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Abstract

Background: Expression of aberrant cyclin G2 is a key factor contributing to cancer biological processes, including
glioma. However, the potential underlying mechanisms of cyclin G2 in the glioma tumor immune
microenvironment remain unclear.

Methods: Co-immunoprecipitation (co-IP), in situ proximity ligation assay (PLA), and in vitro kinase assay were
conducted to reveal the underlying mechanism by which cyclin G2 regulates Y10 phosphorylation of LDHA.
Further, the biological roles of cyclin G2 in cell proliferation, migration, invasion capacity, apoptosis, glycolysis, and
immunomodulation were assessed through in vitro and in vivo functional experiments. Expressions of cyclin G2 and
Foxp3 in glioma specimens was determined by immunohistochemistry.

Results: In this study, we found that cyclin G2 impeded the interaction between LDHA and FGFR1, thereby
decreasing Y10 phosphorylation of LDHA through FGFR1 catalysis. Cyclin G2 inhibited proliferation, migration,
invasion capacity, and glycolysis and promoted apoptosis glioma cells via suppressing Y10 phosphorylation of
LDHA. Moreover, we further verified that cyclin G2 reversed the immunosuppressive to antitumor immune
microenvironment through inhibiting lactate production by glioma cells. Besides, cyclin G2 potentiated PD-1
blockade and exerted strong antitumor immunity in the glioma-bearing mice model.

Conclusions: Cyclin G2 acts as a potent tumor suppressor in glioma and enhances responses to immunotherapy.
Our findings may be helpful in selecting glioma patients for immunotherapy trials in the future.
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Background

Gliomas are the most common primary tumors affecting
the adult human central nervous system. The highest-
grade form of gliomas, glioblastoma (GBM), accounts
for more than 50 % of all diagnosed adult gliomas [1, 2].
Despite surgical [3], chemo-radiotherapeutic [4], and

anti-angiogenic treatment [5], the median overall sur-
vival for patients receiving the standard of care remains
poor at approximately 12-15 months [6]. While im-
munotherapy, particularly agents targeting programmed
cell death protein-1 (PD-1)/ programmed death-ligand-1
(PD-L1), has achieved unprecedented success in malig-
nancies such as melanoma [7] and non-small cell lung
cancer [8], its efficacy in GBM remains limited [9].
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Dysregulated energy metabolism and immune evasion
are interdependent and regarded as the two hallmarks of
cancer [10, 11]. Like many other cancer cells, glioma
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cells tend to metabolize glucose into lactate even in
oxygen-rich conditions, known as the Warburg effect
[12]. Metabolic reprograming is a pivotal mechanism
shaping the tumor microenvironment (TME). Immune
responses in the TME depend on the nature and con-
centration of factors, such as cytokines, reactive oxygen
species (ROS), growth factors, and most importantly,
diffusible metabolites (i.e., lactate) [13, 14]. Lactate
dehydrogenase A (LDHA) promotes the conversion of
pyruvate to lactate [15]. Deregulation of LDHA has been
reported in several malignancies [16, 17]. Moreover,
tyrosine 10 (Y10) phosphorylation of LDHA, which is
rampant in diverse cancers, is also correlated with sev-
eral oncogenic tyrosine kinases, including fibroblast
growth factor receptor 1 (FGFR1) [18].

Our previous study revealed that cyclin G2 inhibits
aerobic glycolysis in glioma cells [19]. Here, we
described how cyclin G2 affects immune cells in TME
during glioma progression as potential targets for future
therapies. Through a series of in vivo and in vitro experi-
ments, we found that cyclin G2 inhibits Y10 phosphoryl-
ation of LDHA catalyzed by FGFRI1, consequently
inhibiting glycolysis and reverses the acidic TME. These
changes were followed by reduced tumor-infiltrating
Tregs and lower levels of TGF-p and IL-10, increased
proportions of IFN-y-producing CD4 +and CD8+T
cells, as well as higher levels of IFN-y and TNF-a. More-
over, overexpressed cyclin G2 levels potentiated the
efficacy of PD-1 blockade in the glioma-bearing mice
model. Therefore, the findings may be helpful in glioma
therapy, particularly in settings where immune check-
point blockade alone is not effective.

Methods

Cell cultures and treatments

U87, U251 and GL261 cells were cultured in DMEM
(Gibco, Carlsbad, CA, USA) supplemented with 10 %
(vol/vol) fetal bovine serum (FBS, Biological Industries,
Israel) and 1% (vol/vol) penicillin/streptomycin (Gibco)
and passaged every 2-3 days in a humidified 37 °C
incubator with 5% CO,. U87 and U251 cells were co-
transfected with shLDHA and LDHA WT or LDHA
Y10F in the presence or absence of pEGFP-N3-CCNG2
as indicated. For bFGF treatment, U87 and U251 cells
were cultured in serum free DMEM media for 24 h and
then treated with 10 ng/mL bFGF. After 3 h, the cells
were collected and subjected to western blotting. Small
interfering RNA (siRNA) used to knock down expression
of cyclin G2 (siCCNG2) and scrambled non-targeted
siRNA (siNC) were purchased from Genepharma Co.,
Ltd (Shanghai, China). These siRNAs were transfected
into glioma cells at final concentration of 100nM using
Dharmafect (Dharmacon, Lafayette, USA) according to
the manufacturer’s instructions. Lentiviruses for cyclin

(2021) 40:273

Page 2 of 15

G2 overexpression (herein OE) were constructed by
GeneChem Co., Ltd (Shanghai, China), and a stable cell
line was generated as previously described [19].

Plasmid construction

Short hairpin RNA (shRNA) targeting the LDHA 3’-
UTR were constructed into the pLKO.1 vector and the
oligonucleotides used for LDHA-specific shRNA were:
forward oligo, 5-CCGGGATCTGTGATTAAAGCAG
TAACTCGAGTTACTGCTTTAATCACAGATCTTTT
TG-3’, and reverse oligo, 5-~AATTCAAAAAGATCTG
TGATTAAAGCAGTAACTCGAGTTACTGCTTTAAT
CACAGATC-3. These were annealed to form a frag-
ment containing an Age 1 and an Eco RI restriction site
overhang and then cloned into a restriction enzyme-
digested plasmid to create pLKO.1-shLDHA. pLKO.1-
shNc was used as a negative control. LDHA wild-type
and mutant were subcloned into the pcDNA3.1 vector
with a 3xFlag tag and pET-28a vector. The Y10F LDHA
plasmid is a phospho-defective mutant containing the
substitution of tyrosine acid residue at position 10 to
phenylalanine and is resistant to pLKO.1-shLDHA. The
pEGFP-N3-CCNG2 expression vector was generated as
described before [20].

Cell proliferation assay

Cell proliferation assay was performed using CellTiter
96 AQueous One Solution cell proliferation assay kit ac-
cording to the manufacturer’s instructions (Promega,
Madison, W1, USA). Briefly, 1 x 10% cells were seeded in
a 96-well plate. At 24 h, 48 h, 72 and 96 h post seeding,
20 pl MTS was added to each well and incubated for 3 h
at 37°C. Optical density (OD) values were measured at
495 nm with an ultraviolet spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA).

Colony formation assay

Cells were seeded in six-well plates at a density of 300
cells/well, and cultured in DMEM for 15days. The col-
onies were fixed with methanol and then stained with
1% crystal violet (Solarbio, Beijing, China).

Cell migration and invasion assay

Cell migration assay was performed using transwell
chambers (Corning, NY, USA) on 24-well plates. 5 x 10*
cells/well were suspended in serum-free DMEM in
upper chamber. Cell invasion assay was performed using
transwell chambers coated with Matrigel (BD Biosci-
ences, Franklin Lakes, NJ, USA) and 8 x 10* cells/well
were suspended in serum-free DMEM in upper cham-
ber. Lower compartment was filled with DMEM con-
taining 15 % FBS. After 16 h of incubation in 5% CO, at
37°C, cells invaded to the lower surface were stained
with 1% crystal violet.
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Apoptosis assay

Cell apoptosis was determined using Annexin V-PE
apoptosis detection kit (BD Biosciences) according to
the manufacturer’s instructions. Briefly, U87 and U251
cells were stained with Annexin V-PE and 7-AAD in the
dark for 15 min at room temperature. After incubation,
the cells were washed and processed with a FACSFortessa
flow cytometer and analyzed by FlowJo software (TreeS-
tar, Ashland, OR, USA). Apoptosis was determined as the
total percentage of Annexin V-positive cells.

Western blotting and co-immunoprecipitation

Tumor cells and T cells were lysed in RIPA buffer con-
taining protease/phosphatase cocktail (Roche, Basel,
Switzerland). Protein concentration was determined
using BCA assay. Equal amounts of protein samples
were separated by 12 % SDS-PAGE and incubated with
the specific antibodies. For co-immunoprecipitation,
whole-cell lysates (WCL) of U87 or U251 cells were pre-
pared using lysis buffer and centrifuged. 2 mg proteins
were pre-cleared and mixed with 8 pg of anti-FGFR1
antibody or mouse IgG, together with 40 pL of Protein
A/G PLUS-Agarose (Santa Cruz Biotechnology, CA,
USA) and incubated at 4 °C overnight while rotating.
Immunoprecipitates were obtained via centrifugation,
washed in lysis buffer, mixed with 2xloading buffer and
subjected to western blotting. GAPDH was used as a
loading control for western blotting analysis. Bands were
detected using an ECL plus kit and quantified using the
Image ] (National Institutes of Health).

In vitro kinase assay

Recombinant GST-tagged cyclin G2 and FGFR1, as well
as His-tagged LDHA WT and LDHA YI10F proteins,
were expressed and purified from E. coli BL21 (DE3).
The respective proteins were incubated at room
temperature for 30 min in FGFR1 kinase buffer contain-
ing 10mM Hepes (pH 7.5), 150mM NaCl, 10mM
MnCl2, 5mM DTT, 0.01 % Triton X-100, and 200pM
ATP. Thereafter, samples were fractionated by 12%
SDS-PAGE and immunoblotted with the corresponding
antibodies.

Protein stability assay

U87 and U251 cells stably expressing cyclin G2 were
treated with cycloheximide (CHX, 100uM, MedChemEx-
press, MonMouth Junction, NJ) for the indicated times.
The abundance of LDHA was measured by western blot-
ting and analyzed with Image J.

Isolation and culture of lymphocytes

To isolate lymphocytes, spleens excised from C57BL/6
mice were homogenized with RPMI 1640 medium and
filtered through sterile 70 pm cell strainers and then
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subjected to density gradient centrifugation using Lym-
phoprep. T lymphocytes were isolated using EasySep™
Mouse T cell isolation kit (STEMCELL) according to
manufacturer’s instructions and cultured in RPMI-1640
medium containing 10% FBS, 1% penicillin/strepto-
mycin, 50 U/mL recombinant IL-2 (R&D Systems,
Minneapolis, MN), 50 pM B-mercaptoethanol (Sigma-
Aldrich), 2 mM L-glutamine (Invitrogen, Carlsbad, CA,
USA), 1 mM sodium pyruvate (Sigma-Aldrich), 2 pug/mL
anti-CD28 (Invitrogen) and 5ug/mL plate-bound anti-
CD3 (Invitrogen).

Flow cytometry analysis

Single cells were blocked with anti-CD16/32 (BD Biosci-
ences), and stained with the following fluorochrome-
conjugated antibodies diluted in PBS containing 2 %
FBS. For intracellular staining, samples were fixed,
permeabilized using eBioscience Foxp3 fixation/
permeabilization kit (Invitrogen). Cytokine staining was
performed after 4 h of in vitro stimulation in phorbol
12-myristate 13-acetate (PMA) and ionomycin in the
presence of GolgiPlug (BD Biosciences). T cells stained
with isotype control antibody were used as negative con-
trols. All cells were subjected to flow cytometric analysis
on a FACSFortessa (BD Biosciences).

Measurement of cytokines

To determine of extracellular cytokine concentrations,
cell culture supernatants were harvested after 18-20 h
of incubation, filtered, and stored at -80 °C. These sam-
ples were subjected to enzyme-linked immunosorbent
assay (ELISA) using respective kits for TGF-p, IL-10,
IFN-y and TNF-a (Beyotime, Shanghai, China). To
measure intratumoral cytokine concentrations, each
tumor was mechanically disrupted in 1 ml ice-cold PBS.
Samples were centrifuged to collect supernatants. The
level of cytokines in the supernatant was quantified
using ELISA kits following the manufacturer’s
instructions.

Cytotoxicity assay

The cytotoxic activity of cytotoxic T lymphocyte (CTL)
was measured by CytoTox96° Non-Radioactive Cytotox-
icity Assay kit (Promega). Splenocytes were harvested
from the spleen of OT-I mice and stimulated by incuba-
tion with 2nM of SIINFEKL (OVA,s; o264 peptide)
(Sigma-Aldrich) to expand CD8+ OT-I T cells. CTLs
were isolated using EasySep™ Mouse CD8 + T cell isola-
tion kit (STEMCELL) for cytotoxicity assay. GL261 cells
were pulsed with 1 uM of SIINFEKL at 37°C for 2 h be-
fore cytotoxicity assay. Effector (immune cells) were co-
cultured with target (carcinoma cells) at various ratios in
RPMI-1640 medium containing 2 % FBS for 6 h at 37°C
in round-bottomed 96-well plates. Specific lysis was
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determined using a supernatant. The percentage of
cytotoxicity was calculated using the formula % cytotox-
icity = (experimental-effector spontaneous-target spon-
taneous) / (target maximum-target spontaneous) *100 %.

Measurement of lactate production and glucose uptake
Lactate secretion in the culture medium and glucose up-
take by cells was detected using a commercial Lactate
Assay kit and Glucose Uptake Colorimetric Assay kit
(Sigma-Aldrich, Santa Clara, CA, USA) as described pre-
viously [19].

Isolation of tumor-infiltrating lymphocytes

Tumor tissues were excised, minced, and digested with
1 mg/ml collagenase IV and 1 mg/mL DNase I in RPMI-
1640 (Gibco) for 1 h at 37 °C. The resulting cell suspen-
sions were filtered through 70-uM filters, pelleted, and
resuspended in PBS. Tumor-infiltrating lymphocytes
were then isolated by density-gradient centrifugation
over Lymphoprep gradient (STEMCELL Technologies,
Vancouver, Canada) and then centrifuged at 800xg for
20 min and washed twice, followed by flow cytometry
analysis.

Treg polarization

Naive CD4 + T cells were stimulated and cultured in
RPMI-1640 and GL261 conditioned medium (v/v, 1/1)
supplemented with 40ng/mL TGF-B (R&D Systems),
60ng/mL IL-2 for 5 days. The cell suspension was centri-
fuged, and supernatants were collected for ELISA. Cellu-
lar proteins were isolated for western blotting, and a
subset of cells was used for flow cytometry analysis.

Animal experiments

The TALEN-targeted Ccng2 knockout (KO) mice
(Ceng2™™) of C57BL/6 genetic background were gener-
ated by Cyagen Biosciences Co., Ltd (Guangzhou, China)
[20]. A xenograft model was established for AZD3965.
Briefly, 2 x 10° GL261 cells were subcutaneously inocu-
lated to the right-side flank of age-matched male
C57BL/6] wild-type (WT) and Ccng2™™ mice. On day 10
after implantation, each group was further randomized
into two groups to receive AZD3965 (30 mg/kg weight,
MedChemExpress) and vehicle (given oral gavage daily).
The treatment was conducted for 20 days. On day 35,
tumors were excised and prepared for downstream ana-
lyses. For the xenograft model for a-PD-1, 6 to 8-week-
old C57BL/6 mice were implanted subcutaneously on
the right flank with 2 x 10° (in 200 uL of PBS) control or
cyclin G2 stably overexpressed GL261 cells. On day 6, 9
and 12 post-tumor implantations, the respective groups
of mice were intraperitoneally injected with 200 pg a-
PD-1 (clone: RMP1-14, BioXCell) or isotype control
prepared in 200 pL of PBS. Animal survival rate was
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recorded every day, and tumors were measured regularly
with calipers. Tumor volumes were calculated using the
formula: 0.5 x lengths x width x width. For downstream
analyses, three mice per group were sacrificed on day 25.
OT-I TCR transgenic mice were obtained from Hangsi
Biotechnology Co., Ltd (Hangzhou, China). All animal
experiments were performed according to the relevant
regulatory standards and were performed in accordance
with the Animal Ethics Committee of China Medical
University guidelines and approved by China Medical
University Animal Ethics Committee.

In situ proximity ligation assay

The in situ proximity ligation assay (PLA) was
performed using Duolink In Situ Detection kit (Sigma-
Aldrich) as described previously [19]. Each red spot
represents a cluster of protein-protein interaction, and
distinct red spots were detected using confocal fluores-
cence microscope. The histogram quantifies the number
of red spots per cell (n =50 cells in two technical repli-
cates). The results are representative of three independ-
ent experiments.

Immunohistochemistry

Formalin-fixed, paraffin-embedded glioma specimens
were obtained from the First Affiliated Hospital of China
Medical University. Written informed consent was ob-
tained from the patients who provided clinical samples
and approval from the Research Ethics Committee of
China Medical University, Shenyang, China. Immunohis-
tochemistry was performed as described previously [19].

Public database

The data of glioma samples and the corresponding clin-
ical information were obtained from Chinese Glioma
Genome Atlas (CGGA; n = 301; http://www.cgga.org.cn).

Statistical analysis

Data analysis and presentation were performed using
GraphPad Prism 9 (San Diego, CA, USA). The means of
the two groups were compared using two-tailed, un-
paired t-tests. For multiple comparisons, analysis of vari-
ance (ANOVA) was used. Data of triplicate samples
from three independent experiments are presented as
the mean +s.d. Differences in survival were analyzed
with the log-rank test and Kaplan-Meier analysis.
P<0.05 was considered statistically significant. p <
0.05; "p<0.01; “p<0.001; ns, not significant.

Results

Cyclin G2 reduced LDHA Y10 phosphorylation catalyzed
by FGFR1

Given that LDHA Y10 phosphorylation is catalyzed by
FGFR1, HER2, and Src [21], to dissect the mechanism
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underlying the alterations in LDHA Y10 phosphorylation
by cyclin G2, we initially examined the interaction be-
tween LDHA and upstream kinase affected by cyclin G2
by co-IP. Co-IP verified that LDHA interacted with
FGER1 and that cyclin G2 knockdown heighten the
interaction between LDHA and FGFR1 in U87 and
U251 cells (Fig. 1a-b). Additionally, we performed in situ
PLA to examine the interaction between LDHA and
FGFR1. As with co-IP, cyclin G2 knockdown enhanced
the interaction between LDHA and FGFR1 (Fig. 1c-d).
To further assess whether FGFR1 could phosphorylate
LDHA in glioma cells, U87 and U251 cells were cultured
for 24 h in serum free DMEM media, prior to treatment
with bFGF (10 ng/mL, 3 h). Results revealed that treat-
ment with bFGF increased Y10 phosphorylation of

(2021) 40:273

Page 5 of 15

phosphorylate LDHA in U87 and U251 cells. Moreover,
inhibition of FGFR1 by BGJ398 (10nM; MedChemEx-
press), the inhibitor of the FGFR family, attenuated
LDHA Y10 phosphorylation and eliminated the elevation
of Y10 phosphorylation mediated by cyclin G2 knock-
down (Fig. 1g-h). Notably, cyclin G2 inhibited LDHA
Y10 phosphorylation by blocking the interaction be-
tween LDHA and FGFRI1. Subsequently, we generated
phospho-defective LDHA mutant recombinant protein
LDHA Y10F and performed an in vitro kinase assay to
confirm whether the phosphorylation site is regulated by
cyclin G2. Results revealed that FGFR1 directly phos-
phorylated LDHA WT but not LDHA Y10F. Moreover,
GST-CCNG?2 did not directly dephosphorylate LDHA at
Y10. Instead, it inhibited the Y10 phosphorylation of

LDHA (Fig. 1le-f), indicating that FGFR1 could LDHA WT but not LDHA Y10F (Fig. 1i). Studies have
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revealed that tyrosine LDHA phosphorylation catalyzed
by FGFRI is vital for the stability of LDHA [22]. In our
study, protein stability assay demonstrated that cyclin
G2 has no impact on the stability of LDHA (Additional
file 1, Figure Sla-b). Thus, it is evident that cyclin G2 in-
hibits Y10 phosphorylation of LDHA via FGFR1
catalysis.

Reduced Y10 phosphorylation of LDHA is vital for cyclin
G2 mediated antitumor effect in glioma

To assess whether cyclin G2 inhibits proliferation, mi-
gration, invasion, glycolysis, or promote apoptosis of gli-
oma cells by modulating Y10 phosphorylation of LDHA,
we knocked down endogenous LDHA and restored the
expression of wild-type LDHA as well as Y10F mutant
LDHA either with or without cyclin G2 overexpression
in glioma cells. Results revealed that LDHA knockdown
significantly reduces the expression of LDHA, and the
level of Y10 phosphorylation of LDHA was strictly
restored by LDHA WT, but not LDHA Y10F. Besides,
cyclin G2 mediated reduction in LDHA Y10 phosphoryl-
ation was diminished in LDHA Y10F mutant versus
LDHA WT (Fig. 2a). LDHA knockdown impeded glu-
cose uptake and lactate production, whereas the rescue
expression of LDHA WT, but not LDHA Y10F mutant,
restored the glucose uptake and lactate production in
glioma cells. Reduced glucose uptake and lactate pro-
duction were mitigated via overexpression of cyclin G2
in LDHA YI10F versus LDHA WT (Fig. 2b-c and
Additional file 1 Figure S2a-b). MTS analysis revealed
that LDHA knockdown impaired the proliferation,
whereas restoring LDHA WT rescued proliferation in
glioma. Further, overexpressed levels of cyclin G2 inhib-
ited the proliferation of LDHA WT but not LDHA Y10F
(Fig. 2d and Additional file 1 Figure S2c). Similar find-
ings were obtained with colony formation assay and
transwell assay (Fig. 2e-i and Additional file 1 Figure
S2d-h). In addition, flow cytometry analysis demon-
strated that cyclin G2 promoted apoptosis by reducing
Y10 phosphorylation of LDHA (Fig. 2j-k and Additional
file 1 Figure S2i-j). Conclusively, these findings demon-
strated that cyclin G2 suppresses proliferation, migration,
invasion, glycolysis and promotes apoptosis of glioma cells
by inhibiting Y10 phosphorylation of LDHA.

Cyclin G2 reversed the immunosuppressive
microenvironment in glioma

The TME, which is composed of tumor cells, stromal
cells, immune cells, and the extracellular matrix, is a
main platform for the neoplastic process, thereby foster-
ing proliferation, survival, and migration of tumor cells
[14, 23]. Tumors can mimic some of the signaling
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pathways of the immune system to propagate conditions
that favor tumor immune tolerance and tumor immunity
evasion [24]. Extracellular lactic acid promotes tumor
expansion and immune evasion [25, 26]. We hypothe-
sized that cyclin G2 knockout could promote glycolysis,
resulting in an immunosuppressive microenvironment
and impeded antitumor immunity. Besides, we specu-
lated that blockade of lactate export by AZD3965, an in-
hibitor of monocarboxylate transporter-1 (MCT1), could
eliminate the variation caused by cyclin G2. Thus, we
established a syngeneic mouse tumor model by subcuta-
neously inoculating mouse glioma cell line GL261 in
C57BL/6 WT and Ccng2™ mice (Fig. 3a). Compared
with WT mice, Ccng2™™ mice displayed a profound
acceleration in tumor growth and had a larger tumor
volume at the end of the study. The tumor growth
curve, tumor volume and tumor weight of Ccng2™~ and
WT mice were comparable when treated with AZD3965
(Fig. 3b-e). Lactate levels were higher in tumors from
Ccng2™™ mice than WT mice, and the elevation was
abolished by AZD3965 treatment (Fig. 3f). Subsequently,
we investigated immune cell composition in tumors and
spleens of each group. Through flow cytometry analysis,
we found that Ccng2™™ mice exhibited an increased fre-
quency of tumor-infiltrating Tregs and decreased fre-
quency of IFN-y+ CD4 +T cells and IFN-y+ CD8 + T
cells. However, AZD3965 treatment abrogated the differ-
ences in intratumoral immune cell components between
Ceng2™” and WT mice (Fig. 3g-1). T cell subsets in
spleens of Ccng2™”~ and WT mice were comparable
(Additional file 1, Figure S3a-c). Next, the secretion of
cytokines was examined. Results demonstrated that IFN-
y and TNF-a were lower, and production of immuno-
suppressive TGF-B and IL-10 were higher in Ccng2™~
mice versus WT mice treated with vehicle. AZD3965
treatment elevated pro-inflammatory cytokines, reduced
immunosuppressive cytokines, and abolished differences
between Ccng2™~ and WT mice (Fig. 3m-p). These re-
sults affirmed that tumor-derived lactate can signifi-
cantly alter the immune profile, while cyclin G2 reverses
immunosuppressive TME by inhibiting glycolysis of gli-
oma cells.

Cyclin G2 mediated immunomodulation via the NF-kB
pathway inhibition

Foxp3, a critical regulatory gene for developing regula-
tory T cells, reprograms T cell metabolism to function
in low-glucose, high-lactate environments [27, 28].
Lactate promotes NF-kB expression, one of the main in-
ducers of Foxp3 transcriptional activation [29, 30].
Therefore, we speculated that cyclin G2 deficiency re-
sults in high lactate concentration and may contribute to
the suppressive immune microenvironment. To confirm
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the NF-kB pathway-dependent reduction in the Treg
population, we introduced a selective IkBa kinase inhibi-
tor (IKK-16, 2uM; MedChemExpress) in the co-culture
system. It turned out that conditioned medium from
GL261 cells transfected with siRNA against Ccng2
(herein GL261-KD) promoted the development of Tregs
(Fig. 4a-b) and secretion of TGF-f and IL-10 (Fig. 4c-d).
In comparison, the IKK-16 treatment reduced Tregs

proportion and cytokines secretion and eliminated the
differences between GL261-KD and GL261-NC. Western
blotting revealed that lactate increased the phosphoryl-
ation of IkB. Also, NF-«B activation resulted in elevated
Foxp3 expression, whereas cyclin G2 knockdown in-
creased phosphorylation of IkB and expression of Foxp3.
Moreover, we found that blocking IKK activity impeded
Foxp3 elevation following cyclin G2 knockdown (Fig. 4e).
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Fig. 3 Cyclin G2 knockout resulted in an immunosuppressive microenvironment. a Schematic depicting experimental setup. WT and Ccng2 ™~
mice were subcutaneously (s.c) injected with GL261 cells and treated with AZD3965 or vehicle by oral gavage (p.0.). Gross tumors (b), tumor
growth curves (c), tumor volume (d) and tumor weight (e) at endpoint were measured. n=5. Scale bar, 1 cm. f The concentration of lactate in
tumors from each group. g-l The frequency of Treg, IFN-y + CD4 + T, IFN-y + CD8 + T cells in tumors of each group as measured with flow
cytometry. n =4 for each group. m-p Levels of IFN-y, TNF-a, TGF-3 and IL-10 in tumors of each group determined by ELISA. Data are presented
as the mean +s.d. 'p<005; "p<001;"p<0001; ns, not significant
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Fig. 4 Cyclin G2 mediated immunomodulation via NF-kB signaling. a-b Naive CD4 + T cells were stimulated and cultured in RPMI-1640 and
conditioned medium from GL261-NC or GL261-KD for Treg polarization. The frequency of Treg was determined by flow cytometry. c-d Levels of
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of IFN-y and TNF-a in the supernatant as determined by ELISA. Data of triplicate samples from four independent experiments are presented as
the mean +sd. p<005 “p<001; " p<0001; ns, not significant
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Tregs induce a dysfunctional state in tumor-infiltrating
cytotoxic T lymphocytes (CTLs) resembling T cell exhaus-
tion and are characterized by low expression of effector
cytokines and inefficient cytotoxic granule release [31]. To
determine the antitumor activity induced by cyclin G2, we
made use of well-characterized OT-I transgenic mouse
model in which all T cells express the same TCR that is
specific for the ovalbumin peptide SIINFEKL (OVA,s; _
264) [32]. Lymphocytes were isolated from spleens of OT-1
mice and co-cultured with conditioned medium from
GL261-NC or GL261-KD cells in the presence of SIINFE
KL. CTLs were induced and isolated to co-culture with
GL261 cells pulsed with SIINFEKL, which can be pre-
sented by MHC class I-K” molecules and recognized by
OT-I T cells [32]. Results showed lower cytotoxicity of
CTLs treated with conditioned medium from GL261-KD
compared to GL261-NC (Fig. 4f). Similarly, the condi-
tioned medium from GL261-KD induced CTLs showed
lower IFN-y and TNF-a (Fig. 4g-h), indicating impaired
antitumor immunity. Taken together, these findings impli-
cate that cyclin G2 knockdown aggravates lactate-induced
activation of the NF-kB pathway, subsequently elevated
Foxp3 expression. This results in the promotion of Treg
development and impaired cytotoxicity of CTLs.

Cyclin G2 synergized PD-1 blockade in glioma mice
model

The PD-1/PD-L1 pathway is one of the dominant im-
mune checkpoints in the TME, whereas the PD-1 block-
ade alone achieved a barely satisfactory outcome in
glioma [9]. We hypothesized that cyclin G2 overexpres-
sion would potentiate the curative effect of PD-1 block-
ade owing to a decline in immunosuppressive cells. To
evaluate the ability of cyclin G2 to induce tumors to ini-
tiate PD-1 blockade and to better mimic the TME in gli-
oma, we used GL261 cells stably expressing cyclin G2
(herein GL261-OE) and empty vector (herein GL261-
EV) to inoculate C57BL/6 WT mice (Fig. 5a). Mice har-
boring GL261-OE showed impeded tumor growth,
whereas cyclin G2 overexpression combined with a-PD-
1 manifested the smallest tumor volume and lightest
weight (Fig. 5b-d). Additionally, the median survival time
of mice harboring GL261-OE was longer than mice
bearing GL261-EV, which was further prolonged in
combination with a-PD-1(Fig. 5e). This affirmed that
overexpression of cyclin G2 sensitizes tumors to block
PD-1. Notably, overexpression of cyclin G2 combined
with a-PD-1 decreased the fractions of Tregs and aug-
mented the frequencies of IFN-y-producing CD4 + and
CD8 + T cells in tumors (Fig. 5f-k). Besides, higher levels
of IFN-y and TNF-a and lower levels of TGF-p and IL-
10 were observed in GL261-OE tumors compared with
GL261-EV tumors. In mice harboring GL261-OE and
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treated with o-PD-1, we observed the highest pro-
inflammatory cytokines levels and lowest immunosup-
pressive cytokines levels (Fig. 5L-0). To sum up, overex-
pression of cyclin G2 augmented immune response and
potentiated PD-1 blockade, hindered tumor growth, and
prolonged the survival time.

Cyclin G2 negatively correlates with tumor-infiltrating
Tregs in glioma

Tregs are associated with poor prognosis in several can-
cers, including glioma [33]. Since initially cyclin G2 was
observed to suppress Tregs, we analyzed the CGGA
database to explore the correlation between cyclin G2
and Foxp3. Results indicated a negative correlation be-
tween cyclin G2 and Foxp3, which uncovers a possible
negative impact of cyclin G2 on tumor-infiltrating Tregs
in glioma (Additional file 1, Figure S4a). Moreover, over-
all survival analysis revealed that high expression of cyc-
lin G2 is associated with better overall survival in glioma
patients (Additional file 1, Figure S4b). Besides, we sub-
jected glioma specimens to immunohistochemical ana-
lysis to validate the negative correlation between cyclin
G2 and Foxp3 (representative staining photographs are
shown in Fig. 6a). Glioma specimens were divided into
two groups based on the expression of cyclin G2. As
predicted, Foxp3 staining was significantly higher in the
patients with low expression of cyclin G2 than patients
with increased expression of cyclin G2 (Fig. 6b). Taken
together, these results demonstrate that cyclin G2 nega-
tively correlates with tumor-infiltrating Tregs and plays
an essential role in glioma progression.

Discussion

Cyclin G2 has been implicated as a tumor suppressor in
several cancers because it impedes proliferation, migra-
tion, invasion, and cycle cell progression of cancer cells
[34, 35]. However, the role of cyclin G2 in modulating
the immune microenvironment of glioma had not been
explored. In the present study, we have revealed a previ-
ously uncovered role of cyclin G2 in the tumor immune
microenvironment of glioma. Our findings showed that
cyclin G2 exerts an anti-immunosuppressive effect by
suppressing Y10 phosphorylation of LDHA catalyzed by
FGFRI.

We previously demonstrated that cyclin G2 associated
with LDHA and inhibited Y10 phosphorylation of LDHA
in glioma cells [19], though the underlying mechanism
remained elusive. Here, to clarify the mechanisms by
which cyclin G2 inhibits LDHA activity and glycolysis,
we assessed the upstream kinase of LDHA and found
that cyclin G2 inhibited both the interaction between
LDHA and FGFR1 and Y10 phosphorylation of LDHA
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Fig. 5 Cyclin G2 potentiated PD-1 blockade in glioma mice model. a Schematic depicting experimental setup. C57BL/6 mice were subcutaneously
(s.c)) injected with GL261-OF or GL261-EV cells and treated with a-PD-1 or isotype intraperitoneally (i.p.). Gross tumors(b), tumor growth curves(c),
tumor weight(d) at the endpoint and overall survival(e) are shown. n=5. scale bar, 1 cm. f-k Results of flow cytometry showing the frequency of Treg,
IFN-y + CD4 +and IFN-y + CD8 + T cells in tumors of each group. n =3 for each group. l-o Levels of IFN-y, TNF-a, TGF-3 and IL-10 in tumors of each
group as determined by ELISA. Data are presented as the mean £sd. 'p <005, "p<001and " p < 0.001; ns, not significant

catalyzed by FGFRI. Besides, protein stability assay dem-
onstrated that cyclin G2 has no impact on the stability
of LDHA. Knockdown and rescue assay demonstrated
that Y10 phosphorylation of LDHA is essential for cyclin
G2 mediated antitumor effect. Herein, we revealed that
cyclin G2 inhibits the Y10 phosphorylation of LDHA
catalyzed by FGFRI1, resulting in reduced activity of
LDHA.

LDHA executes the final step of glycolysis, and the re-
sultant lactate production leads to a relatively low pH
allowing cancer cells to survive immune evasion by
diminishing T and NK cell activation [17]. Cytotoxic and
effector T cells rely on glycolysis [36], thus become

ineffective in the glucose-depleted environment. On the
contrary, Tregs primarily rely on oxidative phosphorylation
[28], implying that cyclin G2 potentially exerts an anti-
tumor role in glioma by reversing the acidic TME, in
consideration of the inhibition of glycolysis by cyclin
G2. We, therefore, hypothesized whether cyclin G2 af-
fects immune cell composition during tumor regression
in residual tumors. Using the mice model, we found a
higher proportion of tumor-infiltrating Tregs in
Ceng2™™ mice compared with WT mice, this was con-
sistent with the intratumoral lactate production. In
contrast, tumor-infiltrating IFN-y-producing CD4 + and
CD8+T cells were reduced in Ccng2”” mice.

G2 in the TME of glioma
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Fig. 6 Cyclin G2 negatively correlated with tumor-infiltrating Tregs in glioma. a Representative immunohistochemical staining images for cyclin
G2 and Foxp3 in glioma specimens. Magnification, 200x, 400x. b Foxp3 positive staining in patients with low cyclin G2 expression and high
cyclin G2 expression (n=40 per group). Data are presented as the mean +sd. ~ p<0.001. ¢ A schematic model depicting the functions of cyclin
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Moreover, pro-inflammatory cytokines were downregu-
lated, whereas immunosuppressive cytokines were up-
regulated. However, MCT1 inhibition by AZD3965
suppresses lactate exportation, leading to low intracel-
lular pH and feedback inhibition of glycolysis in tumor
cells [37], which may not affect immune cells. A recent
study revealed that AZD3965 selectively inhibited lac-
tate exportation of tumor cells and augmented cancer
immunotherapy [38]. Further, lactate was confirmed to
be associated with an immunosuppressive microenvir-
onment. Collectively, cyclin G2 knockout enhances im-
munosuppressive function by increasing lactate release.
Tregs are highly immune-suppressive subsets of CD4"
T cells characterized by the expression of Foxp3, a mas-
ter regulatory transcription factor that can be regulated
by NF-«B, thereby providing a metabolic advantage in a
low-glucose and lactate-rich environment [28, 29]. We
found that cyclin G2 reduced the frequency and cyto-
kines of Tregs via NF-«kB, whereas IKK-16 diminished
the reducing frequency and cytokines of Tregs via cyclin
G2. Tregs can inhibit cytotoxic CD8 + T cells via various
mechanisms [39], and TGF-B can directly suppress CTL
immune function [40]. Further, we revealed that cyclin
G2 overexpression augments cytotoxicity of CTLs. These
findings concur with a previous study that reported lac-
tate impaired IFN-y in tumor-infiltrating T cells [17].
Beneficial effects of PD-1/PD-L1 blockade have been
reported in several cancers [41]. However, checkpoint
blockade has revealed limited success as monotherapy
for glioblastoma due to immunosuppressive tumor
microenvironment [42]. Neutralizing tumor milieu may
not only suppress metastatic capacity but could also im-
prove targeting of the tumor by immune effector cells,
and this has achieved success in immunotherapy [43].
Conclusively, based on other observations on the influ-
ence of lactate on T cells, these results suggest that se-
lective targeting of glycolysis in tumor cells could
reverse immunosuppressive TME, restore immune cell
activation and immune response against tumor cells.
Considering the anti-Warburg effect of cyclin G2, we
used overexpressed cyclin G2 combined with a-PD-1 to
achieve efficient metabolic therapy and immunotherapy
of glioma. For the in vivo study, we selected Ccng2 '~
mice because MEFs from Ccng2”’~ mice showed a
higher level of glycolysis [19]. However, other cell types
in the TME, such as tumor and stromal cells, exhibited a
higher level of glycolysis, which is a reliable source of
lactate [44, 45]. Therefore, since most lactate in the
TME was generated from tumor cells, we chose C57BL/
6 WT inoculated with GL261 cells stably expressing cyc-
lin G2. Overexpression of cyclin G2 reduced the tumor-
infiltrating Tregs and dramatically shifted the balance in
favor of IFN-y + CD4 + and IEN-y + CD8 + T cells over
Tregs in tumors. Combined cyclin G2 overexpression
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with o-PD-1 treatment exhibited the highest survival
rate owing to the efficient synergistic effect on tumor in-
hibition. Moreover, an elevated proportion of IFN-y +
CD8 + T cells in cyclin G2 overexpression plus a-PD-1
group demonstrated a highly effective cellular immunity
activation than in other groups. Overexpression of cyclin
G2 generated immune-favorable TME, evident by the
reduced proportion of Tregs and elevated tumor-
infiltrating IFN-y + CD4 + and IFN-y + CD8 + T cells, as
well as low levels of immunosuppressive cytokines and
elevated cytotoxic cytokines.

Several preclinical and clinical trials suggest that Tregs
hamper immune surveillance against cancer in healthy
individuals, prevent the development of effective antitu-
mor immunity in patients, and promote tumor progres-
sion [46]. Through bioinformatic analysis, low
expression of cyclin G2 has been implicated with high
expression of Foxp3 and poor prognosis in glioma.
Moreover, in this study, we confirmed the negative
correlation between cyclin G2 and Foxp3 in glioma
specimens.

In conclusion, we revealed that cyclin G2 inhibits the
proliferation, migration and invasion, glycolysis of gli-
oma cells and promotes apoptosis by reducing lactate re-
lease by tumor cells. This occurs when Y10
phosphorylation of LDHA is inhibited via FGFR1 cataly-
sis. This reduced lactate production by tumor cells
reshaped the tumor acidity, causing upregulation of
IFN-y + CD4 + T and IEN-y+ CD8 + T cells and reduc-
tion of Tregs, as well as upregulated pro-inflammatory
and downregulated pro-tumorigenic cytokine levels
(Fig. 6 C). We present the first report on cyclin G2 role
in subverting the immunosuppressive microenvironment
by inhibiting the Y10 phosphorylation of LDHA cata-
lyzed by FGFR1. Moreover, cyclin G2 overexpression po-
tentiated the therapeutic effect of a-PD-1. Taken
together, we concluded that cyclin G2 exerts its tumor
suppressor functions by regulating lactate secretion. Fur-
thermore, the expression of cyclin G2 may have prog-
nostic significance and be utilized as a predictive
biomarker to select glioma patients for immunotherapy.

Conclusions

Cyclin G2 acts as a potent tumor suppressor in glioma
and enhances responses to immunotherapy. Our find-
ings may be helpful in selecting glioma patients for im-
munotherapy trials in the future.

Abbreviations

GBM: Glioblastoma; PD-1: Programmed cell death protein-1; PD-

L1: Programmed death-ligand-1; TME: Tumor microenvironment;

ROS: Reactive oxygen species; LDHA: Lactate dehydrogenase A;

FGFR1: Fibroblast growth factor receptor 1; CTLs: Cytotoxic T lymphocytes;
SIRNA: Small interfering RNA; shRNA: Short hairpin RNA; WT: Wild-type



Li et al. Journal of Experimental & Clinical Cancer Research (2021) 40:273 Page 14 of 15

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513046-021-02078-3.

Additional file 1: Supplementary Figure S1. Cyclin G2 had no effect
on the stability of LDHA. (a) U87 and U251 cells were treated with CHX
for the indicated times and the level of LDHA was determined by
Western blot. (b) Expression level of LDHA relative to that of GAPDH is
shown and the slopes of two curves were compared using GraphPad
Prism. Figure S2. Y10 phosphorylation of LDHA is required for cyclin G2-
mediated antitumor functions. (a-b) Lactate production and glucose up-
take were mesaured in LDHAknockdown U251 cells with either exogen-
ous LDHA WT or LDHA Y10F expression affected by cyclin G2
overexpression. (c) The effect of cyclin G2 overexpression on proliferation
in LDHA-knockdown U251 cells with either exogenous LDHA WT or
LDHA Y10F expression as determined by MTS. (d-e) The effect of cyclin
G2 overexpression on colony formation of LDHAknockdown U251 cells
with either exogenous LDHA WT or LDHA Y10F expression. (f-h) The im-
pact of cyclin G2 overexpression on migration and invasion capacity of
LDHA-knockdown U251 cells with either exogenous LDHA WT or LDHA
Y10F expression as determined by cell invasion assay. (--J) The effect of
cyclin G2 overexpression on apoptosis of LDHA-knockdown U251 cells
with either exogenous LDHA WT or LDHA Y10F expression as determined
by flow cytometry. Data are presented as the mean + sd. *p < 0.05; **p
< 0.01; ns, not significant. Figure $3. Cyclin G2 knockout did not affect T
cell compositions in spleens. (a-c) Results of flow cytometry analysis
showing the frequency of Treg, IFN-y+CD4+, IFN-y+CD8+ T cells in
spleens of WT and Ccng2-/- mice. Figure S4. Low cyclin G2 expression
was associated with high expression of Foxp3 and poor prognosis. (a)
Correlation analysis between cyclin G2 and Foxp3 in CGGA database. (b)
Overall survival of patients with high (n = 131) or low cyclin G2 (n = 131)
expression.
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