SCIENCE ADVANCES | RESEARCH ARTICLE

'.) Check for updates

CANCER

Extrachromosomal circular DNA promotes

inflammation and hepatocellular
carcinoma development

Lap Kwan Chan"?#, Juanjuan Shan"?3, Elias Rodriguez-Fos®, Marc Eamonn Healy'?, Peter Leary*>,
Rossella Parrotta’2t, Nina Desboeufs'?, Gabriel Semere’?, Nadine Wittstruck®,

Anton G. Henssen*, Achim Weber'2*

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution License 4.0
(CCBY).

Two decades after the initial report on increased micronuclei in human chronic liver disease (CLD) and hepatocel-
lular carcinoma (HCC), their role in HCC development is still poorly understood. Here, we show that micronuclei in
hepatocytes trigger a hepatic immune response and promote HCC development via an increased level of extra-
chromosomal circular DNA (eccDNA). Livers of a CLD model (Mc/72"*P mice) show increased micronuclei and eccD-
NA levels. Circular sequencing confirms higher eccDNA levels in micronuclei compared to primary nuclei. The
nuclei-segregated DNA fiber (NuSeF) assay we developed demonstrates that micronuclei are more susceptible to
replication stress, exhibiting increased replication fork slowing. Comparing different murine liver disease models
reveals that high eccDNA correlates with an increased tumor incidence. eccDNA is a strong immunostimulant and
promotes a cross-talk between hepatocytes and immune cells through the cGAS-STING pathway. Deletion of
Sting1in Mcl72"*P mice reduces immune cell chemotaxis and tumor incidence. Our findings suggest that eccDNA
from micronuclei mediates inflammation-driven liver carcinogenesis in CLD.

INTRODUCTION
In 2020, primary liver cancer ranked as the sixth most common type
of cancer and the third leading cause of cancer-related deaths (I).
The number of newly diagnosed liver cancers is expected to increase
over the next two decades, reaching 1.4 million in 2040. Hepatocel-
lular carcinoma (HCC) is the most prevalent type of liver cancer and
accounts for more than 80% of all primary liver cancers (2). Most
HCCs develop as a result of a long-term chronic liver disease (CLD).
In recent years, the incidence of a particular CLD, namely metabolic
dysfunction-associated steatotic liver diseases, has risen markedly
worldwide (3, 4). Chronic liver inflammation and fibrosis, which are
associated with constant liver cell death, can subsequently progress
to cirrhosis and markedly increase the risk of HCC development.
Hepatocyte hyperproliferation is a phenomenon frequently observed
in CLD as a compensatory regenerative mechanism triggered by in-
creased cell death and supported by a pro-inflammatory microenvi-
ronment (5, 6). The production of immunogenic molecules, known
as damage-associated molecular patterns, from damaged cells is re-
sponsible for triggering immune responses and sustains the status of
“sterile inflammation” (7). Under such pro-inflammatory microen-
vironments, hepatocytes can experience increased DNA damage
and genetic instability, which can eventually promote liver carcino-
genesis (8).

Myeloid cell leukemia 1 (MCL1) is a prosurvival member of the
B cell lymphoma 2 (Bcl-2) family, which shares BH domains with
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Bcl-2 and Bcl-Xj, (9). MCL1 inhibits apoptosis by sequestering the
proapoptotic proteins Bak (Bcl-2 homologous antagonist killer) and
Bax (Bcl-2-associated protein X), thus counteracting mitochondrial
outer membrane permeabilization during the initiation of apopto-
sis. Our group previously reported that liver-specific knockout of
Mcl1 in mice (MclI*"P) resulted in a phenotype resembling CLD in
patients characterized by elevated apoptosis, compensatory prolif-
eration, and DNA damage, with increased tumor incidence at
12 months (6, 8). These observations suggested that the increase in
DNA damage and genomic instability in hepatocytes in particu-
lar are directly linked to carcinogenesis. However, it is still unclear
whether the carcinogenesis from CLD to HCC is mediated by a cell-
autonomous or non-cell-autonomous mechanism. In the current
study, we use Mcl1*MP mice as a CLD model and find an important
mechanism involving a cross-talk between hepatocytes and immune
cells in the liver. This is mediated by extrachromosomal circular DNA
(eccDNA) and driven by a pro-inflammatory microenvironment in a
manner that is dependent on the cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) signaling pathway. Our find-
ings suggested that a non-cell-autonomous mechanism is involved
in liver tumorigenesis, with micronuclei (MN) and eccDNA playing
a pivotal role. Moreover, we present a previously not implemented
method that allows us to study replication stress within primary
nuclei (PN) and MN, thus providing mechanistic insights into the
formation of eccDNA.

RESULTS

Livers of Mc/1°"*P mice show increased MN levels and an
activated cGAS-STING pathway

Previously, we reported that MclI Ahep mice exhibited liver hyperpro-
liferation already at 2 months of age (6, 8). To determine whether
the observed increase in DNA damage in MclI AheP Jivers was a con-
sequence of increased replication stress, we performed DNA fiber
assay on primary hepatocytes from wild-type (WT) and Mcl14PP
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mice. We established MCL1 immunohistochemistry to confirm a
high knockout efficiency and observed that MCL1 expression was
almost restricted to nonparenchymal cells (NPCs) in Mcl1 Abep Jiyerg
(Fig. 1A). Pulse labeling of two thymidine analogs, 5-chloro-2'-
deoxyuridine (CldU) and 5’-iodo-2'-deoxyuridine (IdU), allowed
the monitoring of the replication fork dynamics and detection of
replication stress in cells (10, 11). We observed that MCL1-deficient
hepatocytes displayed a significantly longer CIdU tract length with
no difference in the total tract length (CldU + IdU) (Fig. 1B and
fig. S1A). The ratio of IdU to CldU, however, was significantly re-
duced in Mcl1*P*P hepatocytes compared to WT (Fig. 1C). This sug-
gested that MclI Ahep hepatocytes had a higher rate of replication
fork stalling, a sign of increased replication stress. Given that the
formation of MN had been associated with increased DNA damage
and replication stress (12), we examined the level of micronucleated
hepatocytes in Mcl1*MP livers. Using p-catenin as a membrane marker,
we visualized and found a significantly higher level of micronucle-
ated hepatocytes in the MclIAP livers compared to WT livers
(Fig. 1, D and E; fig. S1, B and C; and table S1). These results sug-
gested that MCL1 deficiency in hepatocytes caused a higher replica-
tion stress and led to increased MN formation.

The cytosolic DNA sensing pathway was recently reported to
connect DNA damage to the activation of IRF3 (interferon regula-
tory factor 3) and nuclear factor kB (NF-«B), both known as impor-
tant transcription factors for immune response (13). We therefore
analyzed whether this pathway was activated in the Mcl1 Ahep Jiver.,
The expression of the key components of this pathway, cGAS and
STING, was up-regulated in 2- and 12-month-old Mcl1*"P livers at
both mRNA and protein levels (Fig. 1, F and G, and fig. S1D). Tran-
scriptomic analysis of 2-month-old liver samples showed an enrich-
ment of the cytosolic DNA sensing pathway and the interferon-a
response signatures in the MclI Ahepjiver (Fig. 1H). Activation of the
c¢GAS-STING pathway is known to facilitate the production of various
interferon-stimulated genes (ISGs) (12). Analysis of an ISG list showed
that these genes were up-regulated in the 2-month-old Mcl14PP
liver, including genes encoding chemokines (Ccl5 and Cxcl10) and
interferon-a-inducible genes (Ifi2712a and Ifi2712b) (Fig. 11). Several
immune response-related signatures, such as pathways promoting
immune cell chemotaxis, were also enriched in MclI1*MP livers
(Fig. 1]). To corroborate these results, we performed immunohisto-
chemistry and found that the infiltration of B cells (B220"), neutro-
phils (Ly6G"), and macrophages (F4/80") was significantly higher
in Mcl1°"P livers (fig. S2, A and B).

Thus, an activation of the cGAS-STING pathway was observed
in Mcl1*"P livers, even though hepatocytes had been shown to have
an incomplete cGAS-STING pathway (14-16). Using immunohis-
tochemical staining, we observed that both hepatocytes and NPCs
expressed cGAS (fig. S2C). Expression of STING, however, was re-
stricted to NPCs (fig. S2, C and D). Taking advantage of serial sec-
tions, we visualized a colocalization of F4/80% and STING (fig. S2E).
This pattern was further confirmed in isolated immune cells and he-
patocytes using Western blotting (fig. S2, F and G). Some of the
cGAS* hepatocytes appeared to express a proliferation marker
(Ki67) or DNA damage marker [phosphorylated H2AX at S139 (yH2-
AX)] (fig. S2H). Because of the differences in the spatial expression
pattern of cGAS and STING, we sought to determine whether there is
a mechanism mediating a cross-talk between DNA damage in he-
patocytes and the activation of the cGAS-STING pathway in im-
mune cells. One of the reported mechanisms to promote a cross-talk
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between cGAS-activated cells and adjacent bystander cells is via the
production and transfer of the second messenger molecule cyclic
guanosine monophosphate-adenosine monophosphate (cGAMP)
(17, 18). Measurement of cGAMP using the enzyme-linked immu-
nosorbent assay showed that there was no significant change in the
cGAMP level between WT and MclI*™ liver lysates (fig. S21).
Therefore, presumably, other mechanisms are involved in facili-
tating the cross-talk between hepatocytes and immune cells in the
Mcl12P Jiver.

eccDNA is increased in Mcl12"P livers and has a strong
immunostimulatory activity
eccDNA is a class of circular DNA elements that can be found in
different tissues (19). The biogenesis of eccDNA is still not com-
pletely understood, although recent evidence showed that their gen-
eration might be related to DNA damage, increased cellular stress,
and apoptosis (20, 21). We performed eccDNA isolation using a
protocol established for cultured cells and adapted it for liver tissue
(Fig. 2A) (22). We observed that 2-month-old Mcl1 Ahep Jivers contained
more eccDNA compared to age-matched WT controls (Fig. 2B). Us-
ing electron microscopy, we were able to visualize and confirm the
presence of eccDNA using a plasmid (pRSV) as a control (Fig. 2C
and fig. S3, A and B). To test our hypothesis that the observed acti-
vation of the cGAS-STING pathway in Mcl1*"P livers was due to
the activation in immune cells, we isolated immune cells and exam-
ined their STING and p-p65 levels. Immune cells from Mcl1 AheP Jivers
showed a stronger STING expression and higher NF-kB activities,
as indicated by increased phosphorylation of p65 at S536 (23), com-
pared to immune cells from WT livers (Fig. 2, D and E, and fig. S3C).
Analysis of the downstream kinase of STING, TBK1 (TANK-binding
kinase 1), also showed an increased level of phosphorylation at S172
in the immune cells from Mcl1*"P livers (Fig. 2, D and E, and fig. $3C).
These observations were consistent with the observed activation of
the cGAS-STING pathway in Mcl1*PP livers.

eccDNA from HeLa cells has been shown to be a strong immu-
nostimulant (20). Therefore, we tested the effect of eccDNA from
hepatocytes on immune cells and compared them with linear DNA
and poly(deoxyguanylic-deoxycytidylic) acid [poly(dGdC)]. To en-
sure that an adequate amount of eccDNA was generated in hepato-
cytes, we treated AMLI2 cells, a murine hepatocyte cell line, with
staurosporine using HeLa cells in parallel as a control. Treatment
with staurosporine for 24 hours strongly increased the percentage of
apoptotic cells in AML12 and HeLa cells (fig. S3, D and E). eccDNA
from these cells was isolated and visualized by electron microscopy
(Fig. 2F and fig. S3F). Similarly, treatment of AML12 cells over
48 hours with reversine, a reagent known to induce lagging chro-
mosomes and MN formation, also resulted in eccDNA generation
(Fig. 2F). Of note, reversine treatment did not induce extensive apop-
tosis in AMLI12 cells as staurosporine treatment did. To compare
the immune-stimulating potency of eccDNA with linear DNA
on immune cells, we generated bone marrow-derived macrophages
(BMDMs) from 2-month-old mice of different genotypes (fig. S3, G
and H). Poly(dGdC) is a synthetic DNA construct and a known
potent agonist of STING. We tested the ability of poly(dGdC) to
induce Ifnbl expression in WT BMDMs and found a threshold-
dependent positive association between the dose of poly(dGdC)
and Ifnb1 induction (Fig. 2G). At a dosage in which both poly(dGdC)
and linear DNA were unable to induce Ifnbl expression in WT
BMDMs, eccDNA from AML12 cells induced a significantly higher
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Fig. 1. Deletion of MCL1 in hepatocytes leads to increased micronucleated hepatocytes and activation of the cGAS-STING pathway. (A) MCL1 immunohistochem-
istry staining on WT and Mcl14"P livers. Scale bar, 100 um. (B) DNA fiber assay on primary hepatocytes from WT and Mcl74"* mice after 24 hours in culture. (C) Quantifica-
tion of IdU-to-CldU ratio. (D) Immunofluorescence staining of 2-month-old liver tissue showing the presence of yH2AX+ (arrow) and yH2AX™ MN (dashed arrow) in
hepatocytes. Scale bar, 25 pm. DAPI, 4’,6-diamidino-2-phenylindole. (E) Quantification of micronucleated hepatocytes as a percentage of the total hepatocytes. n = 4.
(F) Quantitative polymerase chain reaction (PCR) showing the up-regulation of the cGAS and STING expression in the Mcl12"P liver.n = 9. (G) Immunoblot of protein ly-
sates from 2-month-old WT and Mc/12"P livers showing the up-regulation of the cGAS and STING protein levels. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
(H) GSEA showing an enrichment of the cytosolic DNA sensing pathway and the interferon- response in Mcl1"® livers. NES, net enrichment score; KEGG, Kyoto Encyclo-
pedia of Genes and Genomes. (I) Heatmap showing the up-regulation of ISGs in Mcl12P®P livers. (J) MclT2"P mice showed a significant enrichment of various gene signa-
tures involved in immune responses and immune cell recruitment. Student’s t test: *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 2. The cross-talk between MCL1-deficient hepatocytes and immune cells is mediated through an increase in eccDNA levels. (A) Schematic representation
showing the steps of eccDNA isolation from liver tissues and cultured cells. Created in BioRender. L. K. Chan (2025); https://biorender.com/wqgbnjku. DNase, deoxyribo-
nuclease. (B) Quantification of eccDNA isolated from WT and Mcl12MP livers by the Qubit HS dsDNA kit (pg/mg of tissues). Student’s t test: *P < 0.05.WT: n = 3; Mcl14heP.
n = 4. (C) Visualization of eccDNA (arrow) isolated from the Mc/12"P liver by electron microscopy (pictures show eccDNA captured from different fields). Scale bar, 700 nm.
(D) Immune cells isolated from the Mcl12"eP Jiver showing higher p-p65 and STING levels. Mcl1, MclIAhep; ST, Stingl‘/'. (E) Densitometric analysis of Western blot for p-p65
and p-TBK1 levels normalized to the CD45 level from three independent experiments as a fold change compared to WT. Student’s t test: **P < 0.05 and **P < 0.01. (F) Visu-
alization of eccDNA isolated from AML12 cells treated with 0.5 uM staurosporine for 24 hours or 0.5 uM reversine for 48 hours. Scale bars, 250 and 200 nm. (G) In-
duction of Ifnb1 expression analyzed by quantitative PCR after poly(dGdC) treatment on WT BMDMs showed a dose-dependent pattern. Student’s t test: *P < 0.05.
n = 3. (H) BMDMs from WT, Stingl"/", and Cgas"’" mice were transfected with eccDNA (10 ng/ml), linear genomic DNA (10 ng/ml), and poly(dGdC) (10 ng/ml). The Ifnb1
expression was analyzed 12 hours after the transfection. n = 3. One-way ANOVA: **#P < 0.001 and ****P < 0.0001.

Chanetal., Sci. Adv. 11, eadw0272 (2025) 17 October 2025 4 0f 15


https://biorender.com/wqbnjku

SCIENCE ADVANCES | RESEARCH ARTICLE

expression of Ifnbl and Tnfa (Fig. 2H and fig. S3I). A similar result
was observed with HeLa cell eccDNA, which induced a much stron-
ger expression of IfnbI and Thfa in WT BMDMs (fig. S3]). Such in-
duction was strongly dependent on the cGAS-STING pathway, as a
deletion of either cGAS or STING abolished Ifnb1 and Tnfa induc-
tions by eccDNA (Fig. 2H and fig. S3, I and J). These results con-
firmed that eccDNA had strong immunostimulating properties, and
their activities were dependent on both cGAS and STING.

It has been shown that DNA with different sizes has different po-
tency in activating the cGAS-STING pathway with small cytosolic
dsDNA [double-stranded DNA; ~20-40 base pairs (bp)] even hav-
ing an inhibitory activity (24, 25). We compared the DNA size in
different categories used for BMDM stimulation. We observed that
the majority of the eccDNA from AMLI12 and HeLa cells was ap-
proximately from 400 to 5000 bp in length, with discrete bands ob-
served at lower molecular sizes (fig. S4A, lanes 3 and 5). Poly(dGdC),
on the other hand, showed an enrichment of molecular size between
500 and 750 bp (fig. S4A, lane 1). Linear genomic DNA (sonicated)
showed a DNA smear pattern, covering lengths from 250 bp to more
than 10,000 bp. HeLa linear DNA was more abundant between 300
and 4000 bp (fig. S4A, lane 2). For AML12 linear DNA, we observed
a higher abundance of DNA between 500 and 4000 bp and an en-
riched band at ~1200 bp (fig. S4A, lane 4). This result indicated that
the sonicated genomic DNA samples [linear genomic DNA (gDNA)]
from both cell lines not only contain DNA with sizes similar to the
eccDNA samples but also DNA fragments larger than 5000 bp. To
test whether the larger DNA fragments would contribute to the dif-
ference in their immunostimulating properties, we performed an
additional sonication cycle, particularly on the AMLI2 linear gDNA
sample, aiming to reduce the overall size of linear DNA, thus bring-
ing their size closer to that of eccDNA. An additional sonication
cycle reduced the enriched band at 1200 bp and enriched DNA with
sizes around 250 to 2000 bp (fig. S4B). However, such a reduction in
size did not affect the potency in inducing Ifnb1 expression in BM-
DMs (fig. S4C). Collectively, this observation confirmed our finding
that linear gDNA, in contrast to eccDNA, was not efficient in induc-
ing Ifnb1 expression in BMDMs, at least at low doses.

CirSeq shows that Mcl/12"*P livers compared to WT livers
have a higher amount of eccDNA, which originates from

all chromosomes

To further study the characteristics of eccDNA from Mcl1*"P livers,
we performed circular sequencing (cirSeq) using an established pro-
tocol (26). In contrast to the silica column-based extraction method,
this protocol enabled the detection of both large and small circular
DNA (19, 26, 27). Rolling circle amplification was performed on the
purified circular DNA followed by 150-bp pair-ended Illumina se-
quencing (Fig. 3A). The average sequencing depth per sample was
10.01 million reads, and 99.76% of the reads were mapped to the
reference genome. Via the identification of the regions with a high
abundance of mapped reads, together with the presence of break-
points, split reads, and outward-facing discordant read pairs, circular
DNA structures could be identified. We were able to identify eccD-
NA of various sizes originating from different regions of the genome.
For example, a 1116-bp eccDNA was found to originate from chr1:
57,239,706 to 57,240,822 within the long noncoding RNA BC055402
locus of a Mcl1*PP liver sample (Fig. 3B). We detected an average
of 1353 unique eccDNA in WT livers, but more than 10 times the

Chanetal., Sci. Adv. 11, eadw0272 (2025) 17 October 2025

amount in MclI*"P livers, with an average of 14,835 eccDNA per
sample (Fig. 3C). This result was consistent with the observation us-
ing a different method reported above (Fig. 2B). Despite an increase
in the number of eccDNA in Mcl1*"P samples, the average length of
circular DNA was significantly shorter (Fig. 3D). We observed that
the majority of the eccDNA had a length between 400 and 6000 bp,
which accounted for 85.18% of eccDNA in the WT and 95.81% in
the Mcl14hP group, respectively (Fig. 3E). By aligning the sequences
to each chromosome, we detected that eccDNA originated from all
chromosomes, with the frequency correlating proportionally with
the size of the individual chromosomes (Fig. 3F). Notably, there was
no significant difference in the length of eccDNA originating from
different chromosomes. Looking into the content of eccDNA from
WT and Mcl1*"P livers, more than 99.6% of the eccDNA contained
intergenic sequences or partial genes (Fig. 3G). eccDNA carrying par-
tial genes from WT and Mcl1*™P samples originated mostly from
intronic regions, although the level was slightly higher in the latter
(65.37% versus 70.95%). In WT samples, 17 of 5413 detected eccDNA
carried full genes (0.31%), while in Mcl1 Ahep samples, 44 of 58,860
eccDNA carried full genes (0.075%) (table S2). These results suggest
that the increased eccDNA in the liver of Mcl1*" mice consists main-
ly of smaller eccDNA originating from all chromosomes.

MN contain more eccDNA compared to PN

DNA damage in MN has been associated with chromothripsis, par-
ticularly in cells reintegrating the DNA fragments in MN back into
the genome (28). During chromothripsis, cells acquire massive ge-
nomic rearrangements through DNA fragmentation and rejoining
of DNA in a random manner (29). Given that we observed an in-
crease in micronucleated hepatocytes in MclI Ahep mice (Fig. 1D), we
hypothesized that the presence of these structures is associated with
the increase in eccDNA. To test this hypothesis, we treated AML12
cells with reversine for 48 hours to induce MN (fig. S5, A and B).
Quantification of yH2AX fluorescence intensity showed that MN
exhibited more severe DNA damage compared to PN (fig. S5C). By
labeling the cells with 5-ethynyl-2’-deoxyuridine (EdU), we observed
that some of the MN underwent active DNA replication (fig. S5D).
To study MN specifically, we performed MN isolation on the basis
of a method using sucrose gradient centrifugation to separate MN-
and PN-rich fractions (30). On the basis of the DNA intensity
(Hoechst 33343) and size (forward-scattered light), we sorted PN
and MN from both AMLI12 and human embryonic kidney (HEK)
293T cells using flow cytometry and performed cirSeq (fig. S6, A
and B). MN from AMLI2 cells showed significantly higher eccDNA
levels compared to PN (Fig. 4A). Similarly to the distribution ob-
served in livers of Mcl1*"P mice, the majority of eccDNA was below
the length of 6000 bp (Fig. 4B). Alignment of the sequences indi-
cated that the eccDNA also originated from all chromosomes
(fig. S7A). A similar pattern was observed when comparing MN and
PN from HEK293T cells (Fig. 4, A and B, and fig. S7C). The observa-
tion of MN bearing more abundant eccDNA was the same in both
cell lines. Furthermore, by comparing eccDNA from MN and PN,
we observed that MN tended to promote the generation of small
eccDNA (Fig. 4C and fig. S7, B and D). These patterns suggested
that the more abundant small eccDNA observed in Mcl1*"P com-
pared to WT livers was due to higher levels of micronucleated hepa-
tocytes. By analyzing the sequences of eccDNA identified in PN and
MN, MN appeared to contain slightly more eccDNA with partial
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genes (fig. S7, E and F). Delving into the partial gene-containing
eccDNA revealed that those with intronic sequences were more abun-
dant in MN compared to PN (Fig. 4D).

NuSeF assay reveals intrinsic defects in MN that exhibit
stronger replication stress

To better understand how MN promote eccDNA generation, we have
developed a method called nuclei-segregated DNA fiber (NuSeF) as-
say (Fig. 4E). This approach allowed us to distinguish DNA fibers
originating from PN and MN after separation by fluorescence-activated
cell sorting. Using the NuSeF assay, DNA fibers from MN of AML12
and HEK293T cells showed much shorter total tract length (CIdU +
1dU) (Fig. 4, F and G) compared to their corresponding PN. The
reduction was observed in both the CldU and IdU tract lengths, al-
though the IdU-to-CldU ratio was not altered (fig. S8, A to C). This
suggested that MN had higher replication stress, which resulted in
overall replication fork slowing. Such a pattern was consistent in
both cell types. We observed an inverse correlation between the size
of nuclei (PN versus MN-high versus MN-low) and the total DNA
tract length (Fig. 4, H and I). Similarly to PN, MN also responded to
camptothecin (CPT) treatment, showing a reduced total tract length
upon induction of replication stress (fig. S8D). Treatment with CPT
also resulted in a significant reduction of the IdU-to-CldU ratio in
MN compared to PN (Fig. 4, ] and K). This indicated that MN were
more susceptible to replication stress, which might explain the ob-
served higher DNA damage in these structures (fig. S5C). Our results
suggested that although MN still retained the replication properties
observed in PN, intrinsic defects in MN, such as their increased sus-
ceptibility to replication stress, could be a source of increased eccD-
NA generation.

eccDNA is transferred to BMDMs indirectly through MN

To understand how eccDNA is transferred from hepatocytes to
macrophages, we applied a systematic approach to study this mech-
anism. We hypothesized that eccDNA is released from hepatocytes
into their environment. We first treated AMLI12 cells with reversine
for 48 hours to induce MN formation. The reversine-containing me-
dium was exchanged with a fresh medium, and the conditioned me-
dium was collected 22 hours later. Incubation of BMDMs with the
conditioned medium from AML12 cells enriched with MN for 8 or
16 hours did not result in an increased expression of IfnbI (fig. S8E).
Next, we tested the effect of adding linear DNA or eccDNA directly
into the BMDM culture medium. BMDMs stimulated with AML12
linear gDNA (30 ng/ml) or AML12 eccDNA (30 ng/ml) also did not
result in an increased expression of Ifnb1 (fig. S8F). Notably, the
DNA dosage applied here was three times higher than in the experi-
ment with transfection (Fig. 2H). This indicates that the transfer of
eccDNA to macrophages is not efficient without transfection. Given
that we have shown that MN were structures enriched with eccD-
NA, we next wondered whether MN serve as a vehicle for delivering
eccDNA to macrophages. To test this hypothesis, we modified the
MN isolation protocol and obtained the MN-enriched fraction from
AMLI12 cells treated with reversine (fig. S8G). Additional washing
steps were applied on the MN-enriched fraction, and we confirmed
that the purified MN-enriched fraction contained more than 91.9%
of MN (fig. S8H). BMDMs treated with the MN-enriched fraction
showed a significantly higher expression of Ifnb1 compared to non-
treated cells (Fig. 4L). Collectively, these results indicate that the
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transfer of eccDNA from hepatocytes may occur indirectly through
the uptake of MN by BMDM:s from the environment.

eccDNA is increased in mouse models of liver diseases with
high tumor incidence

We then aimed to find out whether the increase in eccDNA was spe-
cific to the Mcl1*"P mouse model. We performed cirSeq in several
CLD mouse models of liver diseases, including a model of polycystic
liver disease (JNK1/ ZAhep), a model of fatty-liver disease (fast-food
diet), and a model of oncogene activation (c-MYC overexpression)
(Fig. 5A) (31-33). JNK1/2"P mice at 12 months displayed multiple
cystic structures in the liver. However, this phenotype was not as-
sociated with an increase in eccDNA (Fig. 5B). Mice fed with a fast-
food diet developed macrovesicular steatosis but did not show any
changes in eccDNA levels. In contrast, high eccDNA levels were
observed in livers of Mcl1*"P and Myc®F mice. These models had a
reduced average size of eccDNA, suggestin§ that the increased eccD-
NA was mostly small eccDNA. Both Mcl1*"* and Myc°F mouse lines
had much higher tumor incidence (~50% in 12-month-old Mcl1*"?
mice and 100% in MchE mice) compared to the other models (0%
in JNK1/22" mice and 2.5% in 12-month-old fast-food diet mice)
(31-33). These data suggested a positive correlation between high
eccDNA levels and the development of HCC.

eccDNA levels are increased in human CLD and HCC tissues
To investigate whether elevated eccDNA levels could also be rele-
vant for hepatocarcinogenesis in humans, we examined eccDNA
levels in HCC and the adjacent CLD tissues in comparison to non-
diseased liver tissues (Fig. 5C). CirSeq revealed that the eccDNA
levels were already increased in CLD tissues and significantly elevat-
ed in HCC tissues (Fig. 5, D and E). We observed that the majority
of eccDNA had a size below 8000 bp. The largest detected circular
DNA in patient samples was 724,600 bp, which was still much smaller
than the expected size observed in extrachromosomal DNA, a class
of circular DNA frequently detectable in tumor cells (27). To deter-
mine whether some of these circular DNA carried complete genes,
the cirSeq sequences were aligned to the human genome (GRCh38).
We were able to identify eccDNA carrying at least one complete
gene in all samples, with an average of 95, 62, and 73 eccDNA per
sample in the normal, CLD, and HCC groups, respectively.

To analyze whether there was a correlation between the presence
of full genes in eccDNA to their expression, we performed total RNA
sequencing (RNA-seq). A comparison of samples that contained full
genes present in eccDNA with the rest of the samples did not reveal
a significant up-regulation of these genes, suggesting that these genes
were most likely not amplified in the circular form (fig. S9, A to C).
Given that eccDNA levels were increased in CLD and HCC tissue
samples, we divided these samples into eccDNA-high and eccDNA-
low groups on the basis of their eccDNA levels. We observed that the
percentage of Ki67" cells in the eccDNA-high group was significantly
higher than in the eccDNA-low group (Fig. 5, F and G). eccDNA-
high samples also showed a tendency toward increased infiltration
by CD11b" cells (fig. SI0A). We then performed gene set enrich-
ment analysis (GSEA) and observed a significant enrichment of
the “Cell Cycle” signature in the eccDNA-high group (Fig. 5H). Cor-
relation analyses revealed that the level of eccDNA was strongly
correlated with the expression of proliferation-associated genes, e.g.,
MKI67 (gene encoding Ki67), AURKA (gene encoding aurora kinase
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Fig. 5. eccDNA levels are increased in mouse models with high tumor incidence and samples from patients with HCC. (A) Histology of mouse models of various
liver diseases: 2-month-old Mcl7" liver (chronic liver injury), 12-month-old JNK1/22"¢P mice (polycystic liver disease), 30-day-old LAP-tTa/tetO-c-MYC mice (MYC onco-
gene activation), and 6-month-old and 12-month-old fast-food diet-treated mice (fatty liver disease). Scale bars, 100 pm. H&E, hematoxylin and eosin; M, months; D, days.
(B) CirSeq was performed from the liver tissues of these mice. The average number of detected eccDNA and their average size were compared. n > 3. (C) Histology of
patient tissues from normal, CLD (NT area), and HCC livers. Scale bar, 100 pm. (D) Plotting of frequency of eccDNA according to different sizes (base pairs). Bin size: 200 bp.
n =7. (E) Total number and average length of detected eccDNA. Each dot represents one sample. Student’s t test: *P < 0.05. n > 7. (F) Staining of Ki67 on HCC samples
from the eccDNA-high and eccDNA-low groups. Scale bar, 100 pm. (G) Quantification of the percentage of Ki67* cells per field on the eccDNA-high and eccDNA-low CLD
and HCC samples. Student’s t test: *P < 0.05. n = 6. (H) GSEA using RNA-seq data comparing the eccDNA-high and eccDNA-low groups showing an enriched “Cell Cycle”
signature in the eccDNA-high group. (I) Correlation of eccDNA levels from CLD and HCC samples to their corresponding expression of proliferation-associated genes
(MKI6, AURA, and CDKT) using normalized counts. n = 12. (J) GSEA showing an enriched “DNA Repair” signature in the eccDNA-high group. (K) Correlation of eccDNA levels

to their corresponding expression of DNA repair-related genes (ATRIP, APEX2, and XRCC5) using normalized counts. n = 12. Pearson’s correlation coefficient and R? were
calculated in all the correlation tests.
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A), and CDKI1 (gene encoding CDK1) (Fig. 5I). In line, a statisti-
cally significant positive correlation was found between the eccDNA
levels and the percentage of Ki67* cells (fig. S10B). Furthermore, we
observed an enrichment of the “Hallmark DNA Repair” signature in
the eccDNA-high group (Fig. 5]). A strong positive correlation was
also observed between eccDNA levels and the expression of various
genes in several DNA repair mechanisms: ATRIP, which is essential
for recruiting ATR (ataxia telangiectasia and Rad3-related protein)
in response to DNA double-strand break (DSB) as part of the DNA
damage response; APEX2, which encodes an apurinic/apyrimidinic
endodeoxyribonuclease that functions in the DNA base excision re-
pair; and XRCC5, which encodes Ku80 that, together with Ku70, binds
to DSB and promotes nonhomologous end-joining (Fig. 5K and
fig. S10C). Collectively, these results suggested that patient samples
with strong proliferation and consequently increased replication
stress and DNA damage tended to generate higher levels of eccDNA.

Deletion of Sting1 reduces inflammation and tumor
incidence in Mc/7*"*P mice

Given that the effect of eccDNA on immune cells in inducing Ifnb1
and Tnfa expression was dependent on the cGAS-STING pathway
(Fig. 2H and fig. S3I), we sought to determine whether the pheno-
type of Mcl1*"™ mice would be affected by blocking this pathway.
To this aim, we crossed Sting1™'~ mice with Mcl1*"P mice to gener-
ate an Mcl12hP Stingl™'~ mouse line. We confirmed the knockout
status of the Stingl™~ mice by Western blotting and observed that
splenocytes from these mice were not able to induce IRF3 phos-
phorylation after DMXAA (5,6-dimethylxanthenone-4-acetic acid; a
murine STING1 agonist) stimulation (fig. S11A). Mcl12"P Sting1™'~
mice showed no significant difference in liver damage [serum alanine
transaminase (ALT)], level of apoptosis (cl. caspase 3), proliferation
(Ki67), or DNA damage (YH2AX) when compared to Mcl1 Abep hice
(Fig. 6, A and B). Given the expression pattern of STING in the liver
(fig. S2C), the effect of inhibiting the STING pathway was assumed
to affect immune cells. To test this, total RNA-seq and gene signa-
ture analyses were performed on Mcll Ahep Stingl™'~ liver samples
using MclI AheP mice asa control. Overrepresentation analysis (ORA)
indicated that most of down-regulated signatures in the Mcl14bep
Sting1™'~ liver were related to immune response (Fig. 6C). Various
ISGs were found to be significantly down-regulated upon Stingl de-
letion (fig. S11B). Using GSEA, we observed a depletion of signa-
tures involved in immune cell chemotaxis in Mcl14" Stingl™'~ mice,
e.g., macrophage migration and granulocyte chemotaxis (fig. S11C).
In line, quantification of F4/80-positive cells showed that STING
knockout reduced the number of macrophages/Kuffer cells in the
Mcl1*"P liver (Fig. 6B). Such a reduction could be associated with a
down-regulation of key chemokines of macrophages, e.g., CXCL10,
in Mcl1%"P Sting1™'~ mice (fig. S11B).

Given that the polarization of macrophages into the M1 or M2
phenotype can have a distinct effect on the microenvironment and
remarkably influence liver tumorigenesis, we investigated the differ-
ent macrophage subpopulations in the WT, Mcl1*"P, and Mcl14PP
Sting1™'~ mice. We extracted the expression levels of gene clusters
associated with M0, M1, and M2 macrophages and observed that all
three subpopulations were elevated in the Mcl14hep group compared
to WT (Fig. 6, D and E, and fig. S11, D and E). When comparing the
Mcl1*™P mice to Mcl1*"P Sting1™'~ mice, we observed a signifi-
cant reduction in the latter when analyzing all these macrophage-
associated genes together (Fig. 6E). However, when looking at
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individual MO, M1, or M2 gene clusters, only a strong tendency of
reduced expression was found in the Mcl1*"P Stingl™'~ group
(fig. S11E). M2 macrophages often exhibit an immunosuppressive
function in the tumor microenvironment and can be further classified
as M2a, M2b, M2c, and M2d subsets (34). The M2a subset has been
shown to exhibit a protumoral activity (35). By analyzing a gene clus-
ter associated with the M2a macrophages, we observed that this sub-
set was significantly elevated in the MclI AheP mice compared to WT
mice. However, STING deletion led to a significant reduction of the
M2a subset in the Mcl1*"P mice (Fig. 6F). Given that we observed a
reduced immune response and subsets of protumorigenic macro-
phages upon Stingl deletion, we compared cohorts of these mice
at the age of 12 months. MclI Ahep Sting1™"~ mice showed a reduced
tumor incidence of 33.33% compared to 56.52% in the Mcl12PP
group (Fig. 6, G and H). These results suggested that the deletion of
STING reduced the immune response and that such a disrupted in-
flammatory microenvironment led to a reduction in the tumor in-
cidence, highlighting the importance of the cGAS-STING pathway
in eccDNA-mediated inflammation in Mcl1*"P livers.

DISCUSSION

Two decades have passed since the presence of MN in human CLD
and HCC tissues was first described (36). However, it is still not
fully understood how the presence of MN is linked to HCC carcino-
genesis. The results of this study shed light on this old observation
and suggest a close connection between the formation of eccDNA,
the immune response, and the development of liver cancer. MN are
known to arise from chromosome missegregation. However, in cells
experiencing replication stress, MN can also contain chromatin
fragments caused by DNA damage (12). Using Mcl1 AReP mice as a
CLD model, DNA fiber assay indicated increased replication stress
in MCLI1-deficient hepatocytes. Prolonged replication fork stalling
often causes fork collapses, leading to DSB (37). The high replication
stress caused by apoptosis-triggered hyperproliferation in MCL1-
deficient hepatocytes can in turn lead to higher DNA damage and
MN, which ultimately promote apoptosis in a positive feedback
loop. Although apoptosis has been shown to promote the formation
of eccDNA, its biogenesis has also been shown to be associated with
other stress conditions or DNA damage (20, 21). Our data suggest
that the formation and accumulation of eccDNA occur before apop-
tosis through the formation of MN.

To gain insight into the relationship between MN and eccDNA
formation, we aimed at developing a method allowing us to study
replication stress directly in MN. This approach, designated the
NuSeF assay, enabled us to distinguish DNA fibers originating from
MN and PN, in contrast to the conventional protocol that examines
bulk DNA fibers. The NuSeF assay revealed that MN were more sus-
ceptible to replication stress, as indicated by replication fork slowing.
This observation confirms the overall higher DNA damage levels in
MN compared to PN detected by imaging methods. Using cirSeq,
eccDNA was detected in both PN and MN. The fact that eccDNA
was detected in PN may explain the previous report that eccDNA was
found in various healthy tissues (19). Presumably, the main source of
eccDNA from healthy tissue is from PN, as healthy cells generally do
not contain MN. Even though MN contained more abundant eccD-
NA, as shown in this study, their eccDNA is much smaller. This may
partly reflect the more abundant but smaller eccDNA observed in
Mcl1*"P livers because of the increased proportion of micronucleated
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Fig. 6. STING knockout reduces immune cell infiltration and tumor incidence in Mc/72"*P mice. (A) Histological analyses of 2-month-old mice showed no differences
in apoptosis (cleaved caspase 3), DNA damage (yH2AX), and proliferation (Ki67) but a reduction in macrophage infiltration (F4/80) in Mci1hep Sting1™'~ mice. Scale bar,
100 pm. (B) Measurement of serum alanine transaminase (ALT) levels from blood samples collected at the 2-month time point. Quantification of the cleaved caspase 3
staining as a percentage of total area. Quantification of the number of yH2AX " hepatocytes per field. Quantification of the number of F4/80™" cells per field. Student’s t test:
#P < 0.05, **P < 0.01, and ***P < 0.001. n.s., not significant. (C) Mci14hep Sting1~'~ mice showed a significant down-regulation of gene signatures involved in immune
responses and immune cell recruitment. ORA, overrepresentation analysis. (D) Heatmap showing averaged M0-, M1-, and M2-associated genes. (E and F) Box plot compar-
ing the log,-centered TPM of the averaged MO-, M1-, and M2-associated genes together or M2a-associated genes. One-way ANOVA followed by post hoc pairwise two-
sided Student’s t test: *P < 0.05 and **P < 0.01. (G) Histology of 12-month livers showing the tumor (TM) area and nontumor (NT) area. Scale bar, 100 pm. (H) Tumor
incidence showing the percentage of mice in the corresponding genotypes that displayed at least one tumor in the liver.
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cells. The micronucleated hepatocytes in Mcl1 Ahep Jivers and the MN-
containing AML12 cells after reversine treatment were nonapoptotic.
A potential limitation of our study is that we could not complete-
ly exclude a contribution of apoptosis to eccDNA biogenesis in the
Mcl1%"P model, as apoptosis was one of the effects of MCLI deletion
in hepatocytes. Given that excessive DNA damage may ultimately
promote apoptosis, it is more likely that eccDNA is generated after
MN formation and the generation is later enhanced by apoptosis.
This is in line with the current understanding that eccDNA can be
produced by multiple mechanisms (38). Further application of
the NuSeF assay, in combination with cirSeq, on cells exposed to
various genotoxic insults or in experimental designs to restore rep-
lication defects within MN will contribute to a better understand-
ing of the MN biology and possibly reveal further mechanisms of
eccDNA generation.

The circular nature of eccDNA is likely to provide additional sta-
bility and therefore increase the potency in inducing the immune
response (20). We observed that even at low dosage, eccDNA can
induce IfnbI expression in BMDMs. The potency can also be an effect
of eccDNA resistance to intracellular exonuclease such as TREX1
(three prime repair exonuclease 1), which has an inhibitory func-
tion for the activation of the cGAS-STING pathway (39). However,
it is still unclear whether eccDNA is actively secreted by damaged
hepatocytes or whether they are released during cell death. The abil-
ity of eccDNA to induce a strong response in immune cells suggests
that they are acting as damage-associated molecular pattern mole-
cules. Furthermore, it is also unclear whether eccDNA is secreted
locally to activated adjacent immune cells or whether they have a
systemic effect when present in the circulation as part of the circu-
lating DNA. Cell-free eccDNA has been reported in the plasma of
both mice and humans, which suggests a possibility to reach distant
targets (40). In this study, we demonstrate an alternative mechanism
that facilitates the transfer of eccDNA to macrophages. Neither the
addition of eccDNA directly to the culture medium nor the applica-
tion of conditioned medium derived from reversine-treated hepato-
cytes was able to stimulate IfnbI expression in BMDMs. In contrast,
treatment of BMDMs with the MN-enriched fraction strongly in-
duced Ifnb1 expression in BMDMs. Given that MN are structures
enriched with eccDNA, they could serve as vehicles for delivering
eccDNA to macrophages. Further studies are needed to investigate
whether hepatocytes actively release MN into the environment.

Although an increase in DNA damage may eventually increase
the number of accumulated mutations, which ultimately can drive
neoplastic transformation, we observed an essential role of the im-
mune cells in the carcinogenesis process in the Mcl1°"P model. Our
results suggest a cross-talk between hepatocytes and the microenvi-
ronment, with eccDNA serving as a link connecting the increased
DNA damage in hepatocytes to the activation of the cGAS-STING
pathway in the immune cells. This connection is essential because
hepatocytes do not express STING (14, 16). Inhibition of this path-
way reduced the overall immune cell infiltration in Mcl1*"P livers
and reduced the tumor incidence at 12 months. Inflammation has
long been known to be associated with HCC development (41).
Therefore, our results suggest that carcinogenesis in MclI AR mice,
which very faithfully recapitulate the CLD pathophysiology, is me-
diated through a non-cell-autonomous mechanism.

In the present study, we showed that the effect of eccDNA on im-
mune cells is dependent on both cGAS and STING. In animal mod-
els receiving high-fat diet or methionine- and choline-deficient diet,
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constitutive knockout of STING and selective knockout of STING
in myeloid cells both led to a reduced nonalcoholic steatohepatitis
phenotype, which includes attenuated liver steatosis, inflammation,
and fibrosis (14, 16). These studies also highlighted the observation
of a lack of STING expression in hepatocytes, as confirmed in the
current study. Such an observation also supports the concept that
hepatocytes are susceptible to hepatitis B virus infection because of
a lack of the DNA sensing pathway and their inability to induce a
type 1 interferon response after viral infection (15). Therefore, the
postulated role of STING in eliciting a senescence-associated secre-
tory phenotype might be important in other cell types but may not
be relevant in hepatocytes (42). Because of the different spatial ex-
pressions of cGAS and STING, selective inhibition of these compo-
nents may result in different outcomes. Several studies reported a
noncanonical role of cGAS in regulating senescence, cell death, and
DNA repair (43-46). Similarly, noncanonical activation of STING
after DNA damage has been reported through the recruitment of ATM
(ataxia-telangiectasia mutated) and IFI16 (interferon-y-inducible
protein 16), leading to the activation of the downstream NF-«B sig-
naling (47). The relevance of these noncanonical functions in hepa-
tocytes, especially in the pathogenesis of liver diseases, still requires
further elucidation.

In summary, this study provides evidence that eccDNA, gener-
ated by an accumulation of MN, acts as a link in a cross-talk between
hepatocytes and immune cells to maintain the immune response in
the liver. Our results show that carcinogenesis in MclI AReP mice is
mediated by a non-cell-autonomous mechanism, with the cross-talk
between hepatocytes and immune cells playing a pivotal role. The
NuSeF assay is a previously unknown approach to enable the study
of replication fork dynamics in MN, where here led to the discovery
of higher replication stress in MN.

MATERIALS AND METHODS

Experimental design

Although the increase in DNA damage and genomic instability in
hepatocytes may be directly linked to carcinogenesis in CLD, it is
still unclear whether the carcinogenesis from CLD to HCC is medi-
ated by a cell-autonomous or non-cell-autonomous mechanism.
Here, we used several murine liver disease models and human CLD
and HCC tissues, in combination with cultured cells, to study the
relationship between MN and eccDNA in liver inflammation and
HCC development. Previously unindentified mechanisms involving
interaction between hepatocytes and immune cells in the liver were
uncovered, suggesting a non-cell-autonomous mechanism in the
maintenance of chronic inflammation and hepatocarcinogenesis.

Mouse lines and patient tissue

Mcl1*"P mice were generated by crossing Alb-Cre transgenic
mice with MclI floxed mice, as described previously (8). Livers of
JNK1/22PP mice, mice treated for 6 or 12 months of fast-food diet,
and Myc®" mice were obtained as described previously (31-33).
Sting1~'~ mice were provided by T. Buch (Laboratory Animal Ser-
vices Center, Universitit Zirich). Mcl1*MP Sting1~'~ mice were gen-
erated by crossing MclI Ahep mice with Stingl™'~ mice. Cgas™'™ mice
were purchased from JAX. WT, Mcl1*"P, and Mcl1*"P Sting1 ™'~
mice were analyzed at the ages of 2 and 12 months. Experiments were
performed using animals of both sexes. Snap-frozen or formalin-
fixed, paraffin-embedded human liver samples were provided by the
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biobank of the Department of Pathology and Molecular Pathology, Uni-
versity Hospital Zurich, for morphological and molecular analyses.

NuSeF assay

Cells were pulse labeled with two thymidine analogs, CldU and IdU,
for 30 min each. Labeled cells were harvested and treated with cyto-
chalasin B for 30 min on ice. PN and MN were enriched in fractions
by sucrose gradient centrifugation. Fluorescence-activated cell sort-
ing was performed on these enriched fractions to obtain pure PN
and MN. Purified nuclei were lysed, and the DNA content was spread
on glass slides. The slides were then incubated with anti-CldU (BD
Bioscience, no. 347580) and anti-IdU (Abcam, no. ab6326) primary
antibodies, followed by secondary antibodies. Single-stranded DNA
(ssDNA) (DSHB TROMA-III) counterstaining was performed to vi-
sualize the integrity of DNA fibers. The fiber tract length was quanti-
fied and compared. A detailed NuSeF assay protocol is available in
the Supplementary Text and has been uploaded to www.protocols.io
(DOI: dx.doi.org/10.17504/protocols.io.bp2l6znpkgqe/v1).

Primary hepatocyte and immune cell isolation from the liver
Hepatocyte isolation was performed according to the proposed pro-
tocol (48). Briefly, mice were first anesthetized with ketamine (100 mg/
kg) and xylazine (16 mg/kg). The liver was first perfused with
the preperfusion buffer (0.5 mM EDTA/20 mM Hepes/Hanks’ bal-
anced salt solution) for 5 min and then switched to a perfusion solu-
tion [20 mM Hepes/1X penicillin/streptomycin/3 mM CaCl,/
Dulbecco’s modified Eagle’s medium/F12/Liberase (0.2 mg/ml;
Roche, no. 05401127001)] for 10 min. The liver was then transferred
to a petri dish with 10 ml of Wash solution (4% FBS/1x penicillin/
streptomycin/Willian’s E medium), and hepatocytes were gently re-
leased from the liver using forceps. The Wash solution containing
cells was filtered through a 70-pm cell strainer (Falcon, no. 352350)
and stored on ice. The cell suspension was centrifuged at 20g for
3 min. The pellet was used for hepatocyte isolation, and the super-
natant, which contained NPCs, was transferred to another 50-ml
Falcon tube for immune cell isolation. For hepatocyte purification,
the pellet was resuspended with 10 ml of Wash solution, mixed with
10 ml of 90% Percoll solution (Cytiva, no. GE-17-0891-01), and cen-
trifuged at 200g for 10 min. This step was repeated one more time to
increase the purity of viable cells. The pellet was then resuspended
in the Wash solution and seeded at a density of 3 x 10° cells per well
in a collagen-precoated 24-well plate. For isolating immune cells,
the volume was brought to 50 ml using the Wash solution. The solu-
tion was centrifuged at 20g for 3 min, and the supernatant was
transferred to another 50-ml Falcon tube. This step was repeated for
additional two times. The transferred supernatant was then centri-
fuged at 2000 rpm for 5 min. The immune cell pellet was resuspend-
ed in 10 ml of 36% Percoll solution and centrifuged at 2000 rpm for
20 min at 4°C. Red blood cells were lysed with 1x RBC lysis buffer
(G Biosciences, no. 786-649) at room temperature for 5 min. The
immune cells were washed once with 10 ml of phosphate-buffered
saline (PBS) and pelleted followed by snap-freezing and storage.
The purity of the isolated cells was examined using Western blot-
ting for hepatocyte- and immune cell-specific markers (albumin
and CD45, respectively).

DNA fiber assay
For the DNA fiber assay on primary hepatocytes, primary hepato-
cytes were isolated as described above. Hepatocytes were seeded in
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collagen-coated six-well plates at a density of 20% after isolation.
Hepatocytes were cultured for 24 hours before the assay. On the day
of the experiment, the hepatocyte medium was removed from the
wells and first replaced with 19 mM CldU in a fresh medium fol-
lowed by exchanging the medium with 28.24 mM IdU in a fresh
medium at 30-min intervals. The wells were washed twice with pre-
warmed PBS in between CldU- and IdU-containing media. After
the IdU incubation, cells were washed twice with cold PBS and tryp-
sinized. Cells were harvested and stored on ice until DNA spread.
Approximately 1000 cells in 3 pl were transferred onto a glass slide and
then mixed with 7 pl of lysis buffer (200 mM tris-HCI, pH 7.4/50 mM
EDTA/0.5% SDS). After 5 min of lysis at room temperature, the
slides were tilted at an angle of 45° to promote the spreading of DNA
by gravity. The slides were then dried and fixed with methanol/acetic
acid (3:1) for 20 min at 4°C. Slides were rehydrated in PBS and then
denatured with 2.5 M HCI for 1 hour at room temperature. These
slides were then washed five times with PBS and blocked with
blocking buffer (2% bovine serum albumin/0.1% Tween 20/PBS) for
1 hour at room temperature. The slides were then incubated with
anti-CldU (BD Bioscience, no. 347580) and anti-IdU (Abcam, no.
ab6326) primary antibodies overnight at 4°C, followed by 2 hours of
secondary antibodies at room temperature. ssDNA (DSHB TROMA-
III) counterstaining was performed to visualize the integrity of DNA
fibers. The stained slides were mounted with ProLong Gold Anti-
fade mounting medium (Invitrogen, no. P36930). DNA fiber images
were acquired using a Leica DM6 microscope.

Study approval

All animal experiments were approved by the Zurich Cantonal Vet-
erinary Office (licenses: ZH193/2020 and ZH104/2019). This study
was approved by the internal review board of the University Hospital
Zurich and the Cantonal Ethics Committee of Zurich, Switzerland
(KEK-ZH no. 2013-0382). Where required by local regulations gov-
erning the use of human tissue samples, informed consent was ob-
tained in all cases.

Statistical analysis

Statistical analyses were performed as indicated in the figure leg-
ends. For a comparison between the two groups, Student’s ¢ test was
used. For a comparison of more than two groups, a one-way analysis
of variance (ANOVA) was used. For analyzing the cell type gene set,
the mean-centered log, transcript per million reads (TPM) gene ex-
pression was calculated per sample. A global one-way ANOVA was
performed, followed by post hoc pairwise two-sided Student’s ¢
tests. For all analyses, *P < 0.05, **P < 0.01, ***P < 0.001, and
###%P < (0.0001. Sample numbers (1) are indicated in figure legends.
All graphs show the means + SD. Each dot in all dot plots indicates
each sample or individual quantified unit. Detailed information is
provided in the corresponding figure legend. Statistical tests were
performed using GraphPad Prism 10 or R. Extended technical de-
scriptions are available in the Supplementary Text.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S11

Tables S1to S7
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