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ABSTRACT

Background Immune checkpoint inhibitors as
monotherapies for advanced hepatocellular carcinoma
(HCC) fail to achieve satisfying results, while combination
therapies show greater efficacy. Therefore, identifying new
combined targets for immune checkpoint inhibitors could
be promising.

Methods We combined the cancer—immunity cycle score
with weighted gene coexpression network and system
analyses to screen immunosuppressive targets in HCC.

In vitro and in vivo experiments were used to assess

the effect of zinc finger protein 207 (ZNF207) on HCC
immunity. RNA sequencing, metabolomic, cytokine array
analysis, dual-luciferase reporter gene assay, and ChIP
quantitative PCR assay were used to investigate the role of
ZNF207 in tumor immunity regulation.

Results The system analysis and experimental verification
revealed ZNF207 as an immunosuppressive target in

HCC. Hypoxia-induced upregulation of ZNF207 promoted
HCC progression in immunocompetent mice while being
associated with decreased CD8* T-cell infiltration and
increased exhaustion. Mechanistically, the mitogen-
activated protein kinase (MAPK)—chemokine C-X3-C-motif
ligand axis was involved in ZNF207-mediated CD8" T-

cell chemotaxis. Furthermore, ZNF207 transcriptionally
regulated indoleamine 2,3-dioxygenase 1 and elevated
kynurenine levels, leading to the exhaustion of CD8* T
cells. Patients with lower ZNF207 expression were more
sensitive to antiprogrammed cell death protein 1 (PD1)
therapy, and silencing ZNF207 could be beneficial to anti-
PD1 combination therapy.

Conclusion Our study implicates ZNF207 in suppressing
the HCC microenvironment and showed the feasibility of
targeting ZNF207 during anti-PD1 therapy in HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the
third leading cause of cancerrelated mortal-
ities globally and a major threat to public
health.! In firstline and second-line clinical
settings, phase III clinical trials failed to show
the survival benefits of immune checkpoint
blockade agents for the treatment of unre-
sectable HCC.”” The objective response rates

1,3

range between 15% and 20%when using
these agents as monotherapies for HCC.* The
main limitations of existing immune check-
point blockade therapies stem from multiple
immune checkpoint pathways, as well as the
lack of tumor infiltration by immune cells,
and excessive exhaustion of immune cells.”™
Several preliminary large phase III trials (eg,
ORIENT-32, COSMIC-312, and HIMALAYA)
used anti-PD1 or anti-programmed death-
ligand 1 (PD-L1) agents combined with
anti-CTLA4 or antiangiogenic agents (ie,
combination therapies) and reported better
survival compared with sorafenib mono-
therapy for unresectable HCC.”"" Thus, the
identification of new immune checkpoints
and developing new combination treatments
have become the major focus of HCC immu-
notherapy studies.

A comprehensive  understanding  of
cancer-immunity interactions is essential
for screening new targets for combination
therapy. The cancer-immunity cycle eluci-
dates on antitumor immune responses and
offers an opportunity to understand the
interactions between cancer and its immune
system.'* It can be used to visualize personal-
ized antitumor immune responses in patients
with HCC, which is correlated with their
clinical outcomes."” Based on the current
findings, we tried to combine the cancer—
immunity cycle score with bioinformatics to
systematically explore immunosuppressive
targets in HCC. The gle2-binding-sequence
(GLEBS) motif-containing zinc finger protein
207 (ZNF207) obtained in our systematic
analysis is a member of the ZNF protein
family, which plays an essential role in self-
renewal, pluripotency, and differentiation of
human embryonic stem cells."*"® HCC cells
have elevated expression of ZNF207, which
is associated with poor prognosis.'” However,
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the mechanisms by which ZNF207 accelerates HCC
progression are unknown, and its role in tumor immunity
has not been established.

In this study, we systematically combined bioinformatic
methods with experimental techniques to evaluate the
immunosuppressive target ZNF207 in HCC in vitro and in
vivo. Furthermore, we verified its potential as a biomarker
and combination target for antiprogrammed cell death
protein 1 (PD1) therapy. Lastly, we investigated the role of
abnormal ZNF207 expression in HCC and its mechanism
in accelerating HCC progression in terms of CD8" T-cell
regulation. This study will elaborate our understanding
of the mechanisms activating HCC progression, as well as
provide potential therapeutic targets for treatment and
prognosis of HCC.

METHODS

Data and resources

The GDC download tool (https://portal.gdc.cancer.gov)
from the Cancer Genome Atlas (TCGA) database was
used to download the transcriptome data and clinical
data for liver cancer (TCGA-liver hepatocellular carci-
noma, LIHC). The fragments per kilobase million format
expression data was used for subsequent expression-
related analysis; the eight liver cancer microarray data-
sets (GSE14520, GSE17856, GSE25097, GSE36376,
GSE45114, GSE54236, GSE64041, and GSE76427) can be
downloaded from the GEO database (https://www.ncbi.
nlm.nih.gov/geo/). When multiple probes correspond
to the same gene symbol, the mean value was considered
the final value, and all data were normalized by 10g2.

WGCNA and hub gene screening

The R software “‘WGCNA’ package was used to construct
a weight coexpression network. Normalized LIHC tran-
scriptome expression data was used as a data matrix for
WGCNA. The cancer-immunity cycle scores of HCC
samples were obtained from the TIP database (http://
biocc.hrbmu.edu.cn/TIP/) as clinical phenotypes for
subsequent WGCNA. A fit § value=10 was selected to
ensure the coexpression network is a scale-free network.
The expression matrix was converted into an adjacency
matrix and then converted into a topological matrix.
Based on the topological overlap, the average-linkage
hierarchical clustering method was used to cluster
genes. According to the standard of the hybrid dynamic
shearing tree, the minimum number of genes in each
gene network module was set to 30. The eigengenes of
each module were calculated, the modules clustered, and
height set to 0.25; the gray module comprises genes that
cannot be clustered into other modules. According to
the eigengenes of each module, the correlation between
these modules and each phenotype was calculated; the
module phenotype correlation heat map was pictured;
and modules with higher correlation were selected for
subsequent analysis.

The protein—protein interaction (PPI) network of the
interesting modules was constructed using Cytoscape
v3.2.1, and then the topology heterogeneity of each node
in the PPI network was analyzed. The degree value of
each node was used to evaluate its importance. Finally,
10 nodes with the largest degree value in the network
were selected. Simultaneously, analyzing the correlation
between the genes and modules of interest, genes with a
correlation >0.9 were selected. Genes meeting both the
above two criteria were defined as hub genes.

Antibodies and reagents

Anti-ZNF207 (PA5-53535, PA5-30641, #703747) and anti-
CD3z (4B10) (MAb-15608) antibodies were purchased
from Invitrogen (Waltham, Massachusetts, USA). Anti-
beta actin (ab8226) antibody was purchased from Abcam
(Cambridge, UK). Anti-HIF-1o. (D1S7W; #36169), anti-
HIF-20. (D6T8V; #59973), anti-CD8a (D4W2Z; #98941),
and anti-PCNA (PC10; 2586) antibodies were purchased
from Cell Signaling Technology (Danvers, Massachusetts,
USA). Mouse C-X3-C-motif ligand (CX3CL1) /fractalkine
chemokine domain antibody (MAB571) was purchased
from R&D Systems (Minneapolis, Minnesota, USA). Anti-
glyceraldehyde 3-phosphatedehydrogenase (GAPDH)
(UPS002) was purchased from Upsbiotech. Mouse anti-
PD1 (BE0146) and rat IgG2a isotype control antibody
(BE0089) were purchased from Bio X Cell (Lebanon,
New Hampshire, USA). Bay 87-2243 (S7309), PT2385
(S8352), PF-06840003 (S8657), and SB203580 (S1076)
were purchased from Selleck (Houston, Texas, USA).

Animals and tumor implantation

C57BL/6N, BABL/c, and BABL/cnude male mice
(6weeks old, 18-20g) were purchased from Beijing Vital
River Laboratory Animal Technology and housed in a
specific pathogen-free environment with a 12/12hour
day/night cycle.

To establish the subcutaneous xenograft tumor model,
HCCLMS was subcutaneously inoculated with 2x10° cells/
mouse on the right flank of BABL/c-nude mice. PLC/
PRF/5 was subcutaneously inoculated with 5x10° cells/
mouse, and Hepal-6 was subcutaneously inoculated with
9x10° cells/mouse on the right flank of C57BL/6 mice.
The tumor size was measured every 3days using a digital
caliper (Guanglu, Taizhou City, China). Tumor volume
was calculated using the formula (lengthxwidth?/2.

For adeno-associated virus intervention, male BABL/c
mice (6weeks old, 18-20g) were used. The mouse ascites
tumor cells H22 with luciferase fluorescence were inocu-
lated into the liver envelope of BABL/c mice at a concen-
tration of 1><105cells/m0use to construct a mouse liver
orthotopic tumor model. After 3days of inoculation,
animal chemiluminescence imaging was performed, and
the mice were grouped according to the fluorescence
value. In vivo imaging observation was performed 3 weeks
after the intervention, before the mice were sacrificed,
and liver tumors were photographed.
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Proteome profiler assay (cytokine array)

Hepal-6-shNC and Hepal-6-shZNF207 (5x10% were
cultured in 10 cm dishes for 48 hours and the cell super-
natant was harvested. The cells were then washed with
phosphate buffered saline (PBS), lysed with IP lysate,
and centrifuged at 12000 g for 10 min. However, condi-
tioned media and the supernatant of cell lysates were
assayed using the R&D Systems Proteome Profiler Mouse
XL Cytokine Array kit (ARY028) according to the manu-
facturer’s instructions.'® ' Protein concentration was
normalized before starting the assay. Chemilumines-
cence was detected by a charge-coupled device (CCD)
camera (ChemiDoc MP; Bio-Rad, Hercules, California,
USA). The pixel density of each spot was measured using
Image]. The spots were averaged; the background was
subtracted; and the average values were reported for
each cytokine.

ChIP quantitative PCR assay (ChIP-qPCR)

To measure the binding activity of ZNF207 or
indoleamine 2,3-dioxygenase 1 (IDOI) in vivo, a ChIP
assay was conducted with the SimpleChIP Plus Enzymatic
Chromatin IP Kit (#9005, CST) according to the manu-
facturer’s protocol of 8024 cells. Briefly, 1x107 cells were
cultured in hypoxia condition (1% O,) for 24hours or
transfected with ZNF207-OE plasmid for 48hours, then
washed twice in PBS, crosslinked with formaldehyde,
lysed with sodium dodecyl sulfate buffer, and sonicated.
After sonication, the fragmented chromatin was added
into ChIP dilution buffer and incubated overnight with
anti-HIFlo (CST, 36169, USA) and anti-HIF20. mono-
clonal antibody (#59973, CST) or anti-ZNF207 (#703747,
Invitrogen). A normal rabbit IgG (#2729, CST) was added
as a negative control antibody, and the histone H3 rabbit
monoclonal antibody was used as a positive control.
Immunoprecipitated products were collected after incu-
bation with protein A+G-coated magnetic beads. The
bound chromatin was eluted and digested with proteinase
K, then the DNA was purified for RI-qPCR analysis (the
primers are listed in online supplemental materials and
methods).

Statistical analysis
All data analyses were done using GraphPad Prism V.8 or
SPSS V.19. Two-tailed Student’s t-tests were performed
when only two groups were compared. The paired t-test
was used to analyze the difference in ZNF207 expression
between 50 paired HCC samples. One-way analysis of vari-
ance followed by Dunnett’s post-tests was used to compare
differences between multiple groups unless otherwise
stated. The y” test was used to analyze the relationship
between ZNF207 and clinical indices. Pearson’s analysis
was used for correlation analysis. Kaplan-Meier analysis
was used for the survival analysis.

Additional experimental procedures are described in
the online supplemental materials and methods.

RESULTS

ZNF207 is a potential immunosuppressive target in HCC

To find potential immunosuppressive targets in
HCC, we used the cancer-immunity cycle scores
and HCC transcriptome data for WGCNA network
analysis. Cluster analysis divided all genes into 20
modules. Then, we conducted correlation analysis on
all modules which revealed two clusters with similar
internal expression patterns (figure 1A). Further
analysis found modules in cluster 1 were positively
correlated with steps 1-4 of the cancer-immunity
cycle, while modules in cluster 2 were negatively
correlated with steps 5-7 (figure 1B). Consistently,
higher cancer-immunity cycle scores can be observed
from steps 5 to 7 of the cycle in the ZNF207°" expres-
sion group (online supplemental figure S1A). Respec-
tively, brown and turquoise were the modules with
the most significant differences in clusters 1 and 2.
To figure out the functions of these two modules,
we performed Gene Ontology annotation analysis.
Unsurprisingly, genes in the brown module were
enriched in immune-related signaling pathways which
show a positive correlation with steps 1-4 of the
cancer—immunity cycle (figure 1C), while genes in the
turquoise module were mainly enriched in RNA trans-
port, RNA splicing, and spindle assembly processes
which show negative correlation with steps 5-7 of
the cancer-immunity cycle (figure 1D). Although it
has been reported that the RNA splicing process is
related to immunity,20 its involvement in the immune
process is still unclear. To identify immunosuppressive
targets in HCC, we focused on the turquoise module.
As described in the Methods, we screened the core
genes in the turquoise module from two criteria. Both
DEAH box protein 9 (DHX9) and ZNF207 met the
screening criteria (figure 1E and online supplemental
figure S1B-D). DXH9 has already been reported to
be involved in immune response mediated by nuclear
factor-kB (NF-xB)*' and regulates toll-like receptor-
stimulated immune responsesQ2; hence, we mainly
focused on ZNIF207. Taken together, the data show
that ZNF207 may be a potential unreported immuno-
suppressive target.

Furthermore, ZNFF207 was observed to be positively
correlated with an immune escape signature23 and
negatively correlated with the percentage of infil-
trated cytotoxic T cells in HCC tumor tissue (online
supplemental figure S1E,F). Elevation of ZNF207 was
also observed to correlate with reduced T-cell infil-
tration in copy number variation analysis (online
supplemental figure S1G,H). Moreover, RT-qPCR
was performed on 22 clinical HCC samples and
revealed strong positive correlations between ZNIF207
and CD4 (R=0.4554, p=0.0332), FOXP3 (R=0.5198,
p=0.0132), CD11b (R=0.5465, p=0.0085), and CD68
(R=0.4713, p=0.031). Exceptions were CDSA (R=—
0.4699, p=0.0274), C2 (R=—0.6148, p=0.0023), and C3
(R=-0.6126, p=0.0024), which were associated with
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Figure 1 ZNF207 is a potential immunosuppressive target in HCC. (A) Liver cancer data from the TCGA database were used

to construct the WGCNA coexpression network; each color represents a type of module, and each node represents a gene.
Modules in clusters 1 and 2 show similar expression patterns. (B) Heatmap shows the correlation of each module with cancer
immune cycle scores in two clusters. Red represents a positive correlation, while blue represents a negative correlation. The
ClueGO plug-in was used to perform pathway enrichment for the core genes in (C) brown and (D) turquoise modules. Each
node represents a biological process; nodes with the same color have similar functions. Node size shows the significance of
enrichment. (E) PPI network of genes in the turquoise module; the enlarged image shows the core nodes in the network, and the
red nodes are the core nodes in the network. (F-I) Clinical HCC samples were used to detect the correlation between immune
cell marker genes and ZNF207 by quantitative reverse transcription PCR (RT-gPCR), |R|>0.3, n=22. *P < 0.05; **P < 0.01; ***P

< 0.001. HCC, hepatocellular carcinoma; MDSC, myeloid-derived suppressor cells; NK, natural killer; PPI, protein—protein
interaction; Treg, regulatory T cell; ZNF207, zinc finger protein 207.

cytotoxic T cells and complement immune responses
(figure 1F-I and online supplemental figure S11-K).
In summary, through bioinformatics analysis and
preliminary experimental verification, we screened
and identified ZNF207 as a potential immunosuppres-
sive target in HCC, which may be correlated with steps
of the cancer-immunity cycle (including immune cell
infiltration, cancer cell recognition, and killing).

ZNF207 is highly expressed in HCC and associated with poor
prognosis

The progression of HCC is usually accompanied by
abnormal gene expression and poor prognosis. Expres-
sion of ZNF207 in matched HCC tissues was found to be
higher than that in adjacent samples (figure 2A). Data
from the Oncomine and GEO databases revealed a consis-
tent trend (figure 2B,C, and online supplemental figure
S2A,B). In HCC samples, ZNF207 showed a significant

increase at both the transcriptional and translational
levels (figure 2D,E, and online supplemental figure S2C).
Immunohistochemistry (IHC) analysis revealed that
ZNF207was mainly overexpressed (overexpression (OE))
in the nucleus, consistent with its role as a transcription
factor (figure 2F and online supplemental figure S2D).
The key genes in HCC progression were usually correlated
with cancer stages and patient prognosis. Patients with
HCC showed more advanced stage, grade, and T stage
in the ZNF207"" expression group (figure 2G) as well
as shorter overall and disease-free survival outcomes in
multiple datasets (figure 2H and online supplemental
figure S2E,F). Univariate and multivariable Cox model
analysis further revealed ZNF207 as an independent
prognostic factor for HCC (online supplemental figure
S2G and online supplemental table S1) in online supple-
mental materials and methods). Overall, our findings
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Figure 2 ZNF207 is highly expressed in HCC and is associated with a poor prognosis. The public databases were used

to analyze the differential expression of ZNF207 in liver cancer and paracancerous tissues. (A) TCGA (n=50), (B) Oncomine
(normal, n=220; tumor, n=225), and (C) GEO databases. (D) RT-qPCR was used to detect the mRNA levels of ZNF207 in cancer
nests (n=50), adjacent tissue (n=50), and normal tissues of patients with HCC (n=49). (E) Western blot was used to measure
ZNF207 protein level in clinical HCC (n=4) and DEN-induced orthotopic HCC samples (n=4). (F) Protein level of ZNF207 in
paracancerous and primary HCC samples was detected by immunohistochemistry (n=30). (G) The circular pie chart shows the
proportion difference of clinical indices (including tumor, node, metastasis stages and pathological grade) in the ZNF207"S"
and ZNF207°" expression groups from the TCGA LIHC dataset. (H) Prognostic relationship (OS and DFS) between ZNF207
and patients with HCC. DEN, diethylnitrosamine; DFS, disease free survival; FPKM, Fragments Per Kilobase of exon model per
Million mapped fragments; HCC, hepatocellular carcinoma; OS, overall survival; ZNF207, zinc finger protein 207.

show that ZNF207 is highly expressed in HCC and is asso-
ciated with a poorer prognosis.

Hypoxia elevates ZNF207 in HCC

Next, we examined how ZNIF207 was upregulated in
HCC by gene set enrichment analysis (GSEA). We
found that the ‘HYPOXIA_VIA_HIFIA_UP’ gene signa-
ture was significantly enriched in the ZNF207"¢" group
(figure 3A). Experimentally, we observed both physi-
cally- and chemically-simulated hypoxia could elevate the
protein level of ZNF207 (figure 3B,C, and online supple-
mental figure S3A), which could be reversed by inhibitors
of hypoxia-inducible factor 1o (HIFla) (BAY87-2243)
and HIF20. (PT2385). In comparison, BAY87-2243
exerted a stronger inhibitory effect on ZNF207 under
hypoxia conditions (figure 3D,E). Using plasmids to

overexpress HIFlo and HIFZ2o under normoxia condi-
tions, we found that the effect of hypoxia on ZNF207
could be reproduced (figure 3F,G). To analyze the
transcriptional regulation effect of HIF on ZNF207,
we conducted a dual-luciferase reporter gene experi-
ment. Both hypoxia and cobaltous chloride incubation
enhanced the fluorescence intensity of the ZNIF207
promoter gene (figure 3H). The ChIP-qPCR assay was
used to confirm the candidate HIF binding sites, which
could match the consensus sequence 5-(A/ G)CGTG-3™
in the ZNF207 promoter. The ZNF207 promoter (-2000
to +200 from the translation start site (TSS)) region has
six HIF consensus-binding sites (figure 3I). Chromatin
fragments containing two DNA sequences, located in the
promoter region of the ZNIF207 -959/-964bp relative to

Wang X, et al. J Immunother Cancer 2022;10:¢004414. doi:10.1136/jitc-2021-004414

5


https://dx.doi.org/10.1136/jitc-2021-004414
https://dx.doi.org/10.1136/jitc-2021-004414

Open access

A B % D 1% O, F 20% O,
Enrichment Plot: 20% 1% 20% 1% BAY87-2243 - + NC-OE  + .
_ HYPOXIA_VIA_HIF1A_UP HIFta - 19k0a o[ 00| 119kDa s ) 119 k0
1) a
wos NES=1.85 HiFza - M9KDA o NEa07 [ ] 55KDa  oNra07 (e | 55 kDa
goo) S me 2!1') T):g 2rr [ eww| W oS von GAPDH E 37 kDa 37kD
Q03 f =0. GAPDH j 37 kD GAPDH | S— a
& 02 | L_d___l___ @ PLCIPRF/5 PLCIPRF/5
ol Huh? PLCIPRF/5
é oolf - C cocl, E 1% 0, G \cor 20% 0,
- - + -
S Oh __2h _4n __ eh PT2385 hd HIF20-0E - +
- HIF1a L0 B B | 119kDa H'FZ“‘EI M9kDa  ipag | 119 kDa
2ZNF207 ZNF207 | s | 55 kDa -—
ZNF 2074 ys ZNF2071ow [ G - @) 55 kD2 - S | ZNF207 — | 55 kDa
GAPDH | #SS—_—_—— s S | 37 kDa  GAPDH WS SR 37 kDa  GAPDH [ s | 37 kDa
H I PLC/PRF/5 PLC/PRF/5 PLC/PRF/5
4. 8 oo,
2 p = 0.0032 ' — 395 ~ 895 — 0~ +114 i
© ; P3 P4 ;
© ' — 2011 ~ 1862  —1355 ~ -978 '
s | : - By TSs :
5 . ' ZNF207 '
['4 ! Promoter 22000 +1 +500 !
E ' —-963 ~ -959 — 423 ~ +27 :
S 1.5 . -964 ~ -960 €= .
‘ :
£ ' 1992 ~ 1987 =—p> 017 ~ 1012 = égg_l'r_g :
o : '
3 ' -2003 ~ 1998 —p- HIF1a and HIF2a consensus binding sites:
0.0- o
20% 0, 1% 0O
2 2 18— 10 :
° 2.0+ p = 0.0038 J mm Anti-lgG p = 0.0051 p = 0.0001 - Ant!-IgG
2 = 157 mm Anti-HIF1a = 8- == Anti-HIF2a
- ) - [
s 157 g ' £
F S 93 S ¢
€ 1.0 € 4 c p=0.0143
3 w W 4 —
g 3 39 3
= [<] _ [«
S 0.5-] w2 L2
o 14
3 0
0.0-
Negative CoCl, P1 P2 P3 P4 P1 P2 P3 P4

control (100 pM)

Hypoxia (1% O,)

Hypoxia (1% O,)
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expression to perform GSEA analysis; the enrichment plot shows the enriched pathway in the ZNF207"9" expression group.

(B) Western blot shows ZNF207, HIF1a, and HIF2o protein leve

Is under physical hypoxia in Huh7 and PLC/PRF/5 (1% O,,

24 hours). (C) PLC/PRF/5cells treated with 100 uM CoCl, for different periods and detection of ZNF207 protein level. Effects

of the (D) HIF10. inhibitor (BAY87-2243, 10 uM) and (E) HIF2c. in

hibitor (PT2385, 10 uM) on ZNF207 under hypoxia conditions

in PLC/PRF/5cells. Plasmids were used to overexpress (F) HIF1o and (G) HIF2o to observe the changes in ZNF207. (H) Dual-
luciferase reporter gene assay was used to evaluate the effect of hypoxia (24 hours) and CoCl, (100 pM) treatment on the
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gPCR. CoCl,, cobaltous chloride; GSEA, gene set enrichment analysis; HCC, hepatocellular carcinoma; ZNF207, zinc finger

protein 207.

the TSS, were immunoprecipitated with an anti-HIF-1o
antibody under hypoxia conditions. One DNA sequence
located -1012/-1017bp relative to TSS was immuno-
precipitated with an anti-HIF20 antibody under both
normoxia and hypoxia conditions (figure 3] and online
supplemental figure S3B,C). In brief, hypoxia can elevate
ZNF207 expression in HCC by transcriptional regulation.

ZNF207 promotes HCC associated with CD8* T-cell infiltration
and exhaustion

To understand how ZNF207 promotes HCC progres-
sion, and whether it is related to tumor immunity, we
first evaluated the effect of ZNF207 on cell prolifer-
ation in loss-offunction and gain-of-function experi-
ments in vitro. Regardless of ZNF207knockdown (KD)
or ZNI207-OFE, the cell proliferation of HCC cell lines

remained unchanged (online supplemental figure
S4A—-C). Furthermore, ZNF207KD or ZNIF207-OF. did not
alter the growth rate of xenograft tumors in immuno-
deficient mice (figure 4A,B). These results suggest that
ZNF207 is not crucial for HCC cell proliferation in an
immunodeficient microenvironment. Based on previous
analysis and experimental results, we hypothesized
that hepatoma-intrinsic ZNF207 might promote HCC
progression by regulating tumor immunity. ZNF207-KD
or ZNI207-OE Hepal-6 cells significantly affected tumor
growth rate without showing a difference in cell prolifera-
tion in vitro (figure 4C,D, and online supplemental figure
S4D-F). C57BL/6 mice were subcutaneous inoculated
with these cells. ZNF207-KD or ZNF207-OE changed the
positive cell rate of Ki67 and CD31 (online supplemental
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Figure 4 ZNF207 promotes HCC associated with CD8" T-cell infiltration and exhaustion.In vivo xenograft growth curves

of (A) ZNF207-KD (n=7) and (B) ZNF207-OE (n=6) in HCC cells (HCCLM3 for kD; PLC/PRF/5 for oe) inoculated into
immunodeficient BALB/c-nude mice. In vivo xenograft growth curve of (C) ZNF207-KD (n=9) and (D) ZNF207-OE (n=10) Hepal-
6 cells in immunocompetent C57BL/6 N mice. (E) After 3days of inoculating H22 cells at the liver capsule of BALB/c mice,
ZNF207-KD and ZNF207-OE adeno-associated virus 8 was injected via the tail vein into mice (n=8), and tumor formation was
observed by live imaging at the end of the experiment. (F) Flow cytometry was used to find out the difference in immune cell
infiltration in ZNF207-KD tumors (n=10). Conditioned medium from ZNF207-KD Hepa1-6 cells used to study its role on CD8"
T-cell function, including (G) CD8* T-cell chemotaxis (n=3), (H) exhaustion (n=3), and (I) IFN-y" TNF-o." CD8" T-cell percentage
(n=3). (J) Correlation between ZNF207 and exhausted T-cell signature in the TCGA-LIHC dataset (n=374). (K) Correlations
heatmap of ZNF207 and immune checkpoints. HCC, hepatocellular carcinoma; IFN-y, interferon gamma; KD, knockdown; OE,
overexpression; TNF-o, tumor necrosis factor alpha; ZNF207, zinc finger protein 207.

figure S4G-I), two markers often used to evaluate tumor
proliferation and angiogenesis. Furthermore, we used
adeno-associated virus 8 to intervene on the H22-induced
orthotopic model of HCC. ZNF207KD or ZNF207-OE
adeno-associated virus 8 significantly altered tumor
growth in the immunocompetent mice (BALB/c mice)
(figure 4E and online supplemental figure S4]). These
findings indicate that ZNF207induced HCC progression
is associated with tumor immunity.

To clarify how ZNF207 promotes the progression of
HCC through tumor immunity, we performed flow cytom-
etry analysis on ZNI207-KD and control tumor tissue.
ZNF207-KD enhanced CD8" T-cell infiltration and inhib-
ited its exhaustion (figure 4F and online supplemental
figure S5A). Moreover, IHC confirmed that the propor-
tion of CD8" T cells was elevated in ZNF207-KD tumors
(online supplemental figure 5B). Then, the conditioned
medium was used to simulate the effect of ZNF207 on
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T-cell functioninvitro. The conditioned medium obtained
from ZNF207KD Hepal-6 cells showed no significant
chemotactic effects on natural killer cells, B cells, and
macrophages, while it exhibited a marked chemotactic
effect on CD8" T cells (figure 4G and online supple-
mental figure S5C-F). Interestingly, the conditioned
medium also inhibited the exhaustion of CD8" T cells in
vitro (figure 4H and online supplemental figure S5G),
which improved its proliferation and cytokine secretion
levels (figure 41 and online supplemental figure S5H,I).
Interestingly, ZNIF207 is positively correlated with the
exhausted T-cell gene signature and immune checkpoint
molecules in the TCGA-LIHC dataset, consistent with

results indicate that ZNF207 enhances HCC progression
through tumor immunity, which is correlated with infil-
tration and exhaustion of CD8" T cells.

ZNF207 inhibits CD8* T-cell infiltration through the MAPK-
CX3CL1 axis

To clarify the potential mechanism by which ZNF207
affects CD8" Twcell infiltration and exhaustion, we
performed RNA sequencing analysis on Hepal-6-
shZNF207 and Hepal-6shNC cells (online supple-
mental figure S6A). GSEA revealed that the immune and
metabolic-related signaling pathways were significantly
enriched in the ZNF207-KD group (figure 5A). Moreover,
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Figure 5 ZNF207 inhibits CD8" T-cell infiltration through MAPK-CX3CL1 axis. (A) Hepa1-6 knockdown ZNF207 cells were
used for RNA sequencing and then subjected to GSEA. Three major types of signal pathways are significantly enriched.

(B) GSEA diagram of immune-related signaling pathways significantly upregulated in the ZNF207-KD group. (C) Cytokine array
was used to detect 111 cytokines in the CM of ZNF207-KD Hepa1-6 cells; cytokines that significantly changed are boxed in
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and T-cell receptor signaling pathways were upregu-
lated (figure 5B and online supplemental figure S6B).
Subsequently, we verified the upregulation of genes in
immune-related pathways by RT-qPCR (online supple-
mental figure S6C). The upregulation of multiple cyto-
kines and chemokines suggests that ZNF207 may change
T-cell functions by influencing cytokine secretion; there-
fore, we performed a cytokine array to compare 111
cytokines in the cell supernatant and lysate of Hepal-6-
shZNF207 and Hepal-6-shNC cells. Several cytokines
were reportedly closely related to T-cell chemotaxis, such
as CX3CL1, CXCL1, CXCL10, and CXCL16, which were
significantly increased. Specifically, we mainly focused
on CX3CLI because it had a consistent trend in the
supernatant and lysate (figure 5C and online supple-
mental figure S6D-F). Subsequently, we confirmed the
upregulation of CX3CL1 in cell supernatant by ELISA
(figure 5D). Furthermore, strong negative correlations
between ZNF207 and CX3CLI1 were observed in human
HCC samples (figure 5E). Next, we determined whether
ZNF207-KD-induced CX3CLlI secretion is critical for CD8"
T cell chemotaxis. When treated with CX3CLI neutral-
izers, the chemotactic effect of the conditioned medium
on CD8" T cells was weakened (figure 5F). Combination
survival analysis also revealed that patients in the CX3CL-
I°VZNF207"" group had the worst overall survival (OS)
and highest HR, while the CX3CLI"®"ZNF207°" group
showed the best survival outcomes (figure 5G). These
findings suggest that CX3CL1 plays an important role
in ZNF207-mediated CD8" T-cell infiltration and HCC
progression.

Previous research has shown that p38 MAPK can regulate
CX3CL1 expression in human astrocytes and smooth muscle
cells.” *® Therefore, we hypothesized that a similar regu-
latory mechanism might exist in HCC cells. In agreement,
the MAPK signaling pathway was significantly enriched in
the ZNF207KD group (figure 5A,H). Moreover, we verified
the core genes in the MAPK pathway by RI-qPCR, which
all showed an increased expression (online supplemental
figure S6L]J). We also proved that the p38 MAPK inhibitor
(SB203580) can directly inhibit CX3CL1 in Hepal—-6 cells,
and the overexpression of CX3CLI by ZNF207KD can also
be reversed by SB203580 (figure 5L]). In brief, we showed
that ZNF207 might inhibit CD8" T-cell infiltration through
the MAPK-CX3CL1 axis.

ZNF207 promotes CD8* T-cell exhaustion by increasing
kynurenine level

As previous results showed (figure 5A), apart from immune
pathways, multiple metabolic pathways (mainly amino acid
metabolism pathways) were significantly enriched (figure 5A
and online supplemental figure S7A). Various studies have
reported the influence of metabolites on T-cell function;
thus, we hypothesized that ZNI"207 may affect tumor metab-
olism in regulating CD8" Twell function. Therefore, we
performed metabolomic analysis on Hepal-6shZNF207
versus Hepal-6-shNC cells. Consistent with the pathway
enrichment results, various metabolites were downregulated

after ZNFF207KD, with amino acids being the largest compo-
nents of the differential metabolites (figure 6A and online
supplemental figure S7B,C). The Kyoto Encyclopedia of
Genes and Genomes pathway enrichment analysis revealed
that differential metabolites were significantly enriched in
the tryptophan metabolism pathway. The metabolite levels
in the tryptophan metabolism pathway, including that of
kynurenine, were significantly suppressed after ZNF207KD
(figure 6B). As expected, ZNF207-KD suppressed kynurenine
levels in cell supernatants while increasing in stable ZNF207
expression (figure 6C). Multiple studies have shown that
kynurenine released by tumor cells can induce T-cell exhaus-
tion,”* which explains a partial mechanism of how ZNF207
promotes CD8" Twcell exhaustion in HCC. Moreover, we
added kynurenine to the conditioned medium of ZNF207-KD
cells to monitor CD8" T-cell exhaustion. Indeed, kynurenine
supplementation significantly induced CD8" T-cell exhaus-
tion (figure 6D and online supplemental figure S7D). Taken
together, these data show that kynurenine is involved in the
CD8" T=cell exhaustion mediated by ZNF207.

ZNF207 transcriptionally regulates ID01 to promote
kynurenine production

To understand how ZNF207 changes kynurenine metabo-
lism, we focused on the key genes in the kynurenine meta-
bolic pathway, which were significantly downregulated in
the ZNF207KD group (online supplemental figure S7E).
ZNF207 expression only elevated the mRNA levels of IDO1,
but not IDO2 or TDO2 (online supplemental figure S7F,G).
Based on these findings, we hypothesize that ZNF207 can
transcriptionally regulate IDO1. We used a dual fluorescein
reporter gene experiment to investigate this conjecture,
which showed an increased fluorescence intensity when the
IDO1 promoterluciferase plasmid was cotransfected with
ZNF207OE plasmid (figure 6E). ChIP-qPCR confirmed
that ZNF207 could bind to three regions (-1213—-1028bp,
-1143—-976bp, and -1040—-898bp relative to TSS) of
the IDO1 promoter (figure 6F). Inhibition of IDO1 with a
specific inhibitor PF-06840003 reversed kynurenine levels
mediated by ZNI207 expression (figure 6G). In addition,
PF-06840003 treatment reversed CD8" T-ell exhaustion
caused by the conditioned medium from the ZNF207-OFE cell
line (figure 6H and online supplemental figure S7TH). The in
vivo experiment showed that PF-06840003 treatment reversed
the tumor growth-promoting effect of ZNF207-OE, reflecting
the key role of the IDO1 pathway in ZNF207mediated HCC
growth (online supplemental figure S7I). In summary, our
work preliminary proved that ZNF207 can transcriptionally
regulate IDOLI to elevate kynurenine and induce CD8" T-cell
exhaustion.

ZNF207 is a potential therapeutic target in combination with
anti-PD1 therapy

In this study, we found that ZNF207 could promote HCC
progression by regulating tumor immunity. Therefore,
we further investigated the potential of ZNF207 as a ther-
apeutic target in combination with anti-PD1 therapy in
patients with HCC. Although anti-PD1 treatment alone
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Figure 6 ZNF207 promotes CD8" T-cell exhaustion by increasing kynurenine levels. (A) Heatmap of differential metabolites
after ZNF207-KD, red represents elevated metabolites and blue represents decreased metabolites. (B) KEGG pathway analysis
of differential metabolites after ZNF207-KD (top) and levels of enriched metabolites in tryptophan metabolism pathway (bottom).
(C) Concentration of kynurenine in the CM of ZNF207-KD and ZNF207-OE cells (n=4). (D) Flow cytometry was used to detect
the effect of Hepa1-6-shZNF207-CM supplemented with kynurenine on CD8" T-cell exhaustion; PD1 and Tim3 double-
positive cells are defined as exhausted T cells (n=3). (E) The dual-luciferase reporter gene experiment was used to study the
transcriptional regulation of IDO1 by ZNF207. Luciferase levels of the IDO7 promoter were detected after cotransfection of the
ZNF207-0E plasmid and /IDO7 promoter plasmid (n=3). (F) Enrichment of ZNF207 at the IDO7 promoter region of PLC/PRF/5
after ZNF207-0E, as determined by ChIP-gPCR (n=4). (G) Concentration of kynurenine in the cell supernatant after treatment
with IDO1 inhibitor PF-06840003 (2 uM) for 6 hours (n=4). (H) CD8" T cells were treated with the CM from ZNF207-OE cells
pretreated with DMSO and PF-0684003 (2 uM) for 48 hours; T-cell exhaustion was subsequently monitored by flow cytometry.
CM, conditioned medium; DMSO, dimethyl sulfoxide; IDO1, indoleamine 2,3-dioxygenase 1; KEGG, Kyoto Encyclopedia of
Genes and Genomes; OE, overexpression; ZNF207, zinc finger protein 207.

could inhibit tumor growth, ZNF207KD combined with  immunotherapy compared with 70.3% in the ZNF207°"

PD1 monoclonal antibody exhibited an outstanding
tumor suppression effect (figure 7A-C and online
supplemental figure S8A). The percentage of PCNA-
positive cells in the ZNF207KD plus anti-PD1 treatment
group was the lowest, while infiltrating T cells were
increased significantly (figure 7D). To further study the
value of ZNF207 in predicting immunotherapy respon-
siveness, we used Tumor Immune Dysfunction and
Exclusion (TIDE) and Submap algorithms as previously
reported to predict the immunotherapeutic response
rate of patients with different ZNF207 expressions from
the TCGA-LIHC dataset™ * (figure 7E). Only 21.6% of
patients in the ZNF207"" expression group responded to

group (figure 7F). In addition, patients in the ZNF207°"
expression group exhibited a better response to PDI
monoclonal antibody treatment than the CTLA-4 mono-
clonal antibody (figure 7G). Next, we also evaluated the
prognostic value of ZNF207 for immune-checkpoint
therapy by assigning patients into either high or low
ZNF207 groups in two PDI1 antibody-treated cohorts.
Patients in the ZNF207°" expression group exhibited
prolonged survival outcomes (online supplemental
figure S8B-E). Receiver operating characteristic curve
(ROC) analyses of the GSE78220 cohorts (PDI1-treated
cohort) revealed ZNF207 as a predictive biomarker for
the efficacy of anti-PDI therapy (online supplemental
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A) In vivo Hepa1-6 xenograft tumor growth curves of
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(C) Tumor weight statistic results of each group (n=7). (D) Immunohistochemistry was used to detect protein levels of ZNF207,
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are not responsive to immunotherapy, and red represents patients who are responsive to immunotherapy. (F) Rates of response
to immunotherapy in ZNF207"" and ZNF207°" expression groups. (G) Effects of CTLA4 and PD1 monoclonal antibody on
patients with HCC in different ZNF207 expression groups. (H) Schematic diagram of how ZNF207 regulates tumor immunity and
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207.

figure S8F). Taken together, our findings suggested that
ZNF207 can be a biomarker and therapeutic target in
combination with anti-PD1 therapy for HCC.

DISCUSSION

Understanding the process of tumor immunity is crucial
for screening immunosuppressive targets in cancers.
We used the cancer-immunity cycle score to quantify
immune cycle processes with combined WGCNA and
system analysis to identify ZNF207 as an immunosuppres-
sive target in HCC. However, ZNF207 has been reported
to be highly expressed in HCC, the mechanism by

which ZNF207 accelerates HCC progression remained
unknown.'” Compared with previously discovered func-
tions, !5 16 33

for the first time. Our in vivo animal experiment showed
that ZNF207KD combined with anti-PD1 therapy has
strong therapeutic potential in HCC.

Insufficient T-cell infiltration may explain why some
patients do not respond to immunotherapy.”** ZNF207
inhibition elevated the level of various chemokines
and cytokines, such as CX3CLI, CXCLI1, CXCL10, and
CXCL16, which could promote T-cell chemotaxis. In our
study, we showed that ZNF207 could inhibit CX3CL1

we reported its immunosuppressive function
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secretion via p38 MAPK. However, the direct effectors by
which ZNF207 regulates p38 MAPK signaling still need
to be elucidated in the future. In addition to CX3CL1,
many other cytokines and chemokines may also play
important roles in CD8" T-cell migration. For instance,
CXCL5, which inhibits chimeric antigen receptor T-cell
infiltration into tumor tissues is reportedly significantly
decreased after ZNF207KD.*” % Furthermore, vascular
endothelial growth factor, an important angiogenesis
factor that not only promotes tumor angiogenesis but also
inhibits T-cell functions,”*™*' was found to be suppressed
in the ZNF207-KD group (online supplemental figure 6G)
and showed a positive correlation with ZNF207 (online
supplemental figure 6H). These findings suggest that
ZNF207 can inhibit T-cell infiltration by altering chemo-
kine levels.

In addition to inhibiting CD8" Tewcell infiltration,
ZNF207 can also promote T-cell exhaustion. Mechanis-
tically, ZNF207 silencing inhibits IDO1 transcription
and kynurenine synthesis—key metabolites in tryp-
tophan signaling reported to speed up T-cell exhaus-
tion. 22 4 PF-06840003, an IDO1 inhibitor, reversed
CD8" T-cell exhaustion mediated by condition medium
from the ZNF207-overexpressed cell line. These data
suggest that ZNIF207 changes tumor immunity by affecting
T-cell function. In the open-label phase I/1I trial, epaca-
dostat (a potent and highly selective IDO1 enzyme inhib-
itor) plus pembrolizumab in patients with advanced solid
tumors was well tolerated and had encouraging anti-
tumor activity.43 However, in a phase III, randomized,
double-blind study, epacadostat plus pembrolizumab did
not improve progression-free survival or OS in patients
with unresectable or metastatic melanoma.* The internal
mechanism of the IDOI inhibitor and PD1 monoclonal
antibody is similar—both inhibit T-cell exhaustion—but
this did not resolve the problem of T-cell infiltration.
We hypothesize that despite CD8" T-cell exhaustion
decreasing after PD1 therapy or IDOI1 inhibition, the
T-cell infiltration is still insufficient. Therefore, it is quite
difficult for T cells to inhibit tumor progression. In our
study, the combination of inhibiting ZNF207 and PD1
monoclonal antibody treatment showed a strong anti-
tumor effect. We posit that when compared with IDOI1
inhibitors, inhibiting ZNF207 not only inhibits CD8" T-cell
exhaustion but also promotes T-cell infiltration through
multiple cytokines. Therefore, the development of small-
molecule drugs targeting ZNF207 has great potential as a
combination therapy with anti-PD1.

The current research also has its limitations. For
example, the xenograft tumor model cannot simulate
the microenvironment of the orthotopic tumor well. In
addition, we used the TIDE and Submap algorithms to
predict the response of patients with HCC for the efficacy
of immune checkpoint inhibitors by ZNF207 expression.
However, this theoretical proof still needs to be tested in
a clinical setting.

Figure 7H shows how hypoxia can transcriptionally
elevate ZNF207 by HIF proteins. In conclusion, inhibiting

ZNF207 enhanced CX3CLIl-induced chemotaxis of CD8"
T cells into tumor tissues. In addition, silencing ZNF207
reduced kynurenine synthesis by suppressing transcrip-
tional regulation of IDO1, which in turn reversed CD8"
T-cell exhaustion, thereby reshaping the tumor micro-
environment. ZNF207 can be considered a potential
biomarker and combination target for anti-PD1 therapy
in HCC. The development of small-molecule drugs
targeting ZNF207 may provide new possibilities for PD1
monoclonal antibody combination therapy.
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