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Abstract

Prevention and treatment options for hepatocellular carcinoma (HCC) are presently limited,
underscoring the necessity for further elucidating molecular mechanisms underlying HCC
development and identifying new prevention and therapeutic targets. Here, we demonstrate a
unique protumorigenic niche in the livers of Alcoa5t~ mouse model of HCC, which is
characterized by altered expression of a subset of genes including p21WAFL/CIP1 gng
proinflammatory cytokine genes, increased putative hepatic progenitors, and expansions of
activated and tissue-resident memory (TRM) CD8+ T lymphocytes, myeloid-derived suppressor
cells (MDSCs) and alternatively activated M2 macrophages. Importantly, prophylactic metformin
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treatment reversed these characteristics including aberrant p21WAF1/CIP1 expression and
subsequently reduced HCC incidence in Ncoa5''~ male mice. Heterozygous deletion of the
p21WAFL/CIP1 gane alleviated the key features associated with the protumorigenic niche in the
livers of Ncoa5'!~ male mice. Moreover, transcriptomic analysis reveals that preneoplastic livers
of Ncoa5~ mice are similar to the livers of non-alcoholic steatohepatitis patients as well as the
adjacent noncancerous liver tissues of a subset of HCC patients with a relatively poor prognosis.
Together, our results suggest that p21WAFL/CIP1 gyerexpression is essential in the development of
pro-tumorigenic microenvironment induced by NCOADS deficiency and metformin prevents HCC
development via alleviating p21WAFL/CIP1 gyerexpression and protumorigenic microenvironment.
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Introduction

Hepatocellular carcinoma (HCC) accounts for the majority of primary liver cancer
occurrences and is currently the second leading cause of cancer-related death worldwide [1,
2]. Although early stage HCC can be potentially alleviated by curative treatments such as
surgical resection, liver transplantation and local ablation, intrahepatic reappearance of HCC
often occurs in patients within five years due to both metastatic recurrence and newly-
developed primary HCC [2, 3]. Currently, systemic options for the prevention and treatment
of this disease are limited, underscoring the need for discovery of new therapeutic targets
and prevention strategies as well as biomarkers for patient stratification [3, 4].

HCC development is a complex and multistep process caused by diverse risk factors
including chronic hepatitis viral infection, alcohol consumption, and metabolic diseases such
as obesity, non-alcoholic steatohepatitis (NASH) and diabetes. Many of these risk factors are
known to induce sustained inflammatory damage, hepatocyte necrosis and regeneration that
result in the formation of a pro-tumorigenic hepatic microenvironment characterized by
molecular and cellular changes in both the parenchymal and non-parenchymal cells,
ultimately leading to HCC occurrence. In the past decades, significant advances have been
made to uncover various cellular factors, oncogenic drivers and pathogenic pathways that
contribute to the initiation and progression of HCC [3, 4]. In particular, inflammatory
cytokines produced by hepatic infiltrating macrophages, and resident Kupffer cells have
been demonstrated to promote development of NASH and HCC through activation of NF-kB
and STAT3 signaling pathways in diethylnitrosamine (DEN) or high-fat diet-induced and
genetically-engineered mouse models of HCC [5-7]. Despite these findings, the molecular
basis of HCC development remains to be fully elucidated.

We previously reported that male mice carrying a heterozygous deletion of the Ncoa5 gene
exhibited glucose intolerance, chronic hepatic inflammation and a high incidence of HCC
[8, 9]. In this study, we aimed to identify cellular molecules and pathways in precancerous
livers that are essential for HCC development. Using this Alcoa5"~ mouse model of HCC,
we investigated alterations in transcriptomic profiles, signaling pathways and cellular targets
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in preneoplastic livers as well as responses to prophylactic metformin treatment that has
been implicated in the prevention of HCC development in mice and humans [10-12]. Our
work demonstrated that aberrant expression of p21WAFL/CIP1 3 notent cyclin-dependent
kinase inhibitor, is required for the formation of a hepatic protumorigenic microenvironment
in hepatocarcinogenesis, which can be reversed by prophylactic metformin treatment.

Materials and methods

Genetically Engineered Model of Hepatocellular Carcinoma and Treatments

BALB/c Ncoa5'~ female mice [9] were backcrossed with C57BL/6J males for 7
generations to produce C57BL/6J Ncoa5t'~ male mice that were used. All mice were housed
in Optimice cages at Michigan State University animal facility and fed standard rodent diet
ad libitum. The numbers of mice for the tumor incidence experiment were chosen to ensure
approximately 80% power (0.05 level of significance, two-side test) to detect at least a 30%
difference in HCC development. Male mice were purely randomly allocated to metformin
treated or untreated group. Female mice were excluded because only Ncoa5t~ male mice
were previously reported to develop HCC in 10-18 months and human HCC predominantly
develop in men [9]. The investigator was not blinded to the group allocation during the
experiment and assessing the outcome. Mice in metformin experiments received metformin
(PHR1084, Sigma Aldrich) dissolved in drinking water at a dosage of approximately
250mg/kg/day from 8 weeks until 48 weeks of age. All experimental procedures on mice
were approved by the Michigan State University Institutional Animal Care and Use
Committee.

Quantitative PCR, RNA-Seq and Transcriptomic Analyses of Mouse Liver Tissues and
Human HCC Samples

Quantitative PCR was performed as described previously [9]. Oligonucleotides for the
primers are described in Table S1. Preparation of liver RNA samples, high throughput RNA-
Seq analysis and further human HCC and non-alcoholic fatty liver disease samples and
analyses, the 39-week-old NVcoa5*!~ liver gene set (containing 107 genes) and Metformin
reversal gene set (containing 28 genes) and score were described in supplementary materials
and methods.

Serological Analyses

Mouse serum Alanine transaminase (ALT) was measured with kit #700260 from Cayman
chemical (Ann Arbor, Ml).

Tissue Histology, Immunohistochemistry (IHC) and Immunofluorescence

Hematoxylin and eosin staining of tissue sections and IHC were performed as previously
described [9]. Pathologic analysis was carried out by a board-certified veterinary pathologist,
M.K. Quantification of EPCAM-positive, Keratin 19 (KRT-19)-positive, MAC-2-postive,
and the IHC labeling score of p21 WAFL/CIP1 gnd p16!NK4A \were determined in five random
fields per slide. Immunofluorescent labeling was performed as described previously [13].
0.1% Sudan black B (3545-12, Sigma) in 70% ethanol was used to reduce the
autofluorescence of the tissue.
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Flow Cytometry

Statistics

Antibodies used in the study was described in the Table S2. Data were collected on a BD
LSRII flow cytometer (BD Biosciences, San Jose, CA) and analyzed using FlowJo software
(Tree Star, Ashland, OR).

All results were presented as means+ SD or £SEM as indicated. The differences between
groups were analyzed with one-way or two-way ANOVA, Student’s #test or Mann—Whitney
U test with two-tailed. The overall survival (OS) and disease-free survival (DFS) were
analysis by Log-Rank test using GraphPad Prism 7. ** P < 0.01,* P < 0.05, NS = not
significant.

Availability of data and materials

Results

The RNA sequencing data have been deposited in NCBI’s Gene Expression Omnibus and
are accessible through GEO Series accession number GSE110524 (https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE110524). All other data that support the
findings of this study are available within the article and its supplementary information files
or from the corresponding author upon reasonable request.

Dysregulation of Cdkn1a/p21WAFL/CIP1 and Proinflammatory Cytokine Genes in p53 and
Inflammatory Response Pathways in Ncoa5*/~ Male Mouse Livers

We previously reported that NCOAS haplo-insufficiency enhances expression of 1L-6 and
TNF-a in Kupffer cells, which in turn promotes hepatic inflammation, steatosis and HCC
development [9]. To gain further insight into the molecular mechanisms that contribute to
HCC development, differentially-expressed genes between early preneoplastic livers of
Ncoa5'~ and Ncoa5t'* male mice at 20 weeks of age were identified through high
throughput RNA-Seq and differential gene expression analyses (Fig. 1A, Supplementary
Fig. S1A and Table S3A). Of note, many of these genes were known as the downstream
targets of NF-kB, which are involved in inflammatory processes implicated in HCC
development. Furthermore, 18 of these mouse genes have human homologs that were
significantly correlated with NCOADS expression in human HCC and adjacent-tissue
specimens, indicating similarities in the effect of NCOAGS deficiency between mice and
humans (Fig. 1B). Particularly, two canonical p53 target genes, namely Cdknlal
p21WAFL/CIPL [14] and Gadd456, were upregulated in livers of Ncoa5''~ male mice.
Consistently, expression of 37 KEGG gene sets in Mcoa5t'~ mouse livers were altered and
include p53, NF-kB, and MAPK signaling pathways (Supplementary Fig. S1B and Table
S4A and 4B). RNA-Seq was also carried out in livers of 39-week-old Acoa5t~ (n=5) and
Ncoa5'"* male mice (n=4) at a later preneoplastic stage of hepatocarcinogenesis
(Supplementary Table S5). Twenty genes with significantly altered expression (log2 fold
change>1 and a similar direction in expression change) were shared between 20- and 39-
week results and include Caknlalp21WAFLCIPL (Fig. 1C). p53 signaling pathway was also
persistently up-regulated in the 39-week-old cohort (Supplementary Fig. S1B and Table S6).
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The mRNA levels of p21WAFLCIPL and Gadd458 were confirmed to be elevated in the livers
of Ncoa5'~ male mice at the ages of 8, 20 and 39 weeks (Fig. 1D and Supplementary Fig.
S2). In contrast, expression of CaknZalp16'NK4A another cell cycle kinase inhibitor, was not
significantly changed (Supplementary Fig. S3A-C). IHC staining revealed that increased
expression of p21 WAFL/CIP1 \as predominantly localized to the cytoplasm of hepatocytes in
the livers of Nlcoa5"'~ male mice (Fig. 1E and Supplementary Fig. S3D). Elevation of
p21WAFL/CIPL mRNA was accompanied by increased expression of several cytokines and
chemokines including I1L-6 and CCL2 and in the livers of Alcoa5t'~ male mice at both ages
of 20 and 39 weeks (Fig. 1F). Since these factors may influence hepatic progenitor cell
(HPC) differentiation and proliferation in early cancer-initiating events [4, 15-17], hepatic
cells were examined for expression of EPCAM and KRT-19, two biomarkers for hepatic
progenitor cells and cholangiocytes. As expected, EPCAM and KRT-19 positive small
epithelial cells with an oval-shaped nucleus and a limited amount of cytoplasm, were
significantly increased in the livers of Ncoa5t~ male mice (Fig. 1G and Supplementary
Fig.S4), indicating an increased putative HPCs in the livers of Alcoa5t~ male mice. In
addition, gPCR analysis showed that NCOAS5 knockdown could augment genotoxic agent
camptothecin (CPT) or IL-6-induced p21 WAFL/CIP1 expression in human HCC HepG2 cells
(Supplementary Fig. S5). Together, these data suggest that upregulation of p21WAF1/CIPL j
hepatocytes is possibly associated with the development of protumorigenic
microenvironment in livers of Alcoa5''~ male mice.

Intrahepatic CD8+ T cells, MDSCs and M2 Macrophages are Specifically Increased in the
Protumerigenic Liver of the Ncoa5*~ Male Mice

Since many risk factors of HCC provoke an inflammatory response characterized by hepatic
infiltration of lymphocytes and macrophages, we investigated the immune landscape of the
protumorigenic livers as well as the spleens and thymi of the Acoa5"'~ male mice. As
expected in chronic inflammatory livers, the total number of intrahepatic mononuclear cells
were significantly increased in the livers of Ncoa5"'~ mice, while the total number of
thymocytes and splenocytes were comparable in age-matched Ncoa5t'* and Ncoa5™'~ mice
(Supplementary Fig. S6). Flow cytometric analysis revealed a significant increase in the
frequency of total T cells (TCRB+), which was associated with a dramatic increase in CD8+
T cells and proportional decrease in the incidence of CD4+ T cells (Fig. 2A and
Supplementary Fig. S7A). Furthermore, while the frequency of B cells was decreased
significantly, incidence of natural killer (NK) cells remained unaffected (Supplementary Fig.
S7B). However, the absolute numbers of all these lymphocytic populations were
significantly higher in the precancerous livers of the Ncoa5''~ mice (Fig. 2B and
Supplementary Fig. S7B). In contrast, no significant differences in the incidences and cell
numbers of splenic T (CD4+ or CD8+), B, and NK cells were detected between these two
group animals (Supplementary Fig. S8).

Chronic inflammation results in phenotypic switch in macrophage populations from M1 to
tumor-promoting and immunosuppressive M2 phenotype and changes of T cell populations
from activation to exhaustion, as well as increase of immune-suppressive cells such as
myeloid-derived suppressor cells (MDSCs), which evades immune surveillance and
contributes to the development of protumorigenic environment [18]. We therefore carried
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out further phenotypic evaluation of the CD4+ and CD8+ T cell compartments as well as
macrophage populations. Strikingly, proportion and number of activated (CD62L— CD44+)
and tissue-resident memory (Trm, CD69+CD103+) CD8+ T cells were significantly
augmented in the livers of Ncoa5''~ mice (Fig. 2C, 2D and Supplementary Fig. S9A). The
proportion and number of Ty CD4+ T cells were also significantly increased in the livers
of these animals, while only the number of activated CD4+ T cells was significantly
increased (Supplementary Fig. S9B and S9C). Consistent with the previous observation of
the increased total number of hepatic macrophages [9], significant increases of several
immunosuppressive cell types including MDSCs (CD11b+F4/80+Gr-1+), macrophages
(CD11b+F4/80+CD14+) and M2 macrophages (CD14+F4/80+CD206+) were observed
specifically in the livers of Nlcoa5t'~ male mice (Fig. 3). Collectively, these results suggest
that NCOADS haploinsufficiency results in a protumorigenic environment containing
increased intrahepatic populations of activated and Try CD8+ T cells and
immunosuppressive cells including MDSCs, macrophages and M2 macrophages.

Metformin Alleviates the Characteristics of Hepatic Protumorigenic Microenvironment and
the Incidence of HCC in Ncoa5*/~ Male Mice

Previous studies suggest that metformin treatment can inhibit HCC development in
diethylnitrosamine (DEN) or high fat diet induced animal models of HCC [10-12]. In order
to establish a causal link between dysregulated gene expression and HCC development in
Ncoa5t'"~ male mice, we examined whether metformin inhibits HCC development in
Ncoa5'"~ male mice. A cohort of Ncoa5t~ and Ncoa5t'* C57BL/6 male mice were treated
with metformin which started at 8 weeks of age and terminated at 48 weeks of age and then
observed for development of preneoplastic lesions and HCC until 78 weeks of age (Fig. 4A).
A dramatic reduction in the incidence of HCC was observed in male Ncoa5~ mice treated
with metformin versus untreated Alcoa5~ male mice (Fig. 4B), demonstrating that
metformin treatment reduces the incidence of HCC. Furthermore, the number of Ki67-
positive hepatocytes in metformin-treated Ncoa5''~ male mice were significantly lower than
untreated Ncoa5t~ male mice and similar to that of wild type mice, suggesting a reduction
in hepatic proliferation induced by metformin treatment (Fig. 4C and Supplementary Fig.
S10). Moreover, serum ALT levels, reflecting liver damage, were significantly reduced by
metformin in Nlcoa5''~ male mice, while markedly increased in NVcoa5t~ male mice as
compared to Ncoa5t* male mice (Fig. 4D).

We next investigated the effect of metformin treatment on the homeostasis of immune cell
populations. We observed that metformin did not alter the cellularity of the thymi or the
spleens of Ncoa5t* or Ncoa5t'~ male mice (Supplementary Fig. S11). However, it
significantly decreased the total intrahepatic mononuclear cell counts in Alcoa5t~ but not
Ncoa5t"™* male mice (Supplementary Fig. S11). Consistently, total numbers of intrahepatic
CDA4+ and CD8+ T lymphocytes (Fig. 4E and S12) as well as activated and Try subsets of
CD8+ T cells (Fig. 4F, Supplementary Fig.S13 and S14A) were significantly reduced in
metformin-treated Ncoa5t'~ male mice. Similarly, metformin-treated Ncoa5t~ male mice
also displayed significantly reduced total intrahepatic myeloid cell populations and
incidence of intrahepatic MDSCs and M2 macrophages (Fig. 4G). The numbers of
intrahepatic macrophages and M2 macrophages tended to decrease in metformin-treated
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Ncoa5'"~ male mice (Supplementary Fig. S14B). These results suggest that prophylactic
treatment with metformin can ameliorate chronic inflammatory response of intrahepatic
immune cells in a precancerous liver.

Metformin Reduces Aberrant p21WAFL/CIP1 Expression and Enrichment of Exhausted CD8+
T Lymphocyte Gene Signatures in Livers of Ncoa5*~ Male Mice

To identify potential molecular mechanisms mediating the action of metformin in the
prevention of HCC development in Alcoa5''~ mice, RNA-Seq and differential gene
expression analyses on livers of Ncoa5''~ and Ncoa5™* mice with or without metformin
treatment revealed that the mRNA levels of p21 WAFL/CIP1 ang 45 other genes were
significantly reversed with metformin treatment (Fig. 5A). Several pathways, including p53
and primary immunodeficiency pathways, had been upregulated in Mcoa5 mice, displayed a
reduced trend with metformin treatment to be more like AMcoa5 mice (Fig. 5B). In agreement
with the results from the RNA-Seq analysis, p21WAFY/CIPL mRNA levels were confirmed to
be reduced by 43% with metformin treatment in Alcoa5*'~ mice (Fig. 5C). Consistent with
that, the IHC labeling score was also reduced, reflecting the reduced number of cytoplasmic
p21WAFL/CIPL positive hepatocytes by metformin (Fig. 5D). Additionally, HPC-like cells
positively stained by EPCAM and KRT-19 antibodies were dramatically decreased in
metformin treated Nlcoa5t'~ mice compared to the untreated Ncoa5t~ group (Fig. 5E).
These data indicate that metformin treatment reduces expression of dysregulated genes
including p21WAFL/CIP gyerexpression and expansion of putative HPCs in livers of Ncoa5t'~
male mice.

Consistent with the observations of the phenotypic changes in CD8+ T cell populations in
the livers of Ncoa5''~ male mice, enrichment of two T-cell exhaustion gene signatures [19,
20] were increased in the liver of Nlcoa5™'~ male mice compared to control livers, but were
significantly reduced in the liver of metformin-treated NVcoa5"'~ mice (Figure S15A and B).
In contrast, genes typically expressed in T-effector cells as described previously [21] was
down-regulated in the livers of Ncoa5t~ male mice, but was increased by metformin
treatment (Supplementary Fig. S15C), suggesting a reduction of inflammation such that T-
cells are not driven into exhausted states. In agreement with previous findings on the action
of metformin on Stat3 signaling pathway [22, 23], enrichment of Stat3 signaling pathway
gene signatures [24] was elevated in the livers of Alcoa5t~ male mice, but was significantly
reduced by metformin (Supplementary Fig. S15D). Taken together, these results suggest that
the inhibition of HCC development by the prophylactic metformin treatment is mediated by
recoiling the protumorigenic niche in the livers of Ncoa5''~ male mice.

Heterozygous Deletion of the p21WAFL/CIP1 Gene Inhibits the Formation of a
Protumorigenic Niche in the Livers of Ncoa5*'~ Male Mice.

To determine the role of p21WAFL/CIPL gyerexpression in this protumorigenic niche, we
examined the effect of decreased p21 WAFL/CIP1 expression on the aforementioned
characteristics of the protumorigenic niche by comparing between the livers from Ncoa5t~
and Ncoa5''~p21*'~ male mice for avoiding the complications caused by complete
p21WAFL/CIP1 gplation. The mRNA levels of 14 early up-regulated genes, which were
identified in the livers of Mcoa5™~ male mice at 20 weeks of age (Supplementary Fig.S1),
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were measured. Reduced mRNA expression of Caknlalp21WAFLCIPL \yas accompanied by a
significant decrease (2 genes) or trending decrease (10 genes) in mMRNA levels of measured
genes in livers of Ncoa5"~p21*"~ double mutant mice compared to livers of Ncoa5t~ mice
(Fig. 6A). Moreover, immunohistochemical analysis revealed that the numbers of
cytoplasmic p21 WAFL/CIP1 positive hepatocytes, macrophages and putative HPCs were also
significantly reduced in livers of Ncoa5t~p21*~ double mutant male mice compared to
Ncoa5t"~ mouse livers (Fig. 6B). These results further support our notion that increased
p21WAFL/CIP1 expression plays a critical role in the development of a hepatic protumorigenic
niche.

Expression of CDKN1A/p21WAFL/CIPL and NCOAS5 Gene Sets are Associated with Human
HCC Patient Survival

To assess relevance of our findings in precancerous mouse livers to human HCCs, non-
cancerous HCC-adjacent tissue samples from a cohort of 214 human patients [25] were
analyzed for Hallmark gene set enrichment and then classified by unsupervised hierarchical
clustering. Based on similarities in gene set enrichment, this cohort of patients was classified
into three major clusters (Fig.7A). Similar to the observations in the livers of Ncoa5t™ mice,
several pathways, including p53 and inflammatory pathways were positively enriched in a
subset (Cluster C, n=71, 33%, Fig. 7A). Notably, the enrichments of the NCOA5 gene set
(containing 107 genes, identified in 39-week-old NVcoa5'~ livers) and the metformin
reversal gene set (containing 28 genes), which both include CDKN1A/p21WAFL/CIPL gene
(Supplementary Table S7) were significantly different in the three clusters, and we identified
a subset (cluster C) of patients with precancerous states similar to our murine cohort.
Interestingly, patients in cluster A displayed a high enrichment of the metformin reversal
gene set compared to patients in cluster C, indicating that the hepatic gene expression profile
in those patients was similar to that of NVlcoa5t~ mouse precancerous livers after treatment
with metformin. Using the same analysis on another cohort of 168 patients [26], three major
clusters of patients were also classified and similar correlations of patient clusters with
NCOAGS gene set or metformin reversal gene set enrichments were observed (Supplementary
Fig. S16). Unsupervised hierarchical clustering of enrichment of hallmark gene sets on both
HCC and their adjacent non-cancerous tissues in cluster C patients identified two major
clusters that displayed profound differences in enrichment of aforementioned Hallmark gene
sets between them (Supplementary Fig. S17). Of note, high expression of CDKN1A/
p21WAFL/CIP1 "enrichments of p53 pathway signature and inflammatory response gene sets
were associated with the cluster containing the majority of noncancerous tissues
(Supplementary Fig. S17). Furthermore, a significant negative regression coefficient
between CDKN1A/p21WAFL/CIPL expression and the metformin reversal gene set enrichment
was determined, which was consistent with what was seen in the liver of Nlcoa5t'~ male
mice treated with metformin (Fig. 7B). Thus, the precancerous niche in the livers of
Ncoa5t"~ mice may mimic noncancerous liver tissues with an upregulated CDKN1A/
p21WAFL/CIP1 expression and p53 and inflammatory response pathways in a subset (33%) of
human HCCs. In support of our observations, cluster C patients also displayed a strong
association with a 12-chemokine gene ectopic lymphoid-like structure (ELS) set (Fig. 7A),
which was previously reported to be enriched in the cirrhotic liver tissues of surgically-
treated HCC patients associated with poorer OS and higher late recurrence [17].
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To determine the clinical significance of our findings, clinicopathologic features of the
patients between cluster C and other clusters were compared. Of specific interest was that
patients in cluster C had a significant association with higher serum ALT level, advanced
cancer stages and poorer predicted survival (Table S8). Consistently, patients in cluster C
had a significantly shorter Overall Survival (OS) and Disease Free Survival (DFS) (Fig. 7C).
Moreover, we assessed the expression of metformin reversal genes in the adjacent
noncancerous tissues by using a previously-described scoring method derived from principal
component analysis [27]. The scoring result resembled the expression of the metformin
reversal gene set across this patient cohort, and was significantly different in the
aforementioned three clusters (Fig. 7A). Strikingly, patients with a low metformin reversal
gene score had a considerably shorter OS and DFS compared to those with a high score (Fig.
7D).

To further explore the relevance of our findings to human non-alcoholic steatohepatitis
(NASH)-driven HCC, we assessed expression of the NCOAS gene set and the metformin
reversal gene sets in liver tissues from NASH, simple steatosis and healthy individuals [28].
The NCOAS5 gene set was significantly enriched in liver tissues from NASH and simple
steatosis patients compared to liver tissues from healthy people (Fig. 7E). In addition, NASH
patients had a low metformin reversal gene score compared to patients with simple steatosis
(Fig. 7F). Collectively, these results suggest that a precancerous niche containing
p21WAFL/CIPL gyerexpression and enrichment of NCOAS gene set, as well as a low
metformin reversal gene score, may impact the initiation and progression of HCC. Likewise,
HCC patients with such a niche have a poor prognosis.

Discussion

In this study, we uncovered altered transcriptomic profiles, signaling pathways and cellular
targets in the early and late preneoplastic stages of mouse livers in hepatocarcinogenesis,
and identified hepatic responses to metformin treatment. In particular, our results support
that p21 WAFL/CIP1 gverexpression is essential for the formation of a unique tumor-prone
microenvironment in hepatocarcinogenesis. Moreover, metformin treatment can inhibit key
features associated with the protumorigenic niche, leading to a significant reduction of HCC
incidence in NVcoa5*'~ male mice. Thus, our results provide not only a molecular mechanism
underlying the development of hepatic pro-cancerous microenvironment but also insight into
molecular mechanisms that mediate the cancer-preventive actions by metformin.
Furthermore, our study suggests that a subset of HCC patients, having gene expression
changes similar to the precancerous livers of Alcoa5t'~ male mice in the adjacent
noncancerous liver tissues, may have a high risk of HCC recurrence and worse survival
rates. Given the fact that there is an urgent need for molecular classification of both the
tumor and its microenvironment to assist more effective clinical decision making and
treatment selection for HCC patients [4], our findings open a possibility to stratify HCC
patients using the NCOADS gene set and metformin reversal gene score for receiving adjuvant
treatment with metformin.

The cellular functions of p21WAFL/CIP1 are known to be largely dependent on its subcellular
localization and interactions with other cellular proteins [29]. Even though p21WAF1/CIP1
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acts as a tumor suppressor when localized to the nuclei, it also acts as an oncoprotein in the
context of certain cellular changes to promote tumorigenesis [29-32]. Increased hepatic
p21WAFL/CIP1 expression has been reported to be correlated with hepatic pretumorigenic
lesions such as chronic hepatic injuries and non-alcoholic fatty liver disease/NASH in
various animal models of hepatic steatosis and human liver specimens from patients [33,
34]. Indeed, transgenic mice with hepatocyte-specific overexpression of p21WAFL/CIP1
exhibited increased numbers of hepatic oval cells, which are bipotential progenitors, and
formation of nodular foci of hepatocytes in the liver [35]. Moreover, the cytoplasmic
p21WAFL/CIP1 expression in hepatocytes was previously reported to positively correlate with
HCC development in transgenic CD-1 mice expressing the hepatitis B virus X gene [36].
Nevertheless, there have been opposite findings as to whether p21 WAFL/CIP1 promotes or
inhibits HCC development in mouse models of HCC. Homozygous deletion of p21WAFL/CIP
was shown to impair HPC proliferation and delay HCC formation in the Mdr2 knockout
mouse model of HCC that has NF-kB signaling activation in hepatocytes [37]. In contrast,
homozygous deletion of p21 WAFL/CIPL jncreased cellular DNA damage and promoted HCC
development in the NEMOA"ePa mouse model of HCC that lacks NF-kB signaling activation
in hepatocytes [38]. Thus, it was proposed that the oncogenic role of p21 WAFL/CIPL jn
hepatocarcinogenesis may depend on the presence of NF-kB signaling activation. Our work
extends this view by suggesting that p21WAFL/CIP1 gyerexpression is required for the
formation of cancer-prone microenvironment through altering expression of a set of specific
genes and increased immune cell infiltrations in the Alcoa5'’~ mouse model of HCC, which
also contains activated NF-kB signaling in the liver [9]. In keeping with the currently
understood regulation of p21WAFL/CIPL expression [39], we speculate that NCOAS5
deficiency may increases p21WAFL/CIP1 expression through enhancing p53 and NF-kB-
mediated transcriptional activation in hepatocytes in response to the proinflammtory and
stressed hepatic microenvironment in Alcoa5t'~ male mice. In support of this scenario, we
have observed that myeloid-specific deletion of Alcoa5 gene significantly increased p21
MRNA and protein levels in livers of male mice at age of 10 months (Zhang and Xiao,
unpublished results). Moreover, we show that NCOA5 knockdown could augment CPT- or
IL-6-induced p21WAFL/CIP1 expression in HepG2 cells (supplementary Fig. S5). However,
we cannot rule out a possibility that NCOADS5 deficiency reduces its binding to the NF-kb site
of p21 promoter [39], thereby relieving its suppression of p21WAFL/CIP1 transcription since
NCOAGS was previously reported to negatively regulate IL-6 transcription via a direct
binding of NCOADS to the NF-kB site of /L-6 promoter [9].

Epidemiological studies showed that individuals with type-2 diabetes treated with metformin
had a reduced risk of both HCC incidence and mortality [40-42]. Distinctive mechanisms
including activation of AMP-activated protein kinase (AMPK) or inhibition of AMPK
independent pathways, such as suppression of AMPK independent de novo lipid synthesis,
were suggested by previous studies on several preclinical cancer models [10-12, 43-46].
Metformin was previously shown to inhibit high glucose-induced p21WAFL/CIP1 expression
in human embryonic kidney HEK293 cells via AMPK activation [47] and decrease
p21WAFL/CIP1 protein levels and expression of inflammatory cytokines associated with
senescence in different human fibroblasts via DICER1 upregulation[48]. Consistent with the
previous observations, we have observed that metformin treatment reversed the aberrant
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expression of a set of genes including p21WAFL/CIP1 gene and the activation of cancer-related
pathways in Ncoa5t'~ mouse liver, although it is not clear whether metformin directly
augments the function of NCOAS. Moreover, genetic inhibition of p21 WAFL/CIP1 expression
also resulted in reduced expression of inflammatory responsive genes, reduced infiltration of
macrophages and reduced proliferation of putative HPCs in Ncoa5''~ mouse livers. It is
conceivable that prophylactic metformin treatment might upregulate AMPK- and DICER1-
mediated pathways to inhibit expression of p21WAFL/CIPL a5 wel| as to alter expression of
other genes important in hepatic protumorigenic environment induced by NCOA5
deficiency. Thus, we propose that inhibition of p21WAFL/CIP1 expression is at least one of
metformin-mediated actions to inhibit hepatic protumorigenic environment and subsequently
reduce HCC incidence.

Chronic inflammation contributes tumorigenesis through multiple mechanisms, one of
which is the development of an immune suppressive environment. The preneoplastic livers
of Ncoa5t~ male mice apparently retain a unique immune environment containing increased
populations in intrahepatic activated and Tgry CD8+ T cells accompanied with accumulation
of immunosuppressive cells such as MDSCs and M2 macrophages. Recent studies have
suggested that infiltrated activated and memory CD8+ T cells play an important role of in
the surveillance of cancer progression, and their presence in HCCs has positive prognostic
and therapeutic value [49]. Despite this important finding, the continuous growth and
frequent recurrence of HCCs as well as their poor prognosis yet reflect the failure of
effective immune control of cancer progression. This is perhaps due to several
immunosuppressive mechanisms within the protumorigenic microenvironment, one of which
is likely to be involved in the exhaustion and subsequent dysfunction of CD8+ T cells [50].
The observation of the enrichment of exhausted CD8+ [20] and Stat3 signaling gene
signatures [24] in the precancerous liver of Nlcoa5t~ male mice at the age of 39 weeks
implied that these activated and Try CD8+ T cells might be exhausted by a long-term
chronic inflammation. Nevertheless, our studies suggest that metformin treatment is able to
reduce hepatic infiltration of CD8+ T cells and macrophages and enrichment of exhausted
CD8+ and Stat3 signaling gene signatures in the liver of Ncoa5"'~ male mice. In particular
support of our findings, induction of CD8+ T cell exhaustion by inflammation-induced IgA+
cells was shown to be involved in liver tumor development [51]. Moreover, several lines of
evidence support the effect of metformin on CD8+ T cell proliferation and differentiation
[52]. In a study with multiple types of established cancers in BALB/c mice, metformin
treatment was shown to result in CD8+T cell-dependent tumor rejection, which was
associated with the inhibition of the immune exhaustion of tumor infiltrating CD8+
lymphocytes[50]. Thus, in addition to the mechanistic insights into actions of metformin,
our data could be valuable in supporting that metformin treatment may be beneficial in
reversing the immune suppressive and CD8+ T cell exhausted tumor microenvironment for
HCC patients.

In summary, our work demonstrates that a unique protumorigenic niche promotes HCC
development in NVcoa5t'~ male mice and metformin is able to disrupt this niche and prevent
HCC development. The results also implicate that a subset of HCC patients might
potentially be stratified by metformin reversal scores for adjuvant metformin therapy after
HCC resection. Our findings highlight the importance of targeting the precancerous
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microenvironment for the prognosis, prevention and treatment of HCC, and p21WAFL/CIPL jg
a potential target for chemopreventive and therapeutic strategies against HCC development.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dysregulated genes expression and increased putative HPCs in Preneoplastic Livers of
Ncoa5"'~ Male Mouse.

(A) Volcano plot showing EdgeR differential expression analysis results from 20-week-old
male Ncoa5t'~ vs. Ncoa5'* mouse liver RNA sequencing (n=4). Genes with significant
changes in expression (FDR<0.05) are red and labeled with the gene name. (B) Correlation
heatmap of significant human homologs of differentially expressed murine genes vs.
NCOAS5 expression in HCC tumors and adjacent tissues (TCGA-LIHC data). (C)
Differentially expressed genes in Nlcoa5t~ vs Ncoa5'"* liver tissue identified in both 20-
and 39-week- old cohorts (FDR<0.05). Among 29 genes common to both groups, 20 of
them are with an absolute value of log2 fold change > 1 in a similarly altered direction. (D)
The mRNA levels of p21WAFLCIPL in the liver of Ncoa5t~ vs Ncoa5t™ male mice (n=4 per
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group, except for 8-week-old NVcoa5~ and 39-week-old Ncoa5t* mice n=3) at indicated
ages by using qPCR analysis. (E) Quantifications of IHC staining of p21 WAFL/CIP1 jn the
liver of Ncoa5*'~ and Ncoa5t'* male mice at indicated ages. n=3 for 8-week old mice, n=4
for 20-week-old mice, n=3 or 4 for 39-week-old Ncoa5"~ or Ncoa5™* mice, respectively.
(F) The mRNA level of several cytokines and chemokines in the liver of Alcoa5"~ and
Ncoa5'"* male mice at indicated ages. For 8-week-old and 39-week-old mice, n=3 or 4 for
Ncoa5*'= or Ncoa5™!* mice, respectively. For 20-week-old mice n=4 for both groups. (G)
Quantification of KRT-19- or EPCAM-positive HPC-like cell in the liver of 20-week-old
Ncoa5*"~ and Ncoa5t* male mice (n=4 per group). All data represented as mean+ SEM.
Statistical significance was determined by unpaired two-tail t-test. * p<0.05; ** p<0.01.
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Figure 2. Frequency, absolute numbers and subsets of CD8+ T cells in livers of Ncoa5*/~ mice.
(A) Percentages and (B) absolute numbers of the T lymphocytes in the livers of Ncoa5t*

and Ncoa5"'~ mice. Data in A and B are pooled from 5 independent experiments with a total
of Ncoa5t™* (n=10) and Ncoa5t'~ (n=13) mice at the age of 8-10 months analyzed in each
cohort. (C) Representative density plots showing the percentages of naive (CD62L+CD44-),
activated (CD62L- CD44+) and tissue resident memory (CD103+CD69+) CD8+ cells in the
livers of Ncoa5'* (top) and Ncoa5!~ (bottom) mice. (D) Percentages (top) and absolute
numbers (bottom) of the subsets of CD8+ T cells in the livers of Ncoa5''* and Ncoa5~
mice. Data in C, D are pooled from 3 independent experiments with a total of Alcoa5*
(n=6) and Ncoa5''~ (n=9) mice at the age of 8-10 months. Error bars represent SEM.
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Statistical significance was determined by unpaired two-tail t-test. * p < 0.05, ** p < 0.01,
ns: not significant.
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Figure 3. Frequency and Absolute numbers of MDSCs, macrophages and M2 macrophages in
livers of Ncoa5"~ mice.

(A) Representative density plots showing the gating strategy for the various myeloid
populations, as indicated. (B) Percentages (C) and absolute numbers of the total CD11b+,
MDSCs (CD11b+F4/80+Gr-1+), macrophages (CD14+F4/80+) and M2 macrophages
(CD14+F4/80+ CD206+) in the livers of Ncoa5t* and Ncoa5''~ mice. Data in B, C are
pooled from 3 independent experiments with a total of Alcoa5t* (n=6) and Ncoa5~ (n=9)
mice at the age of 8-10 months analyzed in each cohort. Error bars represent SEM.
Statistical significance was determined by unpaired two-tail t-test. * p < 0.05, ** p < 0.01,
ns: not significant.
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Figure 4. Effects of Metformin on the characteristics of precancerous livers and HCC Incidence
in Ncoa5™~ Male mice.

(A) Schematic diagram showing the experimental set. Arrows indicate the age of mice
administrated procedures as indicated. (B) Percent HCC incidence in NVlcoa5t~ male mice at
78 weeks of age treated with (MET) or without metformin (CON). Fisher’s Exact Test was
used to determine significance. (C) Quantification of IHC staining of Ki67 in livers derived
from 39-week-old Ncoa5""* and Ncoa5t~ male mice (n=4 per group, except for metformin
untreated Nlcoa5"* mice n=3) with or without metformin treatment. (D) Serum alanine
aminotransferase (ALT) activity in 39-week-old male mice as indicated. n=3 for metformin
treated or untreated Nlcoa5™* mice. n=4 for metformin treated or untreated Nlcoa5™~ mice.
(E, F) Absolute numbers of total T, CD4+ T and CD8+ T cells (E), activated and resident
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memory CD8+ T cells (F) in the livers of Nlcoa5""* and Ncoa5t~ mice untreated or treated
with metformin. Data in E and F are from Ncoa5"* and Ncoa5t'~ metformin untreated or
treated mice at the age of 11-14 months. n=3 mice for each group in (E) except that n=4 for
untreated NVcoa5'~ mice. n=3 mice for each group in (F) for Nlcoa5™* mice treated with or
without metformin, except that n=2 for metformin treated NVcoa5'"* mice. (G) Absolute
number of myeloid cell and the percentage of its subsets including macrophages
(CD14+F4/80+), MDSCs (CD11b+F4/80+Gr-1+), and M2 macrophages
(CD14+F4/80+CD206+) in the livers of Ncoa5'"* and Ncoa5t'~ mice untreated or treated
with metformin. Data in G are from 2 independent experiments in which n=3 mice per
group, except that n=2 for metformin treated Mlcoa5*'* mice for macrophage and MDSCs
counting. SEMs were calculated and drawn for the two-sample group; however, no statistical
test was carried out using this group. Error bars represent SEM. Statistical significance was
determined by two-way ANOVA. * p < 0.05, ** p < 0.01, ns: not significant.
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Figure 5. Effects of metformin on Dysregulated Genes, Cytoplasmic-leWAFl/ CIP1 positive

Hepatocytes and HPCs in Ncoa5*/~ Male Mouse Liver.

(A) Differentially up- (red) or down- (blue) expressed genes between two experimental
groups as indicated. 46 genes, whose expression were altered in 39-week-old Ncoa5'~ vs
Ncoa5'"* male mouse livers, were reversed by metformin treatment as determined by

Cuffdiff (Log2 fold change as indicated, FDR<0.05). (B) KEGG pathways with up-regulated

(FDR<0.25) expression in 39-week-old Nicoa5"'~ vs Ncoa5t* male mouse livers that
exhibited a reversed trend with metformin treatment as determined by GAGE. (C) The
MRNA levels of p21WAFL/CIPL jn the livers of 39-week-old male mice with or without
metformin treatment tested by using RT-QPCR analysis. n=4 for each group except for
metformin treated Alcoa5'’* mice. n=3. (D) Representative images and quantifications of
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IHC staining of p21WAFL/CIP1 o the liver sections derived from 39-week-old Nicoa5t'~ male
mice (n=4 per group). Scale bar, 50 um. (E) Representative images and quantifications of
IHC staining of KRT-19 or EPCAM on the liver sections derived from 39-week-old
Ncoa5t'~ male mice treated with or without metformin (n=4 per group). Interlobular bile
ducts (arrow) were excluded from the counting, while the other KRT-19- or EPCAM-
positively stained cells (arrowhead) were counted as putative HPCs. Scale bar, 50 um. All
data represented as mean+ SEM. Statistical significance was determined by unpaired two-
tailed t-test. * p<0.05; ** p<0.01.
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Figure 6. Effect of heterozygous deletion of p21 gene on the livers of Ncoa5*/~ male mice.
(A) Quantitative RT-PCR analysis of 14 genes in livers of Ncoa5"'~p21*'~ and Ncoa5t~

mice at age of 20 weeks using TagMan Custom Array. These 14 genes were identified as the
early up-regulated genes in livers of Alcoa5t~ mice (Fig. 1 and Supplementary Fig. S1). (B)
Representative images and quantifications of IHC staining of p21 WAFL/CIPL KRT-19,
EPCAM and MAC-2 on liver sections derived from 20-week-old Ncoa5''~p21t~ and
Ncoa5''~ male mice (n=3). Interlobular bile ducts (arrow) were excluded from the counting,
while the other KRT-19- or EPCAM-positively stained cells (arrowhead) were counted as
putative HPCs. Inset shows detail of putative KRT-19- or EPCAM-positive cells. Arrowhead
in images of IHC staining of MAC-2 indicated MAC-2 positive cells. All data represented as
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meant SEM. Statistical significance was determined by unpaired two-tailed t-test. * p<0.05,
** p<0.01.
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Figure 7. Association of CDKN1A/p21W'°":1/C'':’1 expression and Ncoa5 gene set with HCC
Patients and NASH patients.

(A) Heatmap showing three distinct subgroups of HCC patients identified by unsupervised
clustering analysis of Hallmark gene sets in the adjacent noncancerous liver tissues from
HCC patients (GSE14520, n=214). Indicated gene and gene sets are displayed for each
sample. The NCOADS gene set was created by converting the genes found differentially
expressed in livers of 39-week-old Ncoa5''~ mice compared with age-matched Ncoa5t*
mice by RNA-Seq analysis to human homologs in human HCC samples dataset
(GSE14520). Metformin reversal gene set was derived by converting the genes found
differentially expressed in livers of 39-week-old Alcoa5~ mice but then reversed in
metformin treated Nlcoa5t~ mice to human homologs. Metformin reversal gene score for
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individual HCC patients was defined as the weighted sum of this patient’s gene expression
values for genes from the metformin reversal gene set as described previously [27]. The
weight of genes was calculated based on the comparison of gene expression profiles from
untreated NVcoa5*'*, untreated Ncoa5t~ and metformin treated Ncoa5™~ mouse livers. (B) A
regression coefficients graph showing a negative correlation between CDKN1A/
p21WAF1/CIP1 expression and enrichment of metformin reversal gene set in the adjacent
noncancerous liver tissues. (C) Kaplan-Meier survival analysis of OS (left) or DFS (right)
for three subgroups of HCC patients. (D) Kaplan-Meier survival analysis of OS (left) or DFS
(right) between patients with high, medium and low metformin reversal gene score in their
adjacent noncancerous liver tissues. The differences between indicated two curves were
determined by two-sided log-rank tests. * p<0.05; ** p<0.01. (E,F) Enrichment of NCOA5
Gene Set (E) and Metformin Reversal Gene Set (F) assessed by ssGSEAProjection for liver
samples (GSE89632), from NASH patients (n=19), simple steatosis (SS) patients (h=20) and
healthy control (HC, n=24). Statistical significance was determined by unpaired two-tailed t-
test. ****p<0.0001.
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