
The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 3 1 6 jci.org   Volume 129   Number 10   October 2019

Introduction
The ten-eleven translocation (TET) family of proteins, which 
includes TET1, TET2, and TET3 in mammalian cells, belong to 
the family of dioxygenases that use α-ketoglutarate (α-KG) and 
reduced iron (Fe2+) as cofactors to oxidize substrates (1, 2). TET 
DNA dioxygenases catalyze 3 sequential oxidation reactions,  
converting 5-methylcytosine (5mC) first to 5-hydroxylmethyl-
cytosine (5hmC), then to 5-formylcytosine (5fC), and finally to 
5-carboxylcytosine (5caC) (3–5). Replication-dependent dilution 
of these oxidized forms of 5mC or thymine DNA glycosylase–
mediated (TDG-mediated) excision of 5fC and 5caC coupled with 
base excision repair results in demethylation (6, 7). Human and 
mouse TET1, TET2, and TET3 proteins are very closely related, 
sharing 52%, 57%, and 89% identity over the entire sequences  
and the identical catalytic mechanisms. Physiologically, TET 
enzymes have important functions in cell fate determination, cell 
differentiation, and development. Genetic studies in individual 
and compound Tet mutant mice have revealed the function of Tet 
genes in zygotic, embryonic, and perinatal development (8, 9), 
differentiation of hematopoietic cells (3, 10–12), and reprogram-

ming of induced pluripotent stem cells (13, 14). Such diverse and 
specific roles are consistent with the binding of TET proteins and 
the distribution of their catalytic products 5hmC, 5fC, and 5caC 
throughout the genome (15–18). Several DNA sequence–specific 
transcription factors have been identified as recruiting TET2 to, 
and activating the expression of, their target genes (19–21), pro-
viding mechanistic support for how TET enzymes achieve such 
diverse and specific functions.

Pathologically, loss-of-function mutations in TET genes, pre-
dominantly TET2, occur frequently in hematopoietic malignancy 
of both myeloid and lymphoid lineages (3, 22, 23). TET2 mutation 
is believed to represent one of the first genetic alterations in the 
onset of hematopoietic malignancy and to cause aberrant hema-
topoietic stem cell self-renewal (24). In a subset of acute myeloid 
leukemia (AML) with the wild-type TET2 gene, TET2 enzyme is 
catalytically inactivated by d-2-hydroxyglutarate, an oncometab-
olite produced by mutation targeting isocitrate dehydrogenases 
1 and 2 (IDH1 and IDH2) (25, 26), which occurs in about 20% of 
AMLs in a mutually exclusive manner with TET2 mutations (27). 
This further underscores the critical importance of TET2 function 
in suppressing leukemogenesis. TET2 mutations have also been 
frequently observed in aged asymptomatic individuals and are 
associated with clonal hematopoiesis (28–32), which was recently 
linked to elevated expression of inflammation-associated cyto-
kines and increased risk of atherosclerosis (33, 34). Collectively, 
these studies support a model that, via interaction with differ-
ent transcription factors to regulate the expression of potentially 
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dence supporting this, we deleted Tet2 in another syngeneic mouse 
tumor cell line, MC38 cells derived from C57BL/6 murine colon 
adenocarcinoma (Supplemental Figure 2, A and B). We confirmed 
that TET2 deletion did not affect the expression of either Tet1 or 
Tet3 (Supplemental Figure 2C). Like in B16-OVA cells, deletion of 
Tet2 in MC38 cells did not appreciably affect cell proliferation in 
vitro (Supplemental Figure 2D), but almost completely abolished 
the response to anti–PD-L1 treatment in vivo (Supplemental Figure 
2E). Anti–PD-L1 treatment extended the lifespan of C57BL/6 mice 
bearing Tet2-WT MC38 tumors from average 24.5 days to beyond 
45 days of experimental duration but had essentially no effect on 
C57BL/6 mice bearing Tet2-KO MC38 tumors (average lifespan: 
21 days). Hence, loss of Tet2 confers both B16-OVA melanoma and 
MC38 colon tumors resistance to immune checkpoint blockade.

Loss of Tet2 reduces tumor-infiltrating lymphocytes. Compared 
with Tet2-KO B16-OVA tumors, there were significantly more 
CD3+ and CD8+ T cells in the Tet2-WT tumors in mice without 
injection of OT-I cells or anti–PD-L1 antibody (4.2- and 3.7-fold, 
respectively; Figure 2A). Injection of OT-I cells resulted in a sig-
nificant increase of intratumoral CD8+ (2.6-fold, P < 0.0001) and 
CD3+ (1.5-fold, P = 0.0003) T cells in Tet2-WT tumors, but only 
a slight increase in Tet2-KO tumors, resulting in 5.5- and 4.2-fold 
differences in intratumoral CD8+ and CD3+ cells between Tet2-WT 
and Tet2-KO tumors, respectively (Figure 2, B, D, and E). Likewise, 
injection of anti–PD-L1 antibody also resulted in a significant 
increase of intratumoral CD8+ (2.5-fold, P < 0.0001) and CD3+ 
(1.6-fold, P = 0.0004) T cells in Tet2-WT tumors, but only a slight 
increase in Tet2-KO tumors, resulting in 5.1- and 5.3-fold differ-
ences in intratumoral CD8+ and CD3+ cells between Tet2-WT and 
Tet2-KO tumors, respectively (P < 0.0001 for both; Figure 2, C–E). 
These results suggest that loss of TET2 in B16-OVA cells reduced 
the infiltration of T cells, leading to decreased antitumor immunity  
and resistance to anti–PD-L1 immunotherapy.

Loss of TET2 impairs IFN-γ–induced chemokine and PD-L1 expres-
sion. The above results led us to determine the expression of PD-
L1 (CD274/B7H1) and the interferon-γ–induced (IFN-γ–induced) 
chemokines CXCL9, CXCL10, and CXCL11, which are often referred 
to as T helper 1 type (Th1 type) and are recognized by CXC chemo-
kine receptor 3 (CXCR3), expressed in several types of antitumor 
effector T cells, including cytotoxic CD8+ T cells, IFN-γ–expressing 
Th1 cells, natural killer (NK) cells, and NKT cells (46). We found that 
the expression of Pdl1, Cxcl9, and Cxcl10 was significantly decreased 
in Tet2-KO B16-OVA tumors compared with that in Tet2-WT 
tumors (Figure 3A). The expression of PD-L1 and these chemokine 
genes has been reported to be stimulated by IFN-γ (47–50). To test  
whether TET2 mediates IFN-γ–stimulated expression of these 4 
genes, we treated B16-OVA and MC38 as well as THP-1 human 
monocytic cells, commonly used to study the response to IFN sig-
naling, with IFN-γ and performed quantitative reverse transcriptase 
PCR (RT-qPCR) analyses. We confirmed that deletion of TET2 did 
not affect the expression of TET1 and TET3 in THP-1 cells (Sup-
plemental Figure 3B). Then we found that IFN-γ indeed potently 
induced the expression of PD-L1, CXCL9, CXCL10, and CXCL11 
genes and deletion of TET2 significantly reduced the IFN-γ induc-
tion of these genes in B16-OVA cells (Figure 3B), MC38 cells (Supple-
mental Figure 3A), and THP-1 cells (Figure 3C). Next, we found that 
Tet2 deletion reduced protein levels of CXCL9 and CXCL10 (Fig-

many different genes, TET2 controls the proliferation and differ-
entiation of hematopoietic stem or progenitor cells and suppresses 
hematopoietic malignancies.

Mutations of TET genes are uncommon in solid tumors. 
Although missense mutations in TET genes have been observed 
in different tumor types with relatively low frequency, the sig-
nificance of these changes for the activity and function of TET 
enzymes is yet to be established (6). Instead, TET activity, as 
measured by the catalytic product of TET enzyme, 5hmC, has 
been found to be significantly reduced across different types of 
human and mouse tumors (35–41). Several mechanisms have 
been described for the nonmutational loss of TET activity in solid 
tumors, including deprivation of oxygen in hypoxic tumors (42) 
and downregulation of IDH2 and TET gene expression (36, 37, 39, 
41, 43). The significance of loss of TET activity in solid tumors is 
not known. The present study is directed toward this issue.

Results
Loss of Tet2 confers tumor resistance to antitumor immunity and 
immunotherapy. We explored the function of TET enzyme in 
solid tumors using a murine B16-OVA melanoma tumor model. 
We deleted Tet2 (Tet2-KO) using CRISPR/Cas9 genome-editing 
technology (ref. 44, Figure 1A, and Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI129317DS1). Tet2 is the most highly expressed 
Tet gene in B16-OVA cells, and deletion of Tet2 did not affect the 
expression of Tet1 and Tet3 (Supplemental Figure 1B). Tet2-KO 
B16-OVA cells showed similar rates of proliferation in vitro and 
of tumor growth in vivo in nude mice compared with the parental 
Tet2-WT B16-OVA cells (Figure 1, B and C), indicating that Tet2 
does not play a significant intrinsic role in B16-OVA cell prolifer-
ation in vitro or tumor growth in vivo in immunodeficient mice.

Next, we carried out 2 experiments to investigate the role 
of Tet2 in adoptive antitumor immunity and in response to anti–
PD-L1 immunotherapy, respectively, in syngeneic immunocom-
petent C57BL/6 mice. First, we subcutaneously transplanted equal 
numbers of Tet2-WT or Tet2-KO B16-OVA cells, and 2 weeks later 
intravenously injected with MHC class I–restricted, ovalbumin- 
specific CD8+ T (OT-I) cells that recognize the ovalbumin (OVA) 
antigen expressed by B16-OVA cells (45). Mice in which either 
Tet2-WT or Tet2-KO B16-OVA cells were transplanted died with 
comparable mean lifespan of 19.0 and 18.5 days, respectively, in 
the absence of OT-I cells (Figure 1D and Supplemental Figure 
1C). Injection of OT-I cells slowed down the progression of Tet2-
WT B16-OVA melanoma and extended the mean lifespan of the 
tumor-bearing mice to 25.5 days. Notably, OT-I cell transfusion 
did not affect the growth of Tet2-KO tumors or mouse survival 
(Figure 1D), indicating that TET2 plays an important role in tumor 
cells in response to T cell immunity.

Next, to determine the role of TET2 in the response to immuno-
therapy, we intraperitoneally injected with anti–PD-L1 antibody 
following subcutaneous transplant of Tet2-WT and Tet2-KO B16-
OVA cells. While anti–PD-L1 extended the mean lifespan of the 
mice bearing Tet2-WT melanoma to 23 days compared with mice 
injected with PBS, it had no effect on mice bearing Tet2-KO tumors 
(Figure 1E). These results indicate that Tet2 loss also impaired the 
efficacy of anti–PD-L1 immunotherapy. To provide additional evi-
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cells compared with TET2-WT cells (P < 0.05; Figure 4B). Among 
IFN-γ–stimulated genes whose expression was significantly 
impaired by TET2 deletion are CXCL9 (7.7-fold), CXCL10 (18.9-
fold), and CXCL11 (22.5-fold), as well as PD-L1 (29-fold) in TET2-
KO cells as compared with TET2-WT cells (Figure 4, B and C, 
and Supplemental Figure 4B). These results indicate that a large 
fraction of IFN-γ–induced genes were suppressed, many severely, 
by the deletion of TET2, suggesting an important role of TET2 in 
mediating the IFN-γ signaling pathway. These results are also con-
sistent with the results from targeted RT-qPCR analyses above.

TET2 mediates the IFN-γ/JAK2/STAT1 signaling pathway to 
activate IFN-γ–induced chemokines and PD-L1 gene expression. The 
signaling pathways activated downstream from IFN-γ rely primar-
ily on the Janus family of protein tyrosine kinases (JAK) and the 
signal transducer and activator of transcription factors (STAT) 
family. Ligation of IFN-γ with its receptor (IFNGR1 and IFNGR2) 
activates IFNGR-associated JAK1/2, leading to Tyr701 phosphor-
ylation of STAT1 and its translocation to the nucleus, where it 
binds to specific DNA sequences (51). A weak, but reproducible, 
TET2-STAT1 binding could be detected in unstimulated THP-1 
and B16-OVA cells, and this binding was significantly enhanced 
by IFN-γ treatment (Figure 5A and Supplemental Figure 5A) and 
disrupted by a Y701F mutation in STAT1, which blocks STAT1 
nuclear translocation (Figure 5B). We also found that TET2 can 
bind to other STAT family members (Supplemental Figure 5B), 
suggesting a broad function of TET2 in mediating the STAT sig-
naling pathway. Chromatin immunoprecipitation–qPCR analysis 
showed that TET2 binds to the CXCL10 (Figure 5C) and PD-L1 
(Figure 5D) promoters in an IFN-γ–dependent manner. 5hmC  
levels of the CXCL10 (Figure 5E) and PD-L1 (Figure 5F) promoters 
were substantially increased, 15.6-fold and 13.9-fold, respectively, 
in TET2-WT but not TET2-KO THP-1 cells after IFN-γ treatment. 
Treatment of cells with CHZ868, a specific JAK2 inhibitor (52, 53), 
blocked IFN-γ induction of chemokine and PD-L1 genes (Supple-
mental Figure 5, C and D) and TET2 binding to and upregulation 
of 5hmC on the CXCL10 (Figure 5, G and H) and PD-L1 (Figure 
5, I and J) promoters. Taken together, these results demonstrate 
that TET2 is an important factor in the IFN-γ/JAK/STAT signal-
ing pathway and is recruited by IFN-γ–activated STAT1 to catalyze 
5mC hydroxylation and activate the expression of STAT1 target 
genes, including Th1-type chemokines and PD-L1.

Loss of TET activity is associated with decreased IFN-γ–induced 
chemokines and infiltrating lymphocytes in human colon cancer. TET 
activity, as measured by 5hmC level, is significantly reduced in dif-
ferent types of human solid tumors. To corroborate the findings 
from cultured cells and mice, we examined the levels of 5hmC, 
the expression of chemokine genes, and infiltrating lymphocytes 
by immunohistochemistry (IHC) in human colon cancer, which  
develops through a number of well-defined clinical stages. 5hmC  
was evidently decreased during colon tumorigenesis, notably during 
the progression from low-grade to high-grade dysplasia (Table 1 
and Supplemental Figure 6A). We selected representative tumors 
with high or low 5hmC from different grades and performed IHC- 
immunofluorescence for CD3+ T cells, CD8+ cytotoxic T lympho-
cytes, and CD56+ NK cells. This study showed that 5hmC level exhib-
ited significant (P < 0.01) positive correlation with the infiltration of 
each of 3 types of immune cells (Figure 6, A and B, and Supplemen-

ure 3D) and PD-L1 (Supplemental Figure 3C) in response to IFN-γ 
treatment. To further confirm the effect of TET2 deletion on the 
expression of these 4 genes and exclude off-target effects associated 
with the CRISPR/Cas9 system, we performed a rescue experiment 
in TET2-KO THP-1 cells (Supplemental Figure 3D). We found that  
ectopic expression of wild-type, but not AML-derived, catalytic inac-
tivating mutant (R1896S), TET2 largely restored the induction of 
CXCL10 and PD-L1 (Figure 3E) as well as CXCL9 and CXCL11 (Sup-
plemental Figure 3E) genes by IFN-γ. These results identify TET2 as 
an important mediator in the induction of these 3 chemokine and PD-
L1 genes by IFN-γ via a catalytic-dependent mechanism.

Regulation of Th1-type chemokines by TET2 led us to assess 
the function of TET2 in T cell migration. A Transwell assay 
showed that migration of CD8+ T cells was accelerated by condi-
tional medium (CM) derived from IFN-γ–treated Tet2-WT B16-
OVA culture but was not affected by CM from IFN-γ–treated Tet2-
KO B16-OVA culture (Figure 3F). The preincubation of antibody 
against CXCR3 with T cells blocked T cell migration to the CM 
from IFN-γ–treated Tet2-WT culture, and addition of recombinant 
murine CXCL10 to the CM from IFN-γ–treated Tet2-KO culture 
restored T cell migration. These results demonstrate that loss of 
TET2 function decreases IFN-γ–induced chemokine expression 
and enables tumor cells to avoid attracting local CD8+ T cells.

Loss of TET2 alters IFN-γ transcriptome. The IFN-γ signaling 
pathway plays a critical role in tumor’s response to antitumor 
immunity and immunotherapy (51). The findings that TET2 medi-
ates IFN-γ stimulation of PD-L1 and 3 chemokine genes led us to 
determine whether TET2 plays a broad role in the IFN-γ signaling. 
We analyzed the impact of TET2 loss on the transcriptome after 
IFN-γ treatment in TET2-WT and TET2-KO THP-1 cells. RNA-
Seq analysis showed that deletion of TET2 significantly altered 
the IFN-γ transcriptome (Supplemental Figure 4A). IFN-γ stimu-
lated 677 genes 2-fold or more in TET2-WT THP-1 cells, but only 
27 genes in TET2-KO cells (Figure 4A), and 176 genes induced 
by IFN-γ were downregulated 5-fold or more in TET2-KO THP-1 

Figure 1. Loss of Tet2 confers tumor resistance to immunotherapy. (A) 
Western blot confirmation of Tet2 KO in B16-OVA melanoma cells is shown. 
(B) Tet2-KO B16-OVA cells proliferated similarly to wild-type cells in culture. 
Proliferation curves for Tet2-WT and -KO B16-OVA cells were determined 
by seeding of the same number of cells and counting every day. Error bars 
represent cell numbers ± SD for triplicate experiments. (C) Tet2-KO B16-
OVA cell–derived tumors grow similarly to wild-type cells in nude mice. A 
quantity of 2 × 105 WT or Tet2-KO B16-OVA cells were injected s.c. into nude 
mice, and tumor volume and weight were determined and analyzed. Data 
represent mean ± SEM for 8 tumors. (D) Kaplan-Meier survival curves for 
mice injected with WT or Tet2-KO B16-OVA cells and treated with adoptive 
T cell immunotherapy are shown. A quantity of 2 × 105 WT or Tet2-KO B16-
OVA cells were injected s.c. into C57BL/6 mice at day 0 and 5 × 106 OT-I cells 
injected i.v. at day 15. Kaplan-Meier survival curves for these mice are shown 
(n = 10 mice for groups without OT-I injection and n = 12 mice for groups 
with OT-I injection). (E) Kaplan-Meier survival curves for mice injected with 
WT or Tet2-KO B16-OVA cells and treated with anti–PD-L1 therapy are 
shown (n = 10 mice for each group). A quantity of 2 × 105 WT or Tet2-KO 
B16-OVA cells were injected s.c., and anti–PD-L1 antibody was injected i.p., 
into C57BL/6 mice at the indicated time points. The survival curve of mice 
injected with only WT or Tet2-KO B16-OVA cells without treatment in D is 
also shown by the dashed gray or pink line for reference. The P values of D 
and E are shown in the tables at right, determined using log-rank (Mantel- 
Cox) test comparing each 2 groups; ***P < 0.001.
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Ascorbate/vitamin C stimulates TET activity to enhance tumor 
infiltration of lymphocytes and antitumor immunity. TET activity, 
as measured by 5hmC, is significantly decreased in solid tumors 
of different types, but rarely mutated (35–40). Analysis of publicly 
available TCGA data sets of 10 different cancer types showed that 
there is no significant difference in the mRNA levels for combina-
tion of 3 TET genes between tumor and matched normal samples 
(Supplemental Figure 7A). Inactivation of TET activity through a 
nonmutational mechanism prompted us to explore the possibility 
of reactivating TET as a means to stimulate the expression of Th1-
type chemokines and tumor infiltration of lymphocytes. Vitamin 

tal Figure 6B). We also determined these chemokines’ expression 
in 5hmC-high and -low tumors as well as in normal colon epithe-
lial (Figure 6C and Supplemental Figure 6C). We found that intra-
tumoral CXCL9 (Figure 6D), CXCL10 (Figure 6E), and CXCL11 
(Figure 6F) expression also positively correlated with 5hmC levels 
in colon tumors, independent of tumor stage. Close examination 
showed that CXCL10 expression was tightly correlated with 5hmC 
level in the individual cells from different areas within same tumor 
(Supplemental Figure 6D). These results link TET activity with the 
expression of IFN-γ–induced, Th1-type chemokines and infiltration 
of lymphocytes in human primary tumors.

Figure 2. Loss of Tet2 reduces tumor-infiltrating lymphocytes. (A–C) Tumor-infiltrating T cells were reduced in Tet2-KO tumors compared with WT 
tumors. Paraffin sections from WT or Tet2-KO B16-OVA melanomas in Figure 1, D and E, without secondary injection (A), injected with OT-I cells (B), 
or with anti–PD-L1 antibody (C) were subjected to IHC analysis of CD3 and CD8. Scale bars: 200 μm. (D) Quantification of CD8+ T cells from A, B, and C. 
Average cell number per high-power field (HPF) is shown; 5 HPFs were calculated per group. Bonferroni-adjusted **P < 0.01, ***P < 0.001, with raw P 
value derived from unpaired Student’s t test. Error bars represent ± SD. (E) Quantification of CD3+ T cells from A, B, and C. Average cell number per HPF 
is shown; 5 HPFs were calculated per group. Bonferroni-adjusted **P < 0.01, ***P < 0.001, with raw P value derived from unpaired Student’s t test. Error 
bars represent ± SD.
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Figure 3. Loss of TET2 impairs Th1-type chemokines and PD-L1 expression. (A) Deletion of Tet2 in allograft tumors reduced chemokine Cxcl9, Cxcl10, and 
Pdl1 expression. Total mRNA was extracted from WT or Tet2-KO tumor (n = 10 for each group), and mRNA levels of genes were determined by qPCR. Data 
represent mean ± SD. *P < 0.05, **P < 0.01 by unpaired Student’s t test. (B and C) Knocking out Tet2 blocked IFN-γ–induced chemokines and Pdl1 gene 
expression in B16-OVA (B) and THP-1 (C) cells. WT or Tet2-KO cells were treated with IFN-γ for 20 hours, and total RNA was extracted. The relative mRNA 
levels were determined by qPCR. Error bars represent ± SD for triplicate experiments. (D) Knocking out Tet2 decreased IFN-γ–induced CXCL9 and CXCL10 pro-
tein levels in B16-OVA cells. WT or Tet2-KO B16-OVA cells were treated with IFN-γ for 72 hours; then medium was collected and subjected to ELISA analysis. 
Error bars represent ± SD for triplicate experiments. **P < 0.01, ***P < 0.001 by unpaired Student’s t test. (E) TET2 catalytic activity was required for IFN-γ–
induced CXCL10 and PD-L1 expression. TET2-WT and catalytic mutant R1896S were overexpressed in TET2-KO THP-1 cells; then cells were treated with 
IFN-γ for 20 hours as indicated, and total RNA was extracted. The relative mRNA levels were determined by qPCR. Error bars represent ± SD for triplicate 
experiments. (F) Deletion of Tet2 impaired T cell attraction by Transwell assay. WT or Tet2-KO B16-OVA cells were treated with IFN-γ for 48 hours, and CM 
was collected. Triplicate independent experiments were performed for each group. Error bars represent ± SD. Bonferroni-adjusted **P < 0.01, with raw  
P value derived from unpaired Student’s t test.
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C (VC)/l-ascorbic acid is a cofactor for TET enzymes that pro-
motes recycling of inactive oxidized ferric iron (Fe3+) to the actively  
reduced ferrous iron (Fe2+) and/or TET protein folding and has 
been shown to stimulate TET activity in vitro and in vivo (54–58). 
Addition of VC stimulated TET activity significantly in both TET2-
WT THP-1 and B16 OVA cells, but only minimally in TET2-KO 
(Figure 7A). VC increased IFN-γ–stimulated expression of 3 Th1-
type chemokines and PD-L1 genes in a TET2-dependent manner 
in both THP-1 (Figure 7B) and B16-OVA (Figure 7C) cells, indicat-
ing that VC is a rate-limiting factor for TET activity in these cells.

We then determined the effect of VC on adoptive T cell anti-
tumor immunity in vivo. Daily i.p. injection of VC at a dose of 4 g/
kg for 12 days significantly (P = 0.048) extended the mean lifespan 
of mice with transplanted Tet2-WT B16-OVA cells from 24 days to 
30 days (group 3 [G3] vs. G5; Figure 8A). Even for mice with trans-
planted Tet2-KO tumor cells, VC injection still displayed a signifi-
cant (P = 0.011) benefit and extended the mean lifespan from 18.5 
days to 20.5 days (G4 vs. G6; Figure 8A), presumably because of 
either the stimulation of TET1 and/or TET3 activity, other Fe2+- 
dependent enzymes, or increased hydrogen peroxide–induced 
oxidative stress (59). Notably, VC injection conferred significant 
benefits to mice bearing Tet2-WT melanoma as compared with 
mice with Tet2-KO melanoma (G5 vs. G6, mean lifespan increased 
by 9.5 days; P = 0.0005), indicating that most antitumor benefits 
of VC are mediated by TET2. Supporting this notion, VC treat-
ment significantly (P < 0.001) increased tumor-infiltrating CD8+ 
(Figure 8B) and CD3+ (Supplemental Figure 7B) cells in both Tet2-
WT and Tet2-KO tumors, with a much more pronounced effect 
when Tet2 was expressed (Figure 8C).

Finally, we determined the effect of VC as an adjuvant for 
anti–PD-L1 immunotherapy. Daily i.p. injection of VC for 12 days, 
together with i.p. injection of anti–PD-L1 (200 μg) for 6 days, sig-
nificantly extended survival of mice with transplanted Tet2-WT 
B16-OVA cells by more than 20% (G1 vs. G3, mean lifespan 23 
days vs. 28 days, P = 0.043), or of mice with transplanted Tet2- 
KO cells by nearly 10% (G2 vs. G4, mean lifespan 19 days vs. 21 

days, P = 0.049; Figure 9A). Notably, VC injection conferred sig-
nificantly more benefits to mice bearing Tet2-WT melanoma than 
to mice with Tet2-KO melanoma (G3 vs. G4, P = 0.0008). This 
was accompanied by a significant increase of tumor-infiltrating 
CD8+ (Figure 9B) and CD3+ (Supplemental Figure 7C) cells in both 
Tet2-WT and Tet2-KO tumors, with a much more pronounced 
effect when Tet2 was expressed (Figure 9C). Taken together, these 
results demonstrate that VC is a rate-limiting factor for TET activ-
ity in vivo in transplanted melanoma and, when systematically 
injected into mice, can stimulate tumor infiltration of lymphocytes 
and enhance the effect of antitumor immunity and efficacy of 
anti–PD-L1 immunotherapy. These results provide a proof of prin-
ciple that TET activity can be stimulated in vivo in solid tumors to 
achieve therapeutic benefit.

Discussion
The key finding reported here is that loss of TET function enables 
melanoma cells to evade antitumor immunity and resist anti–
PD-L1 therapy. Our results support a model that IFN-γ stimulation, 
which activates JAK and results in phosphorylation and nuclear 
translocation of STAT1 transcription factor, leads to STAT1-TET2 
association and subsequent recruitment of TET2 to and activation 
of STAT1 target genes. Our results suggest that potentially many 
IFN-γ–stimulated genes are kept in silence, in part by DNA meth-
ylation, and are activated by TET2-mediated DNA demethylation, 
identifying TET2 as an important mediator in the IFN-γ/JAK/
STAT signaling pathway and providing a mechanistic basis for 
TET2-mediated antitumor immunity.

Among the genes whose expression are impaired by the dele-
tion of TET2 are PD-L1 and 3 Th1-type chemokine genes, CXCL9, 
CXCL10, and CXCL11. We demonstrated that IFN-γ stimulates 
TET2 binding to and increased 5hmC level on the promoters of 
these genes in a manner that is dependent on the activity of JAK. 
PD-L1 expression is associated with chemokine expression and 
immune cell infiltration. This coexpression of PD-L1 and chemo-
kine protects host tissue and limits inflammation and is also 
linked to positive response to anti–PD-1/PD-L1 immunotherapy.  
How this coexpression is achieved, however, is not clear. Our 
study suggests a plausible mechanism for coordinated expression 
of PD-L1 and chemokines: Both PD-L1 and chemokine genes are 
silenced by DNA methylation in normal noninflamed cells and 
activated by TET2-mediated demethylation following inflamma-
tion and IFN-γ stimulation.

This study also bears several clinical implications. First, 
TET2-mediated chemokine expression helps to explain why the 
genes on the IFN-γ/JAK/STAT pathway are the top hits in multi-
ple experimental screens for the resistance to anti–PD-1 therapy 
(60–63), but only a small number of anti–PD-1–resistant human 
tumors (~5%) have been found to harbor loss-of-function muta-
tions targeting genes on the pathway, mostly JAK2 and to a lesser  
extent JAK1 (64–66). Our findings suggest that, like JAK1/2 
mutation, loss of TET activity, seen in many solid tumors of dif-
ferent types, would functionally inactivate the IFN-γ/IFNGR/
JAK/STAT/TET/chemokine pathway and confer the resistance 
to anti–PD-1/PD-L1 therapy.

Second, the results presented here identify a novel biomarker 
for improving immunotherapy. Despite their extraordinary suc-

Table 1. 5hmC is substantially reduced during the progression of 
colon adenomas

5hmC staining
Colon Strong Weak or negative
Adenoma with low-grade 
dysplasia

22 3

Adenoma with high-grade 
dysplasia

4 20

Colon adenocarcinoma 6 13

Among 25 cases of adenoma with low-grade dysplasia, only 3 cases 
showed decreased expression of 5hmC, while in 24 cases of adenoma with 
high-grade dysplasia, 20 cases had weak or negative 5hmC expression. This 
proportion was close to that of colon adenocarcinoma (among 19 cases, 
13 cases showed loss or decreased 5hmC expression). Statistical analysis 
(2-tailed Fisher’s exact test): adenocarcinoma vs. adenoma with high-
grade dysplasia, P = 0.2952; adenocarcinoma vs. adenoma with low-grade 
dysplasia, P = 0.0003; adenoma with high-grade dysplasia vs. low-grade 
dysplasia, P = 0.0001.

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/10
https://www.jci.org/articles/view/129317#sd
https://www.jci.org/articles/view/129317#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 3 2 3jci.org   Volume 129   Number 10   October 2019

epitope is highly stable, can be sensitively and simply detected by 
IHC in tumor samples preserved by different methods, and mea-
sures accurately the activity of TET. We suggest that 5hmC merits 
exploration as a new biomarker for predicting the efficacy of and 
patient response to anti–PD-1/PD-L1 therapy.

Third, this study suggests a new strategy — stimulating TET 
activity — for improving immunotherapy. The anticancer effect of 
VC has been investigated for decades, and, despite controversy, it 
is reemerging as a potential anticancer agent as a result of better 
mechanistic understanding and improved intravenous delivery 
(see recent reviews, refs. 59, 68). Two mechanisms of anticancer 

cess, anti–PD-1 or anti–PD-L1 immunotherapy has demonstrated 
objective responses in only approximately 20%–30% of patients 
treated (67), emphasizing the critical need to identify biomark-
ers to select appropriate patients for treatment and to identify 
the cause and develop strategy for nonrespondents. The current 
biomarkers include tumor mutational load, the presence of IFN-γ 
signaling, and the colocalization of PD-1–expressing CD8+ T cells 
with tumor cells expressing PD-L1 in the tumor microenviron-
ment (67). We show that 5hmC levels correlate closely with the 
expression of PD-L1 and chemokines in tumor cells, infiltration of 
lymphocytes to tumors, and response to anti–PD-1 therapy. 5hmC 

Figure 4. Loss of TET2 alters 
IFN-γ transcriptome. WT or 
TET2-KO THP-1 cells were 
treated with 100 ng/mL IFN-γ 
for 20 hours, and total RNA 
was extracted and subjected 
to RNA-Seq. (A) Venn diagram 
of affected genes (stimulated 
2-fold or more) in the whole 
transcriptome is shown. (B) 
Global gene expression analysis 
of WT and TET2-KO THP-1 
cells stimulated with IFN-γ by 
RNA-Seq is shown. The region 
(P < 0.001 and fold change > 5) 
is highlighted by dashed lines. 
Red dots represent CXCL9, 
CXCL10, and CXCL11; green dot 
represents PD-L1. (C) Heat-
map depiction of differentially 
expressed genes (fold change ≥ 
5) between control and TET2-KO 
THP-1 cells.
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Figure 5. TET2 mediates the IFN-γ/JAK2/STAT1 signaling pathway to activate Th1-type chemokine and PD-L1 gene expression. (A) IFN-γ promoted 
TET2-STAT1 binding. THP-1 cells were treated with or without IFN-γ, and the interaction of TET2 and STAT1 was determined by IP–Western blot. (B) Y701F 
mutation disrupted TET2-STAT1 binding. STAT1-WT and Y701 mutant plasmids were transfected into THP-1 cells and treated with IFN-γ, and their binding 
to TET2 was determined by IP–Western blot. (C and D) IFN-γ promoted TET2 binding to the CXCL10 (C) and PD-L1 (D) promoters. THP-1 cells were treated 
with or without IFN-γ, and TET2 binding to the CXCL10 (C) and PD-L1 (D) promoters was determined by TET2 ChIP-qPCR. Error bars represent ± SD for 
triplicate experiments. (E and F) IFN-γ increased the 5hmC level of the CXCL10 (E) and PD-L1 (F) promoters. hMeDIP assays were performed in control 
and TET2-KO THP-1 cells treated or untreated with IFN-γ. 5hmC levels on the CXCL10 (E) and PD-L1 (F) promoters were determined by qPCR. Error bars 
represent ± SD for triplicate experiments. (G and H) JAK2 inhibitor blocked binding to (G) and demethylation of (H) the CXCL10 promoter by TET2 upon 
IFN-γ treatment. THP-1 cells were treated with IFN-γ and JAK2 inhibitor as indicated, and the ability of TET2 to bind to (G) and demethylate (H) the CXCL10 
promoter was determined by TET2 (G) or 5hmC (H) ChIP-qPCR. Error bars represent ± SD for triplicate experiments. (I and J) JAK2 inhibitor blocked binding 
to (I) and demethylation of (J) the PD-L1 promoter by TET2 upon IFN-γ treatment. THP-1 cells were treated with IFN-γ and JAK2 inhibitor as indicated, and 
the ability of TET2 to bind to (I) and demethylate (J) the PD-L1 promoter was determined by TET2 (I) or 5hmC (J) ChIP-qPCR.
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Figure 6. Loss of TET activity is associated with decreased Th1-type chemokines and infiltrating lymphocytes in human colon cancer. (A) Infiltrating 
lymphocyte numbers including CD3+ T cells, CD8+ cytotoxic T lymphocytes (CTLs), and CD56+ NK cells were decreased along with the loss of 5hmC in 
adenoma of colon. Two representative pictures show multicolor, fluorescently labeled inflammatory cells in adenomas expressing high 5hmC levels and 
adenomas with decreased 5hmC expression, separately. Scale bars: 100 μm. (B) Quantification of CD3+ T cells, CD8+ CTLs, and CD56+ NK cells in colon ade-
nomas classified by high and low 5hmC staining. Four cases of adenoma with high 5hmC expression and 8 cases of adenoma with low 5hmC expression 
were used to count cytotoxic T cells (CD3+ and CD8+) and NK cells (CD56+). For each case, 3 areas highly infiltrated with inflammatory cells were selected. 
**P < 0.01 by Student’s t test. Data represent mean ± SEM. (C) Intratumoral CXCL9, CXCL10, and CXCL11 levels were correlated with 5hmC levels in colon 
adenomas. Representative photographs show the expression of CXCL9, CXCL10, and CXCL11 in samples with high 5hmC and in samples with low 5hmC in 
the same fields, on serial sections in adenoma with low-grade dysplasia, adenoma with high-grade dysplasia, and adenocarcinoma specimens. Scale bars: 
50 μm. (D–F) Quantification of CXCL9 (D), CXCL10 (E), and CXCL11 (F) expression classified by high and low 5hmC staining. Five samples representing cases 
with low 5hmC expression and 5 with high 5hmC expression were selected separately in adenoma with low-grade dysplasia, adenoma with high-grade 
dysplasia, and adenocarcinoma. For each case, 5 fields were randomly selected to calculate the integrated staining density by i-Solution image analysis 
software. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student’s t test. Data represent mean ± SEM.
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immunity and efficacy of anti–PD-L1 immunotherapy. Resto-
ration of TET2 activity after reversible knockdown blocks aber-
rant hematopoietic stem cell self-renewal and leukemia progres-
sion in mice and can be mimicked by high-dose VC treatment (54, 
69). The results presented here extend the potential therapeutic 
benefit of high-dose VC to solid tumors. Although VC could also 
stimulate other α-KG/Fe(II)–dependent dioxygenases, its func-
tion in blocking self-renewal and leukemogenesis was attributed 

activity of VC are proposed: hydrogen peroxide–induced oxidative 
stress and DNA demethylation mediated by TET enzyme activa-
tion. Our study provides novel insight into the antitumor effect of 
VC through stimulation of TET activity and thus TET-mediated 
chemokine expression and T cell infiltration. Our results demon-
strate that VC is a rate-limiting factor for TET activity in vivo 
and, when systematically injected into mice, can stimulate tumor 
infiltration of lymphocytes and enhance the effect of antitumor 

Figure 7. VC stimulates TET activity to promote Th1-type chemokine and PD-L1 expression. (A) VC increased TET activity in cultured cells. Control and 
TET2-KO THP-1 cells or B16-OVA cells were treated with l-ascorbic acid (L-AA; 250 μM) as indicated for 24 hours, total genomic DNA was extracted, and 5hmC 
level was determined by dot blot and quantified. Error bars represent ± SD for triplicate dilutions. (B) VC increased IFN-γ–induced chemokine and PD-L1 gene 
expression in THP-1 cells. Control and TET2-KO THP-1 cells were treated with IFN-γ and L-AA (250 μM) as indicated, and total RNA was extracted. mRNA 
levels of chemokines and PD-L1 were determined by qPCR. UD, undetectable. Error bars represent ± SD for triplicate experiments. (C) VC enhanced IFN-γ–
induced chemokines and Pdl1 expression in B16-OVA cells. Control and Tet2-KO B16-OVA cells were treated with IFN-γ and L-AA (250 μM) as indicated, and 
total RNA was extracted. mRNA levels of chemokines and Pdl1 were determined by qPCR. Error bars represent ± SD for triplicate experiments.
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Methods
Cell culture and cell transfection. THP-1 cells were acquired from the 
University of North Carolina (UNC) Lineberger Tissue Culture Facil-
ity (ATCC TIB-202, passage 25) and were maintained in RPMI 1640 
medium containing 10% FBS, 1% penicillin/streptomycin antibiotics, 
2 mM glutamine, 10 mM HEPES, and 1× nonessential amino acids (all 
from GIBCO). B16-OVA cells (B16F10 cells expressing ovalbumin) 
were cultured in DMEM (GIBCO) supplemented with 10% FBS and 
1% penicillin/streptomycin. MC38 cells were purchased from Kera-
fast (catalog ENH204-FP) and were maintained in DMEM containing 
10% FBS, 1% penicillin/streptomycin antibiotics.

primarily to the increase of TET activity. We found that deletion of 
TET2 substantially reduced the activity of VC to stimulate tumor- 
infiltrating CD8+ and CD3+ cells and the survival of B16-OVA 
melanoma–bearing mice after injection with either OT-I or anti–
PD-L1, suggesting that TET2 is the major target of VC in boosting 
the antitumor immunity and efficacy of anti–PD-L1 therapy. We 
suggest that high-dose VC should be considered as an adjuvant to 
immunotherapy, especially for solid tumors expressing low levels 
of 5hmC. An important insight from this finding is that TET activ-
ity can be stimulated in vivo in solid tumors to achieve therapeutic 
benefit in response to immunotherapy.

Figure 8. VC stimulates TET activity to enhance tumor-infiltrating lymphocytes and efficiency of adoptive T cell therapy. (A) VC enhanced the adoptive 
T cell immunotherapy. Kaplan-Meier survival curves for mice injected with WT or Tet2-KO B16-OVA cells and treated with adoptive T cell immunotherapy 
and VC (sodium ascorbate) as indicated are shown. A quantity of 2 × 105 WT or Tet2-KO B16-OVA cells, 5 × 106 OT-I cells, and sodium ascorbate were injected 
s.c., i.v., and i.p., respectively, into C57BL/6 mice at the indicated time points. Kaplan-Meier survival curves for these mice are shown (n = 10 mice for each 
group). The survival curve of mice injected with only WT or Tet2-KO B16-OVA cells without treatment in Figure 1D is also shown by a dashed gray or pink 
line for reference. The P value was determined using log-rank (Mantel-Cox) test, comparing every 2 groups, shown in the table of the figure. *P < 0.05, 
**P < 0.01, ***P < 0.001. (B) VC enhanced tumor-infiltrating lymphocytes with adoptive T cell immunotherapy. CD8 immunostaining of Tet2-WT and -KO 
tumor from A treated with adoptive T cell immunotherapy and VC is shown. Scale bars: 200 μm. (C) Quantification of CD8+ and CD3+ T cells from B and 
Supplemental Figure 7B. Average cell number per high-power field (HPF) is shown, with 5 HPFs calculated from each group. *P < 0.05, **P < 0.01, ***P < 
0.001. The quantification of CD8+ and CD3+ T cells of mice injected with OT-I cells in Figure 2, D and E, is also shown for reference. Error bars represent ± SD.
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Antibodies. Antibodies against FLAG (clone M2, MilliporeSigma), 
TET2 (Abcam, ab124297; Millipore, MABE462), tubulin (Santa Cruz 
Biotechnology, sc- 23948), PD-L1 (Cell Signaling Technology, 51296S), 
STAT1 (Santa Cruz Biotechnology, sc-345), STAT2 (Proteintech, 51075-
2-AP), STAT3 (Cell Signaling Technology, 9139S), STAT4 (Abcam, 
ab68156), STAT5a (Abcam, ab32043), STAT5b (Abcam, ab178941), 
and STAT6 (Abcam, ab32520) were purchased commercially.

Gene deletion by CRISPR/Cas9 system. TET2-knockout B16-OVA 
cells were generated through the CRISPR/Cas9 system by tran-
sient CRISPR strategy (44). Cells were transiently transfected with a 
Cas9 and single-guide RNA (sgRNA) plasmid with EGFP expression 

Transfection of THP-1 cells was performed using Amaxa Cell Line 
Nucleofector Kit V according to the manufacturer’s protocol (Lonza 
VCA-1003). Transfected cells were cultured at 0.5 × 106 per milliliter 
for 24 hours before further experiments.

Cell lysis, immunoprecipitation, and immunoblotting. Cells were 
washed with ice-cold PBS and lysed in NP-40 lysis buffer at 4°C for 
30 minutes. Cell lysates were incubated with anti-FLAG beads (Milli-
poreSigma) or protein A/G-agarose (Thermo Fisher Scientific) and 
antibodies (indicated in the figures) for 3 hours at 4°C; the beads were 
washed 3 times with NP-40 buffer and then subjected to SDS-PAGE. 
Western blotting was performed according to standard protocol.

Figure 9. VC stimulates TET activity to enhance tumor-infiltrating lymphocytes and anti–PD-L1 immunotherapy. (A) VC enhanced anti–PD-L1 immuno-
therapy. Kaplan-Meier survival curves for mice injected with WT or Tet2-KO B16-OVA cells and treated with anti–PD-L1 antibody and VC (sodium ascorbate) 
as indicated are shown. 2 × 105 WT or Tet2-KO B16-OVA cells, anti–PD-L1 antibody, and sodium ascorbate were injected s.c., i.p., and i.p., respectively, into 
C57BL/6 mice at the indicated time points. Kaplan-Meier survival curves for these mice are shown (n = 10 mice for each group). The survival curve of mice 
injected with WT or Tet2-KO B16-OVA cells with anti–PD-L1 treatment in Figure 1E is also shown by a dashed black or red line for reference. The P value was 
determined using log-rank (Mantel-Cox) test, comparing every 2 groups, and is shown in the table of the figure. *P < 0.05, ***P < 0.001. (B) VC enhanced 
tumor-infiltrating lymphocytes with anti–PD-L1 immunotherapy. CD8 immunostaining of Tet2-WT and -KO tumors from A treated with anti–PD-L1 anti-
body and VC is shown. Scale bar: 200 μm. (C) Quantification of CD8+ and CD3+ T cells from B and Supplemental Figure 7C. Average cell number per HPF is 
shown, with 5 HPFs calculated for each group. **P < 0.01, ***P < 0.001. Quantification of CD8+ and CD3+ T cells of mice injected with anti–PD-L1 in Figure 
2, D and E, is also shown for reference. Error bars represent ± SD.
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matched normal samples. For each of these 10 cancer types, box plots 
of log2 of the ratio of expression of genes (TET1, TET2, TET3, and sum 
of TET1/TET2/TET3) between the tumor and matched normal were 
provided. A 2-sided paired Student’s t test was performed, with a Ben-
jamini-Hochberg adjustment for multiple tests.

ChIP-qPCR. ChIP assay was performed as described previously 
(73). DNA was sheared by sonication using Covaris Sonicator for 12 
minutes at 4°C. ChIP-enriched DNA was analyzed by qPCR with SYBR 
Green Master Mix. The ChIP primers are listed in Supplemental Table 1.

Transwell migration assay. OT-I CD8+ lymphocytes were isolated 
from 6- to 8-week-old C57BL/6-Tg(TcraTcrb)1100Mjb/J mice by pos-
itive selection using CD8a microbeads (Miltenyi Biotec), then were 
stimulated with anti-CD3/CD28 Dynabeads (Thermo Fisher Scientif-
ic, catalog 11456D) at a 1:1 beads/cells ratio and 30 U/mL human IL-2 
(PeproTech, catalog 200-02) for 72 hours. 5 × 105 OT-I cells in 100 
μL complete media were loaded into the top chamber of Transwell 
inserts (5.0 μm pore size; Corning). The bottom well was filled with 
RPMI medium or conditioned medium (CM) derived from B16-OVA 
control or Tet2-KO cells, with or without 100 ng/mL recombinant 
murine CXCL10 (R&D Systems, catalog 466-CR-010). For blockade 
of CXCR3, T cells were preincubated in 10 μg/mL anti-CXCR3 (Bio-
Legend, 126517) for 30 minutes prior to loading into the top chamber. 
Plates were incubated at 37°C overnight, the contents of the lower 
chamber were collected, and the viable OT-I CD8+ cells were counted 
with trypan blue.

Immunohistochemistry. All colon adenoma and adenocarcinoma 
samples were acquired from the First Affiliated Hospital of Henan 
Medical University (Zhengzhou, China). Informed consent for 
research was given by patients for all samples. The procedures related 
to human subjects were approved by Ethics Committee at Shanghai 
Medical College, Fudan University (Shanghai Shi, China).

Tissue sections from colon adenoma and adenocarcinoma sam-
ples were deparaffinized twice by xylene and then hydrated. Hydro-
gen peroxide (0.3%) was used to eliminate endogenous peroxidase 
activity. For 5hmC staining, the slides were treated with 2N HCl for 
15 minutes at room temperature; sections were neutralized with 100 
mm Tris-HCl (pH 8.5) for 10 minutes and washed 3 times with PBS. 
The sections were blocked with goat serum in PBS for 30 minutes. 
Sections were then incubated with either anti-5hmC (Active Motif; 
1:1000 dilution), anti-CXCL10 (abCam Cambridge, UK; 1:100 dilu-
tion), or anti-CXCL11 antibody (abCam Cambridge, UK; 1:100 dilu-
tion) overnight at 4°C. Secondary antibody was then applied and incu-
bated at 37°C for 1 hour. Sections were developed with DAB kit and 
stopped with water. Cells showing either cytoplasmic or nuclear sig-
nals (brown) were counted as positive. To quantify the positive area of 
staining in samples, 5 fields from each sample were randomly selected  
and microscopically examined by 2 pathologists in a double-blind 
manner. Images were captured using a charge-coupled device (CCD) 
camera and analyzed using IMT i-Solution Images processing, mea-
surement, and analysis software (IMT i-Solution Inc.). The integral 
staining density (including the information of the positive area and 
the staining density) was obtained for further statistical analysis (74) 
(http://www.imt-digital.com).

Fluorescent multiplex immunofluorescence staining. For the mul-
tiple fluorescence staining, Opal 4-Color Fluorescent IHC Kit 
(MEL794001kt, PerkinElmer Inc.) was used. According to the pro-
tocol, the paraffin-embedded slides were routinely dewaxed (as 

(PX458; Addgene plasmid 48138). The gRNA sequence used for tar-
geting TET2 was GAAAGTGCCAACAGATATCC. Following trans-
fection for 2 days, single cells were sorted by FACS based on EGFP 
expression into 96-well plates. Knockout clones were validated by 
Western blot with TET2 antibody and DNA sequencing. PCR primers 
used for amplifying the sgRNA-targeted sequence from genomic DNA 
were as follows: forward, 5′-CAGATGCTTAGGCCAATCAAG-3′; 
reverse, 5′-AGAAGCAACACACATGAAGATG-3′.

In vivo tumor progression and immunotherapy models. B16-OVA cells 
or MC38 cells (2 × 105) were transplanted s.c. into the back flanks of 5- 
to 6-week-old C57BL/6 mice (The Jackson Laboratory) or nude mice. 
Tumor size was measured with a caliper every 2–3 days, and tumor 
volume was calculated by width2 × length × 0.523. Mice were sacrificed 
when tumors reached maximum allowed size (20 mm in diameter).

For the adoptive T cell immunotherapy model, OT-I cells were 
isolated from 6- to 8-week-old C57BL/6-Tg(TcraTcrb)1100Mjb/ 
J mice (The Jackson Laboratory, stock 003831) using CD8a microbe-
ads (Miltenyi Biotec) according to the manual. OT-I CD8+ T cells (5 
× 106) were transfused i.v. into tumor-bearing mice at day 12. For the 
anti–PD-L1 immunotherapy model, mice were injected i.p. with 200 
μg anti–PD-L1 (clone 10F.9G2, BP0101, Bio X Cell) 3 times per week 
for 2 weeks after tumor implantation. For VC combination treatment, 
mice were injected i.p. with sodium ascorbate (4g/kg) or PBS at indi-
cated days. Mice were monitored for tumor growth every 3 days and 
sacrificed when tumors reached 20 mm in diameter. Statistical anal-
ysis was conducted using GraphPad Prism software. Kaplan-Meier 
curves and corresponding log-rank (Mantel-Cox) test were used to 
evaluate the statistical differences between groups in survival studies.

RNA purification, quantitative PCR, and RNA sequencing. For 
quantitative PCR (qPCR), total RNA was purified from cells treated as 
indicated in the figure legends or mouse tumor samples using RNeasy 
Plus Mini Kit (QIAGEN) according to the manufacturer’s instruc-
tions. cDNA was synthesized with 1 μg of RNA using SuperScript III 
First-Strand Synthesis System (Invitrogen). qPCR was performed 
in triplicate using cDNA and SYBR Green PCR Master Mix (Applied 
Biosystems) in a QuantStudio 6 Flex Real-Time PCR System (Applied 
Biosystems). All primers for qPCR are listed in Supplemental Table 1.

For RNA sequencing (RNA-Seq), THP-1 control and TET2-KO 
cells were treated with or without IFN-γ for 20 hours, and total RNA 
was isolated. Each condition was prepared in triplicate for each RNA-
Seq experiment. Library preparation using Illumina TruSeq mRNA 
sample preparation kit and sequencing on an Illumina HiSeq4000 
machine were performed by the High Throughput Genomic Sequenc-
ing Facility at UNC. Paired-end FASTQ sequences were aligned to 
the human genome (GRCH37/hg19). Differential gene expression 
analysis was performed with the DESeq2 package (70) using raw gene 
counts output from Rsubread (71), and a gene was declared as signifi-
cantly differentially expressed if its adjusted P value (controlling the 
FDR at 0.05) was less than 0.05. The RNA-Seq data were deposited in 
the NCBI’s Gene Expression Omnibus database (GEO GSE132408).

TCGA database analysis. The Cancer Genome Atlas (TCGA) level 
3 gene expression (~20,000 genes) data were downloaded from the 
TCGA-GDC portal using RTCGAToolbox (72). Data on TET1, TET2, 
and TET3 mRNA expression were then extracted for tumor samples 
and matched normal samples for all 30 cancer types. We then kept 
those tumor samples with available matched normal samples, and 
only kept 10 cancer types that had more than 20 pairs of tumor and 

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/10
https://www.jci.org/articles/view/129317#sd
http://www.imt-digital.com
https://www.jci.org/articles/view/129317#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 3 3 0 jci.org   Volume 129   Number 10   October 2019

chemical and cellular studies, and validation experiments, and 
analyzed the data. LL found that TET2 regulates PD-L1 expres-
sion and performed ChIP experiments and additional cellular 
and molecular experiments. YL performed immunohistochem-
istry for human cancer samples and demonstrated the clinical 
relevance. YPX played major roles in designing the experiments, 
collecting and analyzing the results, organizing the figures, and 
writing the paper. WCL provided human colon cancer samples. 
MDS assisted with animal work. XMT performed RNA-Seq and 
TCGA bioinformatics analyses. ZL and MC helped to conduct the 
experiments. MB and JA synthesized the JAK2 inhibitor. YX con-
ceived and designed the experiments and supervised the study. 
YPX and YX wrote the manuscript.
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