and it has been predicted that NAFLD will become the most
common underlying etiological risk factor for HCC and liver
transplantation in the future (Baffy et al., 2012; Wang et al,,
2014; Wong et al., 2014).

NAFLD is a complex disease, the development and progres-
sion of which require multiple parallel hits (dietary habits, envi-
ronmental factors) in genetically predisposed individuals (Buz-
zetti et al., 2016; Diehl and Day, 2017; Friedman et al., 2018;
Taliento et al., 2019; Tilg and Moschen, 2010; Valenti and Baselli,
2018). One of the main mechanisms observed in NAFLD patho-
genesis is hepatocyte lipotoxicity. Although triglyceride accumu-
lation is believed to be relatively benign (e.g., steatosis), hepato-
cyte lipotoxicity is thought to be chiefly caused by free steatotic
acids and their metabolites (Donnelly et al., 2005; Friedman et al.,
2018; Mota et al., 2016). These changes within the liver place ex-
tra metabolic stress on various organelles, such as the mito-
chondria and endoplasmic reticulum, triggering a cascade of
stress-induced responses, including the generation of reactive
oxygen species (ROS) (Begriche et al., 2013; Kim et al., 2018;
Lebeaupin et al., 2018). This leads to further cell injury, culmi-
nating in inflammation, programmed cell death (apoptosis),
and fibrotic remodeling (Anstee et al., 2019; Schwabe and
Luedde, 2018; Wolf et al., 2014). The progression or resolution
of NASH depends on the balance between cell injury and regen-
eration (Wegermann et al., 2018). Interestingly, high levels of
lipogenesis, liver damage, and immune infiltration have been
identified as key drivers of the development of murine HCC
(Gomes et al., 2016; Nakagawa et al., 2014; Wolf et al., 2014).

NAFLD has a major effect on the intrinsic proliferative proper-
ties of hepatocytes (Collin de I'Hortet et al., 2014; Leclercq et al.,
2006; Richardson et al., 2007; Yang et al., 2004). The hepato-
cytes of NAFLD patients express senescence markers such as
p21, short telomeres, large numbers of senescence-associated
DNA damage foci, and larger nuclei (Aravinthan et al., 2013; Don-
atietal., 2017; Gentric et al., 2015; Nakajima et al., 2010; Ogrod-
nik et al., 2017). Interestingly, studies in animals have shown that
a decrease in the number of senescent cells reduces overall he-
patic steatosis (Ogrodnik et al., 2017). Oxidative DNA damage
also affects the division of NAFLD hepatocytes. Such damage
is more pronounced in the livers of NASH patients developing
HCC than in those without HCC (Nishida et al., 2016; Tanaka
et al., 2013). In mouse models of NASH, oxidative stress acti-
vates the DNA damage response (DDR) in dividing steatotic he-
patocytes (Gentric et al., 2015; Gentric and Desdouets, 2015).
Compensatory proliferation and DNA damage are key determi-
nants of cancer development in patients with chronic liver dis-
ease, notably in the context of NAFLD (Boege et al., 2017).
Although several studies provided evidence that aberrant meta-
bolism, inflammatory microenvironment, and compensatory he-
patocyte proliferation (Gomes et al., 2016; Nakagawa et al.,
2014; Wolf et al., 2014) are key features in NASH-HCC pathogen-
esis, it is still important to determine the major molecular events
underlying activation of the DDR during NAFLD.

Here, we show that proliferating NAFLD hepatocytes harbor a
global perturbation of the DNA replication program highlighted
by a disruption of replication forks’ speed and activation of ataxia
telangiectasia and Rad3-related (ATR)/CHK1 pathway. Conse-
quently, replication-associated DNA lesions accumulate in
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NAFLD hepatocytes. Our finding also demonstrate that nucleo-
tide pool imbalance is a key feature of NAFLD and contributes
to replication stress (RS) in steatotic hepatocytes. Finally, we
show that DNA lesions in NAFLD hepatocytes drive activation
of the cyclic Guanosine MonoPhosphate (GMP)-AMP synthase
(cGAS)/STING pathway, a major component of cells’ intrinsic im-
mune response.

RESULTS

Proliferating NAFLD hepatocytes experience RS

We hypothesized that DDR activation in NAFLD could be
induced by the disturbance of replication dynamics. To address
this point, we used two well-described mouse models of NAFLD:
C57BL/6J mice fed a high-fat high-sucrose diet (HFHS) (Verbeek
et al., 2015) or a choline-deficient high-fat diet (CDHFD) (Wolf
et al., 2014). As expected, mice fed a HFHS diet or a CDHFD
for 6 months were heavier than mice fed a standard diet (SD)
(Figure S1A). Analyses of H&E liver sections revealed that
NAFLD diets consistently led to mixed macro-mediovesicular,
predominantly centrilobular steatosis (Figure S1B). NAFLD activ-
ity score (NAS) was significantly higher in the livers of mice fed
the CDHFD than in those of mice fed the HFHS diet, due to the
presence of marked steatosis and lobular inflammation
(Figures S1B-S1D). Then, we analyzed different replication pa-
rameters by using primary hepatocyte culture isolated from SD
and NAFLD livers (HFHS and CDHFD), which is known to be a
relevant ex vivo model to study cell division (Figure 1A; Gentric
et al., 2015; Hsu et al., 2016; Margall-Ducos et al., 2007; Wirth
et al., 2006). As previously described, freshly isolated hepato-
cytes seeded in growth media initiated G1 phase, and then pro-
gressed into S phase after 36 h (Duncan et al., 2010; Fortier et al.,
2017; Gentric et al., 2015). Replication can be tracked by the
addition of thymidine analogs into the medium as bromodeox-
yuridine (BrdU). The percentage of BrdU-positive cells in the
HFHS/CDHFD population was similar to control cells between
36 and 48 h but was significantly higher at 60 h suggesting that
NAFLD hepatocytes may have difficulty to replicate their
genome (Figures S2A and S2B). The analysis of the expression
of cyclin A (Ccna2), a master regulator of progression through
the S phase (Norbury et al., 1991), supported evidence for pro-
longed S phase (Figure S2C). As previously published (Gentric
et al.,, 2015), nuclear phospho-histone H3 (pHH3) staining
showed that NAFLD hepatocytes also accumulated in G2/M
phase (Figures S2D and S2E). To better understand the pheno-
type of prolonged S phase, we asked whether NAFLD hepato-
cytes have difficulties replicating their genome. The replication
dynamic was evaluated by measuring DNA replication fork pro-
gression on single DNA molecules stretched by DNA combing
(Mokrani-Benhelli et al., 2013). For this purpose, proliferating he-
patocytes were subjected to double-labeling with successive
pulses of the thymidine analogs 5-chloro-2’-deoxyuridine
(CldU) and 5-iodo-2’-deoxyuridine (IdU) (Figure 1B). DNA fiber
imaging and quantification revealed that HFHS and CDHFD he-
patocytes had shorter nascent DNA tracks than SD hepatocytes
(Figures 1B and 1C), demonstrating the existence of a RS in
these cells (Aguilera and Garcia-Muse, 2013; Gaillard et al.,
2015; Magdalou et al., 2014; Técher et al., 2017). Interestingly,
HFHS hepatocytes present a lower fork velocity than CDHFD
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Figure 1. NAFLD hepatocytes experience RS

(A) Experimental procedure.

(B) (Top) DNA combing method. Dual-pulse labeling (CldU and then IdU, 30 min each) was performed between 47 and 48 h of culture. (Bottom) Representative
images of the DNA combing experiment (magnification, x40).

(C) Quantification of replication fork speed in three independent experiments, with 150 fibers analyzed per experiment. One-way ANOVA with Tukey’s test for
multiple comparisons. The data shown are the mean + SEM.

(D) Immunobilot analysis of the phosphorylation of CHK1%3'7 and RPA32%3 in primary hepatocyte cultures at 60 h. HSC70 was used as a loading control.

(E) Quantification of the levels of p-CHK1%3'” and p-RPA32%3% normalized on HSC70. One-way ANOVA with two-stage comparisons method. (n = 3 per group).
The data shown are the mean + SEM.

(F) Gene set enrichment analysis (GSEA) at 48 h of culture for proliferating HFHS and CDHFD hepatocytes (normalized against SD with enrichment score [ES]
>1.25 (red bars), n = 3 ex vivo cultures per group). The p value was generated by the software.

(G) Heatmap showing the enrichment of genes involved in DNA replication and DNA repair in HFHS/CDHFD compared with SD proliferating hepatocytes, ex-
tracted from transcriptomic analysis.

(H) Relative transcript levels (determined by gRT-PCR) for genes involved in different DNA repair and DNA lesion signaling in proliferating SD, HFHS, and CDHFD
hepatocytes, at 48 h. The data shown are the mean + SEM (n = 8 per group). Blue and red asterisks represent comparisons between HFHS and SD and between
CDHFD and SD, respectively. One-way ANOVA with Tukey’s test for multiple comparisons.

(Figures 1B and 1C). ATR plays a key role in the response to RS  the phosphorylation of specific targets, such as the CHK1
and acts as an S-phase checkpoint protein kinase (Saldivar  effector kinase and RPA itself (pCHK1%%'” and pRPA32%%2
et al.,, 2017). The principal signal triggering ATR activation is  respectively). Consistent with an activation of the RS response,
replication protein A (RPA)-coated ssDNA (Toledo et al., 2013).  we observed a sharp increase in the phosphorylation of CHK1
Once activated, ATR coordinates cell cycle progression, replica- and RPA32 in HFHS and CDHFD primary hepatocytes, whereas
tion fork protection, and repair and restart mechanisms through  this signal was barely detectable in SD cells (Figures 1D and 1E).
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We further explored the transcriptome and performed pathway
profiling for genes differentially expressed between dividing
NAFLD and control hepatocytes. Gene set enrichment analysis
(GSEA) identified multiple pathways involved in cell cycle check-
points, such as the G2/M checkpoint, p53 signaling, and DNA
repair, among the top-ranking genes differentially expressed
(Figure 1F). Importantly, we confirmed the association between
a RS gene signature and the upregulated genes in proliferating
HFHS/CDHFD hepatocytes, including genes encoding DNA
lesion recognition and DNA repair proteins (Figure 1G). Quantita-
tive PCR analyses also demonstrated upregulation of genes
involved in nucleotide excision repair (NER) (Xpf, Xpc, and
Ercc1), the repair of oxidized bases (Neil and Ogg1), homologous
recombination (Brcal and Rad57) and DNA lesion signaling
(Gadd45a and Fancl) in NAFLD hepatocytes (Figure 1H). Overall,
our findings show that NAFLD hepatocytes harbored RS, leading
to an activation of the ATR/CHK1 pathway.

Replication stress drives DNA damage in NAFLD hepa-
tocytes

We next investigated whether in vivo compensatory proliferation
occurring during NAFLD was a source of DNA damage in prolif-
erating hepatocytes. Co-staining for yH2AX (H2A.X variant
histone) and proliferating cell nuclear antigen (PCNA) was per-
formed on liver sections from our models (Figure 2A). A slight in-
crease of PCNA-positive hepatocytes was observed in HFHS
and CDHFD liver parenchyma (Figure S2F), reflecting as re-
ported, compensatory proliferation in NAFLD tissue (Boege
et al., 2017). Damaged hepatocytes represent 5% of total hepa-
tocytes in NAFLD livers, whereas they represent less than 0.2%
in healthy livers (Figure S2G). Interestingly, it is noteworthy that
most proliferating NAFLD hepatocytes were also stained for
yYH2AX compared with SD hepatocytes (Figure 2B). As RS is a
major source of chromosomal lesions (Gaillard et al., 2015), we
explored the presence of DNA damage in RS experienced
NAFLD dividing hepatocytes. yH2AX was barely detectable in
control hepatocytes, whereas high levels were detected in
HFHS/CDHFD hepatocytes, particularly at 60 h, when NAFLD
hepatocytes were experiencing the RS (Figures 2C and 2D).
Co-immunostaining of yH2AX and pHH3 confirmed this result
by showing that pHH3-positive NAFLD nuclei had higher
yH2AX levels than pHH3-negative nuclei (Figures 2E and 2F).
These data indicate that NAFLD hepatocytes accumulate repli-
cation-associated DNA damage during replication and G2/M.
To further explore the type of accumulated DNA damage, alka-
line comet assays were performed. These assays detect DNA
double-strand breaks (DSBs) and/or single-strand breaks
(SSBs), by measuring nuclear DNA tails after electrophoresis.
We did not observe nuclear tails in SD nuclei (Figure 2G). By
contrast, HFHS and CDHFD nuclei presented extensive DNA
strand breaks; these lesions being more pronounced in
CDHFD hepatocytes (Figure 2G). Finally, we quantified 53BP1
foci, an established mediator of DSB repair (Figure 2H). At least
4 foci per nucleus are considered a mark of spontaneous DSB
lesions (Lukas et al., 2011). We observed a small number of
53BP1 nuclear bodies in SD and HFHS hepatocytes, although
40% of CDHFD hepatocytes presented nuclei with a high num-
ber of 53BP1 nuclear bodies (Figures 2H and 2I). Collectively,
these results demonstrate that RS is sufficient to elicit hepato-
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cyte DNA lesions in the context of NAFLD. Finally, we investi-
gated whether lipid overload is able to trigger RS and signs of
DNA damage. We used the metabolically competent differenti-
ated human hepatocyte-like cell line HepaRG (AHepaRG). This
model has a particular relevance to study the onset of NAFLD,
in which hepatocytes undergo lipid metabolism remodeling
and accumulate intracellular lipid droplets (Rappez et al.,
2021). AHepaRG cells were stimulated with oleic and palmitic
steatotic acids (FA condition) to model NAFLD-specific lipid
metabolism (Malehmir et al., 2019; Wolf et al., 2014; Figure S3A).
As expected, lipid accumulation was visible in FA-treated cells
on neutral oil red O staining (Figure S3B). Interestingly, RNA
sequencing analysis showed a multitude of upregulated path-
ways notably involved in replication processes in the FA condi-
tion compared with untreated cells (UT) (Figure S3C). Parame-
ters of replication and DNA damage were next assessed. The
FA-treated cells displayed a slower progression of replication
forks (Figure S3D) associated to the accumulation of DNA dam-
age evaluated by comet assays and yH2AX expression
(Figures S3E-S3G). These results demonstrate that lipid over-
load in proliferating human hepatocytes leads to RS and conse-
quently to DNA damage.

Alteration of the nucleotide pool results in DNA RS
during NAFLD

Obstacles to replication fork progression can arise from several
endogenous or exogenous sources, ranging from a depletion of
the nucleotide pools available for DNA synthesis to transcription-
replication machinery collisions, the formation of RNA-DNA hy-
brids, and oncogene-induced increases in replication origin
firing (Técher et al., 2017). Extensive metabolic reprogramming
occurs during the pathogenesis of NAFLD. We investigated
whether metabolic disturbances interfered with the replicative
machinery in this context. We performed targeted metabolomic
analyses by tandem liquid chromatography-mass spectrometry
(LC-MS) on mouse livers. As expected, the development of
NAFLD led to metabolic reprogramming in HFHS/CDHFD livers
(Figures 3A and 3B). Interestingly, we observed a significant
change in purine and pyrimidine metabolisms in HFHS and
CDHFD livers relative to SD livers, reflecting nucleotide deregu-
lation (Figures 3A and 3B). In the same way, our transcriptomic
analysis of replicating NAFLD hepatocytes revealed an enrich-
ment in genes linked to nucleotide biosynthesis among the
downregulated genes in these cells (Figure S4A). Accordingly,
LC-MS showed that replicating NAFLD hepatocytes had an
imbalanced nucleotide pool (Figures 3C, S4B, and S4C). Mono-
phosphate and diphosphate nucleotides accumulated in NAFLD
hepatocytes (Figures S4D and S4E). By contrast, the cellular
concentrations of deoxyadenosine triphosphate (dATP) and de-
oxythymidine triphosphate (dTTP) were low in these cells
(Figures 3D and S4F). The nucleotide pool is known to be a
limiting factor for the correct progression of replication (Poli
et al., 2012). To investigate the connection between the nucleo-
tide pool imbalance and the RS, we provided additional ANTPs in
the culture media, during the replication of primary hepatocytes.
First, we did not observe any impact of dNTPs supply in SD he-
patocytes on the replication dynamic and DNA damage
(Figures 3E-3l). However, dNTPs treatment ameliorated the
fork velocity of proliferating HFHS hepatocytes (Figure 3E) as
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Figure 2. Replication-associated DNA lesions accumulate in proliferating NAFLD hepatocytes

(A) Immunofluorescence staining for YH2AX (green) and PCNA (red) with Hoechst counterstaining on liver tissue sections (representative images). Original
magnification, x40. The white bar indicates 20 um. (n = 7 SD, 9 HFHS, and 8 CDHFD).

(B) Histogram representing all the PCNA-positive cells, positive or not for yH2AX marker. The PCNA-yH2AX double-positive hepatocytes indicates damaged
proliferative hepatocytes. One-way ANOVA with Tukey’s tests for multiple comparisons for each time point.

(C) Immunoblot analysis comparing H2AX phosphorylation on the serine 139 residue (yH2AX) in hepatocyte cultures at 36 and 60 h. HSC70 was used as a loading
control. (n = 3 SD, 4 HFHS, and 4 CDHFD).

(D) Quantification of yH2AX at 36 and 60 h. The data shown are the mean + SEM. One-way ANOVA with Tukey’s test for multiple comparisons at each time point.
(E) Immunofluorescence staining for yH2AX (green) and pHH3 (red) with Hoechst counterstaining in hepatocytes at 60 h of culture (representative images).
Original magnification, x20. The white bar indicates 20 um. White arrowheads indicate double-positive nuclei.

(F) Quantification of yH2AX staining intensity according to the absence (pHH3—) or presence (pHH3+) of the pHH3 G2/M marker in proliferating NAFLD hepa-
tocytes at 60 h. Unpaired two-tailed t test, with the mean and quartiles shown as solid and dashed lines, respectively (n = 3 per group). (n = 4 SD, 4 HFHS,
and 4 CDHFD).

(G) Left panel: representative COMET images of nuclei pretreated with alkaline solution and subjected to electrophoresis. Original magnification, x10. The white
bar indicates 20 pm. Right panel: quantification of the comet tail length (n = 3 experiments per group; at least 170 nuclei were analyzed per experiment and per
group). The results are presented as the mean + SEM. Kruskal-Wallis test with Dunn’s test for multiple comparisons.

(H) Immunofluorescence staining of 53BP1 with Hoechst counterstaining in SD, HFHS, and CDHFD hepatocytes at 60 h of culture (representative images). Ar-
rowheads mark 53BP1 nuclear foci. Original magnification, x20. The white bar indicates 20 um. (n = 3 experiments per group; at least 150 nuclei were analyzed
per experiment and per group.)

(I) Quantification of 53BP1 foci distribution (<4 and >4) in SD, HFHS, and CDHFD hepatocytes. Two-way ANOVA test.

well as it decreased accumulation of DNA damage (Figures 3F-
3l and S4G), suggesting that dNTP supplementation diminishes
DNA damage by counteracting DNA replication defects. Inter-
estingly, treatment of proliferating CDHFD hepatocytes with
the dNTPs reduced accumulation of DNA damage (Figures 3F-
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3l and S4G) but also reduced the fork velocity (Figure 3E), sug-
gesting a decoupling of the replication and repair systems. The
translational significance of these results was reiterated by
showing that lipid overload in proliferating AHepaRG was suffi-
cient to provoke dNTPs imbalance. In fact, FA-treated cells
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Figure 3. Replication stress in NAFLD hepatocytes is induced by nucleotide pool imbalance

(A and B) Enrichment map representing fold enrichments and p values for pathways deregulated in HFHS (A) and CDHFD (B) livers compared with SD livers.
Metabolite set enrichment analysis was determined by LC-MS (n = 4 SD, 5 HFHS, and 5 CDHFD).

(C) Heatmap showing relative levels of metabolites involved in purine and pyrimidine metabolisms. Data were extracted from LC-MS metabolite quantification.
(D) Relative levels of dNTPs (dATP, dTTP, dGTP, and dCTP) measured by LC-MS, at 48h of culture. The results are presented as the mean + SEM. For each dNTP,
one-way ANOVA was performed with Tukey’s test for multiple comparisons.

(E) DNA combing analysis during the rescue experiment. Quantification of replication fork speed in two independent experiments for each model in each condition
(£dNTPs), with at least 100 fibers analyzed per experiment. Mann-Whitney t test was used to compared each experiment. The data shown are the mean + SEM.

(legend continued on next page)
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Table 1. Clinical characteristics of patients included in the
metabolomic analysis

Healthy Steatotic NASH
n 5 4 4
Age (years) 42.6 +15.6 67.3+8.8 73+ 4
Sex (F/M) 5/0 2/2 1/3
Grade of steatosis 0 S1(3/4) S1 (2/4)
S2 (1/4) S2 (2/4)
Grade of activity 0 0 A3 (4/4)
Stage of fibrosis 0 0 F3 (2/4)
F4 (2/4)
NAS score 0 1(2/4) 3 (1/4)
2 (2/4) 4 (3/4)

present a dysregulation in purine and pyrimidine pathways (Fig-
ure S3H) as well as a decrease of dATP and dTTP (Figure S3l).
Finally, we investigated whether a nucleotide pool imbalance oc-
curs in the human pathogenesis of NAFLD. Patients were
selected and divided into three groups: healthy, steatotic, and
NASH. The clinical and histological details of the patients are
summarized in Table 1. Quantification of metabolites was per-
formed on resected liver tissues by the LC-MS approach
(Figures 4A and 4B). We observed significant changes in purine
and pyrimidine metabolisms in both steatotic and NASH livers
relative to controls (Figures 4C and 4D). Overall, our data demon-
strate that nucleotide pool imbalance is a key feature of NAFLD
and contributes to RS in steatotic hepatocytes.

Replicating NAFLD hepatocytes display cGAS-STING
pathway activation

We finally investigated whether DNA lesions induced by RS in
NAFLD hepatocyte could be sensed by components of the
innate immune system. A recent study has demonstrated in can-
cer cell lines a connection between RS and the cytosolic-DNA-
sensing pathway (also named cyclic GMP-AMP [cGAMP]
synthase—stimulator of interferon (IFN) genes or cGAS-STING
pathway) (Coquel et al., 2018). This pathway is involved in
various biological processes, including type | interferon (IFN-I)
production, senescence, and inflammation (Li and Chen,
2018). First, by using RNAscope technology, we found an in vivo
upregulation of Sting expression in HFHS and CDHFD livers
compared with SD (Figure 5A). Interestingly, we also found in
our transcriptome analysis of replicating hepatocytes an
upregulation of pathways related to cGAS/STING such as the
“cytosolic-DNA-sensing pathway” and inflammatory/immune
pathways (Figure 5B). To better understand this mechanism,
we first investigate the source of cytosolic DNA that could acti-
vate cGAS/STING signaling. We quantified micronuclei in prolif-
erating SD and NAFLD hepatocytes and observed no specific
accumulation in HFHS and CDHFD hepatocytes compared
with SD (Figure S5A). Leak of ssDNA fragments was quantified
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by measuring the Histone H3 into cytoplasmic extracts (Parkes
et al., 2017). We found a drastic increased of Histone H3 into
the cytosolic compartment of proliferating NAFLD hepatocytes
(HFHS, CDHFD) but not in normal hepatocytes (SD) (Figure S5B).
We next characterized cGAS activation by measuring the pro-
duction of the second messenger cGAMP. LC-MS results
showed a specific production of cGAMP in NAFLD hepatocytes
harboring RS (60 versus 36 h; Figure 5C). In correlation, molec-
ular analysis also highlighted about an increase of STING
expression at the mRNA and protein levels (Figures 5D, 5E,
and S5C). The levels of Ifn-g and IFN-stimulated genes (ISGs:
Mx1 and Isg15) transcripts were also higher in these cells (Fig-
ure S5D). Most importantly, quantification of IFN-B synthesis
revealed that this cytokine was overproduced in NAFLD hepato-
cytes that had experienced RS (60 versus 36 h; Figures 5F and
5@G). Together, these data strongly suggest that the RS observed
in NAFLD hepatocytes drives activation of the cGAS-STING
pathway. We tested this hypothesis by determining whether
dNTP supplementation during RS could modulate activation of
the DNA-sensing pathway. We found that the addition of dNTPs
reduces activation of the DNA-sensing pathway, with a decrease
of cGAMP production, STING expression, and IFN-f production
(Figures 5H-5K). Finally, we investigated the relationship be-
tween hepatic ¢cGAS and STING expression and human
NAFLD progression. Human liver biopsy specimens from
morbidly obese patients (n = 27) were selected and classified
into two groups: with and without NAFLD (Table 2). We observed
that the levels of cGAS and STING mRNA in the liver were upre-
gulated specifically in obese patients with NAFLD (Figures 5L
and 5M), and levels of cGAS and STING expression were posi-
tively correlated with each other (Figure 5N). STING expression
was also positively correlated with NAS (Figure 50). Together,
these data show that RS in NAFLD hepatocytes drives activation
of the DNA-sensing pathway. They also suggest a role for DNA-
sensing pathway in human NAFLD progression.

DISCUSSION

NAFLD is complex, and its pathogenesis has not been yet clearly
elucidated. Steatohepatitis (NASH) causes more liver damage
than simple steatosis (NAFL). Considerable efforts are therefore
being made to find ways of stopping the chain of events driving
the NAFL/NASH sequence. Here, we demonstrate that NAFLD
hepatocytes display hallmarks of RS, including slow replication
fork progression and the activation of an S-phase checkpoint
(ATR signaling). Replication-associated DNA lesions accumulate
in NAFLD hepatocytes, and the nucleotide pool imbalance
occurring during NAFLD is the key driver of RS. Finally, we
show that NAFLD hepatocytes that have experienced RS display
an activation of the cGAS-STING pathway, inducing a IFN-I
response. Overall, our data shed new light on the mechanisms
by which damaged steatotic hepatocytes might promote
NASH progression.

(F-1) Representative immunoblot analysis comparing the phosphorylation of CHK1 (S317) (F) and H2AX (S139) (H) in hepatocyte cultures during the dNTPs rescue
experiment. For each experiment, 20 uM of dATP, dCTP, dGTP, and thymidine was added at 36 and 48 h of culture. Proteins were extracted at 60 h of culture.
HSC70 were used as a loading control (n = 4 SD, 6 HFHS, and 7 CDHFD). Quantification of yH2AX (G) and pCHK1 (I) was normalized to HSC70 for each hepa-

tocyte culture. The data shown are the mean + SEM. Unpaired two-tailed t test.
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Figure 4. Human NAFLD livers display alterations to purine and pyrimidine metabolisms
(A) PCA plot representing the clustering of samples from healthy, steatotic, and NASH liver tissues used for metabolomic analysis, performed with Metaboanalyst

software. The cohort is described in Table 1.

(B) Clustered heatmap showing the 50 most dysregulated metabolites, measured by LC-MS and analyzed with Metaboanalyst software.
(C and D) Enrichment maps showing fold enrichment and p values for the metabolic pathways deregulated in the livers of patients with steatosis (C) and NASH
(D) relative to control patients. Metabolite set enrichment analysis for the LC-MS experiment was performed by using the Metaboanalyst website.

Recent studies have provided evidence for a role of the
gradual accumulation of DNA lesions in NAFLD progression
(Anstee et al., 2019). Thus, accumulation of oxidative DNA dam-
age has been shown to be associated with the worsening of hu-
man NAFLD (Nishida et al., 2016; Pinyol et al., 2021; Tanaka
et al., 2013). Consistently, a reduction in NER is observed during
the human steatosis/NASH sequence related to hepatic inflam-
mation (Schults et al., 2012). In fact, in various chronic liver dis-
eases, DNA damage and genetic instability are hallmarks of dis-
ease aggravation enhanced by compensatory regeneration
(Anstee et al., 2019; Boege et al., 2017). Our study demonstrate

that DNA damage can also be induced by RS in steatotic hepa-
tocytes. First, we show a decrease in replication fork speed in
proliferating NAFLD hepatocytes, reflecting the RS suffered by
these cells. We also brought the clues that RS was sufficient to
elicit DNA lesions. Interestingly, our findings highlighted some
differences between the two NAFLD mice model used. Of
note, the NAS was significantly higher in CDHFD livers due to
the presence of a marked steatosis and the presence of lobular
inflammation. Comparing accumulation of DNA lesions, we
showed that HFHS hepatocytes present simple DNA lesions
(comet tail without 53BP1 foci), whereas CDHFD hepatocytes
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Figure 5. Replication stress promotes cGAS/STING pathway activation in NAFLD hepatocytes
(A) (Left panel) In situ hybridization (RNAscope) directed against Sting mRNA in SD, HFHS, and CDHFD livers. The white bar indicates 20 um. (Right panel) Quan-
tification of the number of dots per hepatocyte only. Two-way ANOVA test. (n = 3 animals per group; 500 hepatocytes per animal were analyzed in different lobes).
(B) GSEA showing the upregulated pathways, which are involved in DNA-sensing and inflammatory/immune pathways, at 60 h of culture (normalized against SD
with an enrichment score [ES] < —1.3 [red bars]; n = 3 animals per group). The p value was determined with the GSEA program.

(C) cGAMP production measured by LC-MS at 36 and 60 h. The data shown are the mean + SEM. One-way ANOVA with Tukey’s test for multiple comparisons at

each time point.

(D) Immunoblot analysis comparing the expression of STING at 36 and 60 h of culture. HSC70 was used as a loading control.

(E) Quantification of STING levels normalized against HSC70. One-way ANOVA with Tukey tests. The data shown are the mean + SEM.

(F) Quantification of IFN-B protein in cellular extracts by ELISA at 36 h (n = 7 per group). One-way ANOVA with Tukey tests.

(G) Quantification of IFN-p protein in cellular extracts by ELISA at 60 h (n = 7 per group). One-way ANOVA with Tukey tests.

(H) cGAMP production measured by LC-MS at 60 h with or without the dNTPs treatment. The data shown are the mean + SEM. One-way ANOVA with Tukey’s test

for multiple comparisons at each time point.
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Table 2. Clinical characteristics of patients included to analyze
cGAS/STING mRNA expression

Without NAFLD With NAFLD  p value
Number of patients (n) 5 22
Age (years) 40.40 + 5.56 39.05+2.14 0.750
Sex (F/M) 41 13/9 0.382
BMI (kg/m?) 43.00 + 0.55 4222 +1.13 0.935
ALT (IU/L) 13.80 + 1.80 65.95 + 13.29 <0.001
Insulin level (mIU/L) 11.8 £ 3.67 29.64 +5.33 0.058
Glucose level (mmol/L) 4.85 +0.15 6.68 + 0.76 0.024
HOMA-IR 2.46 + 0.68 8.78 + 1.95 0.046
HbA1c (%) 5.28 + 0.24 6.37 + 0.31 0.020
Triglycerides (mmol/L) 0.82 + 0.08 2.74 + 0.50 0.001
HDL cholesterol (mmol/L) 1.80 + 0.17 1.27 + 0.07 0.006
NAFLD activity score (n)  0(5) 3(10)/5(12) -
Grade of steatosis (n) 0(5) 3(22) -
Lobular inflammation (n)  0(5) 0(10)1(12) -
Hepatocellular 0(5) 0(10)1(12) -

ballooning (n)

present in addition DSBs DNA lesions (comet tail with 53BP1
foci). Our dNTPs supplementation experiments reinforced the
idea about the different nature of these lesions. In fact, our
data suggest that in proliferating CDHFD hepatocytes, dNTPs
supplementation is mainly used for repair mechanisms limiting
DNA replication rate. Proliferating CDHFD hepatocyte also pre-
sented a weaker activation of the ATR pathway (pCHK1 and
pRPA) compared with HFHS, favoring the hypothesis for an
underperforming ATR-mediated signaling in CDHFD hepato-
cytes. One function of ATR is to cope with stalled DNA replication
forks in order to avoid fork collapsing and DSB occurrence (L6-
pez-Contreras and Fernandez-Capetillo, 2010). Interestingly, we
previously reported that fibroblasts from a patient carrying com-
pound heterozygous variants in the ATR gene, causing a
reduced ATR-dependent DNA damage signaling, exhibited
DSB accumulation (Mokrani-Benhelli et al., 2013). We can sug-
gest that during NAFL/NASH sequence, RS conjointly to an
underperforming DDR could drive accumulation of more severe
DNA lesions in steatotic hepatocytes and may favor
transformation.

RS is a major driver in the development and progression of
many cancers and more recently has been shown to be involved
in diseases related to autoimmunity and chronic inflammation
(Orvain et al., 2020; Ragu et al., 2020; Schild-Poulter et al.,
2008; Toledo et al., 2013). Our data show that in NAFLD, an
emblematic metabolic reprogramming disease, fat overload in
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hepatocytes drives RS. The sources of RS can be diverse (Mag-
dalou et al., 2014; Zeman and Cimprich, 2014). The size and bal-
ance of the dNTP pools are major determinants of fork speed
and genome stability (Técher et al., 2017). Various studies have
shown that nucleotide pool disequilibrium in precancerous and
cancerous human cells impedes fork progression, leading to
genome instability (Bester et al., 2011; Chabosseau et al.,
2011). We now show that a nucleotide pool imbalance promotes
RS in the context of NAFLD. Indeed, one of the key findings of
our study was that nucleoside supplementation was partially suf-
ficient to prevent the activation of the S-phase checkpoint and
the accumulation of DNA damage/breaks. This finding sug-
gested that DNA replication proceeds under suboptimal condi-
tions during NAFLD progression. Our metabolomic analyses
also revealed both in murine and in human NAFLD livers an alter-
ation in purine and pyrimidine metabolisms. Both purine and py-
rimidine production involve multiple metabolic pathways, which
can be differentially affected by nutrient and/or redox perturba-
tions (Zhu and Thompson, 2019). Importantly, we demonstrated
that oleic and palmitic fatty acids overload in proliferating
AHepaRG was sufficient to provoke an imbalance in purine
and pyrimidine pathways. Further studies are required to identify
factors affecting this dysregulation. Studying metabolism at sin-
gle-cell resolution seems to be the best options to correlate DNA
lesions accumulation in proliferating NAFLD hepatocytes with
metabolism reprogramming.

Another important finding of this study is the link we have es-
tablished between DNA lesions induced by RS in NAFLD hepa-
tocytes and activation of the cGAS-STING pathway. This cyto-
solic-DNA sensor was initially identified as playing a key role in
the generation of an immune response to DNA viruses and bac-
teria (Li and Chen, 2018; Schoggins et al., 2014; Tan et al., 2018).
Several studies have since demonstrated that the cGAS-STING
pathway is activated by DNA damage in antitumor immunity,
senescence, apoptosis, and inflammatory responses (Li and
Chen, 2018; Ragu et al., 2020). cGAS senses cytoplasmic DNA
resulting from nuclear DNA damage. This nuclear DNA damage
may generate either micronuclei due to chromosome mis-segre-
gation or a cytosolic accumulation of replication fork-derived
single-stranded DNA (ssDNA) related to RS (Coquel et al,
2018; Li and Chen, 2018; Ragu et al., 2020; Schoggins et al.,
2014; Tan et al., 2018). By contrast to what has been previously
reported (Luo et al., 2018; Yu et al., 2019), we observed that
normal hepatocytes do express Sting, weakly, at the mRNA
level. In the context of NAFLD, we demonstrated that macro-
phages are not the only contingent of cells capable of activating
the cGAS-STING pathway (Luo et al., 2018; Wang et al., 2020).
Indeed, Sting expression was enhanced in non-alcoholic stea-
totic hepatocytes. More importantly, our findings demonstrate

(I) Immunoblot analysis comparing the expression of STING at 60 h of culture during the dNTPs rescue experiment. HSC70 was used as a loading control.
(J) Quantification of the level of STING; results representative of n = 5 experiments for each group. Unpaired two-tailed t test. The data shown are the mean

+ SEM.

(K) Quantification of IFN-B protein in cellular extracts by ELISA at 60 h during the rescue experiment (n = 6 per group). Results are normalized against the non-
treated condition. One-way ANOVA with Tukey tests. The data shown are the mean + SEM.
(L and M) gRT-PCR analysis of cGAS (L) and STING (M) expression in the cohort of obese patients split into two groups: without NAFLD (n = 5) and with NAFLD

n = 22). Unpaired two-tailed t test.

(
(N) Linear regression between cGAS and STING mRNA levels in the cohort of obese patients.
(O) Linear regression between STING expression and NAS score in the cohort of obese patients.
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that the cGAS-STING pathway connects hepatocyte RS to INF
production in NAFLD. Recent studies have provided evidence
to suggest that exonucleases are essential for ssDNA degrada-
tion in cancer cells and for restraining the cGAS-STING response
(Coquel et al., 2018; Yang et al., 2007). It could be speculated
that exonuclease activity is downregulated during NAFLD. Given
the role of the cytosolic-DNA-sensing cGAS-STING pathway in
activating immune surveillance, it has generally been assumed
that this pathway has a primary tumor suppressor function (Li
and Chen, 2018; Ragu et al., 2020; Yu et al., 2015). However,
there is growing evidence to suggest that depending on the
context, this pathway can also drive inflammation-mediated
tumorigenesis (Ahn et al., 2014; Kwon and Bakhoum, 2020; Li
and Chen, 2018). Future studies are required to determine
whether RS and the cGAS-STING pathway may prevent or drive
NAFLD-associated HCC development.

Limitations of the study

Although our study shows that proliferating murine NAFLD hepa-
tocytes exhibit RS and DNA damage, one of the NAFLD mouse
models present severest DNA lesions. Additional studies exam-
ining the nature of these DNA lesions in the two NAFLD models
are warranted as well as their contribution during NAFLD devel-
opment. Nucleotide pool imbalance is a key feature of NAFLD
and contributes to RS in steatotic hepatocytes. We were not
able to identify whether nucleotide supplementation prevents
disease progression in mouse models of NAFLD. This question
will be the focus of future studies. It would also be particularly
pertinent to define whether cGAS-STING activation in NAFLD
hepatocytes may prevent or participate to NAFLD-associated
HCC development.
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DMSO (DiMethyISulfOegfxide) Hybrid-MaxTM Merck Cat#D2650
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Human insulin
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Critical commercial assays

B-Glycerophosphate, Disodium Salt, Pentahydrate Merck Cat#35675; CAS: 13408-09-8
5-Bromo-2-deoxy-uridine Labeling and Merck Cat#11296736001

Detection Kit |

Choline-Deficient High-Fat Diet Research Diets Cat#D05010402i

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat#4368813

High-Fat High-Sucrose
Mouse IFN-beta DuoSet ELISA

Safe
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Cat#UB8954P Version 014
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NE-PER Kit Thermo Fisher Scientific Cat# 78833
OxiSelect™ Comet Assay Kit Cell Biolabs Cat#STA-351
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Pierce™ Protease Inhibitor Tablets Thermo Fisher Scientific Cat#A32965
RIPA Merck Cat#R0278
Standard Diet Safe Cat#R04-10
SYBR Luminaris Color HiGreen gPCR master mix Thermo Fisher Scientific Cat#K0394
TRIzoI™ Reagent Thermo Fisher Scientific Cat#15596018
Deposited data
Transcriptomic data GEO GSE154194
Experimental models: Cell lines
HepaRG DKFZ, Division of Chronic NA
Inflammation and Cancer
Experimental models: Organisms/strains
Mouse (Male): C57BL/6J Janvier Laboratories C57BL/6JRj
Oligonucleotides
Mouse 18S Forward 5’-GTAACCCGTTGAACCCCATT This paper
Mouse 18S Reverse 5’- CCATCCAATCGGTAGTAGCG This paper
Mouse Brcal Forward 5’-TCCACAGTTCAAAAGCACC This paper
Mouse Brcal Reverse 5-TCTTTGTTTCTTCACTGCTACC This paper
Mouse Cyclin A2 Forward 5’- GCCTTCACCATTCATGTGGAT This paper
Mouse Cyclin A2 Reverse 5’- TTGCTCCGGGTAAAGAGACAG This paper
Mouse Ercc1 Forward 5’-CCACAACCTCCATCCAGACT This paper
Mouse Ercc1 Reverse 5’-CCTGCTGGGGATCTTTCA This paper
Mouse Fancl Forward 5’-CTTTCTAAAATGACAAACCAGCAC This paper
Mouse Fancl Reverse 5’ -TGTCTGATCATCTCGTGGATTT This paper
Mouse Gadd45a Forward 5’-AGAGCAGAAGACCGAAAGGA This paper
Mouse Gadd45a Reverse 5’-CGTAATGGTGCGCTGACTC This paper
Mouse Ho1 Forward 5’-AAGCCGAGAATGCTGAGTTC This paper
Mouse Ho1 Reverse 5’- GCCGTGTAATATGGTACAAGGA This paper
Mouse Hqo1 Forward 5’- AGCGTTCGGTATTACGATCC This paper
Mouse Hgo1 Reverse 5’- AGTACAATCAGGGCTCTTCTGG This paper
Mouse Ifnf3 Forward 5’-GCACTGGGTGGAATGAGACT This paper
Mouse Ifnf3 Reverse 5-AGTGGAGAGCAGTTGAGGACA This paper
Mouse Isg15 Forward 5’- CAGGACGGTCTTACCCTTTCC This paper
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Mouse Mx1 Forward 5’- GATCCGACTTCACTTCCAGATGG This paper
Mouse Mx1 Reverse 5’- CATCTCAGTGGTAGTCAACCC This paper
Mouse Neil Forward 5’-CGCCCATCTACGTTTTTACAC This paper
Mouse Neil Reverse 5’-TCTACGAAGCAAAGGGCAAG This paper
Mouse Ogg1 Forward 5’-CCTTATGAAGAGGCCCACAA This paper
Mouse Ogg1 Reverse 5’-GTCAAGGGCCATTAAGCAGA This paper
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Mouse Rad51 Forward 5’-CGAGGGTTCAACACAGACC This paper
Mouse Rad51 Reverse 5’-CTGTCTACAATAAGCAGTGCATACC This paper
Mouse Xpc Forward 5’-GATGATGAAGCGTTTCAATAAAGA This paper
Mouse Xpc Reverse 5’-GATGCTATTTCGATAGAAGCCACT This paper
Mouse Xpf Forward 5’-GCAGAAAATAAGGAGAGCGAAG This paper
Mouse Xpf Reverse 5’-ATCGCTTGCACAGATCAGC This paper

Software and algorithms

Graphpad Prism 7

ImagedJ -J 1.8.0_112
Heatmapper
Metaboanalyst 4.0

Open Comet: Image J tool
R

Graphpad

ImagedJ

Heatmapper

Metaboanalyst

(Gyori et al., 2014)

The R Project for Statistical Computing

https://www.graphpad.com/scientific-
software/prism/

https://imagej.net/Welcome
http://www.heatmapper.ca/expression/
https://www.metaboanalyst.ca/
http://www.cometbio.org/
https://www.r-project.org/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagent and resources should be addressed to the lead contact, Chantal Desdouets (chantal.
desdouets@inserm.fr) or the first author Romain Donne (romain.donne@inserm.fr).

Materials availability
The study did not generate new unique reagents.

Data and code availability
® Transcriptomic analyses of SD, HFHS and CDHFD mouse primary hepatocytes, at 48h of culture [HFHS and CDHFD harboring
replication stree], have been deposited in GEO under accession number GSE154194. Database: GEO GSE154194.
® RNA-seq data regarding HepaRG experiments are the property of Mathias Heikenwalder’s lab and will be deposed in GEO in
the future.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human material

For transcriptomic analysis

Twenty-seven morbidly obese patients were recruited through the Department of Digestive Surgery and Liver Transplantation (Nice
hospital, France) and where they underwent bariatric surgery for their morbid obesity (Table 2) in accordance with French guidelines.
Exclusion criteria were: presence of a hepatitis B virus or hepatitis C virus infection, excessive alcohol consumption (>20g/day) or
another cause of chronic liver disease as described (Patouraux et al., 2017). Before surgery, fasting blood samples were obtained
and used to measure alanine and aspartate transaminases (ALT and AST, respectively), glucose, insulin and HbA1c. Insulin resis-
tance was calculated using the homeostatic model assessment (HOMA-IR) index. Surgical liver biopsies were obtained during sur-
gery and no ischemic preconditioning had been performed. Hepatic histopathological analysis was performed according to the
scoring system of Kleiner et al. (2005).

For metabolomics analysis

Eight NAFLD patients were recruited through the Department of Digestive Surgery and Hepatology (Beaujon hospital,
France); where they underwent resection for HCC (Table 1). Exclusion criteria were same as Nice Hospital. For each patient
a SAF score (steatosis, activity, fibrosis) summarizing the main histological lesions was defined (Bedossa et al., 2012). Also,
the NAS score was attributed according to Kleiner et al. (2005). Control patients (n=5) underwent liver resection for benign
tumors. All subjects gave their informed written consent to participate in this study in accordance with French legislation
regarding Ethics and Human Research (Huriet-Serusclat law). The “Comité Consultatif de Protection des Personnes dans
la Recherche Biomédicale de Nice” approved the study (07/04:2003, N° 03.017) and Assistance Publique - Hopitaux de
Paris (DC-2009-936)
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Mice models

C57BL/6J lean male mice were purchased from Janvier Laboratories at 4 weeks of life and housed in a temperature-controlled
environment with 12-h light/dark cycles. All animals had free access to water and standard diet (SD) (R04-10, Safe), providing
60% carbohydrate, 3% fat and 16% protein in terms of energy. After one week, 5-week-old C57BL/6J mice were assigned randomly
to 3 groups fed for 6 months with SD or High-Fat High-Sucrose diet (HFHS) (U8954P Version 014, Safe), providing 50% carbohydrate,
23% fat, and 17% protein in terms of energy, or a Choline-Deficient High-Fat Diet (CDHFD) (D05010402i, Research Diets), providing
42% carbohydrate, 24% fat, and 24% protein without choline. Body weight was monitored monthly. For in vivo experiments, animals
were humanely euthanized and livers were harvested. One part of the liver was fixed in phosphate-buffered 10% formalin for histo-
logical analyses and the remaining tissue was immediately frozen in liquid nitrogen and stored at -80°C until processing. The NAS
score was evaluated according to the scoring system of Kleiner et al. (2005). Ethical approval was obtained to perform all experi-
mental research on the animals in compliance with institutional guidelines regulated by “Direction départementale de la protection
des populations”, France (authorization number 13996).

Cell isolation and culture of murine primary hepatocytes

Hepatocytes were isolated from mouse livers by in situ perfusion and were seeded in complete medium, as described previ-
ously (Fortier et al., 2017). Hepatocytes were isolated from 7-month-old SD or NAFLD mice (HFHS or CDHFD, following
6 months of diet). Cell viability after liver perfusion was equivalent (>80%) in all mouse models. After cell spreading, the culture
medium (William’s #32551087) was deprived of fetal bovine serum. Proliferation (S phase synchronization) was induced with
50 ng/mL mitogenic EGF (Merck #E4127) and 20 mM of pyruvate sodium (Merck #P4562). For rescue experiments, 20 uM
of each dNTPs/nucleotide (dATP, dCTP, dGTP and Thymidine) was added. dCTP (Merck D0776) was solubilized in 1 M
NaOH (100 mM). dATP (Merck D8668) was solubilized in 0.1 M NaOH (20 mM). Thymidine (Merck T1895) was solubilized in
H20 (50 mM). dGTP (Merck D7145) was solubilized in 1 M NH40OH (100 mM). Half of the primary culture was treated twice
with 20 uM of the nucleotide mixture at 36h and 48h of culture time. The other half was treated with the same amount of re-
suspension buffer without nucleotides. Incorporation of the thymidine analogue (BrdU; Merck #11296736001) was used as
an index of replication between 48h and 60h.

HepaRG culture and in vitro fatty acid uptake

HepaRG human (Biopredic, Rennes, France) were cultured at 37°C and 5% CO, in a humidified incubator. HepaRG were differen-
tiated with DMSO (Merck #D2650) and cultivated, as described previously (Gripon et al., 2002), including a 2 week incubation with
10% fetal bovine serum, 5ug/mL of human insulin (Merck # 19278), 5% 10~7 M hydrocortisone hemisuccinate (Merck #1319002) and
1.8% dimethyl sulfoxide (DMSO; Merck #D2650) for the induction of differentiation into hepatocyte-like cells (AHepaRG). When cells
were confluent, medium was changed with only 2% fetal bovine serum, and cells were treated during 4 days with fatty acids (66 uM of
sodium oleate (Merck #03880) and 33 uM of sodium palmitate (Merck P9767)). RNAseq analysis was performed after 24h of FA treat-
ment. Then, cells were trypsinized and plated (300 000 cells per well in 6-wells plate) to induce proliferation. Experiments were per-
formed 48 h later. To assess intracellular neutral lipid, HepaRG cells were fixed using 4% paraformaldehyde during 20 min and
stained using Oil-Red-O solution (Merck # 00625) for 25 min at room temperature, followed by Hoechst staining during 10 min. Lipid
accumulation was quantified using Image J. The quantified area of Oil Red O staining was reported to the cell number thanks to
Hoechst staining.

METHOD DETAILS

Comet assay

The Comet assay was performed by using the Oxiselect STA-351 kit (Cell Biolabs #STA-351). Individual hepatocytes were mixed with
molten agarose before application to the OxiSelectTM Comet Slide. Embedded cells were treated with the lysis buffer during 1 h at
4°C and then treated with the alkaline solution during 30 min at 4°C. Finally, slides were electrophoresed in a horizontal chamber
during 30 min in the alkaline solution at 300 mA and 25 volts. DNA was then stained with the DNA dye and visualized by epifluores-
cence microscopy. Quantification was performed by using the “OpenComet” open-source software tool (Gyori et al., 2014) for Image
J, and by following the published instruction. Images were taken using a Nikon Statif Eclipse E600 microscope with x10 magnifica-
tion, a DXM1200 cooled CCD camera (Nikon), and ACT-1 (version 2.63; Universal Imaging).

DNA combing

Primary cultures were sequentially labeled with 25 uM of CldU (Merck #C6891) and then 25 uM of IdU (Merck #17125) for 30 min,
each, as previously described (Lebofsky and Bensimon, 2005). For the rescue analysis, CldU/IdU were added to the dNTPs
mixture without thymidine. Cells were harvested and embedded in low-melting agarose plugs (from Comet assay kit) in which
DNA was subjected to deproteinization by proteinase K treatment (ThermoFisher Scientific #100005393). Agarose was then
removed by digestion with agarase and the high molecular DNA yielded was used for combing as previously described (Micha-
let et al., 1997) by using the FiberComb® Molecular Combing System (Genomic Vision). CldU and IdU was respectively stained
with rat anti-BrdU and mouse anti-BrdU antibodies, followed by staining with anti-rat Cy5 and anti-mouse Cy3.5 (See Table S2).
DNA fibers were counterstained with anti-ssDNA antibodies to distinguish fork pausing/stalling from fiber breakage. DNA fibers
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were visualized using the FiberVision® scanner (Genomic Vision). Data analysis was performed as described (Rimmelé
et al., 2010).

Gene expression analysis and microarray

For mouse samples, total RNA from mouse primary hepatocyte cultures was extracted using Trizol Reagent (ThermoFischer Sci-
entific #15596018). Sample concentration and purity were determined and then reverse-transcribed with the High-Capacity cDNA
Reverse-Transcription Kit. Quantitative PCR (g-PCR) was performed using a SYBR Luminaris Color HiGreen gPCR master mix and
specific primers (Table S1) on 100 ng total RNA (ThermoFisher Scientific #4368813). The reactions were performed in 96-well
plates in a LightCycler CFX connect (Biorad) during 40 cycles with SYBR Luminaris Color HiGreen gPCR master mix
(ThermoFisher Scientific #K0394). The relative amount of mRNAs was calculated using the Ct method, with LightCycler CFX anal-
ysis software, and normalized to the expression of 18S mRNA. For microarray analysis, all RNA processing steps, microarrays and
statistical analysis were carried out by the Genom’IC facility (Institut Cochin, INSERM U1016, Paris, France). RNA quality was
checked with a Bioanalyzer 2100 (with the Agilent RNA600O pico chip kit). Reverse transcription was carried out on 400 pg of total
RNA, following the Ovation Pico WTA System V2 (Nugen). Sens Target DNA (5 ng) were then hybridized to GeneChip® MTA1.0
(Affymetrix), washed and finally scanned using the GCS3000 7G. The scanned images were then analyzed with Expression Con-
sole software (Affymetrix) to obtain raw data (CEL Intensity files) and metrics for Quality Controls. A two-way analysis of variance
(ANOVA) was applied to identify genes differentially expressed between the groups (SD vs HFHS or SD vs CDHFD) and fold
changes were used to filter and select differentially expressed genes (>1.2). Global analysis was carried out by Gene Set Enrich-
ment Analysis (GSEA). GSEA was performed using the fgsea package in R in order to identify gene sets overrepresented among
up- and down-regulated genes. Human and murine gene sets were obtained from the Molecular Signatures Database (MSigDB)
using the msigdbr package (version 6.2.1) Using a statistical analysis, the nominal p value and false discovery rate (q value) were
defined, based on 1,000 random permutations between the different GeneSets studied. According to the software developers,
results were significant for p value < 0.05 and q value < 0.25 (false discovery rate below 25%). Data are accessible on GEO
#GSE154194.

For HepaRG

For gene expression analysis, 1.2x10° cells were seeded per well of a 12-well plate in 1 ml assay medium. After attachment, for 24h,
cells were treated as indicative above. Then, cells were washed with PBS, and 300 pl of RLT Buffer (from RNeasy Kit, Qiagen #74104)
was added. Samples were either stored at -80°C or RNA was extracted according to manufacturer’s instructions. RNA concentration
and quality were determined by Nanodrop analyzer. Isolated RNA was either stored at -80°C or was reverse transcribed for cDNA
synthesis. For RNA sequencing, 25 ng RNA was sequenced by Dr.Rupert Ollinger, from AG Prof. Roland Rad.

For Human cohort, total liver RNA was extracted using the RNeasy Mini Kit (74104, Qiagen, Hilden, Germany) and treated with
Turbo DNA-free (AM 1907, Thermo Fisher scientific Inc.) following the manufacturer’s protocol. The quantity and quality of the
RNAs were determined using the Agilent 2100 Bioanalyzer with RNA 6000 Nano Kit (5067-1511, Agilent Technologies, Santa Clara,
CA, USA). Total RNA (1 ng) was reverse transcribed with a High-Capacity DNA Reverse Transcription Kit. Real-time quantitative PCR
was performed in duplicate for each sample using the StepOne Plus Real-Time PCR System (Thermo Fisher scientific Inc.). TagMan
gene expression assays were purchased from Thermo Fisher Scientific Inc. (RPLPO: Hs99999902_m1; MB21D1/Cgas:
Hs00403553_m1; TMEM173/STING-Hs00736955_g1). Gene expression was normalized to the housekeeping gene RPLPO (Ribo-
somal Phosphoprotein Large PO, mouse and human) and calculated based on the comparative cycle threshold Ct method. Statistical
significance of differential gene expression between two study groups was determined using the nonparametric Mann-Whitney test.
Correlations were analyzed using the Pearson’s correlation test. p < 0.05 was considered as significant.

IFN- B quantification by ELISA
IFN-B was quantified in the total protein extract collected after 36h or 60h of culture (SD, HFHS, CDHFD) and the manufacturer’s pro-
tocol was followed to measure the concentration of IFN- (Mouse IFN-beta DuoSet ELISA - R&D Systems # DY8234-05 and #DY008).

Metabolomic analyses by LC-MS

Metabolomic analyses were performed as previously described by Liquid Chromatography - Mass spectrometry (LC-MS) (Mackay
etal., 2015). Briefly, extraction solution used was 50% methanol, 30% ACN, and 20% water. The volume of extraction solution added
was calculated from the weight of powdered tissue (30 mg: in vivo mouse and human livers) or from the number of cells for each con-
dition (primary cultures). After addition of extraction solution, samples were vortexed for 5 min at 4 °C, and then centrifuged at
16,000 g for 15 min at 4 °C. The supernatants were collected and analyzed by LC-MS using SeQuant ZIC-pHilic column (Merck)
for the liquid chromatography separation. Mobile phase A consisted of 20 mM ammonium carbonate plus 0.1% ammonia hydroxide
in water. Mobile phase B consisted of ACN. The flow rate was kept at 100 mL/min, and the gradient was 0 min, 80% of B; 30 min, 20%
of B; 31 min, 80% of B; and 45 min, 80% of B. The mass spectrometer (QExactive Plus Orbitrap, Thermo Fisher Scientific) was oper-
ated in a polarity-switching mode and metabolites were identified using TraceFinder Software (Thermo Fisher Scientific). For ana-
lyses, metabolomic data were normalized using the sum normalization method. MetaboAnalyst 4.0 software was used to conduct
statistical analyses and heatmap generation, and unpaired two-sample t test was chosen to perform the comparisons (Chong
and Xia, 2020). Quantities of each dNTP were used for histograms and statistical analyses.
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Immunoblot analysis

Hepatocytes cytoplasmic extracts were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Reagent Kit (Thermo Fisher
Scientific # 78833). Total proteins were extracted from mouse primary hepatocyte cultures in RIPA buffer (Merck #R0278) containing
protease and phosphatase inhibitors (ThermoFischer Scientific #A32965 and Merck #35675). Protein concentration was determined
using the bicinchoninic acid assay (BCA) (ThermoFisher Scientific #23225). Proteins (25 ng) were denatured in Laemmli buffer con-
taining 5% B-mercaptoethanol, then separated by SDS-PAGE and blotted by semi-dry blotting (Trans-Blot Turbo Transfer, Bio Rad)
onto nitrocellulose membranes (Bio Rad). To ensure equal loading, membranes were stained with Ponceau Red. Membranes were
blocked in 5% milk/PBS-Tween (0.1%) for at least 1 hour at room temperature and then incubated at 4°C overnight under shaking
conditions with primary antibodies (Table S2). Incubation with the secondary antibody (HRP-anti-rabbit or HRP-anti-mouse, 1:2500)
was performed under shaking conditions for 1 hour. Detection was achieved with Clarity Western ECL Substrate (Bio Rad) using the
iBright CL1500 Imaging system (Thermo Fisher Scientific). In all immunoblotting, HSC70 or total protein were used to normalize the
results. For protein quantification, densitometry analysis was performed using Image J. Data are presented as relative units, which
represent the densitometric value for the protein of interest normalized to the second protein of interest.

In vitro Immunofluorescence

Primary hepatocytes were fixed in 4% paraformaldehyde during 15 min for yH2AX/pHH3 and 53BP1 stainings or in cold fixative solution
(75% ethanol 25% acetic acid) during 20 min for the BrdU labeling. The BrdU immunofluorescence was performed with the BrdU Detec-
tion Kit | (Roche). Anti-mouse and anti-rabbit IgG antibodies conjugated with Alexa Fluor 488 or 594 were used as the secondary an-
tibodies. Hoechst 33342 (0.2 pg/mL) was included in the final wash to counterstain nuclei. Images were taken using a Nikon Statif
Eclipse E600 microscope with x20 magnification, 1.4-0.7 NA PL-APO objectives, a DXM1200 cooled CCD camera (Nikon), and
ACT-1 (version 2.63; Universal Imaging). For BrdU staining, at least 1,000 hepatocytes were counted in at least 10 different areas for
each condition. For 53BP1 staining, at least 500 hepatocytes were counted in at least 10 different areas for each condition. For
YH2AX-pHH3 quantification, a semi-automatic method using Image J was applied. Nuclear area was quantified thanks to Hoechst
staining. YH2AX quantification was reported to the nuclear area and a threshold was put in order to differentiate negative from positive
nuclei. pHH3 staining indicates G2/M cells and was correlated with YH2AX quantification. For micronuclei quantification, cells were
fixed in 4% paraformaldehyde during 15 min and then hoechst 33342 (0.2 ng/mL) was included in the final wash to counterstain nuclei.
Images were taken using the Operetta® CLS™ from PerkinElmer and quantification were made with the micronuclei counting program.

In vivo histochemistry and immunofluorescence

Mouse livers were fixed overnight in 10% neutral buffered formalin and then transferred in 70% ethanol for 24 h, embedded in paraffin
blocks, and finally cut in 3-um-thick sections. After drying overnight at 37°C, liver sections were subsequently stained with Haematoxylin-
Eosin-Saffron (HES) by an automated slide stainer (Thermo Fisher Scientific VARISTAIN Gemini ES). Histological grading was determined
based on accepted human histopathological criteria for NAFLD. For PCNA/yH2AX staining: Liver sections (5um) were deparaffinized and
incubated in citrate buffer at 95°C for 20min for antigen retrieval. Sections were incubated overnight at 4°C with the primary antibodies
including anti-yH2AX (1:200 dilution) and anti-PCNA (1:200 dilution) (See Table S2). Anti-mouse or anti-rabbit IgG antibodies (1:500) con-
jugated with Alexa Fluor 488 or Alexa Fluor 594 (Thermo Fisher) were used as secondary antibodies. Hoechst 33342 (0.2 ng/mL; Merck
#H3570) was included in the final wash to counterstain nuclei. Allimages were collected with the slide imager Zeiss Axio Scan Z1. At least
80 PCNA+ hepatocytes were analyzed regarding their yH2AX positivity in at least 3 different lobes per animal.

RNA in situ hybridization (RNAscope)

RNA in situ hybridization was done on freshly cut 5pm FFPE liver using the RNAScope 2.5 HD Duplex Kit (#322371), with HybEZ Il
hybridization system, following the manufacturer’s instructions (Advanced Cell Diagnostics, Bio-Techne). The following RNAscope
probe was used: RNAscope® Probe - Mm-Tmem173 - Mus musculus transmembrane protein 173 (Tmem173) mRNA (#413321). For
the quantification, the number of dot (0, 1, 2, >3) have been counted in 500 hepatocytes per animal, localized in at least 10 different
areas along the centro-lobular axis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software Inc.) All data are represented and expressed as
mean + Standard Error of the Mean (SEM). A p-value of less than 0.05 was considered statistically significant. After ensuring that
datasets passed the Shapiro-Wilk normality test, comparison between two groups was performed using unpaired two-tailed Stu-
dent’s t-test with Welch’s correction in case of unequal variances, as assessed with a F test. Comparison between three groups
was conducted with the one-way Analysis of Variance (ANOVA) method with post-hoc Tukey’s multiple comparisons test. If the data-
set did not pass the normality test, the non-parametric Mann-Whitney U-test and Kruskal-Wallis test with post-hoc Dunn’s multiple
comparisons test were conducted for the comparison of two or three groups, respectively. A p-value less than 0.05 was considered
as statistically significant and represented as follows: *p < 0.05, ** p < 0.01, **p < 0.001. ****P<0.0001. ns: non-significant. Statistical
details of each experiment are described in the corresponding figure legend, and contain tests used and the exact value of n (rep-
resenting number of mice, number of cells, number of nuclei or number of DNA replicon).
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