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Increased Sirtuin 6 Activity in Tumor Cells Can Prompt CD4-
Positive T-Cell Differentiation Into Regulatory T Cells and 

Impede Immune Surveillance in the Microenvironment

Nan Yang Zhanga, Wen Yuan Liua, Ke Hua Fangb, c, Xiao Tian Changa, c, d

Abstract

Background: Sirtuin 6 (Sirt6) is expressed at increased levels in 
many tumors and may be involved in immunoregulation. The present 
study investigated how Sirt6 in tumor cells affects immune surveil-
lance.

Methods: The human tumor cell lines A2780, HeLa, Huh7, MBA-
MD-231, SMMC-7721 and SW480 were incubated with UBCS039, 
a target-selective activator of Sirt6, to stimulate Sirt6 activity. These 
cells, following washing to remove residual UBCS039, were cultured 
with human naive CD4+ T cells in the Transwell to observe the T cell 
differentiation. Regulatory T cells (Tregs) among CD4+ T cells and 
the levels of various cytokines and adenosine (ADO), an immunosup-
pressive metabolite, in the culture medium, were measured via flow 
cytometry. The treated tumor cells were examined via transcriptomic 
analysis. The transcriptomic results, as well as programmed cell death 
protein-1 (PD-1), programmed cell death-ligand 1 (PD-L1) and Sirt6 
expression in tumor cells and CD4+ T cells were verified via real-time 
polymerase chain reaction (PCR).

Results: Following culture with UBSC039-pretreated tumor cells, the 
proportion of Tregs among CD4+ T cells was significantly increased. 
PD-L1 and Sirt6 expressions in UBS039-pretreated tumor cells and 
PD-1 expression in cocultured CD4+ T cells were also increased. 
Moreover, the ADO level increased, and the interleukin (IL)-10, in-
terferon (IFN)-α2, IFN-γ and monocyte chemoattractant protein-1 
(MCP-1) levels decreased in the coculture medium. Transcriptomic 
analysis revealed significant downregulation of the antitumor genes 
BASP1, CPS1, GNG11, MFAP5, NNMT and SMOC1, upregulation 
of the tumor-promoting genes FOXA2, GSTP1, RASEF and ZNF844, 

and activation of adherens junctions, tumor necrosis factor (TNF)-
signaling and the circadian rhythm pathway in UBCS039-pretreated 
SMMC-7721 cells. The above results were verified in all six cell lines.

Conclusions: The present study suggested that increased Sirt6 ex-
pression and activity in tumor cells can suppress immune surveillance 
by increasing Treg, ADO, PD-1 and PD-L1 levels, decreasing IFN-γ 
production, and altering tumor-promoting and antitumor gene expres-
sion in the microenvironment.

Keywords: Tregs; Immune surveillance; Tumor microenvironment; 
Sirt6; ADO; PD-1/PD-L1; IFN-γ

Introduction

Sirtuins (Sirts) are class III histone deacetylases (HDACs) that 
include seven members and are widely expressed in mam-
mals [1]. Sirt6, a member of the sirtuin family, is expressed 
at increased levels in various tumor tissues, including hepa-
tocellular carcinoma, ovarian cancer, renal cell carcinoma, 
colon carcinoma, breast cancer, osteosarcoma and prostate 
cancer [2-7]. Reduced Sirt6 expression was found to be re-
lated to improved overall survival [5-8]. Sirt6 is involved in 
multiple cancer-related signaling pathways, especially the 
Notch, ERK1/2 and PTEN/AKT pathways [2, 5, 9, 10]. Sirt6 
also enhances epithelial-mesenchymal transition (EMT), gly-
colysis and oxidative phosphorylation [2, 4]. Moreover, Sirt6 
silencing slowed the growth of MDA-MB-231 human breast 
cancer cell xenografts in transgenic mice [11]. Many studies 
have suggested the possible role of Sirt6 in immunoregulation, 
immunosenescence, immunometabolism and tumor immunity 
[11-15]. These studies suggest that increased Sirt6 activity and 
expression may facilitate tumor growth by mediating immune 
surveillance. However, the function of Sirt6 in tumorigenesis 
through regulation of the tumor immune microenvironment is 
poorly understood.

Regulatory T cells (Tregs) impede immune surveillance 
of tumors and suppress antitumor immune responses [16, 17], 
but the effects of tumor cells on Tregs in the tumor microenvi-
ronment (TME) are poorly understood. Tregs mainly develop 
from CD4+ T cells [18]. To determine how Sirt6 in tumor cells 
affects CD4+ T-cell differentiation in the TME, we cocultured 
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tumor cells and human naive CD4+ T cells in the upper and 
lower chambers of Transwell, respectively, to mimic the TME. 
UBCS039 is a target-selective activator of Sirt6 that enhances 
the deacetylation of Sirt6-targeted histone H3 sites in hu-
man cancer cells [19, 20]. The present study used UBCS039 
to treat a series of tumor cell lines, including A2780, HeLa, 
Huh7, MBA-MD-231, SMMC-7721 and SW480 cells, which 
originated from ovarian cancer, cervical cancer, liver cancer, 
breast tumor, liver cancer and colon cancer, respectively. The 
treated tumor cells were washed to remove residual UBCS039 
after treatment and then cocultured with CD4+ T cells. In this 
study, the proportions of Tregs and programmed cell death 
protein-1 (PD-1) expression in cocultured CD4+ T cells, pro-
grammed cell death-ligand 1 (PD-L1) expression in pretreated 
tumor cells, adenosine (ADO) levels and proinflammatory 
cytokine production in coculture medium were measured. 
Furthermore, transcriptome analysis was applied to investi-
gate the regulatory pathways of Sirt6 in UBCS039-pretreated 
SMMC-7721 cells. The transcriptomic results were verified 
in A2780, HeLa, Huh7, MBA-MD-231 and SW480 cells via 
real-time polymerase chain reaction (PCR). The aim of this 
study was to determine whether Sirt6 in tumor cells affects 
the tumor immune microenvironment. Our results confirmed 
that Sirt6 is a key gene that impedes immune surveillance to 
favor tumor growth.

Materials and Methods

Cell lines and culture

SMMC-7721, MBA-MD-231, MCF-7, SW480, Huh-7, HeLa 
and A2780 cells from various human tumors were maintained 
in RPMI 1640 medium (HyClone, USA) supplemented with 
10% (v/v) fetal bovine serum (FBS) (Gibco, USA) and 1% 
(v/v) penicillin/streptomycin (Gibco) at 37 °C, with 5% CO2 
in a humidified atmosphere. UBCS039 (MCE, China) was 
dissolved in dimethyl sulfoxide (DMSO; Solarbio, China). 
These cultured cells were treated with UBCS039 at a con-
centration of 100 µM for 72 h. This concentration was deter-
mined according to our previous published study in which we 
treated natural killer (NK) cells with UBCS039 [21-23]. Cells 
that were treated with DMSO and left untreated were used as 
controls.

Cell proliferation assay

The proliferation of SMMC-7721 cells treated with UBCS039 
at a concentration of 100 µM was determined via an RTCA 
DPlus station (Agilent, USA). Cultured cells were collected in 
RPMI 1640 medium and added to the E-plate of the equipment 
for 24 h. Cell proliferation was monitored in real time.

Cell apoptosis assay

The apoptosis of SMMC-7721 cells treated with UBCS039 at 

a concentration of 100 µM was analyzed via an annexin V-
fluorescein isothiocyanate (FITC)/propidine iodide (PI) apo-
ptosis detection kit (Elabscience, USA). Cultured cells were 
washed and resuspended in 1 × annexin V binding buffer. 
Annexin V-FITC and PI staining solutions were added. The 
stained cells were analyzed via a flow cytometer (Apogee A50, 
NovoCyte D2040R, UK).

Cell migration assay

Cultured SMMC-7721 cells treated with UBCS039 at a con-
centration of 100 µM were collected and resuspended in serum-
free medium. The serum-free cell suspension was added to the 
upper chamber of a Transwell chamber (Corning, USA), and 
medium containing 20% FBS was added to the lower chamber. 
After 24 h of incubation, the cells were fixed with methanol. 
The cells in the lower chamber were stained with 0.1% crystal 
violet (Solarbio, China), photographed and counted.

Cellular energy metabolism assay

SMMC-7721 cells were cultured with UBCS039 at a concen-
tration of 100 µM. SMMC-7721 cells at a density of 1 × 104 
cells/well were plated in an XFp cell culture plate (Agilent, 
USA) and cultured in a CO2-free cell culture box overnight 
at 37 °C for 24 h. The culture medium was discarded, and a 
detection solution (RPMI 1640 medium containing pyruvate, 
glucose and glutamine) was added. The XFp cell culture plate 
was placed in a CO2-free cell culture box at 37 °C for 1 h. 
A test solution containing rotenone (Rot, 5 µM)/antimycin 
A (AA, 5 µM) (Agilent, USA) was added to the probe plate 
for dosing well A, and a test solution containing oligomycin 
(Agilent, USA) was added to well B. After the probe plate was 
calibrated in an Agilent Seahorse XFp system, the energy me-
tabolism of the treated cells was examined.

Real-time quantitative PCR

Total RNA was extracted from cultured tumor cells via RNAi-
so Plus (Takara, Japan). The isolated RNA was reverse tran-
scribed into complementary deoxyribonucleic acid (cDNA) 
via HiScript III RT SuperMix (Vazyme, China). The cDNA 
was added to ChamQ Universal SYBR qPCR Master Mix (Va-
zyme, China), and the mRNA expression of the target genes 
was examined via fluorescence-based real-time quantitative 
PCR via a LightCycle96 (Switzerland). Relative mRNA ex-
pression was analyzed via the 2-ΔΔ CT method. β-actin mRNA 
was used as an internal control to quantify the expression lev-
els of target genes. The sequences of the primers used are listed 
here (Supplementary Material 1, wjon.elmerpub.com).

Isolation of mononuclear cells (MNCs)

Peripheral blood was collected from healthy volunteers (n = 
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30) to isolate cells for coculture experiments. Ficoll cell sepa-
ration solution (TBD, China) was added to the diluted blood. 
After centrifugation, the MNCs were extracted via a routine 
method, and 10 samples were randomly mixed to form a test-
ing unit. All volunteers provided informed written consent. 
The study was approved by the Ethics Committee of the Af-
filiated Hospital of Qingdao University (QYFYWZLL26623) 
and conducted in compliance with the ethical standards of the 
responsible institution on human subjects, as well as with the 
Helsinki Declaration.

Enrichment of naive CD4+ T cells

MNCs were resuspended in phosphate-buffered saline (PBS) 
containing 2 mM EDTA and 0.5% bovine serum albumin 
(BSA). Naive CD4+ T-cell Biotin-Antibody Cocktail II (Milte-
nyi Biotec, Germany), which includes biotinylated mono-
clonal antibodies against CD8, CD14, CD16, CD19, CD36, 
CD45RO, CD56, CD123, TCR γ/δ and glycophorin A, was 
added to the isolated MNCs. Microbeads conjugated to an 
anti-biotin monoclonal antibody were also added to the mix-
ture. The cell suspension was applied to an LS column with 
a MACS column (Miltenyi Biotec). The unlabeled cells, rep-
resenting enriched naive CD4+ T cells, were eluted from the 
flow-through fraction and collected.

Coculturing tumor cells with CD4+ T cells

A2780, Huh-7, HeLa, MBA-MD-231, MCF-7, SMMC-7721 
and SW480 tumor cells were treated with UBCS039 at a final 
concentration of 100 µM for 72 h. UBCS039 was removed 
by centrifugation, and the cells were diluted with fresh cul-
ture medium. The washing process was performed three times. 
The treated tumor cells were plated in the upper chamber of 
a Transwell device with a 0.4-µm pore size (Corning Incor-
porated, Costar, USA) at a concentration of 3 × 104/100 µL; 
meanwhile, CD4+ T cells (3 × 104/600 µL) were plated in the 
lower chamber of the Transwell device. The cells were cocul-
tured for 48 h. The system did not allow direct contact between 
the tumor cells and the T cells.

Detection of the proportion of Tregs in the coculture system

CD4+ T cells in the lower chamber of a Transwell device were 
collected and resuspended in PBS. The proportions of Tregs to 
CD4+ T cells were detected with a Human Regulatory T-cell 
Staining Kit (Multi Sciences, China). FITC-conjugated anti-
CD4 antibody and allophycocyanin (APC)-conjugated anti-
CD25 antibody were added to the cell samples, which were 
then incubated for 15 min in the dark. After the supernatant was 
removed via centrifugation, the remaining cell pellet was fixed 
and permeabilized. PE-conjugated anti-FoxP3 antibody was 
added, and the cells were incubated in the dark at room tem-
perature for 1 h. The proportion of Tregs (CD4+CD25+FoxP3+) 
in CD4+ T cells was detected via flow cytometry.

Detection of T helper 17 (Th17) cells in the coculture sys-
tem

CD4+ T cells in the lower chamber of a Transwell device were 
collected and resuspended in PBS. Th17 cells were analyzed 
via a Human Th17 Staining Kit (Multi Sciences). PMA/ion-
omycin and BFA/monensin mixtures were added to the cell 
samples. The mixture was incubated at 37 °C for 4 h. After 
centrifugation and resuspension, anti-human FITC-conjugated 
anti-CD3 antibodies and anti-human CD8α and PerCP-Cy5.5 
antibodies were added to the mixture, which was subsequently 
incubated. Following treatment with FIX & PERM, anti-hu-
man PE-IL-17A antibodies were added to the mixture. The fre-
quencies of Th17 cells among CD3+CD8- T cells were meas-
ured via flow cytometry.

Detection of cytokine levels in culture medium

Culture medium was collected from cocultures of tumor cell 
lines and CD4+ T cells. Cytokine levels were measured via a 13-
plex Human Inflammation Panel (BioLegend, USA). The cy-
tokine concentrations were determined by flow cytometry (Apo-
gee A50, NovoCyte D2040R, UK). Legend_plex_v8.0 software 
(BioLegend, USA) was used to analyze the concentrations of 
interferon (IFN-α2), IFN-γ, interleukin (IL)-1β, IL-6, IL-8, IL-
10, IL-12p70, IL-17A, IL-18, IL-23, IL-33, monocyte chemoat-
tractant protein-1 (MCP-1) and tumor necrosis factor (TNF)-α.

ADO assay

Culture medium was collected from cocultures of tumor cells 
and CD4+ T cells. ADO levels were measured by using an 
Adenosine Assay Kit (fluorometric) (Abcam, USA). The fluo-
rescence was immediately measured via a microplate reader 
(Infinite M Plex, Tecan, Switzerland).

Transcriptome analysis of UBCS039-pretreated SMMC-
7721 cells

SMMC-7721 cells were pretreated with UBCS039 or DMSO 
or left untreated. The treated cells were cultured with CD4+ 
T cells in Transwell as described above. Total RNA was ex-
tracted from the cultured SMMC-7721 cells and reverse tran-
scribed into cDNA. The sequencing was performed on an Il-
lumina platform. HISAT2 was used to align the sequences of 
the clean reads with the specified reference genome to charac-
terize the sequences in the samples. The protein-coding gene 
expression abundance in each sample was determined via se-
quence similarity comparison. The number of reads aligned to 
protein-coding genes in each sample was obtained via Htseq-
count software. DESeq2 software was used to standardize the 
sample gene counts. The base mean value was used to estimate 
the gene expression level, and the fold change (FC) in expres-
sion was calculated. A negative binomial (NB) distribution test 
was performed to assess the significance of differences in read 
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number. Finally, the differentially expressed protein-coding 
genes were identified on the basis of the expression FC and 
significance of the test results. Genes with FC > 1.5 and P < 
0.05 were considered differentially expressed. Gene ontology 
(GO) enrichment analysis was performed on the differentially 
expressed genes (DEGs) to determine their functions. Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment 
analysis was performed to identify the pathways in which 
more than two DEGs were enriched. The results were sorted 
based on the -log10 P value of each entry and reported from the 
largest to the smallest value.

Statistical analysis

The LSD method was used for comparisons of two groups, 
one-way analysis of variance was used to assess the signifi-
cance of differences among multiple groups, and Pearson’s 
correlation method was used for correlation analysis. Differ-
ences were considered statistically significant when the test 
standard was α = 0.05 and P < 0.05.

Results

UBCS039 suppressed tumor cell proliferation and stimu-
lated apoptosis

SMMC-7721 cells were cultured in 100 µM UBCS039 for 
72 h. Because UBCS039 was dissolved in DMSO, DMSO-
pretreated SMMC-7721 cells were used as controls. A cell 
proliferation assay revealed that, compared with DMSO treat-
ment, UBCS039 treatment significantly inhibited the prolif-
eration of SMMC-7721 cells. A cell apoptosis assay revealed 
that UBCS039 treatment stimulated tumor cell apoptosis 
(Supplementary Material 2A, B, wjon.elmerpub.com). Tran-
swell assays did not detect a significant difference in cell mi-
gration between UBCS039-treated cells and DMSO-treated 
control cells (Supplementary Material 2C, wjon.elmerpub.
com). Metabolic analysis with the Agilent Seahorse XFp sys-
tem revealed a significantly elevated oxygen consumption rate 
(OCR) and decreased extracellular acidification rate (ECAR) 
in SMMC-7721 cells treated with UBCS039, compared with 
those in cells treated with DMSO (Supplementary Material 
2D, wjon.elmerpub.com). Additionally, PCR demonstrated 
that UBCS039 treatment increased the mRNA expression level 
of Sirt6 but not that of Sirt1 or Sirt3 in the treated tumor cells 
(Supplementary Material 3, wjon.elmerpub.com). The above 
measurements revealed that UBCS039 treatment specifically 
increased Sirt6 expression rather than that of other Sirt family 
members and suppressed tumor cell growth.

UBCS039-pretreated tumor cells altered the tumor im-
mune microenvironment

To investigate whether tumor cells with high Sirt6 activity af-
fect CD4+ T-cell differentiation, SMMC-7721 cells were incu-

bated with UBCS039 at a final concentration of 100 µM for 
48 h. The tumor cells were washed with PBS after treatment 
to remove UBCS039 residue and then cultured with human 
naive CD4+ T cells in Transwell systems. Because UBCS039 
was dissolved in DMSO, untreated SMMC-7721 cells and 
DMSO-pretreated SMMC-7721 cells were used as controls. 
A significant increase in the Treg (CD25+FoxP3+) propor-
tion was detected in CD4+ T cells following coculture with 
UBCS039-pretreated SMMC-7721 cells, compared with that 
in CD4+ T cells following coculture with SMMC-7721 cells 
without treatment or with DMSO pretreatment; moreover, 
the proportions of Th17 cells among CD3+CD8- T cells did 
not differ between those T cells cocultured with DMSO-pre-
treated SMMC-7721 cells and those T cells cocultured with 
UBCS039-pretreated SMMC-7721 cells (Fig. 1). To verify 
the above results, A2780, HeLa, Huh7, MBA-MD-231 and 
SW480 tumor cells were also treated with 100 µM UBCS039 
for 48 h and subsequently cultured with CD4+ T cells in a Tran-
swell after being washed with PBS. Following coculture, the 
Treg proportions were significantly elevated in CD4+ T cells 
following coculture with UBCS039-treated tumor cells (Fig. 
2). The above results indicate that tumor cells pretreated with 
UBCS039 can stimulate CD4+ T-cell differentiation into Tregs 
in the microenvironment.

To further understand how UBCS039 treatment affects 
the immune microenvironment, cocultured SMMC-7721 
cells and CD4+ T cells were examined via real-time PCR. The 
mRNA levels of Sirt1 and Sirt3 did not significantly change in 
SMMC-7721 cells, regardless of whether the cells were treated 
with UBCS039 or DMSO or left untreated, but the mRNA lev-
els of Sirt6 and PD-L1 significantly increased in the UBS039-
pretreated SMMC-7721 cells. Moreover, the mRNA level 
of PD-1 was significantly greater in CD4+ T cells following 
coculture with UBS039-pretreated SMMC-7721 cells than in 
those cocultured with DMSO-treated tumor cells or untreated 
tumor cells (Fig. 3). An increased level of Sirt6 was detected 
in other tumor cell lines following UBCS039 treatment; in-
creased levels of PD-L1 were detected in A2780, HeLa, Huh7 
and MBA-MD-231 tumor cell lines; and increased PD-1 lev-
els were detected in CD4+ T cells cocultured with UBCS039-
treated A2780, HeLa, Huh7, MBA-MD-231 or SW480 cell 
lines (Fig. 4). Additionally, flow cytometry revealed a signifi-
cant decrease in the concentrations of IFN-α2, IFN-γ, IL-10, 
MCP-1 and TNF-α in culture medium upon coculture of CD4+ 
T cells and UBS039-pretreated SMMC-7721 cells, compared 
with those observed upon coculture of CD4+ T cells and DM-
SO-pretreated SMMC-7721 cells or untreated SMMC-7721 
cells. The levels of other cytokines in the culture medium did 
not change. Furthermore, enzyme-linked immunosorbent as-
say (ELISA) revealed a significant increase in the ADO level 
in the culture medium of CD4+ T cells cultured with UBS039-
pretreated tumor cells. ADO levels did not significantly 
change in the coculture medium of CD4+ T cells and DMSO-
pretreated SMMC-7721 cells or untreated SMMC-7721 cells 
(Fig. 5). Significant decreases in the concentrations of IFN-α2, 
IFN-γ, IL-10 and MCP-1 were also detected in the culture me-
dia of cocultured CD4+ T cells and UBS039-pretreated A2780, 
HeLa, Huh7, MBA-MD-231 or SW480 cells, compared with 
those in the cocultures of DMSO-pretreated tumor cells and 
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Figure 1. The effect of UBCS039-pretreated SMMC-7721 cells on CD4+ T-cell differentiation. SMMC-7721 cells were treated with 
UBCS039 or DMSO or left untreated. The proportions of CD4+ T cells (a), Tregs (b), and Th17 cells (c) among the cocultured 
cells were examined via flow cytometry. The proportions of Tregs (CD4+CD25+FoxP3+) were significantly elevated in CD4+ T cells 
following coculture with UBCS039-pretreated SMMC-7721 cells. **P < 0.01. Tregs: regulatory T cells; ns: not significant; DMSO: 
dimethyl sulfoxide; Th17: T helper 17.
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CD4+ T cells, and an increase in the concentration of ADO 
was detected in the coculture media of UBCS039-pretreated 
A2780, HeLa and Huh-7 cells and CD4+ T cells (Fig. 6). The 
above experiments confirmed the increased levels of Sirt6, 
Tregs, ADO, PD-1 and PD-L1 and decreased levels of the cy-
tokines IFN-α2, IFN-γ, IL-10 and MCP-1 in cocultured CD4+ 
T cells and UBCS039-treated tumor cells as well as their cul-
ture medium.

UBCS039 changed the expression profiles and regulatory 
pathways of tumor cells

To understand the regulatory mechanism by which Sirt6 in tu-
mor cells affects the immune microenvironment, UBCS039-
pretreated SMMC-7721 cells were cultured with CD4+ T cells, 
and the pretreated tumor cells were examined via transcrip-
tomic analysis. The expression files of UBCS039-pretreated 
SMMC-7721 cells, DMSO-pretreated SMMC-7721 cells and 
untreated SMMC-7721 cells were compared. The top DEGs 
between the expression files of UBCS039-treated SMMC-

7721 cells and SMMC-7721 cells without treatment (Fig. 7a, 
c) were completely different from those of DMSO-treated 
SMMC-7721 cells and SMMC-7721 cells without treatment 
(Fig. 7b, c), indicating that UBCS039 treatment affects spe-
cific pathways in tumor cells to affect CD4+ cells. The DEGs, 
including BASP1, CPS1, FOXA2, GSTP1, GNG11, MFAP5, 
NNMT, RASEF, SMOC1, SERPINA6 and ZNF844, between 
the UBCS039-pretreated SMMC-7721 cells and the untreated 
tumor cells, were also differentially expressed between the 
UBCS039-pretreated SMMC-7721 cells and the DMSO-treat-
ed cells, indicating that the increased Sirt6 activity and expres-
sion induced by UBCS039 specifically regulated the expres-
sion of these genes.

The specific expression of these DEGs was verified via 
real-time PCR in pretreated SMMC-7721 cells, in which those 
cells treated with DMSO or left untreated were used as con-
trols. The mRNA levels of BASP1, CPS1, GNG11, MFAP5, 
NNMT and SMOC1 were significantly lower, and the levels 
of FOXA2, GSTP1, RASEF and ZNF844 were significantly 
greater in SMMC-7721 cells following UBCS039 treatment, 
which was in accordance with the results of the transcriptomic 

Figure 2. Effects of UBCS039-pretreated A2780, HeLa, Huh7, MBA-MD-231 and SW480 cells on CD4+ T-cell differentiation. 
These tumor cells were treated with UBCS039 or DMSO. The proportions of Tregs among the cocultured cells were examined via 
flow cytometry. The proportions of Tregs in CD4+ T cells were significantly elevated following coculture with UBCS039-pretreated 
tumor cells. *P < 0.05, ****P < 0.0001. Tregs: regulatory T cells; ns: not significant; DMSO: dimethyl sulfoxide.
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analysis, except for those of SERPINA6 (Supplementary Ma-
terial 4, wjon.elmerpub.com). The decreased expression of 
BASP1, CPS1, GNG11, MFAP5, NNMT and SMOC1 and 
the increased expression of FOXA2, GSTP1, RASEF and 

ZNF844, but not SERPINA6, were also detected in A2780, 
HeLa, Huh7, MBA-MD-231 and SW480 tumor cells that 
were pretreated with UBCS039 and cocultured with CD4+ T 
cells (Supplementary Material 5, wjon.elmerpub.com). These 

Figure 3. Expression of several key genes in cocultured UBCS039-pretreated SMMC-7721 cells and CD4+ T cells. The mRNA 
levels of (a) Sirt1, (b) Sirt3, (c) Sirt6, and (d) PD-L1 in SMMC-7721 cells and the mRNA level of (e) PD-1 in CD4+ T cells were de-
termined via real-time PCR. Sirt6 and PD-L1 expression was significantly increased in SMMC-7721 cells treated with UBCS039, 
and PD-1 expression was significantly increased in CD4+ T cells cocultured with UBCS039-pretreated SMMC-7721 cells. *P < 
0.05. Sirt: sirtuin; PD-1: programmed cell death protein-1; PD-L1: programmed cell death-ligand 1; PCR: polymerase chain reac-
tion; ns: not significant.
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results indicate that Sirt6 mainly regulates the expression of 
BASP1, CPS1, GNG11, MFAP5, NNMT, SMOC1, FOXA2, 
GSTP1, RASEF and ZNF844 in tumor cells.

KEGG enrichment analysis was performed on the DEGs. 
The expression profiles of UBCS039-pretreated SMMC-7721 
cells were compared with those of DMSO-pretreated SMMC-
7721 cells and SMMC-7721 cells without treatment. Pathways 

associated with activated genes, including adherens junction, 
TNF signaling, circadian rhythm, glucagon signaling, para-
thyroid hormone synthesis and neutrophil extracellular trap 
formation, were enriched by comparing the expression data 
of UBCS039-pretreated SMMC-7721 cells and those of un-
treated cells. These pathways were also enriched when the ex-
pression data of UBCS039-pretreated SMMC-7721 cells and 

Figure 4. Expression of several key genes in cocultured UBCS039-pretreated A2780, HeLa, Huh7, MBA-MD-231 and SW480 
cells and CD4+ T cells. The mRNA levels of Sirt6 (a) and PD-L1 (b) in tumor cells and the mRNA level of PD-1 (c) in CD4+ T 
cells were determined via real-time PCR. Sirt6 and PD-L1 expressions were significantly increased in tumor cells pretreated with 
UBCS039, and PD-1 expression was significantly increased in CD4+ T cells cocultured with UBCS039-pretreated tumor cells. *P 
< 0.05, **P < 0.01, and ***P < 0.001. Sirt: sirtuin; PD-1: programmed cell death protein-1; PD-L1: programmed cell death-ligand 
1; PCR: polymerase chain reaction; ns: not significant.

Figure 5. Cytokine levels in the supernatants of cocultures containing SMMC-7721 cells and CD4+ T cells. SMMC-7721 cells 
were treated with UBCS039 or DMSO or left untreated. The pretreated SMMC-7721 cells were then cocultured with CD4+ T cells. 
The culture medium was assessed via flow cytometry. The ADO level in the culture medium was determined via ELISA. IFN-α2, 
IFN-γ, IL-10, MCP-1 and TNF-α levels were lower in the culture media of cocultures containing UBCS039-pretreated SMMC-
7721 cells and CD4+ T cells, and ADO levels were significantly greater in the coculture media. *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001. MFI: mean fluorescence intensity; IL: interleukin; IFN: interferon; ADO: adenosine; ELISA: enzyme-linked 
immunosorbent assay; MCP-1: monocyte chemoattractant protein-1; TNF: tumor necrosis factor; DMSO: dimethyl sulfoxide.
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Figure 6. Cytokine levels in the supernatants of cocultures containing CD4+ T cells and A2780, HeLa, Huh7, MBA-MD-231 or 
SW480 cells. These tumor cells were pretreated with UBCS039 or DMSO. The pretreated tumor cells were then cocultured with 
CD4+ T cells. The culture medium was assessed via flow cytometry. The ADO level in the culture medium was determined via 
ELISA. The levels of IFN-α2, IFN-γ and IL-10 were lower in the culture media of cocultures containing UBCS039-pretreated 
tumor cells and CD4+ T cells, and the ADO levels were significantly greater in the coculture media of CD4+ T cells and UBCS039-
pretreated A2780, HeLa and Huh-7 cells. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. MFI: mean fluorescence inten-
sity; IL: interleukin; IFN: interferon; ADO: adenosine; ELISA: enzyme-linked immunosorbent assay; MCP-1: monocyte chemoat-
tractant protein-1; TNF: tumor necrosis factor; DMSO: dimethyl sulfoxide.
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Figure 7. Transcriptome analysis of UBCS039-pretreated SMMC-7721 cells. Volcano plots were generated by plotting the log 
(base 2) of the fold change (FC) and P values of the t test results (base 10) between the UBCS039-pretreated SMMC-7721 cells 
and the untreated SMMC-7721 cells (a), UBCS039-pretreated SMMC-7721 cells and DMSO-pretreated SMMC-7721 cells (b), 
and DMSO-pretreated SMMC-7721 cells and SMMC-7721 cells without treatment (c). The analysis revealed significant changes 
in the gene expression profile of SMMC-7721 cells following UBCS039 treatment. DMSO: dimethyl sulfoxide.
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DMSO-treated cells were compared (Fig. 8), indicating that 
Sirt6 specifically regulates these pathways in treated tumor 
cells to affect CD4+ T-cell differentiation, as well as other im-
mune surveillance-related factors in the microenvironment.

Discussion

Increased numbers of Tregs are observed in the peripheral cir-
culation and tumor tissues of many cancer patients [24, 25]. 
High numbers of infiltrating Tregs are strongly correlated with 
shorter overall survival in cancer patients [26]. However, the 
cellular mechanisms underlying the activation or expansion of 
Tregs in the TME by tumor cells have largely not been ex-
plored. In the present study, an increase in the Treg population 
was detected in CD4+ T cells cocultured with UBSC039-pre-
treated tumor cells, including A2780, HeLa, Huh7, MBA-
MD-231, SMMC-7721 and SW480 cells. We also detected 
increased Sirt6 expression in these UBCS039-treated cells. 
These observations suggest that tumor cells with high Sirt6 
activity and expression can stimulate more CD4+ T-cell dif-
ferentiation into Tregs in the TME.

This study revealed significant reductions in the IFN-α2, 
IL-10, IFN-γ and MCP-1 levels in the coculture medium of 
UBCS039-treated tumor cells and CD4+ T cells. The altera-
tion in the production of these cytokines may be due to the 

interaction between UBCS039-pretreated tumor cells and 
CD4+ T cells in the microenvironment. The tumor expression 
levels of chemokine (C-C motif) ligand (CCL)2 (MCP-1), 
CCL22, and chemokine (C-X-C motif) ligand (CXCL)12 are 
correlated with the intratumoral expression of the Treg mark-
ers FOXP3, CD33 and NCF2 [27]. IFN-γ production has been 
reported to inhibit Treg-cell differentiation [28, 29] and limit 
CD25 and Foxp3 expression in CD4+Foxp3+ Tregs [30]. One 
study revealed that CD4+CD25-Foxp3+ Tregs were generated 
when naive CD4+ T cells were cocultured with either adipose-
derived stem cells (ASCs) or their related supernatant, while 
IFN-γ was downregulated [31]. Another study revealed that 
transforming growth factor (TGF)-β1-overexpressing mesen-
chymal stem cells also regulate Treg differentiation by down-
regulating IFN-γ production [32]. Additionally, a study report-
ed that the level of IFN-γ was greater in Sirt5 knockout mice 
than in control mice, suggesting that the Sirt family may down-
regulate IFN-γ production [33]. IFN-γ functions through the 
suppression of Tregs [34]. Several studies have reported that 
Sirt6 changes the expression of proinflammatory cytokines 
and chemokines [35]. The findings of others supported our 
findings with UBCS039-treated tumor cells. Thus, we suggest 
that tumor cells with high Sirt6 activity and expression stimu-
late CD4+ T-cell differentiation into Tregs to interrupt immune 
surveillance by reducing IFN-γ production. Tregs secrete IL-
10 and TGF-β to contribute to immune surveillance. However, 

Figure 7. (continued) Transcriptome analysis of UBCS039-pretreated SMMC-7721 cells. Volcano plots were generated by plot-
ting the log (base 2) of the fold change (FC) and P values of the t test results (base 10) between the UBCS039-pretreated SMMC-
7721 cells and the untreated SMMC-7721 cells (a), UBCS039-pretreated SMMC-7721 cells and DMSO-pretreated SMMC-7721 
cells (b), and DMSO-pretreated SMMC-7721 cells and SMMC-7721 cells without treatment (c). The analysis revealed significant 
changes in the gene expression profile of SMMC-7721 cells following UBCS039 treatment. DMSO: dimethyl sulfoxide.
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Figure 8. KEGG enrichment analysis of UBCS039-pretreated SMMC-7721 cells. KEGG enrichment analysis was performed based 
on DEGs between UBCS039-pretreated SMMC-7721 cells and untreated SMMC-7721 cells (a), UBCS039-pretreated SMMC-7721 
cells and DMSO-pretreated SMMC-7721 cells (b), and DMSO-pretreated SMMC-7721 cells and untreated SMMC-7721 cells (c). 
The analysis revealed some significant changes in regulatory pathways in SMMC-7721 cells following UBCS039 treatment. KEGG: 
Kyoto Encyclopedia of Genes and Genomes; DEGs: differentially expressed genes; DMSO: dimethyl sulfoxide.
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we detected lower IL-10 levels in the culture medium of CD4+ 
T cells cocultured with UBCS039-pretreated tumor cells than 
in those cocultured with DMSO-pretreated tumor cells or un-
treated tumor cells. We repeated this experiment and obtained 
similar results. Most likely, the pretreatment of tumor cells 
with UBCS039 suppressed IL-10 production. This phenom-
enon needs further investigation. Under in vivo conditions, 
many immune cells participate in the composition of TME, in 
addition to Tregs and tumor cells.

This study revealed increased PD-L1 expression in 
UBCS039-pretreated tumor cells and PD-1 expression in co-
cultured CD4+ T cells. It is well known that the PD-1/PD-L1 
axis can influence Treg differentiation beyond regulating cell 
exhaustion [36-38]. The PD-1/PD-L1 pathway is critical for 
promoting Treg cell development and inhibiting the Th17 re-
sponse during pregnancy [39]. Bispecific anti-PD-(L)1/TGF-β 
inhibitors hamper Treg expansion [40]. PD-L1 Fc, an activator 
of the PD-1/PD-L1 pathway, increased the percentage of Treg 
cells and increased Foxp3 mRNA expression [40, 41]. Block-
ing the PD-1/PD-L1 pathway may suppress the differentiation 
of Treg cells [42]. PD-1 also activated FoxP3+ Tregs [41, 42]. 
Although there are no reports about the regulatory effect of 
Sirt6 on PD-1/PD-L1, a study showed that PD-L1 can promote 
the growth and metastasis of cervical cancer by activating the 
ITGB4/SNAI1/SIRT3 signaling pathway [43]. Estradiol also 

facilitates the growth and metastasis of non-small cell lung 
cancer in nude mice via the SIRT1/FOXO3a/PD-L1 axis [44]. 
Thus, increased Sirt6 activity in tumor cells likely stimulates 
CD4+ T-cell differentiation into Tregs by partially activating 
the PD-1/PD-L1 axis in the microenvironment to impede im-
mune surveillance.

This study revealed an increase in the level of ADO in the 
coculture medium of CD4+ T cells and UBCS039-pretreated tu-
mor cells. It has been confirmed that extracellular ADO can lead 
to strong immunosuppressive effects, facilitating tumor escape 
through the inhibition of CD4+, CD8+, NK and dendritic cells 
and the stimulation of Tregs [45]. A subset of inducible Tregs 
expressing the ectonucleotidases CD39 and CD73 can hydro-
lyze ATP to 5'-AMP and ADO and thus mediate immune cells 
that express ADO receptors [46, 47]. Thus, it is reasonable that 
coculturing CD4+ T cells and tumor cells with high Sirt6 activity 
produces more ADO to impede immune surveillance.

A transcriptomic analysis of SMMC-7721 cell tumors was 
conducted following UBCS039 treatment, and the common 
DEGs were detected by comparing the expression profiles of 
UBCS039-treated, DMSO-treated and untreated SMMC-7721 
cells. Real-time PCR confirmed the decreased mRNA expres-
sion of BASP1, CPS1, GNG11, MFAP5, NNMT and SMOC1 
and increased mRNA expression of FOXA2, GSTP1, RASEF 
and ZNF844 in UBCS039-pretreated A2780, HeLa, Huh7, 

Figure 8. (continued) KEGG enrichment analysis of UBCS039-pretreated SMMC-7721 cells. KEGG enrichment analysis was per-
formed based on DEGs between UBCS039-pretreated SMMC-7721 cells and untreated SMMC-7721 cells (a), UBCS039-pretreat-
ed SMMC-7721 cells and DMSO-pretreated SMMC-7721 cells (b), and DMSO-pretreated SMMC-7721 cells and untreated SMMC-
7721 cells (c). The analysis revealed some significant changes in regulatory pathways in SMMC-7721 cells following UBCS039 
treatment. KEGG: Kyoto Encyclopedia of Genes and Genomes; DEGs: differentially expressed genes; DMSO: dimethyl sulfoxide.
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MBA-MD-231, SMMC-7721 and SW480 tumor cells that 
were cocultured with CD4+ T cells. BASP1 expression is de-
creased in many tumor tissues and human tumor cell lines [48-
51]. Restoration of BASP1 expression results in extensive anti-
tumor activity [48, 51, 52]. Nuclear BASP1 converts the Wilms 
tumor transcription factor WT1 from an oncoprotein into a tu-
mor suppressor and significantly suppresses cell proliferation, 
migration and invasion; promotes apoptosis; and suppresses 
v-myc-induced cell transformation [53, 54]. CPS1 expression 
is downregulated in hepatocellular carcinoma [55, 56]. Inhibi-
tion of CPS1 upregulated cyclin A2 and cyclin D1, two cell 
cycle regulatory proteins, by stabilizing the oncoprotein c-Myc 
at the posttranscriptional level [55]; GNG11 was downregu-
lated in ovarian cancer patients [57]; MFAP5 induced apopto-
sis and inhibited migration and invasion, but this process was 
downregulated in the tumor stroma in cervical cancer [58-60]; 
SMOC1 suppressed proliferation, colony formation and in vivo 
tumor formation; and SMOC1 expression was also decreased 
in tumor tissues [61]. These studies support that BASP1, CPS1, 
GNG11, MFAP5 and SMOC1 are antitumor genes and that their 
expression is decreased in tumor tissues. On the other hand, 
FOXA2 expression is significantly increased in esophageal 
squamous cell carcinoma, prostate cancer, colorectal cancer, 
and esophageal cancer [62-64]; elevated RASEF expression 
promotes cell growth via ERK signaling, and this expression 
is associated with poor prognosis in non-small cell lung cancer 
[65]; and GSTP1 methylation has been detected in several ma-
lignant tumors, such as prostate, breast, lung and hepatocellular 
carcinoma [66, 67]. These studies support that FOXA2, GSTP1 
and RASEF are oncogenes that are highly expressed in tumor 
tissues. Additionally, some reports confirmed the regulatory ef-
fect of Sirt6 on the expression of these top DEGs. For exam-
ple, Sirt6 can interact directly with FOXA2 in vivo and in vitro 
and plays a critical role in hepatocellular carcinoma progres-
sion [68]. The findings of the above studies corresponded with 
our findings. Our study suggested that increasing Sirt6 activity 
and expression downregulates BASP1, CPS1, GNG11, MFAP5 
and SMOC1 expression and upregulates FOXA2, GSTP1 and 
RASEF expression to promote tumorigenesis. However, this 
pathway warrants further investigation.

Many studies have also reported that BASP1, SMOC1 and 
ZNF844 are involved in the tumor immune microenvironment. 
BASP1 expression is positively correlated with the expression 
of immune checkpoints and immune cell markers, as well as 
with immune cell infiltration [69]. Patients with high BASP1 
expression exhibited a better response to anti-PD-1 immuno-
therapy and a greater response to immune checkpoint inhibi-
tors. BASP1 was also shown to be positively correlated with 
T-cell dysfunction and immune escape [70]. SMOC1 expres-
sion was negatively correlated with the levels of infiltrating B 
cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils 
and dendritic cells [71]; ZNF844 expression was moderately 
inversely correlated with helper T-cell subtype 1 infiltration 
[72]. Thus, increased Sirt6 activity and expression in tumor 
cells may downregulate BASP1 and SMOC1 expression and 
upregulate ZNF844 expression to change the tumor immune 
microenvironment to favor tumor growth. Additionally, a 
study showed that GSTP1 prevents LPS-induced TNF-α, IL-
1β and MCP-1 production [73]. Thus, it is highly possible that 

increased Sirt6 activity and expression following UBCS039 
treatment decreased IL-1β and MCP-1 production by upreg-
ulating GSTP1 expression in the present study, although the 
mechanism is unknown.

The activation of several pathways, such as the adherens 
junction, TNF signaling, and circadian rhythm pathways, was 
detected via KEGG enrichment analysis in SMMC-7721 cells 
following UBCS039 treatment. It has been reported that block-
ing the TNF pathway in a variety of tumor models inhibits tumor 
growth [74]. Moreover, Sirt6 knockdown increased the mRNA 
levels of NF-κB-associated TNF-α signaling factors [75, 76]. 
Additionally, E-cadherin, a cell adhesion protein, accumulates 
in tumor cell adherens junctions and is less stable than it is in 
normal epithelial cells. E-cadherin-based adherens junctions 
are essential for the migration and invasion of carcinoma cells. 
Downregulation of E-cadherin expression is considered a poor 
prognostic factor for patients with tumors [77]. Sirt6 has been 
demonstrated to be a critical regulator of circadian transcrip-
tion that serves as an interface with metabolic homeostasis [78]. 
Thus, increased Sirt6 activity and expression in tumor cells like-
ly activate adherens junctions, TNF signaling and the circadian 
rhythm to change the TME to favor tumor cell growth.

In SMMC-7721 cell culture, UBCS039 treatment sup-
pressed cell proliferation and stimulated apoptosis. Further-
more, UBCS039 increased the OCR and reduced the ECAR, 
thereby reversing the metabolic balance in tumor cells. The in-
crease in aerobic glycolysis in tumor cells is called the Warburg 
effect [79]. A study suggested that Sirt6 is a negative regulator 
of the Warburg effect [14]. These in vitro experiments suggest 
that increased Sirt6 activity inhibits tumor malignancy in vitro. 
On the other hand, the present study revealed that pretreatment 
of tumor cells with UBSC039 can increase ADO and PD-1/
PD-L1 levels as well as Treg abundance to favor tumor cell 
immune escape. Thus, UBCS039 treatment has completely 
different effects on tumor cell growth in the TME in vivo than 
in vitro. Evidence has indicated dual roles of Sirt6 in tumor 
onset and progression and that these opposite outcomes occur 
in cancer [80].

In the present study, Sirt6 mRNA expression increased in 
UBCS-039-treated tumor cells and in UBCS-039-pretreated tu-
mor cells cocultured with CD4+ T cells, but Sirt1 and Sirt3 ex-
pression did not significantly change. This result suggested that 
UBCS039 specifically enhanced Sirt6 activity and Sirt6 expres-
sion rather than Sirt1 and Sirt3 expression. In our study, tran-
scriptomic analysis revealed the downregulation of the antitu-
mor genes BASP1, CPS1, GNG11, MFAP5, NNMT and SMOC1; 
the upregulation of the tumor-promoting genes FOXA2, GSTP1, 
RASEF and ZNF844; and the activation of adherens junc-
tions and the TNF-signaling and circadian rhythm pathways in 
UBCS039-pretreated SMMC-7721 cells. However, it is unclear 
how Sirt6 regulates key genes and pathways. Most likely, ChIP-
seq or CRISPR-based gene editing techniques can be used to 
investigate how Sirt6 directly regulates key genes.

Conclusions

The present study revealed that human tumor cells with in-
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creased Sirt6 activity can stimulate CD4+ T cells to differen-
tiate into Tregs and cooperate with CD4+ T cells to increase 
ADO production and PD-1/PD-L1 activity, which impedes 
immune surveillance and consequently favors tumor growth in 
the TME. It is possible that the tumor cells with high Sirt6 ac-
tivity play the tumor-promoting role by altering proinflamma-
tory cytokine production, especially by downregulating IFN-γ 
production. The tumor cells pretreated with UBCS039 act 
by downregulating BASP1, CPS1, GNG11, MFAP5, NNMT 
and SMOC1 expression and upregulating FOXA2, GSTP1, 
RASEF and ZNF844 expression. The above results may be 
helpful for understanding the tumor immune escape mecha-
nism during tumorigenesis and suggest that Sirt6 is a key gene 
for immune surveillance.
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