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Abstract

Background & Aim: BRCA1 and PALB?2 interact with each other to promote homologous
recombination and DNA double strand breaks repair. The disruption of this interaction has been
reported to play a role in tumorigenesis. However, its precise function in hepatocellular carcinoma
(HCC) remains poorly understood.

Approach & Results: We demonstrated that mice with disrupted BRCA1-PALB?2 interaction
were more susceptible to HCC than wild-type mice. HCC tumors arising from these mice
showed plenty of T-lymphocyte infiltration and a better response to programmed cell death-1
(PD-1) antibody treatment. Mechanistically, disruption of the BRCA1-PALB?2 interaction causes
persistent high level of DNA damage in HCC cells, leading to activation of the cGAS-

STING signaling pathway in both malignant hepatocytes and M1 macrophages in the tumor
microenvironment. The activated cGAS-STING pathway induces PD-L1 expression via the
STING-IRF3-STAT1 pathway, causing immunosuppression to facilitate tumorigenesis and tumor
progression. Meanwhile, M1 macrophages with an activated cGAS-STING pathway could recruit
T lymphocytes through the STING-IRF3 pathway, leading to T-lymphocyte infiltration in tumors.
After normalizing immune responses by PD-1 antibody treatment, the infiltrating T lymphocytes
attack tumor cells rapidly and effectively.

Conclusions: This study reveals that persistent DNA damage caused by a defective BRCA
pathway induces tumor immunosuppression and T-lymphocyte infiltration in HCC through the
cGAS-STING pathway, providing new insight into tumor immune microenvironment remodeling
that may help improve HCC response to PD-1 antibody treatment.
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Introduction

Hepatocellular carcinoma (HCC), the major primary liver cancer, is the sixth most common
cancer and the fourth leading cause of cancer-related deaths worldwide (). HCC is usually
diagnosed in advanced stages, resulting in limited treatment options (2). Immunosuppression
and immune escape play an important role in tumorigenesis and tumor progression,

wherein tumor cells can express immune-inhibitory molecules innately or adaptively to
evade immune attacks from the host (3). Recently, immunotherapies that normalize immune
responses in the tumor microenvironment, particularly through targeting the programmed
cell death (PD) pathway, have been encouraging for cancer patients (34), sparking an
interest in the application of immune checkpoint blockade against HCC. However, anti-PD-1
monotherapy for HCC did not reach a predetermined endpoint in two recent trials (:6).
Therefore, seeking better immunotherapy strategies for HCC patients and elucidating the
mechanisms is a major challenge.

The breast cancer susceptibility proteins BRCA1, BRCA2, and PALB2 (partner and
localizer of BRCA2) belong to a group of molecules that participate in the repair of

DNA lesions, regulation of cell cycle progression, maintenance of genomic integrity, and
various transcriptional pathways(7-8). PALB2, as a major BRCA2 binding partner, interacts
with BRCAL through its N-terminal coiled-coil domain, thereby recruiting BRCA2 and
RADS51 recombinase to sites of DNA damage (%19). This process is critical for homologous
recombination-based repair of DNA double-strand breaks (DSBs) (©10). Oxidative stress
results from an imbalance between reactive oxygen species (ROS) production and removal
(11). As a major endogenous cause of DNA damage, this imbalance can cause oxidized
lesions in DNA, which are highly damaging and carry a high mutagenic potency (11:12),

Stimulator of interferon genes (STING), an adaptor protein present in the endoplasmic
reticulum, can be activated by cyclic GMP-AMP synthase (cGAS), which recognizes
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endogenous or exogenous double-stranded DNA (dsDNA) in the cytoplasm (3), Activation
of the cGAS-STING signaling pathway induces the release of type I interferons (IFNSs)
and cytokines, as well as chemokines, resulting in subsequent induction of both innate

and adaptive immunity (14.15). Recently, an increasing number of studies have revealed

the critical role of STING in antitumor immunity across different types of cancer (16:17),
However, normal hepatocytes reportedly do not have a functional DNA-sensing pathway
due to a lack of STING expression and cannot respond to the presence of foreign DNA

in the cytosol with a type | IFN response (18). Therefore, it is still not clear whether the
cGAS-STING pathway also has the same role in HCC immunotherapy.

Previously, we generated a Pa/b2knockin mouse strain with a 3-aa mutation (LKK—AAA)
in the N-terminal coiled-coil domain that abrogates BRCA1 binding (9. Homozygous
mutant mice showed increased endogenous DNA damage and oxidative stress, and following
ionizing radiation they displayed accelerated lymphoma development (19:20), |n the current
study, we demonstrated that these mice with disrupted BRCA1-PALB?2 interaction were
more susceptible to HCC than wild-type mice, and their HCC tumors displayed higher levels
of DNA damage and oxidative stress. A high level of DNA damage was able to activate

the cGAS-STING signaling pathway in both malignant hepatocytes and M1 macrophages

in the tumor microenvironment. Moreover, these HCC tumors exhibited dramatic immune
microenvironment remodeling, wherein continuous growth of the malignant mass occurred
despite the infiltration of plenty of T lymphocytes, setting up a better response to anti-PD-1
treatment.

Materials and Methods

Mice

Cells

The Palb2 (LKK-AAA)-mutant strain was described previously (19). The strain was
backcrossed to C57BL/6 background for eight generations, and then heterozygous animals
were intercrossed, producing the wild-type (Pa/b2%7) and homozygous mutant (Pa/b2MUT)
mice used in this study. All animal experiments were approved by the Institutional Animal
Care and Use Committee of Rutgers University.

The human HCC cell lines MHCC97H and LM3 were established by the Liver Cancer
Institute of Fudan University. The human HCC cell line Hep3B, hepatocyte-derived cell line
HepG2, and the monocyte cell line THP-1 were purchased from ATCC. The human HCC
cell line Huh-7 was obtained from JCRB Cell Bank. Heterozygous Pa/b2MUTWT animals
were intercrossed, and pregnant females euthanized at E.13.5 to dissect the embryos and
then generate the primary mouse embryonic fibroblasts (MEFs) (19). After genotyping, the
Palb2T and Palb2MUT MEFs (male and female) were used in this study.

Human HCC Specimens

Microarrays of tissue samples from 68 patients with histologically confirmed HCC were
purchased from BioCoreUSA (DLV809a).

Hepatology. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 4

Statistical Analyses

Results

All experiments were performed at least three times unless otherwise noted. Comparisons
were assessed using unpaired Student’s ftest, Pearson )(2 test or Fisher’s exact test,

as appropriate. Correlations were evaluated using Pearson’s 7 or Spearman’s o when
appropriate. For Kaplan-Meier survival curve, significance was estimated with log-rank test.
All statistical analyses were carried out by applying SPSS (version 22.0) or GraphPad Prism
(version 7.0), setting significance at p<0.05.

Other materials and methods, including in vivo studies and in vitro assays, are provided in
the Supplementary Materials and Methods.

Palb2MUT Mice are More Susceptible to HCC and Palb2MUT HCC Tumors Have High Level of
T-lymphocyte Infiltration

To explore the role of BRCA1-PALB2 interaction in spontaneous tumorigenesis, Palb2VT
and Palb2MUT mice were aged and monitored. During the study period (median, 495 days),
7 of the 26 Palb2MUT male mice developed HCC, and the 1- and 2-year HCC tumorigenesis
rates were 4.5% and 38.0%, respectively; in contrast, none of the 25 Pa/b2¥T male mice
was found to have HCC tumors (Fig. 1A, B, C). To confirm this susceptibility, we used
N-nitrosodiethylamine (DEN) to induce HCC in Pa/b2WT and Palb2MUT male mice. At 24
weeks, Palb2MUT mice showed a high HCC incidence (80%, 4/5), whereas none of the 5
Palb2"'T mice developed this disease. At 36 weeks, although HCC tumors were found in all
mice, Palb2MUT mice had significantly more HCC tumors and larger tumor volumes than
the Palb2T group (Fig. 1D, E, F). Interestingly, compared with HCC tumors in Pa/b2V"
mice, those in Pa/b2MUT mice exhibited plenty of lymphocyte infiltration (Fig. 1G). To
identify these lymphocytes, we performed immunohistochemistry (IHC) in serial sections
of the Palb2WT and Palb2MUT HCC tumors. Most infiltrating cells were identified as T
lymphocytes (CD3* cells); some of the T lymphocytes were cytotoxic T lymphocytes (CD8*
cells), with many being Ki-67 positive, suggesting that the infiltrating T lymphocytes could
proliferate and differentiate within Pa/b2"YT HCC tumors (Fig. 1H, Supporting Fig. S1).
These findings indicate that the mice with disrupted BRCA1-PALB?2 interaction are more
susceptible to HCC and that the HCC tumors with this defect display a significant increase
in the level of T-lymphocyte infiltration.

Palb2MUT proliferating Cells Contain More DNA Damage, Especially Under Oxidative Stress

Because BRCA1-PALB?2 interaction plays an important role in homologous recombination-
based repair of DSBs, we analyzed the amount of endogenous DSBs in proliferating
hepatocytes of the 4-week-old Pa/b2MUT and littermate Pa/b2”YT mice. Phosphorylated
histone H2AX (yH2AX) foci, a marker of DSBs (9), was counted in PCNA positive
hepatocytes. The Palb2MUT group exhibited more yH2AX foci, indicating more endogenous
DNA damage in proliferating Pa/b2MUT hepatocytes (Fig. 2A, Supporting Fig. S2A-C). As
ROS is a major endogenous cause of DNA damage in vivo ), we analyzed 8-hydroxy-2’-
deoxyguanosine (8-OHdG), an oxidized derivative of deoxyguanosine formed during DNA
oxidation, in the liver of growing mice and aging mice. Pa/b2MUT liver tissue showed
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a stronger nuclear staining than did their Pa/62"¥7 counterparts, indicating exposure to
elevated oxidative DNA damage; as the mice aged, the oxidative DNA damage became more
severe (Fig. 2B, Supporting Fig. S2D).

To explore the mechanism of DSBs formation in proliferating cells, we generated littermate
MEFs. Palb2MUT MEFs showed higher levels of ROS and higher sensitivity to H,0, than
Palb2"T cells (Fig. 2C, 2D). Next, we treated these MEFs with 50 uM and 200 uM

H,0, to assess their response to oxidative stress. An important source of endogenous DSB
generation is DNA replication stress (21). We therefore used the DNA fiber assay to analyze
replication fork progression without and with H,O, treatment, which can be considered as
a form of replication stress (22), Both concentrations of H,0, led to reduced replication
fork speed, with Palb2MUT MEFs showing longer replication tracts than Pa/b2V7 cells
under the same concentration of H,O (Fig. 2E). After treatment with the single-stranded
DNA (ssDNA)-specific S1 endonuclease, replication tract length in Palb2MUT MEFs was
substantially reduced, while in Pa/b2”7 cells it remained almost the same (Supporting Fig.
S3), indicating that newly replicated DNA in the mutant cells contained much more ssDNA
gaps, which could develop into DNA DSBs (23). Indeed, more yH2AX foci were observed
in Palb2MUT MEFs under the same concentration of H,0, (Fig. 2F). Both ssDNA gaps and
DNA DSBs could lead to chromosome breakage (24), therefore we performed the metaphase
spread assay to visualize chromosomal abnormalities. Pa/b2MUT MEFs displayed a higher
level of chromosome instability than littermate Pa/b2W7 cells under the same concentration
of H»0» (Flg ZG).

Collectively, these findings constitute evidence for more DNA damage in proliferating cells
with disrupted BRCA1-PALB?2 interaction, especially under oxidative stress.

Palb2MUT Liver Tissues Sustain More DNA Damage After DEN-Induced Acute Hepatic

Stress

For initiating acute hepatic stress responses, 8-week old Palb2”V" and Palb2MUT male
mice were given a high dose of DEN (100 mg/kg; Supporting Fig. S4A) (25). After three
days, both mice groups showed significant weight loss (Supporting Fig. S4B). Palb2MUT
liver tissues exhibited more yH2AX positive and higher intensity 8-OHdG nuclear staining
hepatocytes than Palb27 liver tissues, indicating that hepatocytes with disrupted BRCA1-
PALB2 interaction sustained a higher level of DNA damage upon DEN-induced acute
hepatic stress (Supporting Fig. S4C). In addition, Pa/b2MUT liver tissues displayed more
compensatory hepatocyte proliferation (Ki-67*cells) (Supporting Fig. S4D).

The cGAS-STING Pathway is Activated in Both Malignant Hepatocytes and M1
Macrophages in Palb2MUT HCC Tumors

Consistent with the above results, Pa/b2MYT HCC tumors also had higher levels of

DNA damage and oxidative stress than Pa/b2"" HCC tumors (Fig. 3A, B). The cGAS-
STING pathway was discovered as an important DNA-sensing machinery in innate
immunity and viral defense, whose roles have been expanded to cancer with recent
advances (16). To explore the underlying mechanism of tumor immunosuppression and
T-lymphocyte infiltration in Palb2MYT HCC tumors, we assessed STING expression using
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immunofluorescence (IF) and IHC. In Pa/b2MYT HCC tumors, strong positive STING
expression was observed around T lymphocytes, with moderate positive expression in
almost all the Pa/b2MUT HCC tumor cells. In contrast, Pa/b2WT HCC tumors showed very
weak positive STING expression in only a few tumor cells (Fig. 3C, D). Apart from cancer-
specific cCGAS-STING activation, the host may harness this inflammatory pathway for tumor
surveillance (6). Moreover, macrophages, as the major antigen-presenting cells in the tumor
microenvironment of HCC, are thought to recruit immune cells such as T lymphocytes

and clear necrotic malignant cells through IFN signaling (28). Thus, we also analyzed
co-localization of STING, CD3, F4/80 (macrophage marker), CD11c (M1 macrophage
marker), and CD206 (M2 macrophage marker) in tumor tissues using multiplex IF. From
these results, cells with a strong positive STING staining were identified as the infiltrating
M1 macrophages in Palb2MUT HCC tumors (Fig. 3C). Furthermore, we assessed the
downstream IRF3, STATL1, p-STAT1 and programmed death-ligand 1 (PD-L1) expression by
IHC in serial sections of the two HCC tumor groups. IRF3, STAT1, and p-STAT1 (Tyr701)
were all upregulated in Pa/b2MUT HCC tumors compared with Pa/b2WT tumors, consistent
with increased STING expression (Fig. 3D). Additionally, Pa/b2MYT HCC tumors displayed
positive PD-L1 expression in both malignant hepatocytes and M1 Macrophages, whereas
Palb2™'T tumors showed negative expression (Fig. 3D, Supporting Fig. S5). These findings
indicate that cGAS-STING signaling is activated in both malignant hepatocytes and M1
macrophages in Palb2MUT HCC tumors, presumably due to the disrupted BRCA1-PALB2
interaction. The PD-L1 expression in Pa/b2MUT tumors cause immunosuppression, allowing
malignant hepatocytes to evade immune attacks, and M1 macrophages infiltrate in the same
area as T lymphocytes, in line with their ability to recruit lymphocytes (7).

We also assessed expression levels of PD-L1 and proteins involved in STING-IRF3-STAT1
pathway in whole HCC tumors. In addition to a higher yH2AX level, Palb2MYT tumors
showed significantly increased STING levels, and elevated IRF3, p-IRF3(Ser396), IFNa.1,
IFNB1, STAT1, p-STAT1(Tyr701) and PD-L1 levels, compared with Pa/b2"7 tumors (Fig.
3E, F, Supporting Fig. S6A, B).

Moreover, liver tissue of 4-week-old Pa/b2MUT mice, with more DNA damage, displayed
elevated levels of STING, IRF3, and STAT1 expression than that of Pa/b2”¥7 counterparts
(Supporting Fig. S7).

DNA Damage Induces Type | IFNs Through the cGAS-STING Pathway in Both Malignant
Hepatocytes and M1 Macrophages

To determine whether STING upregulation is responsible for upregulating the IRF3 pathway
in malignant hepatocytes after DNA damage, we first performed a two-step siRNA-mediated
knockdown to deplete PALB2in HCC cells and induce DNA damage over a relatively

long time yet without affecting the cell growth status (Fig. 4A, Supporting Fig. S8A). We
measured cytosolic DNA using PicoGreen, a widely used fluorescent stain that selectively
binds to dsDNA (28), and found that HCC cells with 2ALB2 knockdown had significantly
more cytosolic DNA than control cells (Fig. 4B, Supporting Fig. S8B). We next assessed
YH2AX, STING, IRF3, and p-IRF3 levels in these cells. Consistent with elevated yH2AX
levels, HCC cells with PALB2knockdown had higher levels of STING and p-IRF3 (Ser396)
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compared with control cells (Fig. 4C, Supporting Fig. S8C-E). Additionally, no significant
increase in p-IRF3 (Ser396) was found in the cells when ST/NG was co-depleted with
PALBZ, even with the similarly elevated yH2AX levels (Fig. 4C, Supporting Fig. S8C-E).
Phosphorylated IRF3 can form a dimer and then translocate to the nucleus and induce type |
IFNs (29). Thus, we treated HCC cells and M1 macrophages with increasing concentrations
of type I IFNs (IFNa1 and IFNP). Our results demonstrated an upregulation of STAT1 and
p-STAT1 (Tyr701), which has been reported as the transcription factor of PD-L1 (39, and as
expected, a gradual induction of PD-L1 (Fig. 4D, Supporting Fig. S9A, B).

Furthermore, we optimized a co-culture system for in vitro studies, providing a physiologic
milieu for malignant hepatocytes and M1 macrophages to interact with each other (Fig. 4E).
M1 macrophages co-cultured with HCC cells carrying more DNA damage exhibited higher
STING and p-IRF3 (Ser396) levels than those co-cultured with control HCC cells (Fig 4F,
Supporting Fig. S10A, B). Moreover, the increase in p-IRF3 (Ser396) was not observed in
M1 macrophages with ST/NG depletion subjected to the same analysis (Fig. 4F, Supporting
Fig. S10A, B).

Taken together, these results imply that DNA damage induces type | IFNs through the
cGAS-STING pathway in both malignant hepatocytes and M1 macrophages and that type |
IFNs induce PD-L1 expression in these cells through the STAT1 pathway.

Suppression of Oxidative Stress Alleviates DNA Damage and Weakens the cGAS-STING
Signaling Pathway in Palb2MYT HCC

Palb2MUT mice were marked by a persistent high level of DNA damage and oxidative stress.
To assess the role of oxidative stress in HCC tumorigenesis and immune microenvironment
remodeling in Pa/b2MUT mice, mutant males were injected with DEN at 2 weeks of age
and then treated with or without reduced glutathione (GSH), which plays a major role

in neutralizing ROS in vivo 31, from 4 to 36 weeks of age (Fig. 5A). Pa/b2MUT mice
treated with GSH (Palb2MUT_GSH) developed fewer HCC tumors, with smaller size and
volume than those without GSH treatment (Pa/b2MUT_Ctrl) (Fig. 5B-D). Additionally,
Palb2MUT_GSH HCC tumors had less DNA damage and less T-lymphocyte infiltration
(Fig. 5D-G, Supporting Fig. S11). Next, we assessed STING and its downstream IRF3,
STAT1, and PD-L1 expression. Pa/b2MUT_GSH HCC tumors displayed reduced STING,
p-IRF3 (Ser396), STAT1, p-STAT1(Tyr701), and PD-L1 expression than Palb2MUT Ctrl
HCC tumors (Fig. 5H, 51, Supporting Fig. S12, S13). These results suggest that oxidative
stress exacerbates DNA damage, and further augments cGAS-STING pathway activation in
HCC tumors with disrupted BRCA1-PALB?2 interaction.

Palb2MUT HCC Tumors Respond Better to PD-1 Antibody Treatment

Because Pa/b2MUT HCC tumor tissues contain abundant T lymphocytes and show positive
PD-L1 expression, mice injected with DEN at 2 weeks old were treated with a PD-1
antibody from 32 to 36 weeks of age to assess the response of Palb2W7 and Palb2MUT HCC
tumors to immune checkpoint blockade (Fig. 6A). Palb2MUT mice had similar number of
tumors as Palb2" mice after PD-1 antibody treatment, but the size and volume of tumors
in the mutant mice were much smaller (Fig. 6B, C), which was the opposite to the results
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obtained in mice untreated with anti-PD-1 (Fig. 1D, E). Notably, although Pa/b2MUT tumors
had more CD8 positive T lymphocyte infiltration than Pa/b2"¥7 tumors, no significant
difference in tumor cell death was observed between the two groups untreated with PD-1
antibody (Fig. 6D, Supporting Fig. S14). However, after using PD-1 antibody to normalize
immune responses, Palb2MUT tumors had dramatically more HCC cell death than Pa/b2WT
tumors (Fig. 6D). These findings indicate that HCC tumors with disrupted BRCA1-PALB?2
interaction have a better response to PD-1 antibody treatment than wild-type tumors.

DNA Damage Is Associated with STING Expression in Human HCC Tissues

Using tissue microarrays, IHC was performed to gauge yH2AX, 8-OHdG, and STING
levels in tumor specimens from 68 patients with HCC. Figure 7A shows representative
images of low expression (case 49) and high expression (case 69). The H-score was used
to denote the level of the target expression, and statistical analysis revealed a positive
correlation between yH2AX and STING levels (R2=0.485; p<0.001), as well as between
8-OHdG and STING levels (R?=0.448; p<0.001; Fig. 7B).

STING Expression Is Associated with Tumor Immunosuppression and T-Lymphocyte
Infiltration in Human HCC Tissues

Gene expression analysis using The Cancer Genome Atlas (TCGA) database showed

a positive correlation between ST/ING (TMEM173) and STATI expression (R2=0.110;
p<0.001) and also a positive correlation between ST/NG and PD-L1 (CDZ274) expression

in 371 HCC tissues (R2=0.169; p<0.001; Fig. 7C). Given the association of STING
expression with PD-L 1 expression, we next investigated the correlation between the
expression of STING, IRF3and STATI and those of 44 common immune checkpoint genes.
Interestingly, we found that in HCC tissues, ST/NG expression was correlated with 42

of the checkpoint markers, /RF3with 35, and STATZ with 42 (Fig. 7D). In addition, we
studied whether ST/NG expression was correlated with the level of immune infiltration in
human HCC tissues. Our results showed that S7T/NG expression was significantly correlated
with infiltrating immune cells, including CD4* T cells, CD8* T cells, and macrophages,
estimated by Tumor Immune Estimation Resource (TIMER) (32 (Fig. 7E). Collectively,
these results suggest that STING expression plays a vital role in tumor immunosuppression
and T-lymphocyte infiltration in human HCC tissues.

Discussion

As an opportunity for a cure, immune checkpoint blockade therapy has revolutionized
cancer treatment. In practice, however, most HCC patients have shown a lack of response to
monotherapy, underscoring the pressing need to clarify the mechanism of action for optimal
patient selection and immunotherapy strategy (33.34),

In the present study, we found that mice with disrupted BRCA1-PALB2 interaction are
more susceptible to HCC than wild-type mice and that HCC tumors arising from the
mutant mice displayed high levels of DNA damage and oxidative stress. Interestingly,
these tumors showed activation of the cGAS-STING signaling pathway in both malignant
hepatocytes and M1 macrophages in the tumor microenvironment (Fig. 7F). The activated
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CGAS-STING pathway in HCC tumors induced PD-L1 expression through the STING-
IRF3-STAT1 pathway causing immunosuppression, while in M1 macrophages it also
promoted T-lymphocyte infiltration through the STING-IRF3 pathway. Notably, such HCC
tumors with both immunosuppression and T-lymphocyte infiltration exhibited a better
response to PD-1 antibody treatment. This newly described chain of events represents a
distinct path of HCC tumorigenesis and progression from DNA damage to tumor immune
microenvironment remodeling. As such, HCC tumors with DNA repair defects may be
sensitive to immune checkpoint inhibitors, and thus, treatments that combine these inhibitors
with therapeutic methods which cause persistent DNA damage, are promising for HCC
treatment.

Germline mutations in BRCA1, BRCAZ or PALB2Z may cause increased risks of developing
human breast, ovarian, pancreatic, prostate, and stomach cancers (35:36), To our knowledge,
our results represent the first evidence that mice with a defect in the BRCA1-PALB2-
BRCA2 pathway are more susceptible to HCC in both spontaneous and carcinogen-induced
settings. This will help us to understand more fully the importance of the BRCA pathway in
HCC tumorigenesis and treatment.

DNA damage resulting from various sources has been shown to increase intracellular levels
of ROS through yH2AX-mediated activation of the Nox1-Rac1 complex (7). In turn, ROS
has been reported to directly induce DNA damage through oxidizing nucleoside bases,
potentially leading to G-T or G-A transversions (12). Besides homologous recombination-
based repair, the BRCA pathway is also required for the transcription-coupled repair of the
oxidative DNA damage site, which may lead to either transcription blockage or mutagenic
bypass if not be repaired (12:38), Therefore, in our model, due to a DNA repair defect, HCC
cells with disrupted BRCAL1-PALB2 interaction displayed high levels of DNA damage and
oxidative stress. Because these two factors promote each other, DNA damage persists and
becomes worse over time.

Recent studies have revealed that the cGAS-STING pathway occupies a central role in
antitumor immune responses across different types of cancer with DNA damage response
deficiency, including breast, ovarian, prostate, and lung cancers (39). Our data provide

more comprehensive evidences about the role of the cGAS-STING pathway in HCC

with chronically elevated DNA damage, from tumorigenesis to tumor immunotherapy
response. Importantly, the pathway plays a dual role simultaneously. Tumor DNA or tumor
cGAMP can activate the cGAS-STING pathway in antigen-presenting cells 18), such as

M1 macrophages, possibly recruiting T lymphocytes to the area where tumor DNA or
cGAMP has been sensed and promoting T-lymphocyte proliferation and differentiation
within tumor tissues. On the other hand, malignant hepatocytes with activated cGAS-STING
pathway express PD-L1 causing immunosuppression to facilitate tumorigenesis and tumor
progression. As a result, when these tumors are treated with PD-1 antibody to normalize
immune responses, the infiltrating T lymphocytes were able to attack tumor cells rapidly and
effectively.

Notably, normal hepatocytes reportedly do not have a functional DNA-sensing pathway
due to the lack of STING expression (18), and the cGAS-STING pathway is activated in
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nonparenchymal cells but not malignant hepatocytes in HCC (49). Consistent with these
results, our data showed that both wild-type hepatocytes and HCC cells displayed no or

very low STING expression, whereas transformed hepatocytes and HCC cells with persistent
DNA damage showed higher STING expression. In line with this, our human HCC analyses
showed a positive correlation between DNA damage and STING expression. In practice,
HCC frequently arises in the context of chronic injury and inflammation that promote DNA
damage (41). Several types of DNA damage caused by defects in DNA repair mechanisms
also have been implicated in HCC, such as DSBs, stalled DNA replication fork and base
mismatches 4243). Moreover, previous studies have uncovered correlations between HCC
and aberrations of DNA damage response proteins such as the ATM kinase (42). In addition,
standard treatments for HCC, including chemotherapy and radiotherapy, can cause DNA
damage in HCC tumors. Therefore, the role of DNA damage and the cGAS-STING pathway
in antitumor immunity may be generalized to a considerable number of HCC patients.
However, more clinical evidence is still needed to support these results.

Collectively, the present data show that persistent DNA damage caused by a defective
BRCA pathway induces tumor immunosuppression and T-lymphocyte infiltration in HCC
through the cGAS-STING pathway. Our findings provide new insights into DNA damage
and the cGAS-STING pathway activation in HCC, which may be harnessed to enhance the
response to immune checkpoint blockade in patients with HCC.
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Figure 1. Palb2MYT mice are more susceptibleto HCC and Palb2MYUT HCC tumors have
increased T-lymphocyte infiltration.

(A) Schematic diagram showing the spontaneous tumorigenesis model in Pa/b2WT (n=25
males) and Pa/b2MUT (n=26 males) mice.

(B) Kaplan-Meier analysis of HCC tumorigenesis for the Palb2WT and Palb2MUT mice.

(C) Representative gross appearance image of Palb2MUT mouse liver, and H&E image of the
HCC tumor (liver tumor in white circle; scale bar, 50 um).

(D) Schematic diagram showing the DEN-induced HCC tumorigenesis model in Pa/b2WT
and Palb2MUT mice (n = 5 males per group).
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(E) Quantification of tumor number, maximum size, and total volume in Pa/b2T and
Palb2MUT mouse livers after DEN treatment. Pa/b2MYT mouse livers had more tumors and
larger tumor volume.

(F) Representative gross appearance images of the Pa/b2T and Palb2MYT mouse livers
after DEN treatment (arrows point to tumors).

(G) Representative H&E images showing increased lymphocyte infiltration in Palb2MUT
HCC tumors (scale bar, 50 pm).

(H) Representative IHC images showing more CD3, CD8, and Ki-67 positive lymphocytes
infiltrating in Pa/b2MUYT HCC tumors (scale bar, 50 pm).

(*p < 0.05, ***p < 0.001, mean * SD)
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Figure 2. Palb2MUT proliferating cells exhibit more DNA damage especially under oxidative
stress.
(A) Representative IF images showing PCNA positive nuclei with more yH2AX foci in

4-week-old Palb2MUT mouse liver (scale bar, 20 um).

(B) Representative IHC images showing stronger 8-OHdG nuclear staining in 4-week old
and 24-week-old Pa/b2MYUT mouse liver (scale bar, 50 pm).

(C) Quantification of ROS levels in Pa/b2”7 and Palb2MUT MEFs. The DCFH-DA
fluorescence intensity was measured by flow cytometry.

(D) Sensitivity of Pa/b2WT and Palb2MUT MEFs to H0,.
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(E) Left panel: labeling scheme and a representative image of the DNA fiber assay (scale
bar, 10pm). Right panel: lengths of IdU-labeled replication tracts in Pa/b2W7 and Palb2MUT
MEFs with H,0, (0, 50, and 200 uM) treatment.

(F) Representative IF images (left) and quantification (right) showing more yH2AX foci in
Palb2MUT MEFs with H,0, (0, 50, and 200 pM) treatment (N, foci count; scale bar, 5pm).
(G) Representative images of mitotic spreads (left) and quantification of chromosomal
aberration (right) in Palb2WT and Palb2MUT MEFs with H,0, (0, 50, and 200 M)
treatment (red arrow, chromatid break; white arrow, radial chromosome; N, the number

of chromosomal aberration).

(Palb2"7 littermate control; M, male; F, female; *p < 0.05, **p < 0.01, ***p < 0.001; mean
+SD)
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Figure 3. The cGAS-STING pathway is activated in both malignant hepatocytesand M1
macrophages in Palb2MYT HCC tumors.
(A) Representative IF images (left) and quantification (right) showing PCNA positive nuclei

with more yH2AX foci in Palb2MYTHCC tumors (N, foci count; scale bar, 20 pm).
(B) Representative IHC images (left) and quantification using H score (right) showing
stronger 8-OHdG nuclear staining in Pa/b2MUT HCC tumors (scale bar, 50 pm).

(C) H&E staining and co-localization of STING, CD3, F4/80, CD11c, and CD206 in
Palb2W'T and Palb2MUYT HCC tumors using multiplex IF; Palb2MUT HCC tumors had
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upregulated STING expression in both malignant hepatocytes and M1 macrophages (scale
bar, 50 um).

(D) Representative IHC images of tumor center and tumor margin showing higher STING,
IRF3, STAT1, and p-STAT1 levels, and positive PD-L1 expression in Pa/b2"YT HCC tumors
(T, HCC tumor; N, adjacent normal liver tissue; scale bar, 50 um).

(E) Western blots showing increased yH2AX, STING, IRF3, p-IRF3, IFNa1, IFNB1,
STAT1, p-STAT1 and PD-L1 protein levels in Pa/b2YYTHCC tumors.

(F) gRT-PCR analysis showing elevated /fna1 and /fn31 mRNA levels in Palb2MUT HCC
tumors.

(*p < 0.05, **p < 0.01; mean + SD)
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Figure 4. DNA damageinduces Type | IFNsthrough the cGAS-STING pathway in both
malignant hepatocytes and M 1 macrophages.

(A) Schematic diagram showing the two-step siRNA-mediated knockdown system.

(B) Detection of cytosolic DNA in MHCC97H cells with or without 2AL B2 knockdown.
DNA was detected using the PicoGreen fluorescence dye selectively binding dsDNA
(arrows point to cytosolic DNA; scale bar, 10pm).
(C) Western blots showing higher yH2AX, STING and p-IRF3 levels in LM3 cells with
PALBZknockdown; no significant difference of p-IRF3 in LM3 cells with PALB2and

STING co-depleted.

(D) Western blots showing that STAT1, p-STAT1 and PD-L1 levels were upregulated in
Huh-7 cells after IFNa1 and IFNp treatment (0, 10, 20, 50, and 100 ng/ml).

(E) Schematic diagram showing the co-culture system of HCC cells and M1 macrophages.
(F) Western blots (left) and quantification of band intensities (right) showing higher
STING and p-IRF3 levels in M1 macrophages co-cultured with MHCC97H cells with
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PALBZknockdown; no significant difference of p-IRF3 in M1 macrophages with STING
knockdown co-cultured with HCC cells with PALBZ2 depleted.
(**p < 0.01; mean + SD)
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Figure 5. Suppression of oxidative stress alleviates DNA damage and weaken the cGAS-STING
signaling pathway in Palb2MUT Hce

(A) Schematic diagram showing the DEN-induced HCC model in Pa/b2MUT mice with (n =
6 males, Palb2MUT_GSH) or without (n = 4 males, Palb2MUT_Ctrl) GSH administration.
(B) Quantification of tumor number, maximum size, and total volume in Pa/b2MUT _Ctrl
and Palb2MUT_GSH mouse livers. Palb2MUT_GSH mouse livers exhibited less tumors, with
smaller size and volume.

(C) Representative gross appearance images of Palb2MUT_Ctrl and Palb2MYT_GSH mouse
livers (arrows point to tumors).
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(D) Representative H&E images showing decreased lymphocyte infiltration in
Palb2MUT_GSH HCC tumors (T, HCC tumor; N, adjacent normal liver tissue; scale bar,

50 pm).

(E) Representative IF images showing PCNA positive nuclei with less yH2AX foci in
Palb2MUT_GSH HCC tumors (scale bar, 20 pm).

(F) Representative IHC images showing weaker 8-OHdG nuclear staining in
Palb2MUT_GSH HCC tumors (scale bar, 50 pm).

(G) Representative IHC images showing less CD3 and CD8-positive lymphocytes
infiltrating in Pa/b2MYT_GSH HCC tumors (T, HCC tumor; N, adjacent normal liver tissue;
scale bar, 50 pm).

(H) Representative IHC images showing lower STING, IRF3, STATL, p-STAT1 and PD-L1
levels in Palb2MUT_GSH HCC tumors (scale bar, 50 pm).

(1) Western blots showing decreased yH2AX, STING, p-IRF3, STATL, p-STAT1 and PD-L1
protein levels in Pa/b2MUYT_GSH HCC tumors.

(*p < 0.05, **p < 0.01; mean * SD)
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Figure®6. Palb2MYUT HCC show better response to PD-1 antibody treatment.
(A) Schematic diagram showing the DEN-induced HCC model in Pa/b2W7 and Palb2MUT

mice with PD-1 antibody treatment (n = 3 males per group).

(B) Quantification of tumor number, maximum size and total volume in Pa/b2"7 and
Palb2MUT mouse livers with PD-1 antibody treatment. Pa/b2MYT mouse livers exhibited
smaller size and volume tumors.

(C) Representative gross appearance images of Palb2T and Palb2MUT mouse livers with
PD-1 antibody treatment (arrows point to tumors).

(D) H&E and TUNEL images showing the same part of serial sections. No significant
difference in tumor cell death was found between Pa/b2WT and Palb2MUT HCC tumors, but
Palb2MUT HCC tumors with PD-1 antibody treatment exhibited significantly more tumor
cell death (mean of each group shown above the column; scale bar, 50 um).

(*p < 0.05, **p < 0.01; mean + SD)

Hepatology. Author manuscript; available in PMC 2024 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Maetal.

Case 69

CD8+ T Cell CD4+ T Cell

Macrophage

pattial.cor = 0.46 partial.cor = 0.638
p = 2.52e-19 P = 3366-27

STING Expression Level M

m

Oxidative
Stress

CGAS-STING

J

IRF3

Type | IFNs

T lymphocyte

M1-Macrophage

Monocyte

STAT1 Expression Level

YH2AX H Score

R?=0.485 p<0.001

2

Page 25

R?=0.448 p<0.001

e
g2
1 T
g1
I
o |
] ® 0
0 1 2 3 0 1 2 3
STING H Score STING H Score
R?=0.110 p<0.001 R?=0.169 p<0.001
3 10
16 3
3
c
14 2
§ 5
12 5
&
10 -
E 0
5 10 a 5 10
STING Expression Level STING Expression Level
O <Y © <Y
N S & &
& &4

e
ADORA2A D l:‘
sia ||
BTNL2
CD160

D200 . L]
CD200R1 - I:l
D244 L]
D27 I;] .|
D274 Eﬁ ]
wzze |1
e || |

CTLA4

Icos

ICOSLG

-

1 0 -1

1pO1 D

D02
KIR3DL1

1463 L1
LAIR1 |
wass [T
weer
PDCDI N
ner [

TMIGD2
TNFRSF14 D
]

TNFRSF25 D

TNFRSF18

TNFRSF4

LI0]

TNFRSF8

OOl

TNFRSF9
TNFSF14
TNFSF15

(|
0 e

TNFSF18
TNFSF4
TNFSF9

[]

VTCN1

l

}p<o.os < p20.05

Figure 7. STING expression isassociated with DNA damage, and associated with tumor
immunosuppression and T-lymphocyte infiltration in human HCC tissues.

(A) Representative IHC images showing low expression (case 49) and high expression (case
69) of yH2AX, 8-OHdG and STING (scale bar, 25um).
(B) The Pearson correlation analysis between yH2AX level and STING level (left), and

between 8-OHdG level and STING level (right) in tumor specimens from 68 patients with

HCC.
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(C) The Pearson correlation analysis between STING (TMEM173) and STAT1 expression
(left), and between STING and PD-L1 (CD274) expression (right) in 371 HCC tissues from
TCGA database.

(D) Correlation analysis between STING, IRF3and STATI1 expression and 44 common
immune checkpoint genes expression in human HCC tissues estimated by TIMER
(Spearman’s p>0, positive correlation; Spearman’s p<0, negative correlation).

(E) Correlation analysis between ST/NG expression and the infiltration levels of immune
cells including CD4* T cells, CD8" T cells and macrophages in human HCC tissues
estimated by TIMER.

(F) Schematic illustration of HCC immune microenvironment remodelling induced by
disrupted BRCA1-PALB?2 interaction through cGAS-STING pathway.
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