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Abstract

Linker histone H1.2 (H1.2), encoded by HISTIH1C (H1C), is a major H1 variant in
somatic cells. Among five histone H1 somatic variants, upregulated H1.2 was found
in human hepatocellular carcinoma (HCC) samples and in a diethylnitrosamine (DEN)-
induced HCC mouse model. In vitro, H1.2 overexpression accelerated proliferation of
HCC cell lines, whereas H1.2 knockdown (KD) had the opposite effect. In vivo, H1.2
insufficiency or deficiency (Hic KD or Hic KO) alleviated inflammatory response and
HCC development in DEN-treated mice. Mechanistically, H1.2 regulated the activa-
tion of signal transducer and activator of transcription 3 (STAT3), which in turn posi-
tively regulated H1.2 expression by binding to its promoter. Moreover, upregulation
of the H1.2/STAT3 axis was observed in human HCC samples, and was confirmed
in mouse models of methionine-choline-deficient diet induced nonalcoholic steato-
hepatitis or lipopolysaccharide induced acute inflammatory liver injury. Disrupting
this feed-forward loop by KD of STAT3 or treatment with STAT3 inhibitors rescued
H1.2 overexpression-induced proliferation. Moreover, STAT3 inhibitor treatment-
ameliorated H1.2 overexpression promoted xenograft tumor growth. Therefore, H1.2
plays a novel role in inflammatory response by regulating STAT3 activation in HCC,
thus, blockade of the H1.2/STATS3 loop is a potential strategy against HCC.
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1 | INTRODUCTION

Liver cancer is the fourth leading cause of death worldwide, with
HCC the most dominant type.! Over the past decade, neither surgery
nor chemotherapy has proven appreciably effective in improving
HCC outcomes.? Hence, understanding the mechanisms behind HCC
and identifying effective therapeutic targets are urgently required.

Genetic and epigenetic alterations all contribute to the develop-
ment and progression of Hce.® Compared to epigenetic alterations,
such as DNA methylation and histone modifications, linker histone
H1 alterations are less investigated in HCC.* The linker histone H1
family, well known as chromatin structural proteins, consists of five
somatic variants (H1.1-H1.5) in mammals.® In most somatic cells,
histone H1.2 coded by HIC is one of the predominant variants.’
Although KO of H1.2 in mouse shows no anatomic or histological
abnormality,® its roles in apoptosis,” cell cycle progression,8 auto-
phagy,” and DNA damage repair'® have been reported, mostly in
cultured cells. Recently, H1.2/H1.4 double-KO has been found to
accelerate lymphomas in mouse??; conditional H1.2/H1.3/H1.4 tri-
ple-KO in hematopoietic cells decreases lymphocyte proliferation
in mouse.*? Nevertheless, the role of histone H1 variants, including
H1.2 per se, in the development of HCC remains unclear in vivo.

Signal transducer and activator of transcription 3, a pivotal
transcription factor that regulates inflammation and innate immu-
nity, plays critical roles in multiple physiological processes, includ-
ing cell growth, survival, metastasis and angiogenesis.!® Activation
of STAT3 requires phosphorylation on tyrosine 705 (Y705), which
mediates its homodimerization, nuclear translocation, and transcrip-
tion of downstream target genes, including IL-6, FOS, and SOCS3.14
Nuclear trafficking of STAT3 is essential to its function, and its
nuclear translocation has been reported to be regulated by vari-
ous importins, including KPNA2.2> A Y640F mutation that causes
constitutive Y705 phosphorylation by stabilizing STAT3 homodi-
merization (constitutive activation) is found in multiple cancers, es-
pecially in inflammation-associated tumorigenesis, such as HCC.1¢%”
Therefore, elucidation of new factors that regulate STAT3 activation
will reveal insights on HCC development.

Here, we reported a H1.2/STAT3 feed-forward loop in the
development of HCC. H1.2 was upregulated in HCC mouse or
human samples that promoted cell proliferation. Knockout or KD
of H1.2 markedly alleviated DEN-induced liver carcinogenesis and
proliferation of HCC cell lines by downregulating STAT3 activation.
Moreover, disrupting this H1.2/STAT3 axis attenuated the prolifera-
tion of HCC cells in vitro and in vivo.

2 | MATERIALS AND METHODS
21 |

Mice and experimental design

The Hist1hic (Hic) KO mice were generated by Biocytogen using a
CRISPR/Cas? based system. Two single guide RNAs were designed

to target the upstream of the 5'-UTR and 3'-UTR of Hist1hlc exon
1, respectively, using the CRISPR design tool (http://www.sanger.
ac.uk/htgt/wge/) (Figure S1). Genotyping was undertaken by PCR
as we previously described'®'? with the primers listed in Table S1.
Representative genotyping results are shown in Figure S1B. Male
BALB/c nude mice were obtained from Hunan SJA Laboratory
Animal Co. Ltd. Mice were maintained in a specific pathogen-free,
temperature controlled (22 + 1°C) animal facility with a 12/12-h
light/dark cycle, and free access to water and food. Animals were
handled according to the Guidelines of China Animal Welfare
Legislation, and approved by the Committee on Ethics in the Care
and Use of Laboratory Animals of the College of Life Sciences,
Wuhan University.

For the DEN-induced HCC mouse model, male mice were intra-
peritoneally injected with 25 mg/kg DEN (Sigma) at 2 weeks old and
killed at 40 weeks old.2%2* Tumors with diameter of 3 mm or more
were counted and measured, and liver and serum were collected.
Liver samples of mice treated with LPS, and HCC samples of high fat
diet plus DEN-treated male offspring from a multigenerational ma-
ternal obesity model were collected as we previously reported.*82*
For the nonalcoholic steatohepatitis model, mice were fed an MCD

diet (HFK Bioscience) for 4 weeks.

2.2 | Histological, immunohistochemical and
immunofluorescent studies

Paraffin-embedded mouse liver samples were sectioned and stained
with H&E.?2 For immunohistochemical studies, mouse liver sections
were incubated overnight at 4°C with primary Abs for H1.2, Ki-67,
F4/80, CD3, or Ly6G; a human HCC tissue microarray comprising 15
pairs of tumor and paratumor tissues (Outdo Biotech), was incubated
overnight at room temperature with Ab for H1.2 or p—STAT3Y7°5.
Detailed information regarding the Abs used is provided in Table S2.
Positive staining was visualized by 3,3’-diaminobenzidine substrate
following the ABC kit (both from Vector Laboratories). For mouse
liver sections, positively stained areas or cells were quantified using
ImagePro Plus software (Media Cybernetics) based on four to six dif-
ferent randomly selected fields per sample. For human HCC tissue
microarray, a semiquantitative analysis was carried out to evaluate
H1.2 or p-STAT3Y’% levels in a double-blinded fashion and scored
from O to 5, which correspond to the percentage of positively
stained cells per field (0%, 1%-20%, 20%-40%, 40%-60%, 60%-
80%. and 80%-100%, respectively). Pearson’s correlation coeffi-
cient analysis between H1.2 and p—STAT3Y705 levels was carried out
using GraphPad Prism version 8.0.

Immunofluorescent staining was undertaken as we previously
reported.”®> Mouse liver sections or HepG2 cells were incubated
with primary Abs for H1.2, or TIM23 (a protein located in the inner
mitochondrial membrane?%), or p—STAT3Y7°5, with images taken by a
TCS SP8 confocal microscope (Leica). Detailed information on Abs

used is provided in Table S2.
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2.3 | RNA sequencing

Total RNA of tumor samples from different groups was isolated
and prepared for RNA sequencing as we previously described.'??!
Sequencing was undertaken by Genewiz, with details provided in
the supporting information.

2.4 | Cell culture, primary hepatocyte isolation,
plasmids and treatments

HepG2, Huh7, Hep3B, HCC-LM3 (LM3), and 293T cells were ob-
tained from China Center for Type Culture Collection. HepG2, Huh7,
Hep3B, and 293T cells were cultured in DMEM (Hyclone), and LM3
cells were cultured in MEM (Hyclone), supplemented with 10% FBS
(Lonsera) and 1% penicillin-streptomycin (Hyclone). To knock down
H1.2, HepG2 or Hep3B cells were transiently transfected with
either scrambled shRNA or two different shRNAs targeting H1C
(Table S1). To overexpress H1.2, Huh7 or LM3 cells were transiently
transfected with pRK-(h)H1.2-Flag or pLVX-(h)H1.2, respectively.
To knock down or overexpress STATS3, cells were transiently trans-
fected with two different shRNAs targeting STAT3 (Table S1), WT
STAT3 (STAT3-Flag), a constitutive activated STAT3 (STAT3640F-
Flag), or a transactivation-deficient STAT3 (STAT3"7%°F-Flag), re-
spectively. Primary hepatocytes were isolated from male mice as
we described previously.?> For IL-6 treatment, cells were starved
overnight in medium without FBS, then treated with 50 ng/ml re-

combinant human IL-6 (Peprotech) for the indicated times.

2.5 | Luciferase reporter assay

Human HI1C-WT or H1C-mut (mutant, three putative STAT3 bind-
ing sites confirmed by ChIP assays (-1423/-1413, -701/-691, and
-162/-152) and three sites with the highest predictive scores
(-876/866, -963/953, and -329/319) were mutated to A) promoter
(-2000/0 relative to the TSS) was cloned into the pGL3-Basic vector
(Promega). Luciferase assays were carried out using a dual-specific
luciferase assay kit (Promega). To evaluate the effect of H1.2 on the
activity of STAT3 promoter, cells were transfected with a STAT3
firefly luciferase reporter plasmid together with STAT3Y%4%F and
shScram or shH1C; to evaluate the effect of STAT3 on the activity of
H1C promoter, cells were transfected with HIC-WT or H1C-mut fire-
fly luciferase reporter plasmid, together with shScram or shSTAT3.
All cells were cotransfected with pRL-TK (Renilla luciferase reporter
plasmid) for normalization. Luciferase assays were undertaken at
48 h after transfection.?”

2.6 | Colony formation and MTT assays

Cells were transiently transfected with indicated plasmids; 48 h
later, cells were stimulated with or without 50 pM S3I (Selleck) or

10 uM BP (TargetMol) for another 72 h. Standard MTT and colony

formation assays were carried out as we described previously.?*2

2.7 | Tumor xenograft

Both flanks of nude mice (6 weeks old) were subcutaneously in-
jected with 1 x 107 LM3 cells transfected with empty vector or
pLVX-H1.2, and counted as day 0. S3I (5 mg/kg body weight) was
injected intraperitoneally daily from day 9 after cell injection. Tumor
sizes were measured every other day. Mice were killed at day 17,
tumors were removed and weighed, and volumes were calculated

as described.?*%’

2.8 | Western blot analyses and gPCR

Freshly isolated liver or cultured cells were sonicated in ice-cold
RIPA buffer (Beyotime) and protein concentrations were deter-
mined. Western blots were probed with respective primary Abs
(Table S2), visualized by enhanced chemiluminescence (Advansta),
and quantitated using Quantity One software (Bio-Rad). The relative
levels of targeted proteins were quantitated to the respective load-
ing control in the same sample.

Total RNA was extracted using RNAiso Plus (TaKaRa Biotech.).
RNA from each sample was reverse transcribed into cDNA using
an M-MLV First Strand Kit (Invitrogen). Actb for human cell lines or
Rn18s for mouse samples was used as internal control. Primers used
are provided in Table S1.

2.9 | Coimmunoprecipitation and ChIP
Coimmunoprecipitation and ChlP assays were carried out as we
previously described.'®282? Primers and Abs used are provided in
Tables S1 and S2, and three different regions of human H1C or mouse
H1c promoter ranging from -2000 bp to the TSS were chosen.

2.10 | Database analysis

The Cancer Genome Atlas (https://cancergenome.nih.gov/) was
used to evaluate the expression of H1.1-H1.5 in HCC patients.
Bioinformatic software JASPAR (http://jaspar.genereg.net/cgi-bin/
jaspar_db.pl) was used to analyze STAT3 binding sites within the
promoters of human H1C or mouse Hlc.

2.11 | Statistical analysis

Results were expressed as the mean + SD. All the cell experiments
were repeated at least three times. Data were analyzed using the
Kruskal-Wallis test followed by the Mann-Whitney test for more


https://cancergenome.nih.gov/
http://jaspar.genereg.net/cgi-bin/jaspar_db.pl
http://jaspar.genereg.net/cgi-bin/jaspar_db.pl

1682 H
L BRVWIS=YA Cancer Science

WANG ET AL.

than two-group comparison, and the Mann-Whitney test was used
for two-group comparison. Differences were considered statistically
significant at p < 0.05.

3 | RESULTS
3.1 | Histone H1.2 is upregulated in liver of HCC
patients and mice

H1.2 has the highest transcriptional level among somatic H1 vari-
ants in human or mouse liver (Figure S2A,B). To investigate whether
H1.2 plays a role in HCC development, the expression profiles of
histone H1 variants in Th Cancer Genome Atlas database were
analyzed. Significantly upregulated mRNA level of HIC, but not
other somatic H1 variants, was found in HCC patients (Figures 1A
and S2C). Furthermore, compared to paratumor tissues, signifi-
cantly higher nuclear H1.2 staining was found in human HCC sam-
ples (Figure 1B). Similarly, significantly increased H1.2 levels were
found in the tumors of DEN-treated mice, compared to that in the
liver of age- and sex-matched controls; most of H1.2 staining was
found in the nuclei but not in the mitochondria (suggested by cos-
taining with DAPI or TIM23, respectively) (Figures 1C and S2D,E).
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Furthermore, in DEN-treated mice, significantly higher H1.2 levels
were observed in tumors compared with the paratumor tissues
(Figure 1D).

3.2 | Downregulation of H1.2 mitigates HCC
development in DEN-treated mice

To explore whether H1.2 is an oncogenic factor for HCC, we chal-
lenged the Hic knockout (Hic KO) or insufficient (Hic KD) mice,
as well as their WT littermates, with DEN (Figure 2A,B). In DEN-
stressed mice, KD or KO of Hlc caused a significant reduction in
tumor number and maximum tumor size compared to their WT lit-
termates (Figure 2C-F). Consistently, the number of Ki-67 (a cell pro-
liferation markergo) positive cells and the mRNA level of Ccna2 (a cell
cycle regulator“) were significantly reduced in the liver of Hic KD
and H1c KO mice under DEN stress (Figure 2G-I).

The role of H1.2 in HCC progression was next verified in vitro.
Among four HCC cell lines we examined, HepG2 and Hep3B cells
have higher, whereas LM3 and Huh7 cells have lower, H1.2 pro-
tein levels (Figure S3A). Thus, H1.2 was successfully knocked
down in HepG2 or Hep3B cells, but overexpressed in LM3 or Huh7
cells (Figure S3B-E). Significantly decreased cell proliferation was
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FIGURE 1 Histone H1.2 is elevated in hepatocellular carcinoma (HCC) tumor samples. (A) HIST1IH1C (H1C) levels in human HCC

tumor (T, red; n = 369) or normal liver tissue (N, gray; n = 160). TPM, transcripts per kilobase of exon model per million mapped reads. (B)
Representative images of H1.2 staining on human HCC tumor (T, n = 15) and paratumor (P, n = 15) samples (left panels), with corresponding
scores (right panel). Scale bar, 100 um. (C) Representative western blots (left panel) and quantification results (right panel) of H1.2 in

normal mouse livers (N, n = 5) and tumors (T, n = 6) from diethylnitrosamine (DEN)-treated mice. (D) Representative western blots and
quantification results of H1.2 in tumors (T, n = 6) and matched paratumor samples (P, n = 6) from DEN-treated mice. Results were expressed

as mean + SD. *p < 0.05, **p < 0.01
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FIGURE 2 Loss of histone H1.2 alleviates hepatocellular carcinoma tumorigenesis in mice. (A, B) Hic knockdown (KD) or knockout (KO)
efficiency at mRNA (A) and protein (B) levels in the livers of H1ct* (WT), H1c*™ (H1c KD), and H1c”™ (H1c KO) mice. Bands were from the
same gel (or blot); black dotted lines delineate the splicing boundary. (C-F) Representative images of dissected livers (C) and H&E stained
liver sections (D), and quantification results of tumor number (E) and maximal (Max) tumor size (F) of the indicated groups. Arrows indicate
tumors, dotted lines indicate the outline of tumors. Scale bar, 100 um. (G, H) Representative images of Ki-67 staining (G) with quantification
results (H) in mouse liver tumors. Scale bar, 50 pm. (I) Ccna2 mRNA level. WT group, n = 6; H1c KD group, n = 12; H1c KO group, n = 10.
Results are expressed as mean + SD. *p < 0.05, **p < 0.01. P, paratumor; T, tumor

indicated by colony formation and MTT assays in H1.2 KD HepG2
and Hep3B cells (Figure S3F-I). Consistently, increased cell prolif-
eration was observed in H1.2 overexpressed LM3 and Huh7 cells
(Figure S3J-M). These results suggested that H1.2 promoted both
hepatocarcinogenesis in vivo and cell proliferation of HCC cell lines

in vitro.

3.3 | Downregulation of H1.2 suppresses
hepatic inflammation and STAT3 signaling in DEN-
treated mice

Toinvestigate how H1.2 promotes HCC development, RNA sequenc-
ing was carried out using tumor samples. Compared to WT mice,
4973 and 2342 differentially expressed genes (>1.5-fold change)
were identified in H1c KD and H1c KO mice, respectively (Figure 3A,
Tables S3 and S4); among 1789 overlapped genes, most genes were
associated with inflammatory response (Figures 3A,B and S4A,
Table S5). Therefore, two classic inflammation-related signaling
pathways, STAT3 and nuclear factor-kB, were further examined.

Knockout or KD of Hlc significantly inhibited phosphorylation of
STAT3Y7% but not total STAT3 level in tumor and paratumor tissues
(Figure 3C,D), and showed no effect on the level of phosphorylated
p65 or IkBa (Figure S4B,C). Furthermore, the transcriptional levels
of several STAT3 targeted genes, such as II-6, Socs3, Fos, and Mcl-1
(MCL1 apoptosis regulator), were decreased in Hic KD or Hic KO
mice compared to those of WT mice (Figure 3E). Consistently, the
cell number of positively stained F4/80 (a macrophage marker®2), or
CD3 (a T cell marker®?), or Ly6G (a neutrophil marker®#), was signifi-
cantly lower in the liver of H1c KD or H1c KO mice compared to that
of the WT mice following DEN stress (Figure 3F). Collectively, these
results indicated that downregulated STAT3 activation and associ-
ated inflammation could contribute to tumor suppression in H1.2
insufficient and deficient mice.

3.4 | H1.2regulates activation of STAT3

We next examined whether H1.2 regulates STAT3 activa-
tion. In H1.2 KD HepG2 cells or H1.2 KO mouse primary
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FIGURE 3 Loss of histone H1.2 suppresses hepatic inflammation by downregulating signal transducer and activator of transcription 3
(STAT3) signaling in diethylnitrosamine-treated mice. (A) Venn diagram showing differentially expressed genes. (B) Top eight inflammation-
related Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways commonly enriched in H1c knockdown (KD) and H1c knockout

(KO) groups. (C, D) Western blot results (C) of H1.2, p-STAT3, and STAT3 with quantification results (D) in liver paratumors and tumors.
Bands were from the same gel (or blot); black dotted lines delineate the splicing boundary. E, mRNA levels of -6, Fos, Socs3, and Mcl-1. F,
Representative images of F4/80, CD3, and LyéG staining (left panels) with quantification results (right panels). Scale bar, 100 pm. Results
expressed as mean + SD. *p < 0.05, **p < 0.01
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hepatocytes, IL-6-induced upregulation of p-STAT3Y7%° was inhib-
ited (Figure 4A,B), and IL-6-induced transcriptions of STAT3 targeted
genes were downregulated (Figure 4C,D). Luciferase reporter assay
confirmed STAT3Y4F as a constitutive active form of STAT3, sug-
gested by the dramatically elevated STAT3 transcriptional activ-
ity, as previously reported,'® which was attenuated by KD of H1.2
(Figure 4E). Furthermore, KD of H1.2 inhibited IL-6-induced nuclear
translocation of p—STAT3Y705 (Figure 4F). Overexpression of H1.2
not only significantly promoted STAT3Y7%> phosphorylation, but also
upregulated STAT3 targeted genes, such as IL-6, FOS, or SOCS3, with
or without IL-6 stimulation (Figure 4G,H).

To explore how H1.2 regulates STAT3, we first investigated
whether H1.2 might regulate some secretory factor(s) that affect
STAT3 phosphorylation. Medium from shScram or shH1.2 trans-
fected HepG2 cells, with or without IL-6 treatment, were col-
lected and used to treat HepG2 cells (Figure S5A). Compared with
the observation that H1.2 KD downregulated p-STAT3Y7%® |evel
(Figure 4A), no obvious effect on p-STAT3Y7% |evel was found in
cells treated with medium from H1.2 KD cells (Figure S5B). Next,
we found the effects of H1.2 KD on the p-STAT3"7%° level were
retained after inhibiting protein translation by cycloheximide
(Figure S5C). Coimmunoprecipitation studies indicated no inter-
action between H1.2 and TC-PTP, which regulates STAT3 dephos-
phorylation in the nucleus®® (data not shown), while no significant
alteration in total TC-PTP level was found following H1.2 KD, with
or without IL-6 treatment (Figure S5D). As nuclear localization of
STAT3 has been reported to protect p-STAT3 from dephosphoryla-
tion,®® we then investigated whether H1.2 might regulate STAT3 by
affecting its nuclear translocation. H1.2 KD increased STAT3 level
in cytoplasm and reduced nuclear STAT3 level (Figure 41), and coim-
munoprecipitation showed interaction between H1.2 and KPNA2,
an importin mediating nuclear translocation of STAT3 (Figure 4J).*
Together, these results suggested that H1.2 could regulate STAT3
activation by affecting its nuclear translocation, but not by a
noncell-autonomous manner, or by regulating new protein synthe-
sis or TC-PTP level.

3.5 | HIST1H1C is a target of activated STAT3

We also noticed that IL-6 treatment significantly upregulated the
H1.2 protein levels in HepG2 cells or mouse primary hepatocytes
(Figure 4A,B), which made us wonder how IL-6 affects H1.2 levels.
In addition to STAT3 activation, a time-dependent upregulation of
H1.2 was also observed in IL-6-treated primary mouse hepatocytes
(Figure 5A). Significantly increased protein level of H1.2 was also
observed after IL-6 treatment in HepG2 cells, and most of H1.2 was
found in the nuclei but not in the mitochondria (Figures 5B and S6A).
As STAT3 is a transcription factor regulating multiple genes,** we hy-
pothesized that H1C might also be regulated by STAT3. By analyzing
the promoter region (from -2000 bp to the TSS) using JASPAR soft-
ware (Figure 5C), 40 potential STAT3 binding sites were suggested. A

ChlP assay further confirmed accumulation of STAT3 on the promot-
ers of human H1C and mouse Hilc, while IL-6 stimulation increased
bindings (Figures 5D-G and S6B,C). Luciferase reporter assays
showed that STAT3 KD greatly reduced human H1C promoter ac-
tivity by 63%-71%, while mutating six putative STAT3-binding sites
similarly reduced the activity of H1C promoter (Figure 5H). Further
STAT3 KD only showed mild effects on mutant H1C promoter activ-
ity (16%-24%) (Figure 5H). These results suggested H1C as a direct
target of STATS.

The mRNA and protein levels of H1.2 were upregulated in 293T
cells (a cell line with high transfection efficiency) overexpressing
WT STAT3 or STAT3Y*%F (Figure 5I-L). Furthermore, either mRNA
or protein levels of H1.2 were significantly downregulated in the
STAT3 KD 293T cells (Figure 5M,N). Consistently, similar results
were found in HepG2 cells when overexpressing STAT3Y640F o
knocking down STAT3 (Figure S5D-G).

3.6 | H1.2is positively correlated
with p-STATS3 level in hepatic inflammation

To confirm upregulation of a H1.2/STAT3 axis in hepatic inflam-
matory stresses, we further examined the correlation between
H1.2 and p-STAT3 in MCD diet-induced nonalcoholic steatohepa-
titis or LPS-induced acute inflammatory liver injury. Significantly
upregulated nuclear H1.2 levels, indicated by immunohistochem-
istry, and significantly upregulated H1.2 and p—STAT3Y705 levels,
indicated by western blots, were found in the liver of MCD- or
LPS-treated mice (Figure 6A-D). Moreover, we investigated H1.2
and p-STAT3Y7% levels in tumor samples from DEN-induced male
offspring from a multigenerational maternal obesity model, which
has shown gradually increased hepatic inflammation over genera-
tions, as we previously reported‘21’37’38 Under DEN stress, com-
pared with normal chow or high-fat diet treated male offspring from
lean mothers (NCD or HFD1D), the H1.2 and p-STAT3"7%° levels of
high-fat diet treated male offspring from obese mothers or obese
grandmothers (HFD2D or HFD3D) were both significantly upregu-
lated (Figure 6E). Importantly, in human HCC samples, a positive
correlation between the levels of nuclear H1.2 and p-STAT3 was
found (Figure 6F).

3.7 | H1.2 promotes cell proliferation in a STAT3
activity-dependent manner

To verify whether H1.2 promotes HCC development by regulating
STAT3 activity, H1.2 was overexpressed in LM3 cells transfected
with transactivation-deficient STAT3"7%F (Figure S7A,B). The MTT
and colony formation assays showed that abrogation of STAT3 trans-
activation significantly inhibited the H1.2 overexpression-promoted
cell proliferation (Figure 7A,B). Similarly, STAT3 deficiency also pre-
vented H1.2 overexpression-induced cell proliferation (Figures 7C,D
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FIGURE 4 Histone H1.2 regulates signal transducer and activator of transcription 3 (STAT3) activity. (A, B) Western blots (left panel)

with quantification results (right panel) of H1.2 and p-STAT3 in HepG2 cells (A) and mouse primary hepatocytes (B) treated with or without
50 ng/ml interleukin-6 (IL-6) for 90 min (n = 3). (C) mRNA levels of FOS and IL-6 in HepG2 cells (n = 3). D, mRNA levels of Fos and Socs3

in mouse primary hepatocytes (n = 3). (E) Effect of H1.2 knockdown on STAT3 activation in 293T cells with or without transfection of
STAT3Y4%F (n = 3-6). (F) Representative images of p-STAT3 in shScram- and shH1.2-transfected Hep3B cells treated with or without

IL-6. Scale bar, 50 pm. (G) Western blots of H1.2 and p-STAT3 (top panel) with quantification results of p-STAT3 (lower panel) in LM3 cells
overexpressing H1.2 treated with or without IL-6 (n = 3). (H) Quantitative PCR results of HISTIH1C, IL-6, FOS, and SOCS3 in Huh7 cells
overexpressing H1.2 treated with or without IL-6 (n = 3). |, Western blots of H1.2 and STAT3 in the nucleus and cytoplasm of 293T cells. (J)
Immunoblot (IB) analysis of H1.2 and Flag-tagged karyopherin subunit alpha 2 (KPNA2) in 293T cells transfected with vector or KPNA2-Flag.
Results expressed as mean + SD from three independent experiments. *p < 0.05, **p < 0.01. CT, control; KO, knockout; luc., luciferase; n.s.,

not significant; Vec, vector

and S7C). Furthermore, two STAT3 inhibitors,?*%® 31 and BP, ef-
fectively rescued cells from H1.2 overexpression-induced prolifera-
tion (Figures 7E,F and S7D-F). We further investigated whether S3I,
an inhibitor with low in vivo toxicity,41 restrains the HCC promot-
ing effect of H1.2 in nude mice. Consistent with in vitro results, S3I
treatment significantly decreased the H1.2 overexpressing-induced
tumor volume and weight in nude mice (Figure 7G-I). Collectively,
these results indicated that H1.2 promoted development of HCC by
regulating STAT3 activity.

4 | DISCUSSION

In this study, we identified that H1.2 was the most abundant linker
histone among five somatic H1 variants in human and mouse liver
(Figure S2). H1.2, rather than other variants, upregulated and ag-
gravated hepatocarcinogenesis (Figures 1 and 2). As a replication-
dependent linker histone variant,® increased levels of H1.2 in
HCC samples are reasonable due to greatly increased numbers
of dividing cells in liver cancer; it is interesting that the other four
replication-dependent variants were not upregulated in HCC sam-
ples (Figure S2). The physiological/pathological impacts of such H1
variant-specific alterations in HCC and the underlying mechanisms
are worthy of further investigation.

To investigate the physiological roles of H1 variants, multiple
lines of single/double/triple H1 variant KO mice have been con-
structed. Interestingly, single or double KO of H1.2, H1.3, or H1.4 in
mouse do not cause overt pathological phenotypes,6 whereas triple
KO of them in mouse leads to embryonic Iethality.42 In our study, al-
though single H1.2 KO did not cause obvious phenotypical changes
under normal conditions, carcinogenesis stress revealed its role in
HCC (Figure 2). Therefore, an experimental strategy that combines
variant KO with a disease model could be applicable to explore the
specific physiological/pathological role of individual H1 variants in
vivo.

Recently, double KO of H1.2/H1.4 mouse, which shows no
obvious pathological phenotype under normal conditions,*? has
been reported to initiate the expression of stem cell genes in ger-
minal center B cells and cause aggressive lymphomas in a diffuse
large B-cell lymphoma model.! In contrast, conditional H1.2/

H1.3/H1.4 triple KO in hematopoietic cells upregulates genes

that control apoptosis and negatively regulate cell proliferation,
thus limiting lymphocyte proliferation in mouse.'?> These seem-
ingly opposite phenotypes after H1.2 KO could implicate cell
type-specific or genetic background-dependent effects of H1.2
on tumorigenesis.

Here, we identified that H1.2 suppressed inflammatory response
in the liver by regulating the level of p-STAT3Y’%® and its down-
stream genes (Figure 3). Previously, we have reported that upregula-
tion of H1.2 is associated with increased expression of inflammatory
factors in diabetic retinopathy9; however, we were unclear whether
H1.2 directly regulated inflammation. In this study, we showed that
H1.2 directly affected inflammatory response in hepatocytes by
regulating the protein level and nuclear distribution of activated
form of STAT3 (p-STAT3"7%%), subsequently influencing its transcrip-
tional activity (Figure 4). Similar pro-inflammatory roles of hepatic
STAT3 have also been found in other liver diseases, such as viral
hepatitis, nonalcoholic steatohepatitis, and chemical-induced liver
injury.*3*> Consistently, upregulation of the H1.2/STAT3 axis was
also found in MCD-induced nonalcoholic steatohepatitis and LPS-
induced acute inflammatory liver injury (Figure 6). Considering the
commonly found constitutive STAT3 activation in many cancers,*
the existence and impacts of the H1.2/STATS3 axis in other types of
cancer will be interesting for further exploration.

As H1.2 locates and is upregulated in the nuclei of HCC tissues
and cell lines examined (Figures 2C,D and S6A), it is plausible that
H1.2 might regulate STAT3 activity by affecting some nuclear events.
Our results showed that H1.2 interacts with KPNA2 (Figure 4J), an
importin regulating the nuclear translocation of STAT3.* However,
H1.2 did not interact with TC-PTP, a nuclear phosphatase regu-
lating STAT3 dephosphorylation® (data not shown). Consistently,
H1.2 KD increased STAT3 levels in cytoplasm and reduced nu-
clear STAT3 levels (Figure 4l). Thus, it would be interesting to in-
vestigate how H1.2 mediates STAT3 nuclear translocation through
KPNA2.

In conclusion, we found that, following DEN induction, upreg-
ulated H1.2 drives HCC development by regulating STAT3 acti-
vation to promote inflammatory response and cell proliferation.
Activated STATS3 in turn transcriptionally regulates H1.2 to form a
feed-forward H1.2/STAT3 loop, and disrupting the H1.2/STAT3 axis
attenuated HCC cell proliferation, which suggests a potential thera-
peutic target for HCC (Figure 7J).
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FIGURE 5 Histone H1.2 is regulated by signal transducer and activator of transcription 3 (STAT3). (A, B) Western blots of H1.2, p-STAT3,
and STAT3 in mouse primary hepatocytes (A) and HepG2 cells (B) treated with interleukin-6 (IL-6) for indicated times. (C) Potential STAT3
binding sites on H1C promoter. (D, E) Representative potential STAT3-binding sites within the 2.0-kb region upstream of the transcription
start site (D) and STAT3 enrichment (E) on HISTIH1C promoter in 293T cells. (F, G) Representative potential STAT3-binding sites within the
2.0-kb region upstream of the transcription start site (F) and STAT3 enrichment (G) on Hist1hl1c promoter in mouse primary hepatocytes.
(H) Relative luciferase (luc.) activity of H1C in 293T cells transfected with indicated plasmids. (I, J) Quantitative PCR (gPCR) (l) and western
blot with quantification (J) of H1.2 and STAT3 in 293T cells following transfection of WT STAT3. (K, L) gPCR (K) and western blot with
quantification (L) of H1.2 and STAT3 in 293T cells transfected with STAT3Y44%F (M, N) gPCR (M) and western blot with quantification

(N) of H1.2 and STAT3 in shScram- or shSTAT3-transfected 293T cells. n = 3 for each group. Results expressed as mean + SD from three
independent experiments. *p < 0.05, **p < 0.01. CT, control; Vec, vector
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FIGURE 6 H1.2levelis correlated with signal transducer and activator of transcription 3 (STAT3) phosphorylation following hepatic
inflammation. (A, B) Representative nuclear H1.2 staining with quantification (A) and western blots with quantification of H1.2, p-

STAT3, and STAT3 (B) in mice injected with lipopolysaccharide (LPS) (n = 3). (C, D) Representative images of H1.2 and H&E stained

liver sections, with quantification of nuclear H1.2 levels (C) and western blots with quantification of H1.2, p-STAT3, and STAT3 (D) in
methionine-choline-deficient diet (MCD) fed mice (n = 3). (E) Western blots with quantification of hepatic H1.2, p-STAT3, and STAT3 in a
multigenerational maternal obesity mice model. n = 3 for each group. HFD1/2/3D, first/second/third generations of male offspring under
high-fat diet + diethylnitrosamine (DEN); NCD, normal chow + DEN. F, Representative images of hepatic p-STAT3 staining in tumor (T) and
paratumor (P) sections in human hepatocellular carcinoma tissue microarray (top panels), and correlation between H1.2 and p-STAT3 levels
based on staining scores analyzed by Pearson correlation analysis; n = 30 for each group. Results expressed as mean + SD. *p < 0.05. CT,
control; IHC, immunohistochemistry; NC, normal chow
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FIGURE 7 Tumor-promoting effect of histone H1.2 depends on signal transducer and activator of transcription 3 (STAT3) activity. (A, B)
MTT assay (A, n = 15) and representative images with quantification results (B, n = 3) of colony formation in LM3 cells transfected with or
without H1.2 and STAT3Y7%F (C, D) MTT assay (C, n = 15) and representative images with quantification (D, n = 3) of colony formation in
LM3 cells transfected with or without H1.2 and shSTATS3. (E, F) MTT assay (E, n = 15) and representative images with quantification results
(F, n = 3) of colony formation in H1.2-overexpressing LM3 cells under S31-201 (S3l) treatment. (G) Experimental design flowchart (top panel)
and dissected xenograft tumors (bottom panel). (H, 1) Tumor volume (H) and weight (I) of xenograft tumors from indicated groups. (J) A
proposed model for the role of H1.2/STAT3 loop in regulating hepatocellular carcinoma (HCC). Results expressed as mean + SD from three
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