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HBV-associated hepatocellular carcinomas
inhibit antitumor CD8" T cell via the long
noncoding RNA HDAC2-AS2
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Hepatocellular carcinoma (HCC) is one of the most common malignancies
worldwide. Extracellular vesicles (EV) are critical mediators of intercellular
communication within the tumor microenvironment, and cancer-cell-secreted
EVs often facilitate cancer progression. Here we show that in HBV-associated
HCC, tumor-cell-derived EVs contain a TGFp-inducible long noncoding RNA,
termed HDAC2-AS2. EVs enriched with HDAC2-AS2 facilitate cancer progres-
sion by suppressing cytotoxicity of intra-tumor CD8" T cells. Mechanistically,
in activated cytotoxic CD8" T cells, translocation of the transcription factor
cyclin-dependent kinase 9 (CDK9), to the cytoplasm is critical for functional
integrity. HDAC2-AS2 targets and blocks cytosolic CDK9, and this results in
exhaustion of PD-1'CD8" T cells and suppression of IFN-y*CD8" T cell cyto-
toxicity. Notably, we demonstrate that low CDK9 and high HDAC2-AS2
expressions are associated with poor survival of HCC, which can be rescued by
anti-PD-1 therapy. These findings emphasize the significance of tumor-derived
EVs in suppressing antitumor CD8" T cell immunity to promote tumorigenesis,
and highlight extracellular HDAC2-AS2 as a promising biomarker and ther-
apeutic target for HCC.

Hepatocellular carcinoma (HCC) is one of the major and aggressive
malignancies, ranking as the third leading cause of cancer-related
mortality worldwide'™. Due to the frequent diagnosis of HCC at
advanced stages, postsurgical intrahepatic recurrence and extra-
hepatic recurrence intrahepatic metastasis result in a 5-year survival
rate of <53%". Chronic hepatitis B virus (HBV) and hepatitis C virus
(HCV) infection are the major factors promoting the development and
progression of HCC in most patients of eastern Asia, particularly
among the Chinese population worldwide’. The HBV infection initiates

inflammatory and fibrotic processes and induces extensive TGF3 and
other cytokines production and leukocytes infiltration, thus creates a
favorable microenvironment for HCC development®. Tumor-
infiltrating lymphocytes (TIL) constitute an essential primary
immune component of HCC and comprise a host antitumor reaction
participant in immunotherapy treatment’. TGFP signaling induces
generation and infiltration of Treg cells, which impairs the effector
function of CD8" T cells and is associated with poor survival outcomes
in HCC patients®. However, emerging evidence has indicated that the
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activated state of CD8" cytotoxic T lymphocytes (CTL), rather than just
their presence, positively correlates with good prognosis”°. Never-
theless, the dysfunction of cytolytic machineries and increased
expression of inhibitory molecules (e.g., programmed cell death-
ligandl, PD-L1) is believed to be responsible for the compromised
tumor-specific killing by CD8" CTLs".

Long noncoding RNAs (IncRNA) are operationally defined as a
class of transcripts that are longer than 200 nt with no or limited
protein-coding potential®. Rapidly accumulating evidence suggests
that IncRNAs play important roles in diverse biological processes
involved in HCC progression, including proliferation, angiogenesis,
invasion, and metastasis, through their interactions with other cellular
RNAs, DNAs, and proteins”™. On the other hand, several studies have
also reported the involvement of IncRNAs in the development and
function of human immune cells, including dendritic cells (DC), mac-
rophages, and T cells'®?. For example, Inc-EGFR stimulates Treg cell
differentiation and suppresses CTL activity, thereby promoting HCC
growth in an EGFR-dependent manner®. NKILA IncRNA promotes
tumor immune evasion by sensitizing TH1 and CTL cells to activation-
induced cell death”. However, while these reported IncRNAs primarily
functioned as cell-autonomous regulators within T cells, it is still lar-
gely unknown whether or how tumor-derived extracellular IncRNAs
could influence TILs.

The discovery that extracellular vesicles (EV) can transport RNAs
between cells suggests that extracellular RNAs (exRNA) may play
previously unrecognized roles in intercellular communication, thereby
launching the field of exRNA biology*. Importantly, recent studies
have reported that tumor-derived EVs play crucial roles in modulating
local and distant microenvironments, thus facilitating tumor escape
from the host immune system and promoting tumor development® .
Especially, studies have shown that tumor-derived EVs can deliver
IncRNAs from glioblastoma or colorectal cancer cells to macrophages
or natural killer (NK) cells to regulate the immune response®-*~. How-
ever, whether IncRNAs delivered by EVs exert their influence on
adaptive immunity, another important part of anti-tumor immunity
has not been discussed.

In this study, we elucidate the impact of an extracellular IncRNA in
linking CD8" T cells and HCC. We disclose that tumor-secreted IncRNA
HDAC2-AS2, in response to TGF[ signaling activation, could be deliv-
ered into CD8" T cells to suppress antitumor immunity via tumor-
derived EVs, consequently promoting HCC progression. These results
highlight the importance of tumor-derived EV-delivered IncRNA in
regulating tumor microenvironment for HCC development and pro-
vide a new biomarker and therapeutic target for HCC.

Results

HDAC2-AS2 is upregulated by TGFp and correlates with poor
survival of HCC

TGFp signaling pathways play critical roles during liver pathogenesis,
including chronic HBV/HCV infection, liver cirrhosis, and
tumorigenesis®****, contributing to more immunotolerant micro-
environment by upregulating functional RNAs and tumor-related
signaling. Consistent with previous studies, TGFfI is expressed at
higher levels in HCC tissues than in noncancerous hepatic tissues
(Supplementary Fig. 1a). To screen TGFfB-regulated IncRNAs, we
treated a number of HCC cell lines with different metastatic potential
(HepG2 and Huh7 cells, low metastatic potential, MHCC97 and
PVTT cells, high metastatic potential) for 8h and observed 46
downregulated and 121 upregulated IncRNAs (fold change=>2,
p<0.05) in the four treated cell lines via microarray analysis (Sup-
plementary Fig. 1b). 11 candidates were further selected by compar-
ing with TCGA database (TANRIC, fold change >1.5, p<0.05). The
IncRNA, annotated as HDAC2-AS2 (Ensembl ID: ENSG00000228624,
fold change>2, p <0.01), stood out as the top candidate, which was
further confirmed by mRNA detection (Fig. 1a).

HDAC2-AS2 resides on chromosome 6 with a full length of 776
nucleotides determined by 5’ and 3'RACE (rapid amplification of cDNA
ends) assay (Supplementary Fig. 1c, Table S1). To clarify whether
HDAC2-AS2 can be upregulated by TGFp signaling, we treated several
HCC cell lines and normal liver cell line LO2 with TGF( for 48 h and
observed an increase in HDAC2-AS2 expression (Fig. 1b). Either
SB431542 inhibition or Smad4 knockout to block TGFp signaling can
abrogate HDAC2-AS2 upregulation (Fig. 1c, d, Supplementary Fig. 1d).
Since HBV infection can increase TGF[3 secretion, we verified that
HDAC2-AS2 expressed higher in HepG2.2.15 (stable cell line integrating
double-copy HBV genome in HepG2 cells) than parental HepG2 cells
(Fig. 1e). In addition, using a HBV-infected HepG2-NTCP cell model®,
we found HBV infection significantly promoted the expression of
HDAC2-AS2 (Fig. 1f). HDAC2-AS2 was highly expressed in clinical HCC
samples compared with non-tumor tissues (Fig. 1g). Similar results
were observed in TCGA database, not only in HCC, but also in STAD
(stomach adenocarcinoma), KIRP (kidney renal papillary cell carci-
noma) and KIRC (kidney renal clear cell carcinoma) tissues (Fig. 1h,
Supplementary Fig. 2a).

Furthermore, we grouped the tumor and nontumor tissues
sourced from the TCGA-LIHC database based on the etiology, and
found that the tumors of HBV* HCC showed higher expression levels of
HDA(C2-AS2 compared to nontumor tissues of HBV* HCC, tumor tissues
of HCV* HCC and nonviral HCC (Fig. 1i). The expression of HDAC2-AS2
was consistent with the TGFBI level, correlated with poor survival of
HCC patients (Figs. 1j, S2b). We also grouped the tumor tissues
obtained from TCGA-LIHC based on the HDAC2-AS2 expression and
performed differential expression analysis. HDAC2-AS2 high-
expressing tumor tissues exhibited elevated expression of 2147
genes (Supplementary Fig. 2c). Further GSVA analysis revealed that
HDAC2-AS2 high-expressing tumor tissues were enriched with sig-
natures related to epithelial mesenchymal transition (EMT), lympho-
cyte mediated immunity, inflammatory response (Fig. 1k,
Supplementary Fig. 2d). Collectively, these data demonstrate that
HBV-TGF-upregulated HDAC2-AS2 is elevated in tumor tissues and is
associated with poor survival.

HDAC2-AS2 promotes tumor growth by affecting tumor
microenvironment

To investigate the biological functions of HDAC2-AS2 in HCC pro-
gression, we first identified that HDAC2-AS2 showed no influence on its
nearest gene HS3ST5, HDAC2, and MARCKS expression (Supplementary
Fig. 3a, b). Then, we tested whether HDAC2-AS2 could influence tumor
cell growth in vitro. Both colony formation and sphere formation
assays revealed no significant discrepancy in clone numbers and
spheroid numbers (Supplementary Fig. 3c-e). A subcutaneous mouse
model was also employed with a murine liver tumor cell line (Hepal-6)
to further explore HDAC2-AS2 overexpression had no effect on both
tumor growth and tumor weight in nude mice (Fig. 2a-c), demon-
strating HDAC2-AS2 did not affect tumor progression itself. Thus, the
association between HDAC2-AS2 and HCC may be mediated by tumor
microenvironment (TME).

To verify this hypothesis, we wonder whether HDAC2-AS2 might
influence tumor growth in immune-competent C57BL/6 WT mice
(Fig. 2d). Interestingly, as shown in Fig. 2e, f, overexpression of
HDAC2-AS2 strongly enhanced tumor size and tumor weight. The
orthotopic model also demonstrated similar results that HDAC2-AS2
overexpression significantly promoted tumor growth (Fig. 2g-i),
together suggesting T cells may be involved in HDAC2-AS2-mediated
tumor progression. To further investigate which immune cells were
influenced by HDAC2-AS2 overexpression, we employed flow cyto-
metry to analyze immune components from orthotopic tumor tis-
sues and spleen. Cytotoxic IFN-y" and granzyme B* CD8' T cells
decreased most, while immunosuppressive regulatory T cells (Treg),
tumor-associated macrophages (TAM), and myeloid-derived
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Fig. 1| HDAC2-AS2 was upregulated by TGFp. a Experimental layout to identify
TGFB dependent IncRNAs. HepG2, Huh7, MHCC97, and PVTT cells were treated with
TGFB (2.5 ng/mL) for 8 h. RNA was harvested for microarray analysis of IncRNAs. Then
our IncRNA microarray (TGFp treatment vs. ctrl) merged with upregulated IncRNAs in
the TCGA database (HCC samples vs. non-tumor tissues). qRT-PCR validation of
indicated 11 IncRNAs relative to S-actin in MHCC97H cells treated with TGF3 (2.5 ng/
mL) for 48 h. b qRT-PCR validation of HDAC2-AS2 relative to S-actin in LO2, PVTT,
Huh7, SMCC7721, MHCC97L, and MHCC97H cells treated with TGF3 (2.5 ng/mL) for
48 h. ¢ MHCC97H cells were pretreated with 10 pM SB431542 for 1 h, followed by TGF3
treatment for 48 h. HDAC2-AS2 expression was detected by qRT-PCR. d qRT-PCR
analysis of HDAC2-AS2 expression relative to S-actin in SMCC7721 WT and Smad4 KO
cells treated with TGFp (2.5 ng/mL) for 48 h. e qRT-PCR analysis of HDAC2-AS2 relative
to B-actin in HepG2 and HepG2.2.15 cells. f qRT-PCR analysis of HDAC2-AS2 relative to
[-actin in HepG2-NTCP cell line after HBV infection. g qRT-PCR analysis of HDAC2-AS2
expression relative to S-actin in human HCC tissues and paired adjacent noncancerous

Position in the Ranked List of Genes

tissues (n =10 for paired samples). h Elevated HDAC2-AS2 expression in the tumor of
HCC (n =50, 200 for NT and T samples) in the TCGA database. i Boxplot showing the
expression levels of HDAC2-AS2 in tumor (T) and nontumor tissues (NT) sourced from
the TCGA-LIHC database, classified according to their etiology (n=53, 36, 151 for
samples of HBV, HCV, and others, respectively). The boxplots denote the median with
a quartile range (25-75%), and the length of whiskers represents 1.5x the IQR. j The
expresision levels of TGFBI in HDAC2-AS2 low- (n=157) and high- (n = 83) expressing
tumor and nontumor tissues. The boxplots denote the median with a quartile range
(25-75%), and the length of whiskers represents 1.5x the IQR. k GSVA analysis of
epithelial-mesenchymal transition, inflammatory response, and lymphocyte-mediated
immunity signatures in HDAC2-AS2 high-expressing tumor tissues. The P-values were
calculated based on a two-tailed permutation test. NES, normalized enrichment score.
Error bars represent mean + SEM for three independent replicates. Statistical analyses
were determined by two-tailed Student’s t-test (b—j). Source data are provided as a
Source Data file.

suppressor cells (MDSC) were significantly increased in HDAC2-AS2-
overexpression group, contributing to a more inhibitory TME
with lower CD8/CD4 and CD8/Treg ratio. No significant changes in
the frequency of immune cells within the spleen were observed

between these two groups (Fig. 2j-n). These results indicate that
HDAC2-AS2 can primarily promote HCC growth by remodeling TME
with more immunosuppressive Tregs, TAMs, MDSCs, and less
cytotoxic CTLs.
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Fig. 2| HDAC2-AS2 promoted tumor growth in C57BL/6 mice and impaired CD8"
T cell function. a Experimental layout to analyze tumor growth in nude mice (a-c).
Mice were subcutaneously xenografted with Hepal-6-Ctrl or HDAC2-AS2 cells
(3x10°) for 11 days (n=>5 mice for each group). b and ¢ Tumor volume (b) and
Tumor weight (c) were measured (n =5). d Experimental layout to analyze tumor
growth in C57BL/6 mice. Mice were subcutaneously xenografted with Hepal-6-Ctrl
(n=8) or HDAC2-AS2 cells (n=7) (1 x 107) for 21 days. e and f Tumor volume (e) and
Tumor weight (f) were measured in tumor-bearing C57BL/6 mice. g Experimental
layout to analyze immune cells in C57BL/6 mice (n=9 mice per group). Mice were
orthotopically xenografted with Hepal-6-Ctrl or HDAC2-AS2 cells (3 x 10°) for

2 weeks. Immune cells in the tumor and spleen were harvested and analyzed. h and
i Tumor weight was shown in C57BL/6 mice orthotopically xenografted with Hepal-

6-Ctrl or HDAC2-AS2 cells. n =9 mice per group. j Immunophenotyping of the
percentage of individual cell populations in spleen and tumor tissues by flow
cytometry. k The percentage of IFN-y*CD8" T cells and Granzyme B* CD8" T cells in
the spleen and tumor tissues was shown. n =9 mice per group. I and m Flow
cytometry quantification of the percentage of CD25'FoxP3" Treg (1, gated in
CD4'CD45" cells), CD11b* TAMs and CD11b" Ly6G* MDSCs (m gated in CD45" cells)
in spleen and tumor tissues. n =9 mice per group. n Flow cytometry quantification
of CD4/CD8 ratio and CD8/ Treg ratio in spleen and tumor tissues, gated in
CD3'CD45" cells. n=9 mice per group. All error bars represent mean + SEM. Sta-
tistical analyses were determined by two-way ANOVA (b, e) or two-tailed Student’s
t-test (c, f, i, k-n). Source data are provided as a Source Data file.
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HDAC2-AS2 is released inside extracellular vesicles by HCC cells
Thus, we wonder how tumor-derived HDAC2-AS2 can influence TME.
Recently, tumor-derived EVs have been reported as key mediators
that transfer RNAs or proteins between tumor cells and stroma in the
primary tumor and distant regions®**%, which could be a possibility
for HDAC2-AS2 to be delivered to target immune cells. To examine
the presence of extracellular HDAC2-AS2, we extracted RNAs from
the tumor culture supernatant (TCS). The levels of HDAC2-AS2in TCS
were unchanged upon RNase A treatment but significantly decreased
when treated with RNase A and Triton X-100 simultaneously (Fig. 3a),
indicating that extracellular HDAC2-AS2 was primarily membrane-
associated instead of being released directly. Then, we purified EVs
by differential centrifugation and further identified them by trans-
mission electron microscopy (TEM), nanoparticle tracking analysis
(NTA), western blot, and flow cytometry (Fig. 3b—e). In addition, the
presence of the other 10 selected IncRNAs in Fig. 1a was undetect-
able, while HDAC2-AS2 was the only IncRNA existing in EVs among the
11 candidates (Supplementary Fig. 4a, b). Besides, we purified EVs
from TCS and verified that HDAC2-AS2 was dramatically decreased
when treated with RNase A and Triton X-100 simultaneously (Fig. 3f),
indicating that HDAC2-AS2 was mainly packaged in EVs. When inhi-
biting EVs secretion by either Rab27A knockdown or GW4869 to
inhibit neutral sphingomyelinase-2 (nSMase), EV-contained HDAC2-
AS2 was reduced at the same time, while no differences were
detected in cell viability and intracellular HDAC2-AS2 levels (Fig. 3g, h
and Supplementary Fig. 4c-g). These results reveal that HCC cells
secreted extracellular HDAC2-AS2 mainly in an EV-dependent
manner.

Interestingly, TGF(3 can upregulate the expression of EV-packaged
HDAC2-AS2 without influencing EV numbers (Fig. 3i and Supplemen-
tary Fig. 4h, i). Furthermore, when treated with TGF( for 24 h, the
genes associated with EV biogenesis and secretion were increased
noticeably (Fig. 3j). We also observed higher HDAC2-AS2 levels in EVs
derived from HepG2.2.15 cells when compared with HepG2 cells, sug-
gesting HBV may also raise EV-packaged HDAC2-AS2 (Fig. 3k). Impor-
tantly, levels of HDAC2-AS2 in plasma EVs, identified by TEM and WB
from 9 healthy donors (HD) and 14 HCC patients, were markedly ele-
vated in HCC patients (Fig. 31-n), thus HDAC2-AS2 could serve as a new
biomarker for HCC diagnosis. Together, these data demonstrate that
HDAC2-AS2, upregulated by HBV-TGF(, can be released into EVs,
thereby facilitating the HCC process.

HDAC2-AS2-containing extracellular vesicles impair CD8" T cell
function

To explore how EV-enclosed HDAC2-AS2 remodeled the TME, we con-
structed Hepal-6-Ctrl-EGFP-mCD63 and Hepal-6-HDAC2-AS2-EGFP-
mCD63 cell lines to monitor the secretion and uptake of EVs by GFP
fluorescence detection (Supplementary Fig. 5a). The expression of
HDAC2-AS2 was also detected in EVs derived from these cell lines
(Supplementary Fig. 5b). We first tested whether EVs can be released
from Hepal-6 cells and identified them by TEM and NTA (Supplemen-
tary Fig. 5c, d). Subsequently, we examined the uptake of GFP'EVs
among immune components. Indeed, macrophages ingested the most
EVs due to their phagocytic activity. But to our surprise, CD8" T cells
exhibited a higher observed EV-generated GFP* signal than others, fur-
ther verified by sorted tumor-infiltrated cells (Fig. 4a, b). Furthermore,
we constructed another EVs-delivered system labeled with fluorescent
dye Dil and incubated it with activated CD8" T cells. After 24 h, CD8"
T cells exhibited efficient uptake of EVs determined by confocal analysis
and flow cytometry (Fig. 4c, Supplementary Fig. Se). Though there was
no difference in GFP fluorescence intensity between two tumor-derived
EVs, CD8' T cells acquired strongly higher levels of HDAC2-AS2 from
Hepal-6-HDAC2-AS2-EGFP-mCD63-derived EVs compared to the control
group (Fig. 4d). Similar results were observed in human CD8" T cells
treated with MHCC97L-Ctrl and MHCC97L-HDAC2-AS2 EVs (Fig. 4e).

These data indicate that EV-containing HDAC2-AS2 can be delivered into
CD8' T cells.

To investigate how EV-packaged HDAC2-AS2 influenced CD8" T
cell function, we evaluated the functional response of CD8" T cells. As
shown in Fig. 4f, g, cleaved PARP, caspase 3 protein, and apoptotic
levels were increased in EVs derived from Hepal-6-HDAC2-AS2 cells.
These findings were further confirmed in human CD8" T cells (Sup-
plementary Fig. 5f). To validate the specific role of HDAC2-AS2, we
employed retrovirus and lentivirus systems to overexpress HDAC2-AS2
in mouse and human CD8" T cells, respectively. Increased apoptotic
rates and enhanced cleaved PARP or cleaved caspase 3 protein levels
were observed in both HDAC2-AS2-overexpressed mouse and human
CD8" T cells (Fig. 4h, i and Supplementary Fig. 5g, h). Consistent with
these data, HDAC2-AS2-beared tumor-infiltrated CD8" T cells exhibited
higher susceptibility to apoptosis and decreased cytotoxicity
(Figs. 4j and 2k). Dose dependence further established the function of
EV-contained HDAC2-AS2 in accelerating CD8" T cell exhaustion with
increased PD-1 expression and decreased GZMB secretion (Fig. 4k,
Supplementary Fig. 5i). In contrast, HDAC2-AS2 knockdown rescued
the apoptosis and exhaustion of human CD8" T cells and strengthen
the activation for antitumor response, while TGF(3 treatment coun-
teracted the apoptotic effect (Fig. 41, m, Supplementary Fig. 5j, k).
Collectively, these findings indicate that tumor-derived EV-carrying
HDAC2-AS2 targets CD8" T cells to impair antitumor function both
in vivo and in vitro.

HDAC2-AS2 targets CDK9 to impair the function of CD8" T cells
To explore the mechanism of HDAC2-AS2 in influencing CD8" T cells,
we screened proteins associated with HDAC2-AS2 in activated CD8*
T cells by performing RNA-pulldown assays followed by silver staining
and MS. Interestingly, cyclin-dependent kinase 9 (CDK9), a key tran-
scriptional elongation factor among the CDK family to drive
oncogenesis™*°, was identified as binding to HDAC2-AS2, which was
further confirmed by RIP assay (Fig. 5a-c, Table S2). A series of trun-
cated CDK9 was constructed to map the binding regions between
CDK9 and HDAC2-AS2, demonstrating that the C-terminal of CDK9
could bind to HDAC2-AS2 (Supplementary Fig. 6a, b). To our surprise,
although CDK9 predominantly localized in the nucleus of HCC cell
lines, increased expression and cytosolic localization of CDK9 in acti-
vated CD8" T cells was observed (Fig. 5d, e and Supplementary Fig. 6¢),
consistent with previous studies that CDK9 had the intrinsic property
as a nucleocytoplasmic transporter**>. Both retrovirus/lentivirus-
mediated HDAC2-AS2 overexpression and EV-packaged HDAC2-AS2
delivery in mouse and human CD8* T cells promoting CDK9 degra-
dation without affecting CDK9 mRNA expression, compared to control
cells (Fig. 5f~h and Supplementary Fig. 6d-g). These results revealed
that HDAC2-AS2 could bind to cytoplasmic CDK9 in activated CD8*
T cells and decrease CDK9 expression.

CDK9 has been reported as the molecular target in T cell leu-
kemia, and CDK9 inhibitors can suppress the activation of T cells*’.
Considering the different subcellular localization of CDK9 in naive
and activated CD8" T cells, we evaluated the role of CDK9 in reg-
ulating CD8" T cell activation and differentiation at the single-cell
epigenetic level using Ti-ATAC-seq 2. This allows us to simulta-
neously analyze chromatin accessibility and T cell receptor (TCR)
clonality in the same single T cell from our recently published
dataset** (Fig. 5i). We then identified and annotated TCR clonality
and chromatin accessibility of 4 CD4" and 7 CD8" T clusters from
15,022 T cells, and visualized with uniform manifold approximation
and projection (Fig. 5j). Interestingly, as compared to the CD4" T-cell
clusters, all of the CD8* T-cell clusters showed higher DNA accessi-
bility in the CDK9 gene locus, with highest and lowest accessibility in
terminal effector-state cluster 9 (CD8-SIPR5-TBX21) and naive-state
cluster 4 (CD8-GRID2-TCF7L2) respectively, indicative of a specific
role of CDK9 DNA accessibility for CD8" T cell function (Fig. 5k, 1).
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Fig. 3 | HDAC2-AS2 released inside extracellular vesicles by HCC cells. a qRT-PCR
analysis of HDAC2-AS2 expression relative to the spike-in control A polyA’ RNA in
the TCS of MHCC97L and MHCC97H cells treated with 2 pg/mL RNase A alone or in
combination with 0.1% Triton X-100 for 20 min. b Representative electron micro-
scopy images of EVs. Scale bar: 100 nm. ¢ NTA analysis of EVs. d Inmunoblotting
analysis of CD9, TSG101, GAPDH and VDACI. Representative images are shown
from three independent replicates. e EVs were identified using CD63 antibody, Iso
isotype control. f qRT-PCR analysis of HDAC2-AS2 expression relative to spike-in
control A polyA™ RNA in the EVs from MHCC97L and MHCC97H cells treated with
2 pg/mL RNase A alone or in combination with 0.1% Triton X-100 for 20 min. UD
undetectable. g and h qRT-PCR analysis of the HDAC2-AS2 levels relative to spike-in
control A polyA” RNA in the EVs derived from MHCC97H Rab27A knockdown stable
cell line (g), or from MHCC97H after treated with 5 pM GW4869 for 48 h (h). i qRT-
PCR analysis of HDAC2-AS2 levels relative to spike-in control A polyA” RNA in the EVs
of MHCC97L and MHCC97H cells that were treated with TGF( (2.5 ng/mL) for 48 h.

HD HCC

jMHCC97H cells were treated with 2.5 ng/mL TGFp for 24 h. qRT-PCR analysis was
performed to assess the expression of related genes relative to S-actin in ctrl and
TGFp-treated cells. k qRT-PCR analysis of HDAC2-AS2 expression relative to spike-in
control A polyA” RNA in the EVs of HepG2 and HepG2.2.15 cells treated with RNase A
(2 pg/mL) for 20 min. I Representative electron microscopy images of EVs isolated
from plasma of healthy donors (HD, n=9) and HCC patients (n=14). Scale bar:
100 nm. m Immunoblotting analysis of CD9, VDACI expression in EVs isolated from
plasma of HD and HCC patients. Representative images are shown from three
independent replicates. n qRT-PCR analysis of HDAC2-AS2 expression relative to
spike-in control A polyA” RNA in the EVs isolated from plasma of HD (n=9) and HCC
patients (n =14). EVs were purified by ultracentrifugation (b-i, k-n). Error bars
represent mean = SEM for three independent replicates. Statistical analyses were
determined by two-tailed Student’s -test (a, f-k, n). Source data are provided as a
Source Data file. EVs extracellular vesicles, HD healthy donors.
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When ordering the 7 CD8" T-cell clusters based on the CDK9 DNA
accessibility, we found the activation and cytotoxicity levels of CD8"
T-cell clusters, as indicated by gene scores of PRFI and GZMK and TF
deviation scores of LEF1, EOMES, and TBX21, gradually increased
along with the CDK9 DNA openness (Fig. 5m, n). Furthermore, the
analyses of TCR clonality in CD8" T-cell clusters revealed a gradually
increased clonal expansion in parallel with the CDK9 DNA accessi-
bility, with the highest clonal proliferation and the CDK9 DNA
accessibility observed in terminal effector-state cluster 9 (Fig. 50),
highlighting CD8" T cell activation and cytotoxicity correlates with
CDK9 chromatin accessibility. However, we also noticed the
exhaustion level increased synchronously with CDK9 openness in
cluster 2 (CD8-TOX-NFATC2) (Fig. 5m-o0), suggesting a more critical
role of CDK9 in regulating CD8" T cell function.

pPD-1 ——» Cbh69 —»

Single-cell transcriptomic analysis highlights the enhanced
cytotoxicity of CDK9'CDS8" T cells

To validate the findings in our epigenomic analysis, we conducted
further differential gene expression analysis of CDK9'CD8" T cells
based on single-cell RNA-seq (scRNA-seq) data of patients with liver
cancer®., 20 T-cell clusters from 16,462 intratumoral T cells of 37
patients were identified and characterized based on the marker gene
expressions (Fig. 6a). According to the expression of CD4, CD8A, CDK9,
we grouped these T cells into CDK9'CD4*, CDK9'CD4", CDK9'CD8" and
CDK9CDS8" T cells (Supplementary Fig. 7a). Differential gene analyses
revealed CDK9'CD8" T cells had enhanced expression of genes
involved in activation including /FI35, JUND, and STATI, cytotoxicity
including PRFI, GZMB, and GZMK, and exhaustion including TOX,
TIGIT, and LAG3 (Fig. 6b). The top 200 upregulated genes involved in
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Fig. 4 | HDAC2-AS2 Extracellular vesicles impaired CD8' T cells function. a Flow
cytometry analysis of GFP* immune cells in tumors of orthotopically xenografted
with Hepal-6-Ctrl-EGFP-mCD63 or Hepal-6-HDAC2-AS2-EGFP-mCD63 cells for two
weeks (n =6 mice). M@: macrophage. b qRT-PCR analysis of HDAC2-AS2 levels in
infiltrated CD8" T, CD4" T, and Mg in tumors orthotopically xenografted with
Hepal-6-Ctrl-EGFP-mCD63 or Hepal-6-HDAC2-AS2-EGFP-mCDé63 cells for two
weeks. qRT-PCR results represent fold change relative to the macrophage group
after normalization to S-actin (three independent replicates). Mg macrophages, UD
undetectable. ¢ Dil-labeled EVs from Hepal-6-Ctrl or HDAC2-AS2 cells were added to
activated mouse CD8" T cells for 24 h, then Dil signal was detected by confocal
microscopy. Mock is PBS treatment. Scale bar: 5 um. EVs were purified by ultra-
centrifugation. Representative images are shown from three independent repli-
cates. d qRT-PCR analysis of HDAC2-AS2 relative to B-actin in mouse CD8" T cells
after incubating with Ctrl and HDAC2-AS2 containing EVs for 24 h (three indepen-
dent replicates). UD: undetectable. e Activated human CD8" T cells were incubated
with EVs derived from MHCC97L-Ctrl and MHCC97L-HDAC2-AS2 cells for 24 h,
HDAC2-AS2 expression was detected by qRT-PCR and normalized to S-actin (three
independent replicates). fand g Activated mouse CD8" T cells were treated with EVs
from Hepal-6-Ctrl or HDAC2-AS2 cells for 48 h. Apoptosis was detected by western

blot (f) and flow cytometry (g) (three independent replicates). h Activated mouse
CD8' T cells were infected with retrovirus ctrl or retrovirus-HDAC2-AS2 for 48 h, and
apoptosis was detected by flow cytometry (three independent replicates).

i Activated human CD8" T cells were infected with lentivirus ctrl or lentivirus-
HDAC2-AS2 for 48 h, and apoptosis was detected by flow cytometry (three inde-
pendent replicates). j Flow cytometry quantification of the percentage of Annexin-
V* CD8'T cells in tumor tissues from orthotopically xenografted mice (n =6 mice).
k Activated human CD8" T cells were incubated with EVs derived from MHCC97L-
Ctrland MHCC97L-HDAC2-AS2 cells for 48 h, then the indicated signal was detected
by flow cytometry. I Activated human CD8" T cells were incubated with EVs derived
from TGFp treated ctrl and HDAC2-AS2 knockdown MHCC97H cells for 48 h. The
protein levels of cleaved PARP and caspase3 were detected by western blot. EVs
were purified by VEX reagent. Representative images are shown from three inde-
pendent replicates. m Activated human CD8" T cells were incubated with EVs
derived from ctrl and HDAC2-AS2 knockdown MHCC97H cells for 48 h, then the
indicated signal was detected by flow cytometry. EVs were purified by VEX reagent.
Error bars represent mean + SEM. Statistical analyses were determined by a two-
tailed Student’s t-test (a, b, d, e, g-j). Source data are provided as a Source Data file.
M macrophage.

pathways of the adaptive immune system, chromatin remodeling,
epigenetic regulation of gene expression, were enriched in CDK9*CD8"
T cells as compared to CDK9'CD8"* T cells (Fig. 6¢). A similar tran-
scriptomic phenotype of the CDK9*CDS8" T cells was also observed in
the analysis of another scRNA-seq dataset*® (Supplementary Fig. 7b—d).
To gain insights into the CDK9 expression in directing differentiation
of CD8" T cells, we constructed a lineage trajectory of CD8" T cells
based on the sequential differentiation states from the naive state to
either the cytotoxicity state or the exhaustion state and demonstrated
that CDK9 was mainly expressed in the cytotoxicity branch of the
trajectory compared to the exhaustion branch (Fig. 6d). Altogether,
these results reveal the critical epigenetic role of CDK9 chromatin
accessibility in regulating CD8" T cell activation and differentiation,
consistent with our observation in Fig. 5.

We next employed NVP-2, a selective ATP-competitive CDK9
inhibitor, to validate whether CDK9 could regulate CD8" T cell func-
tion. Obviously, induced apoptosis, senescence, and exhaustion along
with decreased proliferation and cytotoxicity were determined in CD8*
T cells when treated with NVP-2 (Fig. 6e-h), in line with the results
observed in HDAC2-AS2-overexpressed CD8" T cells (Supplementary
Fig. 7e, f and Fig. 4k-m) and orthotopic models (Fig. 6i). Previous
studies demonstrated that reduction of CDK9 was concomitant with
attenuation of proliferative signaling mediated by p38 kinases, con-
tributing to tumor growth by increasing the expression of PD-1*,
thus we detected the potential mechanism of how EV-contained
HDAC2-AS2 induced the exhaustion of CD8" T cells. As expected, both
HDAC2-AS2-overexpressed EV-treatment or NVP-2 inhibition reduced
the phosphorylation of p38, leading to increasing PD-1 expression
(Supplementary Fig. 7g, h, Figs. 4k and 6g), indicating CDK9 inhibitors
may accelerate the exhaustion of CD8* T cells, which to some extent
counted against the antitumor therapy. In summary, these results
corroborated with the epigenome and transcriptome data together
demonstrate that HDAC2-AS2-targeted CDK9 plays a key role in
maintaining the physiological and pathological state of CD8' T cells,
thus providing therapeutic opportunities for HCC immunotherapy.

Immune checkpoint blockade (ICB) disrupts the HDAC2-AS2-
CDK9 axis to empower CDK9*CD8* T cell cytotoxicity

Taking account of the exhaustion phenotype from HDAC2-AS2-tar-
geted CDK9 blockage in CD8" T cells (Figs. 21 and 6g-i), we further
explored the role of CDK9 expression in T cell response to ICB therapy
in patients with HCC. We analyzed 25,516 tumor-infiltrating T cells from
HCC patients with or without ICB therapy®*° (Fig. 7a, b). According to
the therapy and expression of CD4, CD8A, and CDK9, T cells were
classified into 8 subpopulations. Of note, the CDK9*CDS8" T cells from

patients with ICB therapy (CDK9'CD8" T cell-ICB therapy) showed the
highest expression of CDK9, along with cytotoxicity-associated genes
such as GZMK, IFNG, and GZMA, in comparison to other T-cell popu-
lations. In contrast, CDK9'CD8" T cell-ICB therapy group expressed
lower levels of exhausted genes, including TOX, TIGIT, and LAG3,
compared to CDK9*CD8" T cells from patients without ICB therapy
(Fig. 7c). Therefore, we speculated whether the ICB therapy can
improve the HDAC2-AS2-mediated tumor process. To validate this
hypothesis, mice were injected subcutaneously with Hepal-6 tumor
cells and then received anti-PD-1 or control IgG injection twice a week
(Fig. 7d). Notably, anti-PD-1 treatment prominently weakened HDAC2-
AS2-fostered tumor growth compared to the control group (Fig. 7e, f),
indicating HDAC2-AS2-CDK9 axis-mediated tumor progression could
benefit more from anti-PD-1treatment. Moreover, by examining the
association between the expression of the HDAC2-AS2-CDK9 axis and
the prognosis of HCC in TCGA database, we verified that elevated
levels of CDK9 and CD8A, as well as elevated CDK9 expression coupled
with low HDAC2-AS2 expression within the tumor, were correlated with
extended disease-free survival (Fig. 7g). Altogether, these results
underscore the significance of immune checkpoint blockade in dis-
rupting the HDAC2-AS2-CDK9 axis to augment the cytotoxicity poten-
tial of CDK9'CDS8" T cells, ultimately benefiting patients (Fig. 7h).

Discussion
As one of the most complicated signaling pathways with various
downstream members and target effects, the TGF[ signaling pathway
plays vital roles in tumorigenesis and progression by exerting either
tumor-promoting or tumor-suppressing effects. Although several
IncRNAs regulated by TGFf have been identified in proliferation,
apoptosis, invasion, and metastasis so far®°°, it has been a strenuous
task to elucidate the function of IncRNAs in HCC progression. In this
study, we identified that HDAC2-AS2 ranked highest among the eleven
candidates, mediates the role of TGF[ in promoting HCC progression.
In addition, another candidate, DLGAPI-AS2 has been characterized as
an oncogenic IncRNA in glioma and HCC™. Interestingly, the
increased HDAC2-AS2 expression was not only observed in HCC but
also in STAD, KIRP, and KIRC tumor tissues compared to non-tumor
tissues, suggesting the general role of HDAC2-AS2 in tumor develop-
ment. Our results have verified the positive correlation between TGF(3
activation and HDAC2-AS2 expression. Furthermore, both TGF(
blockade by either type I receptor inhibitor or Smad4 knockout and
HBYV infection are sufficient to disrupt HDAC2-AS2 expression, which
implies HDAC2-AS2 is a direct target of the HBV-TGF[3/Smad pathway.
The paradoxical results obtained from the different phenotypes
of HDAC2-AS2 overexpressing tumor cells in nude mice and
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immune-competent C57BL/6 mice provided evidence that HDAC2-AS2
plays a crucial role in modulating TME. The overexpression of HDAC2-
AS2 selectively resulted in the loss of CD8" T cells, enhanced features of
exhaustion, and decreased production of cytokines in tumor tissues,
while immunosuppressive Tregs, TAMs, MDSCs were accumulated in
TME, suggesting the potential unexplored dual effects of HDAC2-AS2 on
facilitating pro-tumor immunosuppression and antitumor inhibition

simultaneously. Accumulating evidence has shown that EVs can,
in vitro, impair differentiation and maturation of dendritic cell®,
affect proliferation, activation, and apoptosis of CD4" and CD8" T
lymphocytes™™¢, decrease the cytotoxicity of natural killer cells and
macrophages”, and promote the differentiation of immunosuppressive
cells such as Tregs™ or myeloid cells®. Specifically, EVs containing
protein and noncoding RNAs could educate immune cells, which are

Nature Communications | (2025)16:2055


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57367-8

Fig. 5| HDAC2-AS2 targeted CDK9 to impair the function of CD8' T cells. a Silver
staining of the SDS-PAGE gel containing aliquots of samples derived from proteins
pulled down by HDAC2-AS2 (right lane) or its antisense RNA (left lane) in mouse
CD8' T cells. The arrows indicate the gels submitted for mass-spectrometry,
identifying CDK9 as the band unique to HDAC2-AS2. Representative images are
shown from three independent replicates. b Western blot analysis of the interaction
of CDK9 with HDAC2-AS2 (treated the same as panel a). Representative images are
shown from three independent replicates. ¢ RIP analysis of the interaction between
CDK9 and HDAC2-AS2 (three independent replicates). d The expression of CDK9 in
naive and activated mouse CD8* T cells (24, 48, 72 h) was detected by confocal
microscopy. Scale bar: 5 um. Representative images are shown from three inde-
pendent replicates. e Western blot analysis of CDK9 expression in nuclear and
cytoplasmic fractions of activated mouse CD8* T cells and MHCC97H cells.
Representative images are shown from three independent replicates. f Activated
mouse CD8" T cells were treated with EVs from Hepal-6-Ctrl or HDAC2-AS2 cells for
48h, mock is PBS treatment. CDK9 expression was detected by western blotting.
EVs were purified by ultracentrifugation. Representative images are shown from
three independent replicates. g The expression of CDK9 in activated mouse CD8"
T cells of retrovirus ctrl and retrovirus-HDAC2-AS2 infection was observed by
confocal microscopy. Scale bar: 5 um. Representative images are shown from three
independent replicates. h FISH assay showing the localization of HDAC2-AS2 and

CDK9 in activated human CD8' T cells of lentivirus ctrl and lentivirus-HDAC2-AS2
infection. Scale bar: 5 pm. Representative images are shown from three indepen-
dent replicates. i Experimental layout for single-cell Ti-ATAC-seq 2 to analyze
chromatin accessibility and T cell receptor (TCR) clonality. j The UMAP projection
displays T cells from HCC patients, illustrating the landscape of TCR clonality (left;
indicated by the sizes of TCR clonotypes) and chromatin accessibility (right) from
Ti-ATAC-seq 2 datasets. Each color represents a T-cell cluster. k The chromatin
accessibility, indicated by gene scores of the indicated genes, is overlaid on the
UMAP embedding. I Violin plot showing the chromatin accessibility as indicated by
gene scores of CDK9 of the T-cell clusters. Each color represents a T-cell cluster, the
cells of each cluster were obtained from patients (17 = 9). m-o Violin plots showing
the gene scores of indicated genes (m) and ChromVAR TF-motif bias-corrected
deviation scores of indicated TF regulators (n) across the CD8 T-cell clusters. The
cytotoxicity of the cluster is indicated by the gene scores of GZMK and PRFI,
whereas the exhaustion of the cluster is indicated by the gene scores of TOX and
PDCDL. (o). Boxplot showing the T-cell clonal expansion as indicated by the loglO
(clonotype size +1) across the CD8 T-cell clusters. The boxplots denote the median
with a quartile range (25-75%), and the length of whiskers represents 1.5x the IQR.
The cells of each cluster were obtained from patients (n = 9). Statistical analyses
were determined by a two-tailed Student’s t-test (c, 0). Source data are provided as
a Source Data file. Cyto cytoplasmic, Nuc nuclear, RV retrovirus.

critical for the establishment of the pre-metastatic niche®*, In the
present study, we observed that HDAC2-AS2 was packaged in tumor-
derived EVs. Not only HDAC2-AS2 but also EV-related gene expressions
were increased after TGF(3 treatment or HBV infection. These results
suggest that HBV-TGF might contribute to EV biogenesis and secre-
tion. However, the number of EVs did not increase after TGFf} treat-
ment, indicating the complexity of EVs released regulation following
TGF( treatment. Last but not least, we observed higher HDAC2-AS2
expression in EVs isolated from the plasma of HBV-associated HCC
patients, indicating its potential as a new biomarker for HCC.

In vitro incubation with Dil-labeled EVs suggested CD8" T cells can
uptake EVs, which to some extent, implied the internalization of EVs
into tumor-infiltrated CD8" T cells in TME in a similar manner. Due to
the limitations of lipid dye staining in EVs®*~*%, a more reliable method
was established. EVs derived from Hepal-6-Ctrl/HDAC2-AS2-EGFP-
mCD63 cells were acquired through ultracentrifugation. The presence
of green fluorescence of EV-GFP in CD8" T cells further confirmed the
uptake of EVs by CD8' T cells both in vitro and in vivo. Both EV treat-
ment and retrovirus-mediated HDAC2-AS2 overexpression induced the
reduction of IFN-y expression and apoptosis of CD8* T cells. In addi-
tion, given the vital roles of immunosuppressive cytokines such as IL-
10 and TGF, as well as inflammatory cytokines such as type I inter-
ferons (IFNs) and IL-6, in regulating CD8" T cells function®’, whether
these cytokines are also involved in extracellular HDAC2-AS2 impaired
CD8" T cells function requires further investigation.

Interestingly, HDAC2-AS2 interacts with CDK9, a key transcrip-
tional elongation factor that can shuttle between the nucleus and
cytoplasm*+¢*%5, This interaction reminds us of the subcellular trans-
location of CDK9. We indeed observed higher expression and more
cytosolic location of CDK9 in activated CD8" T cells, whereas in tumor
cells, CDK9 mainly localizes in the nucleus. This different localization
pattern could explain why HDAC2-AS2 does not affect the tumor pro-
cess itself but impairs the antitumor response of CD8" T cells. More
importantly, both HDAC2-AS2 overexpression and treatment with
HDAC2-AS2 cell-derived EVs can decrease CDK9 expression in CD8*
T cells. Epigenome and transcriptome data indicate that CDK9 is
strongly correlated with activation and cytotoxicity of CD8" T cells,
while exhausted CD8" T cells showed a moderate expression of CDK9.
Therefore, inhibition of CDK9 by NVP-2 leads to apoptosis, senes-
cence, and exhaustion, along with decreased proliferation and cyto-
toxicity in CD8" T cells. This phenotype is similar to that observed in
HDAC2-AS2-overexpressed CD8" T cells and orthotopic models,
resulting in tumor progression and metastasis. However, this finding
somehow contradicts previous studies, which suggest CDK9 is a novel

target for anticancer therapeutics, and multiple inhibitors are cur-
rently in clinical trials for advanced malignancies®*°. Nevertheless,
several phase I/l studies have shown no objective tumor responses or
efficacy superior to chemotherapeutics in colorectal, ovarian, pan-
creatic, lung, and breast cancers®”°. A possible explanation is that,
although CDK9 inhibitors can reduce tumor growth, they simulta-
neously induce exhausted CD8" T cells, which, to some extent, weak-
ens the antitumor effect. Besides, we noticed that HDAC2-AS2 can also
interact with IMP4, SLP2, AURKB, and STRAP, which have been
established to promote tumorigenesis (Table S2), suggesting the
potential multiple effects of HDAC2-AS2.

To avoid this “side-effect”, combination therapy could be a better
choice for implementing a precise strategy. Notably, anti-PD-1 treat-
ment prominently weakened HDAC2-AS2-fostered tumor growth,
indicating tumor progression mediated by the HDAC2-AS2-CDK9 axis
is more sensitive to ICB, thus providing therapeutic opportunities for
HCC immunotherapy. Collectively, our findings have significant
implications for expanding our understanding of IncRNAs in HCC
pathogenesis, which modulated immune cells to create a favorable
TME, suggesting the HDAC2-AS2-CDK9 axis could serve as a new eva-
luable biomarker for HCC precision therapy.

Methods

Ethical statement

This study was approved by the Ethics Committee of the Institute of
Biophysics, Chinese Academy of Sciences. All animal care, experi-
ments, and study protocols were approved by the Animal Care and Use
Committee of the Institute of Biophysics, Chinese Academy of Sci-
ences. The maximal tumor size did not exceed the maximum tumor
size of 2 cubic centimeters for tumor models. All clinical samples were
collected with written informed consent from patients, and ethical
approval was granted from the committees for ethical review at Sec-
ond Military Medical University.

Cell lines and reagents

HEK293T and Hepal-6 cell lines were purchased from ATCC. The
human hepatoma cell lines HepG2, HepG2.2.15, PVTT, Huh7,
SMCC7721, MHCC97L, MHCC97H, and HCCLM9 were obtained from
the Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of
Sciences. HepG2-hNTCP cell line was a gift from the National Institute
of Biological Sciences, Beijing, China (Dr. Wenhui Li). All these cells
were maintained in high glucose DMEM (Gibco) supplemented with
10% FBS (Hyclone), 100 pg/mL penicillin, and 100 U/mL streptomycin.
These cells were incubated at 37 °C in a humidified atmosphere of 5%
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CO,. Recombinant human TGFp1 was purchased from Peprotech
(Peprotech Inc., USA) and used at a concentration of 2.5ng/mL.
GW4869 was purchased from Sigma Aldrich.
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Animal model

5-6 weeks old male athymic BALB/c nu/nu SPF mice (Cat. 401#) and
C57BL/6 wildtype SPF mice (Cat. 213#) were purchased from the

Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing,
China) and all the mice were co-housed in the animal breeding facility
affiliated with the Institute of Biophysics, Chinese Academy of Sci-
ences, under specific pathogen-free conditions with a maximum
occupancy of 5 mice per cage. For the subcutaneous injection model,
5x10° Hepal-6-Ctrl or Hepal-6-HDAC2-AS2 cells resuspended in 0.1 mL
PBS were subcutaneously implanted into the right flank of nude mice
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Fig. 6 | Single-cell transcriptomic analysis highlighted the enhanced cyto-
toxicity of CDK9'CDS8’ T cells. a Left: The scRNA-seq (GEO: GSE151530) UMAP
projection of the 16,462 T cells from 37 patients with liver cancer. Each color
represents a T-cell cluster. Cell types and marker genes are assigned to each cluster.
Right: Expression levels of marker genes identified for clusters. b Violin plot
showing the expression profiles of genes related to T-cell activation (top), cyto-
toxicity (middle), and exhaustion (bottom). A Wilcoxon Rank Sum test was per-
formed to determine the P values (two-tailed test). ¢ Pathway enrichment of top
200 marker genes enriched in CDK9*CDS8* T cells as compared to CDK9'CD8* T cells
using Metascape analysis. Significance shown by the Bonferroni-corrected P values
(two-tailed test). d The gene expression of PRFI, LAYN, CDK9 overlaid on the cell
trajectory projection. The size and color represent the gene expression levels.

e Activated mouse CD8" T cells were treated with 250 nM NVP-2 for 6 h or 24 h, and

apoptotic cells were detected by flow cytometry. f Activated mouse CD8* T cells
were treated with 250 nM NVP-2 for 6 h or 24 h, and senescent cells were detected
by flow cytometry. 3-Gal positive cells are shown as senescent cells. g Activated
mouse CD8* T cells were treated with 250 nM NVP-2 for 24 h, and then the indicated
signal was detected by flow cytometry. h Activated mouse CD8" T cells were treated
with 100 nM NVP-2 for indicated days, then the cytotoxicity- and exhaustion-
related genes were determined by qRT-PCR. The heat map showed the fold changes
when compared to the DMSO group each day. i Flow cytometry quantification of
the percentage of PD-1'CD8'T and LAG3* CD8'T in tumor tissues from orthotopi-
cally xenografted mice (n=9 for each group). Error bars represent mean + SEM.
Statistical analyses were determined by a two-tailed Student’s t-test. Source data
are provided as a Source Data file.

and C57BL/6 mice for indicated days. For the liver orthotopic injection
model, C57BL/6 mice were orthotopically injected with a mixture
containing matrigel and Hepal-6-Ctrl or HDAC2-AS2 cells (3 x 10°) for
three weeks. The treated mice were promptly euthanized with CO, gas
at the endpoints of the experiments. Tumor weight was measured, and
immune cells in the spleen and tumor tissues were harvested and
analyzed by flow cytometry.

Patients
The detailed clinical characteristics of these patients are listed in
Table S3.

Rapid amplification of cDNA ends

5 and 3’ RACE was conducted using the SMARTer® RACE cDNA
Amplification Kit (Clontech, Palo Alto, CA) according to the manu-
facturer’s instructions. RACE PCR products were separated by agarose
gel electrophoresis, cloned into pEASY-Blunt vectors (Transgen,
China), and sequenced. The gene-specific primers used for the RACE
analysis of HDAC2-AS2 are as follows: 3RACE: CCTGGGGGTGACGA-
CAACCACTGAA, 5RACE: CATCGCCCCAGTGCCTGATTGGCATCC.

Plasmid construct and cell transfection
The cDNA of HDAC2-AS2 was amplified using I-5™ High-Fidelity DNA
Polymerase (China) and subsequently subcloned into the PCDH-CMV-
MCS-EF1-puromycin lentiviral vector. HA-tagged truncated fragments
of mouse CDK9, corresponding to amino acids 1-195 (N-terminal), 150-
372 (C-terminal), and the full-length CDK9, were cloned into pCDNA3.1
(+) plasmid. The full-length cDNA of mouse CD63 was subcloned into
the pEGFP-C1 vector to generate an N-terminal GFP fusion protein,
termed EGFP-CD63, which was then subcloned into the PCDH-CMV-
MCS-EF1-hygromycin lentiviral vector. Moreover, shRNA oligos were
synthesized by Sangon Co. Ltd., and double-strand oligos were inser-
ted into the lentiviral pLKO.1-hygromycin vector (Addgene) after
annealing. Oligonucleotides encoding single guide RNAs (sgRNAs) to
delete Smad4 were cloned into the lentiCRISPRvV2 vector (Addgene,
#52961). The sequences used for shRNA and sgRNA are listed in
Table S4. To produce lentivirus, HEK293T cells were co-transfected
with the lentiviral vector described above and packaging vectors
psPAX2 and pMD2.G using Lipofectamine 2000 (Invitrogen, USA).
Culture supernatants were collected at 48 and 72 h post-infection. To
generate Smad4-deficient SMCC7721 cells and Hepal-6 Ctrl/HDAC2-
AS2 overexpression cells, cells were infected with lentivirus together
with polybrene (8 pg/mL) using the spin infection method. Cells were
selected with puromycin (1 pg/mL) for ten days. To generate Hepal-6
Ctrl/HDAC2-AS2-EGFP-CD63 cells, stable Hepal-6 Ctrl/HDAC2-AS2 cells
were further infected with PCDH-EGFP-CD63-hygromycin lentivirus
and selected with hygromycin (100 pg/mL) for two weeks.
Furthermore, HDAC2-AS2 was subcloned into the pMX-IRES-GFP
retroviral vector and pCDH-GFP lentiviral vector to generate pMX-
HDAC2-AS2-IRES-GFP and pCDH-HDAC2-AS2-GFP plasmids, respec-
tively. Plat-E packaging cells were transfected with Lipofectamine

2000 and then cultured for 48-72 hours. The medium containing ret-
rovirus was collected and centrifuged at 25,000xg for 2 h and stored at
-80 °C until T cell infection. For human and mouse CD8" T cell infec-
tion, naive CD8" T cells were sorted by BD Aria Ill cell sorter. After 24 h
of activation, T cells were infected with pre-enriched retrovirus or
lentivirus and 8 pg/mL polybrene (Sigma Aldrich) by centrifuging at
800xg for 1.5 h at 25 °C. After infection, the cells were replaced with
fresh medium and harvested for intracellular staining, flow cytometry
apoptosis detection, qRT-PCR, and western blot analysis.

RNA extraction and qRT-PCR

Total RNAs (HCC cell lines, HCC clinical samples, and extracellular
vesicles) were extracted using Trizol (Invitrogen, USA) following the
manufacturer’s protocols. Total RNA in culture medium was extracted
from fixed volume (350 uL) by mirVana PARIS Kit (Ambion, USA).
Reverse transcription reaction was performed using the Reverse
Transcription Master Kit (Takara). Quantitative real-time PCR was
conducted on triplicate samples in a reaction mix containing SYBR
Premix Ex Taqll (Takara) using the ViiA 7 Real-Time PCR system
(Applied Biosystems, USA). The mRNA and IncRNA levels were nor-
malized to B-actin in cell and tissue samples. HDAC2-AS2 expressions in
plasma and MHCC97H and MHCC97L cells derived medium and EVs
(2x10" particles) were normalized to a synthesized exogenous
reference A polyA* RNA (Takara). The primer sequences used for qRT-
PCR are listed in Table S5.

RNA-pull down assay

RNA pulldown assay was performed as described previously”.. Briefly,
specific primers containing the T7 promoter and HDAC2-AS2
sequences were designed. PCDH- HDAC2-AS2 plasmids were used
as templates to add the T7 promoter to the sense and antisense ends
of HDAC2-AS2 by PCR amplification. Then biotin-labeled HDAC2-AS2
transcripts and their antisense were obtained using in vitro tran-
scription with T7 RNA polymerase and Biotin RNA Labeling Mix
(Roche), treated with RNase-free DNase | (Promega) for 10 min and
purified with RNeasy Mini Kit (QIAGEN). 3 pg biotinylated RNA was
heated to 90 °C for 2 min, put on ice for 5min, supplied with RNA
structure buffer (10 mM Tris pH 7, 0.1 M KCI, 10 mM MgCl,), and then
shifted to room temperature (RT) for 25min to allow
proper secondary structure formation. Followed by a 6 h incubation
at 4°C with activated CD8" T cell lysates. Then streptavidin-
conjugated agarose beads (Invitrogen) were added to each binding
reaction and further incubated at 4 °C overnight. The beads were
washed five times and boiled in SDS buffer, followed by western blot
detection and silver staining. Differential bands were excised for
mass spectrometry (LTQ Orbitrap XL) analysis.

RNA immunoprecipitation

RIP assay was carried out as described previously”. The cells were
washed with cold PBS three times and irradiated at 150 mJ/cm? at
254 nm in a UV crosslinker. Cells were collected and lysed in 1 mL RIP
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buffer (50 mM Tris-HCI pH7.5, 150 mM NacCl, 1% NP-40, 0.5% sodium
deoxycholate, 1 mM PMSF, 2 mM VRC, protease inhibitor cocktail) for
30 min on ice. The lysates were pre-cleaned using 15 puL Dynabeads
protein G (Invitrogen) with 20 pg/mL yeast tRNA for 1h at 4 °C. Then
the pre-cleaned lysates were further incubated with Dynabeads G that
were pre-coated with 2 pg antibodies for CDK9 or IgG for 6 h at 4 °C.
The beads were washed 3 x 5 min with wash buffer I (50 mM Tris-HCI

pH7.5, 1M NaCl, 1% NP-40, 1% sodium deoxycholate, 2 mM VRC) and
3 x 5 min with wash buffer 1 (50 mM Tris-HCI pH7.5, 1M NaCl, 1% NP-
40, 1% sodium deoxycholate, 2 mM RVC, 1 M urea). Followed by eluting
immunoprecipitated complex by adding 140 pL elution buffer
(100 mM Tris-HCI pH7.0, 5 mM EDTA, 10 mM DTT, 1% SDS), 40 pL was
used for western blotting analysis and 100 pL for RNA extraction. 5 pL
10 mg/mL proteinase K was added to the RNA sample and incubated at
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Fig. 7| Immune checkpoint blockade (ICB) disrupted the HDAC2-AS2-CDK?9 axis
to empower CDK9' CD8" T cell cytotoxicity. a The scRNA-seq (GEO: GSE151530
and GSE149614) UMAP projection of the tumor-infiltrating T cells from patients
with liver cancer. Each color represents a T-cell cluster. Cell types and marker genes
are assigned to each cluster. b UMAP plot showing the information of patients with
or without immune checkpoint blockade (ICB) therapy. ¢ Violin plot showing the
expression profiles of indicated genes. These T-cell groups were grouped based on
the ICB therapy and expression of CD4, CD8A, and CDK?9 in each cell. A Wilcoxon
Rank Sum test was performed to determine the P values (two-tailed test).

d Experimental layout to analyze the effect of anti-PD-1treatment in inhibiting

tumor growth in C57BL/6 WT mice (n =7 mice). Mice were subcutaneously xeno-
grafted with Hepal-6-Ctrl or HDAC2-AS2 cells (1x 107) for 16 days and received anti-
PD-1 treatment at day 7 and day 9. e and f Tumor volumes (e) and Tumor weight (f)
are shown in C57BL/6 WT mice subcutaneously xenografted with Hepal-6-Ctrl or
HDAC2-AS2 cells and received anti-PD-1 treatment. n = 7. g The disease-free survival
curve based on the TCGA HCC data showing patients with higher expression of
CDK9 and CD8A, or CDK9 and HDAC2-AS2 in tumor had better prognosis. Log-rank
test was performed to determine the P values. h Working model. Error bars
represent mean + SEM. Statistical analyses were determined by two-way ANOVA (e)
or two-tailed Student’s t-test (f). Source data are provided as a Source Data file.

55°C for 40 min, then RNA was extracted, digested with DNase |
(Ambion) for 10 min at 37 °C and used for cDNA synthesis, followed by
qRT-PCR analysis.

Western blot

The cells were harvested, washed with cold PBS, and lysed in RIPA
buffer supplemented with protease inhibitor cocktail and phosphatase
inhibitor on ice for 30 min. Then the lysates were centrifuged at
20,000xg for 10 min at 4 °C. The protein concentration was measured
using the Pierce BCA protein assay kit (Thermo Scientific). Equivalent
amounts of protein (20 pg) from each sample were loaded and sepa-
rated by SDS-PAGE gels and transferred to PVDF membranes. After
blocking with 5% nonfat milk for 1h at room temperature, then the
membranes were incubated with specific primary antibodies at 4 °C
overnight. The membranes were washed three times with TBST, and
incubated with HRP-conjugated secondary antibodies for 1h at room
temperature. Followed by washing with TBST three times, and then the
membranes were detected by chemiluminescence using an HRP sub-
strate (Millipore).

Immunofluorescence staining

Naive and activated CD8" T, along with MHCC97H cells, were fixed with
4% PFA for 20 min and permeabilized in 0.5% Triton X-100 supplied
with 1% BSA for 30 min at room temperature, then the cells were
incubated with primary specific antibodies at 4 °C overnight. The cells
were incubated with appropriate fluorescence-conjugated secondary
antibodies for 1h at room temperature after washing with PBS three
times. Subsequently, the cells were stained with DAPI for 5 min. Fol-
lowed by detection with the Zeiss LSM700 laser-scanning confocal
microscope.

Extracellular vesicle purification and characterization

Extracellular vesicles from cell culture and human serum were pur-
ified and characterized according to MISEV 2018 guidelines.
Extracellular-vesicles-depleted FBS was acquired after ultra-
centrifugation at 100,000xg for 24 h. Cells were cultured with
extracellular-vesicles-depleted FBS for 48 h, then extracellular vesi-
cles were obtained by following standard centrifugation steps as
previously described”. Briefly, debris and dead cells in the medium
were removed by centrifugation at 300xg for 10 min, followed by
further centrifugation at 2000xg for 10 min. The supernatant was
then centrifuged at 10,000xg for 30 min and then filtrated through a
0.22 pm filter at room temperature. The supernatant was then sub-
jected to ultracentrifugation at 100,000xg for 18 h at 4°C. After
washing with PBS (100,000xg for 18 h), the pellet containing extra-
cellular vesicles was resuspended in PBS and stored at —80 °C. In
addition, 5mL of human plasma from healthy donors and HCC
patients was diluted with PBS (1:2) and centrifuged at 1000xg for
10 min and 10,000xg for 1 h at 4 °C, followed by filtration through a
0.22 um filter. 6 mL of 20% sucrose was slowly added to the bottom
of the supernatant and plasma to form a sucrose cushion to maintain
the morphology and integrity of the extracellular vesicles. The
ultracentrifugation and storage were described above. Besides, the

VEX Exosome Isolation Reagent (Vazyme, Cat#R601) was also used
for extracellular vesicle purification. 2mL reagent was added into
6 mL filtrated supernatant to form the mixtures, which were subse-
quently incubated at 4°C for up to 16h and then centrifuged
10,000xg for 30 min at 4 °C. The extracellular vesicles were resus-
pended in PBS and stored at —80 °C.

The characterization of extracellular vesicles was examined by
transmission electron microscopy using negative staining. The mar-
kers CD9 and TSG101 of extracellular vesicles were detected by wes-
tern blotting. Furthermore, pre-enriched EVs obtained by
ultracentrifugation were treated according to the protocols of the EV-
human CD63 isolation/detection kit (Invitrogen, Cat#10606D). Briefly,
pre-enriched EVs (100 pL) were mixed with 20 pL dynabeads coated
with anti-human CD63 antibody overnight at 4 °C, then bead-bound
EVs were isolated using a magnetic separator. Subsequently, the
beads-bound EVs were washed and stained with PE mouse anti-human
CD63 antibody (BD Biosciences, Cat#561925). In addition, 20 pL
dynabeads were stained with PE Mouse IgGl, k isotype control anti-
body (BD Biosciences, Cat#555749). PE signals of beads were analyzed
by flow cytometry.

Transmission electron microscopy (TEM)
EVs were fixed with 4% paraformaldehyde (PFA; Sigma Aldrich) (1:1)
and loaded onto a TEM copper grid and then washed with PBS, 1%
glutaraldehyde, and distilled water. EVs were then incubated with 4%
uranyl acetate and visualized under a Tecnai Spirit transmission elec-
tron microscope (FEI/Phillips, USA) at 100 kV.

Nanoparticle tracking analysis

Numbers and sizes of EVs were evaluated using a NanoSight
N300 system (Malvern Instruments, Malvern, UK). The samples were
monitored with the use of a 488 nm laser and a digital camera. In
brief, the EV samples derived from equal numbers (5x10°) of
MHCC97L, MHCC97H, and Hepal-6 cells were diluted with PBS
(200x). 2 mL of EVs were separated using a needle and syringe, and
simultaneously injected into the NanoSight sample cubicle, and 30 s
motion videos were captured per measurement. The camera level
and detection threshold were set at values of 16 and 7, respectively.
NanoSight NTA3.2 software was used for data analysis. For each
sample, measurement was independently performed three times. EV
concentration was calculated as the average concentration of the
three times.

In vitro extracellular vesicle treatment

For in vitro EVs treatment, a total of 2.5 x 108 EVs (equivalent to those
collected from 6 x 10° producer cells, 50 mL culture medium) derived
from Hepal-6-Ctrl or Hepal-6-HDAC2-AS2 cells were added to 2 x 10°
activated CD8" T cells for 48 h, PBS as a control treatment. Then, the
cells were collected for western blot analysis, RNA extraction, and flow
cytometry detection. For in vitro EVs labeling, Dil (Beyotime Bio-
technology, China) was added to PBS buffer or EVs suspension at a
concentration of 1 uM and incubated for 30 min at 37 °C, followed by
washing through exosome spin columns (MW3000) (Invitrogen) to
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remove excess dye. Dil-labeled EVs were incubated with activated CD8"
T cells for 24 h. As a control, PBS buffer containing free Dil dye was
washed through exosome spin columns. In addition, a total of 2 x 10®
EVs (equivalent to those collected from 5 x 10° producer cells in 50 mL
of culture medium) derived from Hepal-6-Ctrl-EGFP-mCD63 or Hepal-
6-HDAC2-AS2-EGFP-mCD63 cells were added to 2 x 10° activated CD8"
T cells and incubated for 24 h.

Flow cytometry
Single-cell suspensions were generated from mouse tumors, spleen,
and lymph nodes, as indicated. Lymphocytes were obtained from the
lymph nodes of C57BL/6 mice, and naive CD8" T cells
(CD4°CD8'CD62L"CD44 CD25") were sorted by BD Aria Ill cell sorter
after staining with specific antibodies. Naive mouse T cells were acti-
vated with 2pg/mL anti-CD3 and 1pg/mL anti-CD28 (Biolegend).
Human peripheral blood (hPBMC) naive CD8" T cells were purified by
staining with specific antibodies (CD8'CD4 CD45RA*CD25") and sti-
mulated with 2 ug/mL anti-human CD3 and 1pg/ml anti-human CD28
(Biolegend) for 2 days. Cells were cultured in R10 complete medium
(RPMI1640, 10% FBS, 1% penicilin-streptomycin, 25 mM HEPES, 1%
non-essential amino acid, and 0.1% [B-mercaptoethanol).

For flow cytometry analysis, tumor and liver tissue samples were
cut into approximately 1 mm?® pieces in RPMI-1640 medium with 10%
fetal bovine serum and enzymatically digested using the MACS
tumor dissociation kit for mouse (Miltenyi Biotec, 130-096-730) for
30min on a rotor at 37°C, according to the manufacturer’s
instructions. After being filtered through a 70 um Cell-Strainer in
RPMI-1640 medium, the suspended cells were centrifuged at 300xg
for 3min and purified by percoll-gradient centrifugation. The
immune cells were suspended in red blood cell lysis buffer and
incubated on ice for 3 min to lyse red blood cells. The cell pellets
were re-suspended in sorting buffer (PBS supplemented with 2% FBS)
after washing twice with PBS for further staining and flow cytometry
analysis. For intracellular cytokines staining (Granzyme B*CD8"
T cells, IFN-y*'CD8" T cells), cells were stimulated with 100 ng/mL
PMA and 500 ng/mL ionomycin in the presence of 3 pg/mL brefeldin
A for 4 h before staining with antibodies against surface proteins,
followed by fixation, permeabilization, and staining with indicated
antibodies against intracellular antigens. Stained cells were analyzed
by BD LSRFortessa. The antibodies used in this paper are listed in
Table Sé6.

RNA fluorescence in situ hybridization

Cy3-conjugated HDAC2-AS2 probes were used for FISH assay and
designed by the Stellaris FISH Probe Designer (Biosearch Technolo-
gies). Briefly, CD8" T cells were fixed in 4% formaldehyde plus
10% acetic acid in PBS for 15 min at room temperature, then were
permeabilized in PBS plus 0.5% Triton X-100 and 10 mM Ribonu-
cleoside Vanadyl Complexes (RVC) for 10 min on ice. Hybridization
was carried out by following the Biosearch Technologies protocol.
Cells were further incubated with rabbit anti-CDK9 antibody fol-
lowed by Alexa Fluor 488 anti-rabbit secondary antibody. Images
were obtained in the Zeiss LSM700 laser-scanning confocal
microscope.

LncRNA microarray analysis

The custom-designed microarray platform was utilized as described
previously”. Briefly, RNA expression profiling was conducted using the
Agilent human microarray V.4.0 platform, consisting of probes for
21,789 protein-coding genes and 39,311 IncRNA transcripts. At least
one probe was designed for each IncRNA transcript. Subsequently,
quantile normalization and data processing were performed using
Agilent Gene Spring Software. All microarray datasets have been
deposited at the Gene Expression Omnibus (GEO) under accession
number GSE197220.

Analysis of single-cell RNA-seq datasets

The expression matrices of sSCRNA-seq datasets and related metadata
of patients with liver cancer were obtained from GEO: GSE151530
(GEO), GSE149614 (GEO), and GSE98638 (GEO). The T cells were
included in the analysis of cluster assignments and trajectory con-
struction using Seurat v4.3.0 and monocle2. For further differential
gene expression analysis of CDK9'CD8" T cells, we assigned each T cell
with Transcripts Per Million (TPM) of CD8A/CD4 >3 to the CD8" T cell
and that with TPM of CD4/CD8A >3 to the CD4" T cell, while filtering
out other T cells. Then we sub-grouped the T cells into CDK9*
(TPM>0) and CDK9 (TPM=0), and performed gene enrichment
between the CDK9"CD8" and CDK9'CD8' T cells, as well as CDK9 CD4*
and CDK9'CD4" T cells. The top elevated 200 genes enriched in
CDK9'CDS8" T cells were subjected to Metascape analysis.

Analysis of single-cell Ti-ATAC-seq 2 dataset

The published single-cell Ti-ATAC-seq 2 dataset of HCC were analyzed
using ArchR as previously reported*’*, including dimensionality
reduction, UMAP projection, identification of marker features. The
chromatin accessibility of CDK9 as indicated by the gene score was
measured for each cluster. And the clonal expansion as indicated by
the clonotype size of T cells was calculated and compared within CD8*
T-cell clusters.

TCGA data analysis

We used R packages “TCGAbiolinks” to download the gene expression
data and associated clinical data from TCGA-LIHC project. The gene
expression matrix among the patients was normalized by the R pack-
age “DESeq2”. The mean expression of each gene in the tumor was
used to group patients into high and low groups. We used the R
package “survival” to perform the statistical analysis.

Statistical analysis

Unless otherwise indicated, data are presented as mean + SEM of three
independent experiments. GraphPad Software was used for data ana-
lysis. The two-tailed Student’s t-test was used to compare gene
expression between two selected groups. The correlation between
gene expressions was analyzed using Pearson’s test. Two-way ANOVA
was used to analyze the tumor growth.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The microarray datasets have been deposited at the Gene Expression
Omnibus (GEO) under accession number GSE197220. The previously
published data are available under the accession numbers HRA010216
(National Genomic Data Center, bioProject accession PRJCA007947:
https://ngdc.cncb.ac.cn/search/specific?’db=hra&q=HRA010216+),
GSE151530 (GEO: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE151530), GSE149614 (GEO: https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE149614), GSE98638 (GEO: https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE98638). All other data supporting the
findings of this study are available from the corresponding authors on
reasonable request. Source data are provided with this paper.

Code availability
Codes used in this study are posted on GitHub for main analysis
(https://github.com/YouMaojun/CDK9-CD8-T-cells).
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