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Oncometabolite fumarate facilitates PD-L1 expression and
immune evasion in clear cell renal cell carcinoma

Yi Gao

© The Author(s) 2025

! Shiyin Fan', Xue Sun’, Jiaxi Li", Yue Dai', Hongchen Li

2, Haijie Ma 38, Yanping Xu 2 and Lei Lv@®'™

Clear cell renal cell carcinoma (ccRCC) is the most common subtype of renal cell carcinoma (RCC), with a rising incidence worldwide.
However, the mechanisms by which ccRCC evades immune surveillance remain incompletely understood. Our findings indicate
that fumarate hydratase (FH) expression is significantly downregulated in ccRCC, resulting in fumarate accumulation, which is
correlated with a poor prognosis in ccRCC patients. RNA sequencing analysis suggests that dimethyl fumarate (DMF), an FDA-
approved fumarate analogue, may impact tumor immunity. Our further investigation reveals that both DMF and the FH inhibitor
(FHINT) can promote immune evasion in ccRCC by upregulating PD-L1. Pre-treatment of tumor cells with DMF notably inhibits the
cytotoxic effect of T cells. Mechanistically, fumarate induces PD-L1 expression through succination of HIF-1a at C800, facilitating its
interaction with importin a3, p300, and PKM2, which promotes HIF-1a nuclear localization and transcriptional activity. Moreover,
combining DMF with PD-L1 blockade therapy significantly enhances the efficacy of immunotherapy and prolongs the survival of
tumor-bearing mice. Taken together, our study elucidates a mechanism by which FH downregulation promotes immune evasion
through the fumarate-HIF-1a0/p300/PKM2-PD-L1 axis, providing a novel target, drug, and strategy to improve immunotherapy

for ccRCC.
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INTRODUCTION
Clear cell renal cell carcinoma (ccRCC) originates from the
epithelium of the renal tubules in the renal parenchyma and is
a common malignant tumor of the urinary system [1]. It accounts
for ~75% of renal cell carcinoma (RCC) cases [2] and is
characterized by distinct genetic abnormalities, most notably the
loss of function of the von Hippel-Lindau (VHL) tumor suppressor
gene [3, 4]. ccRCC also exhibits a high degree of invasiveness and
metastasis, leading to a generally poorer prognosis compared to
other subtypes [5]. Over the past few decades, the treatment
strategies for ccRCC have encompassed surgery, chemotherapy,
radiotherapy, cytokine therapy, and immune checkpoint blockade
(ICB) [6]. Since the FDA approval of nivolumab in 2015, various
immune checkpoint inhibitors (ICls) have been widely applied in
the treatment of ccRCC and have become crucial therapeutic
approaches [7]. However, ICB is not effective for all patients, and
its therapeutic efficacy is influenced by multiple factors such as
individual differences, tumor staging, and pathological types [8].
Overall, the treatment of ccRCC still faces significant challenges,
and exploring efficient systemic therapies and enhancing the
efficacy of immunotherapy remain key objectives of current
research [9, 10].

Programmed death-ligand 1 (PD-L1), also known as B7-H1, is a
type | transmembrane protein with a molecular weight of
33 kilodaltons (kDa) [11]. PD-L1 is composed of an extracellular

domain, a transmembrane domain, and an intracellular domain. The
extracellular domain features an N-terminal immunoglobulin-like
domain (IgV) that binds to programmed cell death 1 (PD-1) [12], a
critical interaction for immune system regulation. The most well-
known ICls are anti-PD-1 and anti-PD-L1 monoclonal antibodies.
These inhibitors block the PD-1/PD-L1 interaction, thereby activating
the T-cell receptor signaling pathway and enhancing tumor
immunity [13, 14]. Clinical trials in ccRCC patients have shown that
those with high PD-L1 expression have significantly longer median
survival compared to those with low PD-L1 expression [15]. This
suggests that PD-L1 expression levels could serve as an important
biomarker for predicting the efficacy of ICl treatment in ccRCC
[15, 16]. It is important to note that PD-L1 expression in ccRCC
tumors varies widely [9, 17]. Consequently, the therapeutic effect of
anti-PD-L1 antibodies is less effective in patients with low PD-L1
expression [18, 19]. This variability presents a significant clinical
challenge and highlights the need for more effective therapeutic
options. While boosting immune function is essential for tumor
elimination, it is still unclear whether dysregulation of fumarate
hydratase (FH) expression or function in ccRCC affects tumor
immune evasion or PD-L1 expression.

Fumarate plays a multifaceted role in oncogenic signaling
pathways, with its accumulation in cancer cells typically resulting
from loss-of-function mutations or low expression of the tumor
suppressor enzyme FH, a crucial component of the tricarboxylic
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acid (TCA) cycle. Dimethyl fumarate (DMF), a derivative of the TCA
intermediate fumarate, was first approved by the US Food and
Drug Administration (FDA) for the treatment of multiple sclerosis
and psoriasis due to its immunomodulatory and antioxidative
properties [20, 21]. DMF can covalently modify cysteine residues of
Kelch-like ECH-associated protein 1 (KEAP1) through succination,
leading to the activation of nuclear factor erythroid 2-related
factor 2 (Nrf2), which generates antioxidant and anti-inflammatory
effects [22, 23]. Additionally, DMF inhibits the nuclear entry of NF-
kB family members, effectively blocking the NF-kB signaling
pathway and significantly reducing the production of pro-
inflammatory cytokines [24, 25]. However, the role of DMF in
treating ccRCC and its underlying mechanisms remains unclear.
Here, we demonstrate for the first time that fumarate can
upregulate PD-L1 expression through succination of HIF-1q,
thereby promoting immune evasion in ccRCC. Importantly, the
combination of DMF administration and anti-PD-L1 antibody
significantly enhanced the efficacy of immunotherapy in a mouse
model of renal cancer, indicating that DMF is a promising adjuvant
for immunotherapy.

RESULTS

Fumarate facilitates immune evasion in ccRCC

To investigate the role of FH in the development of ccRCC, we
analyzed its expression and association with prognosis. Our results
indicated that FH is significantly downregulated in ccRCC compared
to normal tissues, and its expression level inversely correlates with
tumor stages I-IV (Fig. 1A, B). Additionally, patients with lower FH
expression tend to have shorter survival periods (Fig. 1C). To
elucidate the mechanisms underlying this clinical observation, we
performed RNA-seq analysis. Given that low expression of FH leads
to significant accumulation of fumarate in ccRCC, we analyzed the
gene expression differences in RCC4 cells under DMF treatment.
KEGG analysis revealed that DMF regulates multiple cancer-related
pathways, including PD-L1 expression and PD-1 checkpoint,
ferroptosis, and Hippo signaling pathways (Fig. 1D, E). To confirm
whether DMF regulates tumor immunity, we measured the impact
of DMF on T cell-mediated tumor cell killing. Activated T cells were
co-cultured with RCC4 cells with or without DMF pretreatment (Fig.
1F). The results demonstrated that pretreatment of tumor cells with
DMF significantly inhibited the killing effect of T cells (Fig. 1G).
Collectively, these findings suggest that fumarate profoundly affects
the tumor microenvironment and contributes to the immune
evasion of ccRCC, thereby influencing disease progression, treat-
ment response, and overall prognosis.

Fumarate promotes PD-L1 transcription in ccRCC

Previous data indicated that fumarate may promote PD-L1
transcription (Fig. 1E). To confirm this, we examined the effects
of DMF and the FH inhibitor (FHINT) [25] on PD-L1 expression in
ccRCC cells. The results demonstrated that FHIN1, similar to DMF
treatment, upregulated both the protein and mRNA levels of PD-
L1 in RCC10 and RCC4 cells (Fig. 2A and Supplementary Fig. 1A, B).
Notably, this upregulation was both concentration- and time-
dependent (Fig. 2B-E). Furthermore, using two different siRNAs to
knock down FH in RCC10 and RCC4 cells (Supplementary Fig. 1C),
we found that PD-L1 protein and mRNA levels were also
upregulated (Supplementary Fig. 1D). Additionally, treatment with
Actinomycin D, which inhibits DNA transcription, suppressed
DMF-induced PD-L1 upregulation (Supplementary Fig. 1E). Con-
sistently, DMF treatment did not alter the half-life of PD-L1
(Supplementary Fig. 1F). In addition, we used flow cytometry to
detect PD-L1 levels on the cell surface under DMF treatment. The
results showed that DMF significantly increased the level of PD-L1
on the cell surface of RCC4 cells (Fig. 2F). In summary, these data
suggest that DMF/FHINT-induced fumarate accumulation pro-
motes PD-L1 transcription in ccRCC.

SPRINGER NATURE

Fumarate upregulates PD-L1 expression via HIF-1a

We next investigated whether DMF has a similar effect on other
tumor cell lines. Four human tumor cell lines (non-small cell lung
cancer H1299, melanoma A375, liver cancer HCCLM3, breast
cancer MDA-MB-231) and two mouse tumor cell lines (colorectal
cancer CT26, breast cancer 4T1) were selected. Surprisingly, DMF
had little to no effect on PD-L1 expression in these tumor cells
(Fig. 3A and Supplementary Fig. 2A). This led us to explore why
DMF specifically upregulates PD-L1 levels in ccRCC. The inactiva-
tion of the VHL tumor suppressor gene is a hallmark of ccRCC,
occurring in ~90% of patients [26], and leads to the accumulation
of HIF-1/2a even under normoxic conditions [27, 28]. Since HIF-1/
2a can also promote PD-L1 transcription, we hypothesized that
DMF might regulate PD-L1 through HIF-1/2a. To validate the
hypothesis, we overexpressed VHL in RCC4 cells and examined the
protein levels of HIF-1/2a. Interestingly, VHL-induced degradation
of HIF1/2a almost completely abolished the effect of DMF on PD-
L1 expression (Fig. 3B). Additionally, HIF-1a inhibitors PX-478 and
YC-1 can inhibit DMF/FHIN1-mediated upregulation of PD-L1 in
ccRCC cells, whereas the HIF-2a inhibitor TC-S 7009 has no effect
(Fig. 3C-F, Supplementary Fig. 2B). To further validate the role of
HIF-1/2a in fumarate-induced PD-L1 upregulation, we employed
small interfering RNA (siRNA) to knock down HIF-1a expression in
RCC4 cells (Supplementary Fig. 2C, D), and the results were
consistent with those obtained using HIF-1/2a inhibitors (Fig.
3G-J, Supplementary Fig. 2E, F). Consistently, flow cytometry
analysis revealed that HIF-1a inhibitor YC-1, but not the HIF-2a
inhibitor TC-S 7009, significantly reduced DMF-induced upregula-
tion of PD-L1 levels on tumor cell surfaces (Fig. 3K). Taken
together, these findings suggest that DMF/FHINT may upregulate
PD-L1 expression through HIF-1q, rather than HIF-2a.

Fumarate promotes PD-L1 expression through the HIF-1a/
p300/PKM2 transcriptional complex

Previous studies have shown that PKM2 can interact directly with
HIF-1a, enhancing the transcriptional activation of target genes by
promoting HIF-1a binding and the recruitment of p300 to
hypoxia-responsive elements [29]. To determine whether PKM2
and p300 are involved in fumarate-induced PD-L1 expression, we
used p300 inhibitors A-485 and CCS1477 (Fig. 4A, B, E, F), as well as
PKM2 inhibitors PKM2-IN-1 and Shikonin (Fig. 4C, D, G, H). The
results demonstrated that these inhibitors significantly suppressed
DMF/FHIN1-induced upregulation of PD-L1 in RCC10 and RCC4
cells (Fig. 4A-H). Additionally, we assessed the effects of DMF in
the presence of inhibitors for HIF-1a, p300, and PKM2 on T cell-
mediated tumor cell killing. We found that these inhibitors
eliminated the inhibitory effect of DMF-pretreated tumor cells on
T cell killing (Fig. 4l). Collectively, these findings suggest that the
upregulation of PD-L1 by fumarate may rely on the HIF-1a/p300/
PKM2 transcriptional complex.

Fumarate facilitates PD-L1 expression by succination and
activation of HIF-1a

To investigate how fumarate regulates the transcriptional activity
of the HIF-1a/p300/PKM2 complex, we performed western blot
analysis on nuclear and cytoplasmic fractions of endogenous HIF-
10, p300, and PKM2. The results showed that DMF treatment
enhanced the nuclear translocation of these components to
varying extents (Fig. 5A). Previous studies have reported that the
nuclear translocation of HIF-1a is mediated by nuclear transport
receptors importin al, a3, a5, and a7 [30]. To determine which
importin mediates the nuclear translocation of HIF-1a under DMF
treatment, we conducted co-immunoprecipitation experiments.
The results indicated that DMF treatment specifically increased the
interaction between HIF-1a and importin a3 in RCC4 cells (Fig. 5B).
Additionally, knockdown of importin a3 effectively blocked FHIN1-
induced nuclear translocation of HIF-1a, p300, and PKM2 (Fig.
5C, D), as well as PD-L1 expression (Fig. 5E). These findings
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Fig. 1

Accumulation in fumarate triggers alterations of immune response in ccRCC. A Differences in the expression of FH between ccRCC

and normal samples are shown using the GEPIA platform. *P < 0.05. B FH expression levels in normal samples and four different tumor stages
of ccRCC. *P < 0.05. C Kaplan-Meier curves for overall survival (OS) of ccRCC patients with low and high FH expression levels. D, E RNA-seq
analysis was performed on RCC4 cells with and without DMF treatment, using three biologically independent samples per group. All listed
genes showed significant differences (P < 0.05). F Schematic diagram depicting the determination of the effect of DMF on T cell-mediated
killing of RCC4 cells. G Control and DMF-treated RCC4 cells were cocultured with activated T cell for 48 h and then subjected to crystal violet
staining. The quantification was shown on the Right. Data represent mean £ SD, n = 3. ***P < 0.001.

highlight the crucial role of importin a3 in fumarate-induced
regulation of the HIF-1a/p300/PKM2 complex and subsequent PD-
L1 expression.

As a thiol-reactive electrophile, DMF can modify nucleophilic
cysteine residues on proteins to form S-(2-succinyl) cysteine (25C)

Cell Death and Disease (2025)16:432

fumarate, a process known as succination [22]. To investigate
whether succination is involved in fumarate-mediated PD-L1
expression, we pretreated cells with N-acetyl-L-cysteine (NAC), a
cell-permeable thiol that competes with cysteine for succination,
prior to DMF treatment. Notably, NAC pretreatment abolished the

SPRINGER NATURE
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Fig.2 Fumarate upregulates the expression of PD-L1 via transcriptional regulation in ccRCC. A Western blot and qRT-PCR analyses of PD-
L1 in RCC10 and RCC4 cells with or without DMF (50 pM, 12 h) or FHINT (20 pM, 24 h) were performed. ***P < 0.001. B Western blot and qRT-
PCR analyses of PD-L1 expression in RCC10 and RCC4 cells treated with 50 pM DMF for various durations as indicated. *P < 0.05, ***P < 0.001,
**¥%p < 0.0001. C Western blot and gRT-PCR analyses of PD-L1 expression in RCC10 and RCC4 cells treated with increasing concentrations of
DMF (0-50 pM) for 12 h. ns nonsignificant, ***P < 0.001, ****P < 0.0001. D Western blot and gRT-PCR analyses evaluated PD-L1 expression in
RCC10 and RCC4 cells treated with 20 pM FHINT at 3 h, 6 h, 12 h, and 24 h. ns, nonsignificant, ***P < 0.001, ****P < 0.0001. E Western blot and
gRT-PCR analyses were used to assess PD-L1 expression levels in RCC10 and RCC4 cells after treatment with FHIN1 concentrations ranging
from 0 to 20 pM for 24 h. ns nonsignificant, ***P < 0.001, ****P < 0.0001. F Flow cytometry analysis of membrane PD-L1 expression in RCC4 cells
under DMF treatment. Representative histograms and summarized mean fluorescent intensity (MFI) are shown. Values are means + SD from
n = 3 independent experiments. Statistical differences were determined by Student’s t-test. ***P < 0.001.

upregulatory effect of DMF on PD-L1 expression (Fig. 5F),
suggesting that HIF-1a may undergo succination, with NAC
preventing this modification. Using an antibody specific to 2SC,
we confirmed that DMF treatment significantly increased the

SPRINGER NATURE

succination levels of HIF-1a (Fig. 5G). Moreover, DMF enhanced
the binding of HIF-1a to p300 and PKM2 (Fig. 5G). We next
identified the cysteine residue in HIF-1a that is succinated and
regulates its interaction with p300 and PKM2. Previous studies

Cell Death and Disease (2025)16:432



Y. Gao et al.

A H1299 A375 HCCLM3
DMF - + DMF - + DMF - + RCC4
55 55 —
PD-L1 [ W8 PD-L1 [W Wl PD-L1 S DMF - + +
Actin El':ga AC“"E]‘:S ACt'"EI‘:Sa HA-VHL - - +
) PD-L1 [ W W™
A ——
MDA-MB-231 CT26 4T1 HIE-2a 125
i o s HIF-1a [ = ™
PD-L1 [W W] *° PD-L1 (W% PD-L1 [T Act
Actin [Ee}-5 Actin [@REL-15 Actin [Emem]- 45 otin (S5
kDa kDa kDa kDa
C RCC10 RCC4 D RCC10 RCC4
DMF - + + DMF - + + DMF - + + DMF - + +
YC1 - - + YC1 - - + TC-S7009 - - + TC-S7009 - - +
PD-L 1 [ W W5 PD-L 1 [ 0 T PD-L1 [N ° PD-L1 [ 0 W]
HEAJ[S= =  HF-ia[== HF2o[@ @  HF2a[m e ]
Actin [em = we]-45 Actin [== e w45 Actin[== == ==}45 Actin [w= == w45
kDa kDa kDa kDa
§ T>) § RCC10 § RCC4
° o 240 *xx NS 240
< < < < *% NS
Z Z z Z
v o4 4 o
€ € = E
-~ ~ ~ ~
Y "y 5 <
g g N g
[ [} o [
= 2 = =
kS © © ©
[0} [} [0 ]
4 > & N 4 4 4
& S J
§ QN
o &
Q
E RCC4 F RCC4 G H
FHINT - + + FHINT - + +
YC-1 - - + TC-S7009 - - + s
PoLi[MWI® P01 [ S S8
5 100 i 125 DMF - + + + DMF - + + +
- - Poui MBET® oL (R
Actin [sm == ==}-45 Actin [wm == ==}-45 = = ,
kDa kDa HIF-10 [== == == ==]"100 HIF-20 [ 88 © [125
Actin S == == =] 45 Actin [mememm} 15
kDa kDa
| J K RCC4 RCC4
RCC4 RCC4 ! 6 1 ns
NSy N oS i w o
L FE S !
é\o ééoé( Qﬁ‘ é‘\o §\°§<I Qﬁ( Isotype : ) T
o
S L PP X X . 94_
FHINT - + + + FHINT - + + + Control ' i
oL MWW eou WMWY | |2
HIF-la[= = =T10  HIF-20 [ #8 &8 81125 - e
Actin e == = w45 Actin [e= e o= w45 DMF+YC-1 2
et PO
kDa kDa 1
DMF+TC-S 7009 1 0 \l QI T
e e | Ll | — L 0 Qq
100 10 102 100 10" 10° 04\6 QQ x() '\Q
PD-L1 level on the membrane o §§< 09
oS
&
Q

have pinpointed residues essential for HIF-1a’'s interaction with
p300, including cysteine 800 (C800) [31]. Intriguingly, among the
four HIF-1a residues critical for p300 recruitment, one is the
cysteine 800 (C800) site [31]. Docking analysis indicated that
residues near C800 are crucial for HIF-1a’s binding to p300 (Fig.

Cell Death and Disease (2025)16:432

5H), suggesting that succination at C800 might influence this
interaction. To test this hypothesis, we mutated C800 to serine
(C800S), which prevents succination. This mutation significantly
reduced HIF-1a succination under DMF treatment and decreased
its binding to p300, PKM2, and importin a3 (Fig. 5I, J).

SPRINGER NATURE
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Fig. 3 Fumarate facilitates PD-L1 expression via HIF-1a. A Western blot analysis was performed to assess the protein levels in four human
tumor cell lines (non-small cell lung cancer H1299, melanoma A375, liver cancer HCCLM3, breast cancer MDA-MB-231) and two mouse tumor
cell lines (colorectal cancer CT26, breast cancer 4T1) following treatment with 50 uM DMF for 12 h. B The expression levels of HIF-1a, HIF-2a,
and PD-L1 in RCC4 cells with or without transfection of VHL-expressing plasmids, were examined by Western blot after treatment with DMF
(50 pM, 12 h). € Western blot and gRT-PCR analyses were performed to assess the PD-L1 levels in RCC10 and RCC4 cells treated with DMF, in
the absence and presence of 5 pM YC-1, an inhibitor of HIF-1a. ***P < 0.001. D Western blot and qRT-PCR analyses were performed to assess
PD-L1 levels in RCC10 and RCC4 cells treated with DMF, with or without 50 pM TC-S 7009, an inhibitor of HIF-2a. ns nonsignificant, **P < 0.01,
***p <0.001. E Western blot analyses were performed to assess the PD-L1 levels in RCC4 cells treated with FHIN1, both in the absence and
presence of 5 uM YC-1, which is an inhibitor of HIF-1a. F Western blot analyses were performed to assess PD-L1 levels in RCC4 cells treated
with FHIN1 with or without 50 pM TC-S 7009, which is an inhibitor of HIF-2a. G After transfection with two siRNA fragments designed to knock
down HIF-1a expression, RCC4 cells were treated with DMF, followed by the detection of PD-L1 expression levels through western blot. H After
transfection of RCC4 cells with two HIF-2a-knockdown siRNAs, treatment with DMF was followed by detection of PD-L1 expression using
western blot. | After transfection with two siRNA fragments designed to knockdown HIF-1a expression, RCC4 cells were treated with FHIN1,
followed by the detection of PD-L1 expression levels through western blot. J After transfection of RCC4 cells with two HIF-2a-knockdown
siRNAs, treatment with FHIN1 was followed by detection of PD-L1 expression using western blot. K Following pretreatment with YC-1 or TC-S
7009, the membrane PD-L1 expression in DMF-treated RCC4 cells was analyzed using flow cytometry. Representative histograms and
summarized mean fluorescent intensity (MFI) are shown. Values are means + SD from n = 3 independent experiments. Statistical differences

were determined by Student’s t-test. ns nonsignificant, **P < 0.01.

Furthermore, the C800S mutation effectively blocked FHIN1-
induced upregulation of PD-L1 expression (Fig. 5K). Given that
HIF-1a directly binds to the promoters of target genes [32], we
used ChIP-gPCR to verify whether PD-L1 is a direct target of HIF-1a
upon DMF treatment. We found that HIF-1a interacts with the PD-
L1 promoter (~0.5 kb proximal to the transcription start site) (Fig.
5L). Of note, DMF treatment significantly increased HIF-1a binding
to PD-L1 promoter, while inhibitors targeting the HIF-1a/p300/
PKM2 transcriptional complex decreased this binding (Fig. 5L).
These results indicate that fumarate upregulates PD-L1 expression
by succinating HIF-1a and enhancing the activity of the HIF-1a/
p300/PKM2 complex.

DMF enhances the efficacy of immunotherapy in renal cancer
Inhibition of PD-L1 in tumor cells can activate anti-tumor immunity,
but not all patients respond to this treatment [13]. Factors such as the
tumor mutation burden (TMB), tumor microenvironment (TME), and
the patient’s immune status can influence the therapeutic effect of
PD-L1 antibodies [15]. One clinical strategy to increase the efficacy of
immunotherapy is to increase the abundance of PD-L1 in tumor cells,
and then combine it with anti-PD-L1 antibodies. Given that DMF is a
widely used clinical drug, we investigated whether DMF could serve
as an adjuvant to enhance the therapeutic efficacy of immunotherapy
in renal cancer. We first confirmed that DMF can upregulate PD-L1
expression in RAG cells, a mouse renal cancer cell line, through the
HIF-1a/p300/PKM2  transcriptional complex (Supplementary Fig.
3A-D). We then conducted an in vivo experiment where RAG cells
were inoculated into the right posterior region of BALB/c mice, and
the mice were treated with DMF and anti-PD-L1 antibodies (Fig. 6A).
The results showed that tumor size increased after DMF administra-
tion, consistent with in vitro observations, suggesting that DMF can
promote tumor immune evasion (Fig. 6B-D). Additionally, anti-PD-L1
antibody treatment reduced tumor growth and tumor weight (Fig.
6B-D). More importantly, the combination of DMF and anti-PD-L1
antibodies yielded the best therapeutic effect (Fig. 6B-D). Immuno-
histochemical (IHC) analysis of tumor tissues revealed that combined
DMF and anti-PD-L1 treatment significantly increased the number of
tumor-infiltrating CD8* T cells and the level of granzyme B,
demonstrating a synergistic effect in stimulating CD8" T cell tumor
infiltration and anti-tumor immunity (Fig. 6E, F). In summary, the
combined treatment of DMF and anti-PD-L1 antibodies significantly
inhibits tumor growth, indicating that DMF can enhance the efficacy
of immune checkpoint blockade therapy in renal cancer.

DISCUSSION
FH is an enzyme of the TCA cycle, and its deficiency or inactivation
can lead to significant fumarate accumulation in the tumor stroma
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[33-36]. FH deficiency is associated with the development of
certain types of kidney cancer, with mutations in the FH gene
resulting in a highly invasive and metastatic phenotype with poor
prognosis [37]. ccRCC, as one of the most common subtypes of
RCC, also accounts for most RCC-associated deaths [10]. In this
study, we found that FH is markedly downregulated in ccRCC, with
its expression level negatively correlating with tumor stages and
positively correlating with patient prognosis. In line with our
results, a previous study found that over 70% of ccRCC samples
showed decreased FH expression, with hypermethylation poten-
tially playing a role in FH downregulation [38]. Additionally, a
review noted that FH transcriptional downregulation has been
observed in ccRCC and proposed that FH loss may be linked to
hypermethylation and suppression of the tumor suppressor
CDKN2A [39]. Together, hypermethylation maybe involved in the
downregulation of FH in ccRCC. Mechanistically, we found that
fumarate accumulation due to FH inhibition promotes succination
of HIF-1a at C800, leading to its nuclear localization, recruitment of
p300 and PKM2, and activation of PD-L1 expression (Fig. 7).
Immune surveillance evasion is a prominent hallmark of cancer
[40]. The strategy of ICB for treating ccRCC has garnered
considerable attention and the application of ICI has demon-
strated the potential to improve the survival rates of tumor
patients [41]. Additionally, various immunomodulatory molecules,
such as PD1-IL2v, GM-CSF, and IL-2, have been implemented in
clinical practice, further enhancing the efficacy of immunotherapy
[42-44]. However, the development of new drugs often entails
significant time and financial investments, and may encounter
challenges such as low efficacy and side effects during clinical
trials [45]. Consequently, the reutilization of existing drugs has
sparked a wave of enthusiasm in recent years. For instance,
aspirin, primarily known for its fever-reducing and analgesic
properties, has shown to possess potential applications in
immunotherapy for hepatocellular carcinoma (HCC) [46]. Similarly,
metformin, a first-line treatment for type 2 diabetes mellitus, has
also been discovered to possess anti-inflammatory and immuno-
modulatory properties [47]. DMF has been used to treat
autoimmune diseases, and recently, DMF was also reported to
regulate tumor metabolism and progression [25, 48]. In this study,
we found that DMF can promote PD-L1 expression. Surprisingly,
DMF only regulates the expression of PD-L1 in ccRCC. Considering
that a key marker of ccRCC is the inactivating mutation of VHL,
leading to the accumulation of HIF-1/2a and reprogramming of
tumor metabolism [27], we examined the effect of DMF on HIF-1/
2a. Our results indicate that DMF upregulates PD-L1 expression in
ccRCC through the succination of HIF-1a rather than HIF-2q, a
process dependent on the HIF-1a/p300/PKM2 transcriptional
complex (Figs. 3 and 4). More importantly, we demonstrated that
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Fig. 4 Fumarate-induced PD-L1 expression depends on HIF-1a/p300/PKM2 transcriptional complex. A, B Western blot and qRT-PCR
analyses were performed to evaluate the PD-L1 levels in RCC10 and RCC4 cells treated with DMF/FHIN1, both in the absence and presence of
20 M A485 or 100 nM CCS1477, an inhibitor of p300. ***P < 0.001, ****P < 0.0001. C, D Western blot and gRT-PCR analyses were performed to
assess PD-L1 levels in RCC10 and RCC4 cells that were treated with DMF/FHIN1, with or without the addition of 0.3 yM PKM2-IN-1 or 1 pM
Shikonin, an inhibitor of PKM2. ***P < 0.001, ****P < 0.0001. E, F Western blot analyses were performed to assess the PD-L1 levels in RCC4 cells
treated with FHIN1, both in the absence and presence of 20 uM A485 or 100 nM CCS1477, an inhibitor of p300. G, H Western blot analyses
were performed to assess PD-L1 levels in RCC4 cells that were treated with FHIN1, with or without the addition of 0.3 uM PKM2-IN-1 or 1 uM
Shikonin, an inhibitor of PKM2. I After pre-treatment with or without YC-1, CCS1477, and PKM2-IN-1, DMF-treated RCC4 cells were cocultured
with activated T cells for 48 h, followed by crystal violet staining. The quantification was shown on the Right. Data represent mean = SD, n = 3.
**P < 0.01, ***P < 0.001.
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DMF can enhance the efficacy of immunotherapy, suggesting that
even traditional drugs like DMF may have novel therapeutic uses
(Fig. 7).

Clinical trials using anti-PD-L1 antibodies for ccRCC treatment
have shown low response rates, likely due to the low expression
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levels of PD-L1 in some patients [13, 15]. Consequently,
immunotherapy using ICB for ccRCC remains a significant
challenge [16]. This study provided experimental evidence that
DMF can act as an immune “sensitizer”. As shown in Fig. 6, the
combined use of DMF and anti-PD-L1 antibody significantly
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Fig. 5 Fumarate promotes PD-L1 expression through succination and activation of HIF-1a. A Western blot analysis was conducted to
examine the cytosolic and nuclear localization of p300, PKM2, and HIF-1a in RCC4 cells treated with DMF (50 pM, 12 h). B RCC4 cells were
transfected with importin a1, importin a3, importin a5, and importin a7, both in the presence and absence of DMF. The binding interactions
between Flag-HIF-1a and the four nuclear transport proteins were analyzed by co-immunoprecipitation (co-IP) and Western blot. C qRT-PCR
analysis of importin a3 transcription levels in RCC4 cells transfected with control or importin a3-targeting siRNAs. D After transfection with two
siRNA fragments specifically designed to knock down importin a3 expression, RCC4 cells were treated with FHIN1 (20 pM, 24 h), followed by
western blot analysis to determine the cytosolic and nuclear localization of p300, PKM2, and HIF-1a. E Following transfection of RCC4 cells
with two siRNA fragments designed to knock down importin a3 expression, the cells were treated with FHIN1 (20 uM, 24 h), and PD-L1
expression levels were analyzed by western blot. F The effect of N-acetyl-L-cysteine (NAC) on DMF-induced PD-L1 degradation was
determined by Western blot. RCC4 cells were pretreated with 5mM NAC for 1 h before being treated with DMF (50 pM, 12h). G The
succination status of Flag-HIF-1a in HEK-293T cells transfected with Flag-HIF-1a, with or without DMF treatment, was evaluated by co-IP
analysis, as well as its binding interactions with p300 and PKM2. H Computational molecular docking simulation predicts the interaction
between HIF-1a and p300. | HEK-293T cells were transfected with Flag-HIF-1a WT or C800S mutant in the presence or absence of DMF.
Succination levels of Flag-HIF-1aa WT and C800S mutant were analyzed by co-IP and western blot, as well as their binding interactions with
p300 and PKM2. J In the presence or absence of FHIN1, RCC4 cells were transfected with Flag-HIF-1a wild-type or C800S mutant. The binding
interactions between Flag-HIF-1a wild-type and C800S mutant with importin a3 were analyzed by co-IP and western blot. K In the presence or
absence of FHIN1, RCC4 cells were transfected with Flag-HIF-1a WT or C800S mutant, and PD-L1 expression levels were analyzed by western
blot. L Chromatin immunoprecipitation (ChIP) analysis of the PD-L1 promoter in RCC4 cells using anti-HIF-1a monoclonal antibody (mAb) was

conducted. The experiments were performed in triplicates and repeated three times.

increased the number of tumor-infiltrating CD8* T cells and the
levels of granzyme B, thereby enhancing the efficacy of
immunotherapy in mice. These findings indicate that the
combination of DMF and anti-PD-L1 antibody represents a
promising strategy for ccRCC treatment, including for refractory
patients.

HIF-1a is regulated by several post-translational modifications.
For example, the phosphorylation of HIF-1a can affect its stability
[49], while SUMOylation can alter its interaction with other
proteins [50]. In this study, we demonstrated for the first time
that the oncometabolite fumarate can succinate and activate HIF-
1a, leading to the upregulation of PD-L1 and immune evasion in
ccRCC. We also explored the role of DMF as an adjuvant drug for
immunotherapy in ccRCC, providing an experimental basis for its
potential use as an immune modulator. In summary, this study
identified a target, drug, and strategy to enhance immunotherapy
for ccRCC. The role of fumarate in TME of ccRCC warrants further
investigation, which may lead to improved therapeutic windows
for ccRCC.

MATERIALS AND METHODS

Cell culture

RCC4, RCC10, HCCLM3, MDA-MB-231, A375, RAG, and HEK 293 T cells were
cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin (P/S). RPMI 1640 containing 10% FBS and 1% P/
S was used to culture H1299, CT26, and 4T1 cells. For cell transfection,
plasmids were introduced using EZ-trans reagents (Life iLab, China)
according to the manufacturer’s protocols. The drugs used in this study
included DMF (TargetMol, 624-49-7), Fumarate hydratase-IN-1 (MCE, HY-
100004), YC-1 (MCE, HY-14927), PX478 (MCE, HY-10231), TC-S 7009 (MCE,
HY-18371), A-485 (MCE, HY-107455), CCS1477 (MCE, HY-111784), Shikonin
(MCE, HY-N0822), PKM2-2N-1 (MCE, HY-103617), Actinomycin D (MCE, HY-
17559), and Cycloheximide (Selleck, S7418).

siRNA transfection

siRNA transfection was performed using jetPRIMER (Polyplus, 101000046).
According to the manufacturer’s instructions, cells were incubated with the
transfection complex for 6 h before replacing it with fresh media. After
48h, cells were harvested for total RNA or protein extraction. Small
interfering RNA (siRNAs) specifically targeting FH, HIF-1a, and HIF-2a mRNA
were synthesized by GenePharma (Shanghai, China).

The following effective sequences were used: siFH#1, 5-UCUUGGGCAG-
GAAUUUAGUGGUUAU-3' and siFH#2, 5-GCACUGCUGUUGGUACAG-
GUUUAAA-3'; siHIF-1a#1, 5-GGGAUUAACUCAGUUUGAATT-3’' and siHIF-
Ta#2, 5'-GCCGAGGAAGAACUAUGAATT-3/; siHIF-20#1, 5'-ACGUAACGAUUU-
CAUGAAAT-3’ and siHIF-2a#2, 5-CAACGUAACGAUUUCAUGAAA-3'; siim-
portin a3#1, 5-GGCGGAACAUUUGGUUUCATT-3" and siimportin a3#2, 5'-
GCCACCAGGAAGUUAAAGUTT-3'.
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Western blot

Cells were washed with phosphate-buffered saline (PBS) and lysed in NP-
40 lysis buffer (150 mM NaCl and 50 mM Tris-HCl, pH 7.5) containing 1%
phosphatase inhibitor and 1% protease inhibitor at 4 °C for 40 min. The cell
lysates were then heated with SDS-PAGE sample buffer at 100°C for
15 min, followed by a standard Western blot procedure to detect specific
proteins. Briefly, proteins were separated by electrophoresis on a
7.5-12.5% SDS-polyacrylamide gel and subsequently transferred to a
nitrocellulose membrane. The membrane was incubated with the primary
antibody overnight at 4 °C. After three washes with TBST, the secondary
antibody conjugated with horseradish peroxidase (HRP) was added and
incubated at room temperature for 1 h. Subsequently, the membrane was
washed again with TBST. The protein bands were visualized using the
Chemiluminescent HRP Substrate (Millipore) on the Chemiluminescent
Imaging System (Tanon Science and Technology Co., Ltd) and analyzed by
chemiluminescence and densitometry. All antibodies used for Western blot
are commercially available and include Actin (Proteintech, 81115-1-RR),
HIF-1a (Huabio, ER1802-41), HIF-1a (Cell Signaling Technology, 36169S),
HIF-2a (Cell Signaling Technology, 59973S), p300 (Cell Signaling Technol-
ogy, 54062S), PKM2 (Cell Signaling Technology, 4053S), Tubulin (Protein-
tech, 66031-1-lg), Flag (GNI, GNI4110-FG), Histone H3 (Huabio, M1309-1),
PD-L1 (Thermo, PA5-86027), PD-L1 (Proteintech, 66248-1-Ig), 2SC (Dis-
covery Antibodies, crb2005017), CD8 (Huabio, 0108-7), Granzyme B
(Huabio, HA500252), importin a1(Proteintech, 10819-1-AP), importin a3
(Proteintech, 12463-1-AP), importin a5 (Proteintech, 18137-1-AP), importin
a7 (Proteintech, 12366-2-AP), Mouse secondary antibody (SAB, L3032), and
Rabbit secondary antibody (SAB, L3012).

Quantitative real-time PCR

Total RNA was extracted from cells using the EZ-press RNA purification kit
from EZ Bioscience. According to the manufacturer’s instructions, the
purified RNA was converted into cDNA using the gDNA Remover and
Reverse Transcription Master Mix (EZ Bioscience). Subsequently, qRT-PCR
was performed on the Applied Biosystems 7300 Plus Sequence Detection
System (Applied Biosystems). The expression levels of target mRNA genes
were normalized to the f-actin gene expression. Data analysis was
conducted using the comparative cycling threshold (Ct) method.

The following primers were used: B-actin: forward, 5-GGCATA-
GAGGTCTTTACGGATGTC-3/, reverse, 5-TATTGGCAACGAGCGGTTCC-3/; FH:
forward, 5-TGCAATAATGAAGGCAGCAG-3/, reverse, 5-TGATCCAGTCTGC-
CATACCA-3’;  HIF-1a: forward, 5-GAACGTCGAAAAGAAAAGTCTCG-3/,
reverse, 5-CCTTATCAAGATGCGAACTCACA-3/; HIF-2a: forward, 5-CGAC-
CATGAGGAGATTCGTGAG-3/, reverse, 5'-CGTGCAGTGCAAGACCTTCCAG-3/;
PD-L1: forward, 5- TGGCATTTGCTGAACGCATTT-3/, reverse, 5-TGCAGC-
CAGGTCTAATTGTTTT-3'; importin a3: forward, 5'-AAGCAGTAGTTCAGTC-
CAAT-3/, reverse, 5-GCCAGCATCAGTAAGGTAA-3'.

ChIP assay

Chromatin immunoprecipitation (ChIP) assays were performed using
lysates from MSC-1 cells, utilizing the Simple ChIP enzymatic chromatin
IP kit (Cell Signaling Technology).
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SYBR Green RT-gPCR was conducted using primers from previously reported
references, specifically: hPDL1-chip-1, forward, 5-TGTACTTACCTTCGAGTCTCT-
3, reverse, 5'-CTGAGGCTTGCTATTAACCA-3’; hPDL1-chip-2, forward, 5'-
GTGTGAGTATGTATCTTCCTTG-3, reverse, 5-AGTTGCCTGATGAATGTTCT- 3/;
hPDL1-chip-3, forward, 5-AGTCCTCAAGGCTCTTCA-3/, reverse, 5-TTAGT-
TATGGTGGTCAGGAA-3'; hPDL1-chip-4, forward, 5-TTGTTGGAGGTCTCATCTT-
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3/, reverse, 5'-CTCATCTGACACTCACAATC-3'; hPDL1-chip-5, forward, 5-GGAAA-
CAGAGGAAGAGAAATG-3, reverse, 5-AGTGGACCTGAAGAGATGT-3/; hPDL1-
chip-6, forward, 5-GAAGGAAGGATGGTACTGATA-3/, reverse, 5/-
GGTCTTGGAGGTCAACATT-3'; hPDL1-chip-7, forward, 5-ACACGAATCCTCACAT-
TACT-3/, reverse, 5-AATCATATCCTCCTAGATGGC-3'; hPDL1-chip-8, forward, 5
TTCGGGAACTTTGGGAAG-3/, reverse, 5-GCTGACACTGCCTTGATT-3/; hPDL1-
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Fig. 6 DMF synergizes with anti-PD-L1 antibodies to inhibit the tumor growth in renal cancer. A A schematic representation of the animal
experiment process is shown. B Female BALB/c mice underwent treatment with a control, DMF, aPD-L1, or a combination of DMF + aPD-L1.
Tumors were subsequently resected from each treatment group as indicated, with n =6 mice per group. C Tumor growth of RAG cells in
female BALB/c mice was determined. Statistical differences were determined by ordinary one-way ANOVA. *P < 0.05, ****P < 0.0001. D The
weight of tumors resected from each group of mice that received different treatments as indicated was analyzed. Data represent mean + SD,
n=6 mice per group. Statistical differences were determined by ordinary one-way ANOVA. **P<0.01, ***P<0.001, ****P<(0.0001.
E Immunohistochemistry showed CD8" T cell infiltration and granzyme B expression in the RAG tumor tissues as indicated (scale bars, 20 pm).
F Quantifications of images in (E). Data represent mean = SD from six independent samples of each group. Statistical differences were

determined by ordinary one-way ANOVA. ***P < 0.001, ****P < 0.0001.
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Fig. 7 Fumarate upregulates PD-L1 expression through succination and activation of HIF-1a, thereby promoting immune evasion
in ccRCC. In some patients with ccRCC, low levels of PD-L1 expression result in suboptimal clinical responses to anti-PD-L1 therapy (left panel).
However, treatment with DMF upregulates PD-L1 expression, relying on the HIF-1a/p300/PKM2 transcriptional complex. Specifically, DMF
induces succination of HIF-1a, which then directly interacts with the PD-L1 promoter region, regulated by the nuclear transport receptor

importin a3. Importantly, combining DMF with anti-PD-L1 therapy enhances the efficacy of immunotherapy.

chip-9, forward, 5-ATTATGACACCATCGTCTGT-3/, reverse, 5-TCGTGGATTCTGT-
GACTTC-3'; hPDL1-chip-10, forward, 5-CAGATGTTGGCTTGTTGTAA-3/, reverse,
5/-GTATCTAGTGTTGGTGTCCTA-3'.

Immunohistochemistry (IHC)

The tumor sections underwent a series of processing steps. First, they were
dewaxed and hydrated, followed by blocking of endogenous peroxidase
activity using 3% hydrogen peroxide. Subsequently, the sections were
blocked with PBS containing goat serum for 30 min, and incubated
overnight at 4 °C with the primary antibodies. After thorough washing with
PBS three times, the sections were incubated with secondary antibodies
and streptavidin-enzyme conjugate. The resulting complex was visualized
using DAB. Finally, the slides were counterstained with hematoxylin to
complete the process.

Separation of nuclear and cytoplasmic proteins

The separation of nuclear and cytoplasmic proteins was meticulously
performed using the nuclear and cytoplasmic protein extraction kit
(P0027), strictly following the manufacturer’'s instructions. During the
utilization of reagent A and reagent B, it was crucial to add 1%
phosphatase inhibitor and 1% protease inhibitor to preserve protein

Cell Death and Disease (2025)16:432

integrity throughout the extraction process. After successful separation,
the proteins were analyzed by Western blot to comprehensively assess
their composition and distribution within the nuclear and cytoplasmic
compartments.

T cell-mediated tumor cell killing assay

Peripheral blood mononuclear cells (PBMC) were isolated from healthy
donors. To activate T cells, the PBMCs were stimulated with ImmunoCult
Human CD3/CD28/CD2 T cell activator (25 puL/mL, Stemcell) for the initial
3 days. Following stimulation, the cells were cultured in ImmunoCult-XF
T cell expansion medium (Stemcell) with IL-2 (10 ng/mL, PeproTech) for
7 days, according to the manufacturer’s guidelines. Prior to the co-
culture experiment, the cells were divided into control and treatment
groups. The RCC10 or RCC4 cells were pretreated with DMF, YC-1,
CCS1477, or PKM2-2N-1 drugs and allowed to adhere to the plates
overnight. Subsequently, the activated T cells were co-cultured with the
tumor cells at a 10:1 ratio in DMEM/F12 medium, supplemented with
10% FBS, 1% P/S, anti-CD3 antibody (100 ng/mL, eBioscience, Thermo
Scientific), and IL-2 (10 ng/mL). This co-culture was maintained for 48 h.
After the co-culture period, cell debris was removed by washing with
PBS. Viable cancer cells were then stained with crystal violet, washed
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with 33% (vol/vol) acetic acid, and quantified using a spectrophotometer
at an optical density of 570 nm.

Detection of cell surface PD-L1

The protocol for detecting cell surface PD-L1 was carried out as previously
described. After pretreating the cells with DMF, YC-1, CCS1477, and PKM2-
2N-1 drugs, they were washed with PBS and transferred to separate
centrifuge tubes. The cells were then incubated on ice for 30 min in the
dark with an APC-conjugated anti-human CD274 antibody (1:100 dilution,
BioLegend). Following incubation, the cells were washed three times with
2mL of Cell Staining Buffer (BioLegend). The stained cells were
resuspended in 200 uL of staining buffer and analyzed using a BD
FACSCelesta flow cytometer (BD Biosciences). The acquired data were
processed with FlowJo software.

DNA constructs and mutagenesis

To generate diverse HIF-1a mutants, site-directed mutagenesis PCR was
performed using KOD Fx (TOYOBO) in strict accordance with the
manufacturer’s instructions. Mutation-specific primers were used to
amplify HIF-1a plasmids over 30 cycles. Following amplification, the
products were treated with the Dpnl enzyme (Takara) to remove any
residual template DNA. The resulting plasmids were then transformed into
NcmDH5-a competent cells (NCM Biotech) and plated on culture media
containing ampicillin. The presence of the intended mutations was
confirmed by sequencing multiple clones.

Animal experiments

The animal experiments in this study were conducted in accordance with
the ethical standards approved by the Department of Experimental
Animal Science at Fudan University. Female BALB/c mice, aged
4-5 weeks, were procured from Hangzhou Qizhen Laboratory Animal.
The mice were housed under strict specific-pathogen-free (SPF)
conditions, provided with unrestricted access to food and water, and
maintained on a 12-h light/dark cycle with the temperature controlled at
22-23°C. Each mouse received an injection of 1 x 10”7 RAG cells into the
right flank. For PD-L1 antibody treatment, 100 pug of PD-L1 antibody was
administered intraperitoneally every 3 days. DMF was administered by
gavage at a daily dose of 30 mg/kg per mouse. Tumor growth was
monitored every 3 days by measuring the length and width of the tumor
with vernier calipers, and tumor volume was calculated using the
formula: (length/2) x width?.

Statistics

Statistical analysis was performed using GraphPad Prism 8 software. Data
presented in bar graphs are shown as fold changes or percentages relative
to the control, with standard deviations (SD) derived from three
independent experiments. Student’s t-test was applied to normally
distributed data, while one-way ANOVA with Tukey’s multiple comparisons
was employed for the analysis of more than two groups. The log-rank test
was utilized for analyzing mouse survival data. Statistical significance was
determined with a threshold of P<0.05, and results were indicated as
follows: ns, nonsignificant, *P<0.05, **P<0.01, ***P<0.001, and
**¥%p < 0.0001.

DATA AVAILABILITY
Further information and requests for reagents may be directed to and will be fulfilled
by the author Lei Lv (lvlei@fudan.edu.cn).
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