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Abstract
Background  Our previous study found that tumor suppressor nitrogen permease regulator like-2(NPRL2) is frequently 
downregulated in glioma, leading to malignant growth. However, NPRL2-mediated crosstalk between tumor cells and 
immune cells remains unclear.
Methods  The regulatory effects of NPRL2 on tripartite motif–containing protein 16(TRIM16) dependent ubiquitination 
degradation of Galectin-3(Gal-3) were explored. The effects of Gal-3 on copper uptake, immunocompetence and cuproptosis 
were investigated in CD8+T lymphocytes(CD8+T cells). The ability of NPRL2 to protect CD8+T cells from Gal-3 damage 
was evaluated. Furthermore, the correlations among NPRL2, TRIM16, Gal-3 and CD8+T cell accumulation were analyzed 
in glioma clinical specimens.
Results  NPRL2 increased the TRIM16 expression via inactivation of ERK1/2, which in turn promoted the ubiquitination-
mediated degradation of Gal-3 and diminished Gal-3 release from glioma cells. Moreover, Gal-3 accelerated copper uptake 
and triggered cuproptosis in CD8+T cells, whereas NPRL2 increased CD8+T cell recruitment and prevented impairment of 
CD8+T cells by Gal-3. Clinical samples revealed that NPRL2 expression was positively associated with TRIM16 expression 
and negatively correlated with Gal-3, but Gal-3 expression was negatively associated with CD8+T cell accumulation.
Conclusion  Glioma-derived NPRL2/TRIM16/Gal-3 axis participates in the regulation of CD8+T cell cuproptosis, which 
provides a promising strategy to rescue the immune activity of CD8+T cells and reverse immunosuppression in glioma.

Keywords  Glioma · CD8+T lymphocyte · Nitrogen permease regulator like-2 · Tripartite motif–containing protein 16 · 
Galectin-3 · Cuproptosis
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Introduction

Immunotherapy, a revolutionary strategy, has transformed 
the landscape of cancer treatment and achieved great 
improvement in outcomes for many tumors, but glioma is a 
conspicuous exception to this trend owing to the properties 
of immune-cold tumor [1]. Due to genetic mutations asso-
ciated with tumor progression, glioma cells produce and 
secrete abnormal levels of cytokines, chemokines and extra-
cellular proteins into the tumor microenvironment(TME), 
leading to the scarcity and dysfunction of infiltrating anti-
tumor lymphocytes [2, 3]. Thus, glioma has emerged as a 
model for immunosuppression and immune evasion [4].

Our previous studies have identified that nitrogen per-
mease regulator like-2(NPRL2), also known as tumor 
suppressor candidate 4(TUSC4), is a potential tumor sup-
pressor gene(TSG) and conducive to antiproliferative 
effects, but downregulation of NPRL2 occurs frequently in 
glioma, resulting in malignant growth [5]. Recently, some 
articles reported that NPRL2 regulated the ubiquitin(UB)-
proteasome system and hindered tumorigenicity [6]. Ubiq-
uitination is orchestrated by cascade of E1 UB-activating 
enzymes, E2 UB-conjugating enzymes and E3 UB ligases, 
and serves as a crucial posttranslational modification of 
protein substrates [7]. E3 ligases play the most pivotal role 
in whole ubiquitination process because of their ability to 
accurately select, bind and label target proteins for degra-
dation [8]. However, E3 ligases are dysfunctional in many 
cancers so that the expression and activation of their target 
proteins are abnormal, and antitumor immunity is disturbed 
[9, 10].

Tripartite motif–containing protein 16(TRIM16) belongs 
to the TRIM family. Unlike other members, TRIM16 
lacks the classic RING finger domain but has a B-box 
domain, which exerts E3 ligase activity [11]. Increas-
ing evidence has documented that TRIM16 inhibits tumor 

progression via ubiquitination function [12, 13]. Galectin-
3(Gal-3) is positioned in extracellular space, cytoplasm and 
nucleus. Specifically, tumor cells release Gal-3 to impede 
recruitment and impair the cytotoxic activity of CD8+T 
lymphocytes(CD8+T cells), thereby maintaining an immu-
nosuppressive TME [14, 15]. In contrast, depletion of Gal-3 
potentiates immunotherapy responses and tumor rejection, 
including in glioma [16, 17]. Some studies have confirmed 
that TRIM16 was able to bind Gal-3, and Gal-3 could be 
degraded by the UB–proteasome system to sensitize tumor 
immunotherapy [18, 19]. However, it has not been eluci-
dated whether TRIM16 triggers ubiquitination degradation 
of Gal-3 for immunomodulation in glioma.

Copper(Cu) is an essential trace element and maintains a 
dynamic balance at extraordinarily low intracellular levels 
via copper importer copper transporter 1 (CTR-1) and cop-
per exporters ATPase copper transporting alpha (ATP7A) 
and beta (ATP7B) [20]. However, excess copper damages 
tricarboxylic acid cycle (TCA) in mitochondrial respiration 
and stimulates cuproptosis with distinctive loss of lipoylated 
and iron-sulfur(Fe-S) cluster proteins as well as an increase 
in heat shock protein 70(HSP70) levels [21]. In fact, cupro-
ptosis is correlated with an immunosuppressive TME [22].

In this study, the effects of NPRL2 on the TRIM16-medi-
ated ubiquitination degradation of Gal-3 were evaluated in 
glioma cells. Furthermore, this is the first report to explore 
whether extracellular Gal-3 stimulates CD8+T cell cupro-
ptosis. Our findings supported that the regulation of NPRL2/
TRIM16/ Gal-3 axis leads to novel strategies for restoring 
antitumor immunity in glioma by preventing CD8+T cells 
from cuproptosis.

Materials and methods

Reagents and primary antibodies

Primary antibodies against NPRL2, Gal-3 and GAPDH 
were obtained from Santa Cruz Biotechnology (CA, USA). 
TRIM16, CTR1, HSP70, ferredoxin 1(FDX1), dihydroli-
poamide S-acetyltransferase(DLAT) were purchased from 
Thermo Fisher Scientific(HK, China). Total-ERK1/2, phos-
pho-ERK1/2(p-ERK1/2), CD8, HA-tag, Flag-tag and His-
tag were bought from Abcam(MA, USA). MG132 and IgG 
were purchased from Beyotime Biotechnology(Shanghai, 
China). Elesclomol, cycloheximide(CHX) and ERK1/2 
activator BAY2965501(α-ERK) were purchased from Med-
Chem Express(NJ, USA). The recombinant mouse His-tag 
Gal-3 protein was obtained from Abcam, CuCl2 was pur-
chased from Sigma(Shanghai, China).
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Cell culture

Dulbecco’s modified Eagle’s medium/Ham’s nutrient mix-
ture F-12 (DMEM/F12), RPMI-1640 and fetal bovine 
serum (FBS) were purchased from Gibco(CA, USA). 
Two mouse glioma cell lines(GL261 and CT-2  A) were 
obtained from the Shanghai Life Academy of Sciences Cell 
Library(Shanghai, China) and cultured in DMEM/F12 plus 
10% FBS. CD8+T cell isolation from mice was approved 
by the Ethics Committee of Chongqing Medical University. 
As described previously, the spleens of mice were collected 
after anesthesia via injection of 2% pentobarbital into the 
abdomen. After being minced and digested, the spleen frag-
ments were added to Ficoll–Paque (Sigma, MO, USA) and 
centrifuged(500 ×g, 30 min, 20℃), the mononuclear cell 
layer was extracted. The CD8+T cells were purified via 
magnetic activated cell sorting (MACS) according to manu-
facturer’s protocol(Miltenyi Biotec, Germany), cultured in 
RPMI-1640 supplemented with 10% FBS, and activated by 
2  µg/ml anti-CD3/anti-CD28 antibodies(BD Biosciences, 
NJ, USA) for 48 h [23]. All the cells were maintained in 5% 
CO2 at 37℃.

Cell transfection

The NPRL2 overexpression lentiviral vector(LV-NPRL2) 
and corresponding negative control lentivirus (NC), as well 
as the lentiviral TRIM16 shRNA vector(TRIM16-shRNA-
LV) and matched empty lentivirus (NC1) were purchased 
from Genechem(Shanghai, China).The HA-tag UB plas-
mid was purchased from Miaoling Biology(Wuhan, China), 
and the Flag-tag TRIM16 plasmid was purchased from 
Dowobio Biotechnology(Shanghai, China). Cell trans-
fection and transduction were performed as previously 
described according to the manufacturer’s protocol [5]. 
The medium from two glioma cell lines in control, NC and 
LV-NPRL2 groups cultured for 48 h was collected as con-
ditioned medium(CM), such as CM-control, CM-NC and 
CM- LV, respectively.

Real-time PCR

Total RNA was extracted from two glioma cell lines using 
RNAiso Plus (Invitrogen, CA, USA). The concentrations 
of RNA samples were measured via a spectrophotometer, 
and the RNA was reverse-transcribed into cDNA via the 
Primescript RT reagent Kit (TaKaRa Biotechnology, Bei-
jing, China). The primer sequence for Gal-3 was as follows: 
forward 5’-​A​A​C​A​C​G​A​A​G​C​A​G​G​A​C​A​A​T​A​A CTGG-3’ 
and reverse 5’-​G​C​A​G​T​A​G​G​T​G​A​G​C​A​T​C​G​T​T​G​A​C-3’. 
For GAPDH was: 5’-​C​A​T​C​A​C​T​G​C​C​A​C​C​C​A​G​A​A​G​A​C​
T​G-3’ and reverse 5’-​A​T​G​C​C​A​G​T​G​A​G​C​T​T​C​C​C​G​T​T​C​A​

G-3’. The amplification conditions were as follows: 95℃ 
for 20 s, followed by 40 cycles at 95℃ for 15s, and 60℃ 
for 60s. Relative fold-changes in mRNA levels were deter-
mined via the 2-ΔΔCT method [5].

Western blot(WB)

WB analysis was performed as previously described 
[24]. Briefly, the cells were collected and lysed in RIPA 
lysis buffer containing 0.1% phosphatase inhibitor and 
1%PMSF. The 30  µg protein samples were separated by 
SDS–PAGE and transferred onto PVDF membranes. The 
primary antibodies were used to incubate with PVDF 
membranes overnight at 4℃, including NPRL2(1:200), 
Gal-3(1:500), GAPDH(1:1000), TRIM16(1:200), 
HA(1:100), Flag(1:100), His(1:100), p-ERK1/2(1:200), 
total-ERK1/2(1:500), CTR1(1:200), HSP70(1:200), 
DLAT(1:300) and FDX1(1:400). PVDF membranes were 
incubated with the secondary antibodies(1:5000) for 1  h 
at 37℃, and the protein in each band was quantified using 
Quantity One 4.6 computer software.

Enzyme-linked immunosorbent assay (ELISA)

The medium was collected after culturing with glioma cells 
for 48  h. Then, Gal-3, interleukin-2(IL-2) and interferon 
gamma(IFN-γ) levels were calculated according to optical 
density values by an enzyme-labelled instrument. ELISA 
was performed following manufacturer’s instructions.

Coimmunoprecipitation (Co-IP)

The cells were lysed on ice using NP40 buffer containing a 
protease inhibitor. Total protein(60 µg) was divided equally. 
30 µg of protein was used as input, and the other 30 µg was 
put into protein G-agarose beads(Thermo Fisher Scientific, 
MA, USA) which were pretreated with 2  µl of capturing 
antibodies, such as IgG, Gal-3, Flag or CTR1. After over-
night incubation at 4℃, the beads were washed, and the 
final samples were used for WB analysis.

Ubiquitination assays

The ubiquitination of Gal-3 was required for transfection 
with HA-tag UB plasmid, and the cells were treated with 
10µM MG132 for 6 h before collection. Then, the cells were 
lysed and subjected to Co-IP via anti-IgG or anti-Gal-3 aga-
rose beads and subsequent SDS-PAGE. Ubiquitination of 
Gal-3 was detected using HA antibody(1:100).
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the mouse glioma cells were injected at 1.25 mm right lat-
eral and cranium 0.7 mm anterior to the bregma as well as at 
a depth of 2.5 mm from the brain surface. The tumors were 
created and collected after 21d.

Patients and clinical specimens

The 93 paraffin-embedded high-grade glioma(grade III-IV) 
tissues, including 38 anaplastic astrocytoma and 55 glio-
blastoma multiforme samples, were obtained from the Sec-
ond Affiliated Hospital of Chongqing Medical University 
between 2017 and 2023. All the patients’ clinical informa-
tion is listed in Table 1.

Immunohistochemistry(IHC)

Paraffin sections were deparaffinized in xylene and rehy-
drated in ethanol at a descending concentration. Next, the 
sections were treated with 3% hydrogen peroxide, the anti-
gens were retrieved in citrate buffer, the nonspecific binding 
was blocked with 5% goat serum for 35 min. Then, the tis-
sues were incubated with NPRL2(1:100), TRIM16(1:100), 
Gal-3(1:200) and CD8(1:100) antibodies overnight at 4℃. 
After incubation with secondary antibodies at 37℃ for 
40  min, the tissues were stained with diaminobenzidine 
and counterstained with hematoxylin. The isotype controls, 
IgG from the same species of primary antibodies, were pro-
cessed along with the samples. No apparent immunoreactiv-
ity was observed in isotype controls. Finally, the slides were 
examined under a microscope(DM6000 B; Leica, Wetzlar, 
Germany). The NPRL2, TRIM16, Gal-3 and CD8 positive 
cellular percentages in each sample were estimated as fol-
lows: Five nonoverlapping fields of vision were selected 
randomly in one slice, and the numbers of positively 
expressed cells(brown stain) and total cells(blue stain) were 
calculated to obtain the ratio of positive cells to total cells in 
each field of vision. The average of five ratios was consid-
ered as percentage of positive cells in one patient.

Statistical analysis

Significant differences were identified using t-Test, ANOVA, 
Kruskal-Wallis multiplex analysis, and Pearson correlation 
coefficients. The analyses were performed by SPSS 25.0, 
and P < 0.05 was considered as the statistical significance.

Immunofluorescence(IF)

Glioma cells were seeded onto coverslips for attachment 
overnight. The CD8+T cell suspension was dropped onto 
slides coated with poly-lysine, and additional medium was 
added after 4  h for culturing these cells overnight. Then, 
the cells were fixed, blocked, and incubated with primary 
antibodies(against Gal-3 at 1:200, TRIM16 at 1:200, His at 
1:100 and CTR1 at 1:100) overnight at 4℃. Next, the cells 
were incubated with FITC and TRITC-labelled secondary 
antibodies together with DAPI for IF.

Cell counting kit-8(CCK-8)

CD8+T cells were seeded into 96-well plates at a density of 
4000 cells/well. After incubation with recombinant mouse 
Gal-3 protein, CuCl2, elesclomol or treatment with different 
CM for 24, 48–72 h, CCK-8 buffer(10 µl) was added to each 
well for 20 min. Absorbance values were calculated using 
an enzyme labelled instrument (450 nm).

Flow cytometry(FCM)

After incubation with the Gal-3 protein for 48 h, the CD8+T 
cells were harvested, resuspended and stained with Annexin 
V-FITC/PI apoptosis reagent kit(KeyGen Biotechnology, 
Nanjing, China). Early apoptosis was observed by flow 
cytometry.

Copper microplate assay

The copper assay kit(Abcam) was used to detect copper con-
tent according to user’ manual. The CD8+T cells(2 × 106) 
were harvested and lysed to analyze copper concentration 
via an enzyme labelled instrument (360 nm).

Intracranial tumor model

Following previous studies, C57BL/6 male mice (5–6 
weeks) were used to establish brain tumor model [23]. After 
anesthetization and sterilization on a stereotaxic instrument, 

Table 1  Clinical characteristics of 93 patients
n %

Gender
  Male 48 51.61
  Female 45 48.39
Age(years)
  >45 52 55.91
  ≤45 41 44.09
Pathological diagnosis
Anaplastic astrocytoma 38 40.86
Glioblastoma multiforme 55 59.14

1 3

  424   Page 4 of 13



NPRL2 promotes TRIM16-mediated ubiquitination degradation of Galectin-3 to prevent CD8+T lymphocyte…

by NPRL2(Fig.  2B). Two glioma cell lines were trans-
duced with TRIM16-shRNA-LV and NC1, WB analy-
sis unveiled that TRIM16 expression was decreased by 
TRIM16-shRNA-LV(TRIM16-shRNA), coupled with 
elevated Gal-3(Fig. 2C and S4). Besides, glioma cells were 
divided into the NC, LV-NPRL2, LV-NPRL2 + NC1 and 
LV-NPRL2 + TRIM16-shRNA groups. The data confirmed 
that NPRL2 inhibited Gal-3 expression, which could be 
partially restored by TRIM16 downregulation, indicating 
that the ability of NPRL2 to repress Gal-3 was dependent 
on TRIM16(Fig. 2D). To identify whether TRIM16 facili-
tates Gal-3 ubiquitination degradation, Flag-empty vector 
and Flag-TRIM16 vector were transfected into glioma cells. 
After IP with Flag, we demonstrated that Flag-TRIM16 
connected with Gal-3 but not with NPRL2(Fig. 2E). IF also 
showed colocalization between TRIM16 and cytoplasmic 
Gal-3(Fig.  2F). In addition, the data also explained that 
TRIM16 promoted Gal-3 ubiquitination(Fig.  2G). Next, 
the mechanism involved in the regulatory effect of NPRL2 
on TRIM16 was investigated. WB analysis revealed that 
NPRL2 decreased p-ERK1/2 levels and increased TRIM16 
levels, but the addition of an ERK1/2 activator(α-ERK1/2) 
diminished TRIM16 expression (Fig.  2H). These data 
confirmed that NPRL2 enhanced TRIM16 expression via 
inactivation of ERK1/2, contributing to TRIM16-mediated 
ubiquitination degradation of Gal-3.

Correlation among NPRL2, TRIM16, Gal-3 and CD8+T 
cell accumulation in human glioma samples

We analyzed the clinical correlation of NPRL2 with TRIM16 
or Gal-3 in 93 paraffin-embedded human high-grade glioma 
tissues via IHC. In these samples, NPRL2 expression was 
positively associated with TRIM16 expression, but nega-
tively correlated with Gal-3 expression(Fig. 3A and C). As 
a TSG identified in our previous article, NPRL2 expression 
was decreased in astrocytoma and negatively correlated 
with histological grade, resulting in an unfavorable progno-
sis [5]. Accordingly, we speculated that Gal-3 was upgraded 
by the loss of NPRL2 and promoted glioma progression. 
Some studies reported that Gal-3 functioned as an immuno-
suppressive cytokine in the TME. As well known, CD8+T 
cells are the ultimate immune effectors against tumors, and 
inactivation of CD8+T cells causes failure of antitumor 
immunity [25]. Thus, we aimed to further detect the cor-
relation between Gal-3 and CD8+T cell accumulation. As 
depicted in Fig. 3A and D, Gal-3 was negatively associated 
with CD8+T cell accumulation, indicating that Gal-3 could 
have an adverse effect on CD8+T cells in TME.

Results

NPRL2 degraded Gal-3 and reduced Gal-3 release

The NPRL2 overexpression plasmid was generated by PCR 
and cloned into pCMV-EGFP-MCS-Puro vector using a for-
ward primer (5′-​T​G​G​A​C​G​A​G​C​T​G​T​A​C​A​A​G​A​A​G​C​T​T​G​G​
A​G​G​A​G​G​G​G​G​A​A GC-3′) and a reverse primer (5′-​G​T​G​
C​T​G​G​A​T​A​T​C​T​G​C​A​G​A​A​T​T​C​T​C​A​C​T​T​C​C​A​G​C​A​G​A​T​G​A​
T​G​A​T-3′). The plasmid with NPRL2 gene or empty clones 
were transfected into 293T cells and incubated with serum-
free medium plus lipofectamine 2000 for 8 h. The medium 
was replaced with complete medium for extra 48 h. Lentivi-
ral particles (LV-NPRL2 and NC) were harvested and trans-
duced into glioma cells(6 × 104 glioma cells in six-well plates 
and 5 µg/ml polybrene). Finally, puromycin (2 µg/ml) was 
used to purify these cells. WB analysis showed that NPRL2 
expression was increased in LV-NPRL2 group(Fig. S1). 
Unexpectedly, NPRL2 overexpression suppressed Gal-3 
protein(Fig. 1A), but not mRNA levels(Fig.S2). Therefore, 
we speculated that the effect of NPRL2 on the inhibition of 
Gal-3 could be attributed to post-transcriptional processes. 
Gal-3 release from glioma cells was also decreased in LV-
NPRL2 group(Fig. 1B). CHX(50 µg/ml for 6 h) was used 
to block protein synthesis in order to observe Gal-3 protein 
stability after upregulation of NPRL2, the results found that 
overexpression of NPRL2 decreased the half-life of Gal-3, 
leading to instability of Gal-3 protein(Fig. 1C). Next, glioma 
cells were treated with proteasome inhibitor MG132(10µM 
for 6 h) to block proteasome pathway. As shown in Fig. 1D, 
NPRL2 significantly declined the protein levels of Gal-3 
in the absence of MG132, but the downregulation of Gal-3 
was attenuated in the presence of MG132, suggesting that 
NPRL2 induced Gal-3 protein instability via a proteasome-
dependent pathway. Furthermore, ELISA also exhibited that 
NPRL2 overexpression inhibited Gal-3 release, which was 
partially reversed by MG132(Fig. 1E). These results indi-
cated that NPRL2 repressed Gal-3 via proteasome pathway 
and impeded Gal-3 release.

NPRL2 inactivated ERK1/2 and promoted TRIM16-
mediated Gal-3 ubiquitination degradation

We extended our study to survey the reasons for NPRL2-
induced Gal-3 degradation. HA-tagged UB plasmids were 
introduced into glioma cells with or without upregulation 
of NPRL2, followed by IP with IgG or Gal-3 antibody. 
NPRL2 overexpressing cells underwent heavy ubiqui-
tination of Gal-3, whereas the NC cells displayed a light 
UB ladder(Fig.  2A). However, Co-IP analysis did not 
uncover that NPRL2 bound to Gal-3(Fig. S3). Interest-
ingly, we verified that the E3 ligase TRIM16 was increased 
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Fig. 1  NPRL2 promoted Gal-3 degradation and reduced Gal-3 release. 
A. The expression of Gal-3 protein in control, NC and LV-NPRL2 
groups(n = 3, Mean ± SD. P < 0.001***, compared with control). B. The 
release of Gal-3 protein in control, NC and LV-NPRL2 groups(n = 9, 
Mean ± SEM. P < 0.001***, compared with control). C. NPRL2 short-
ened Gal-3 half-life time(n = 3, Mean ± SD. P < 0.01**, compared with 

NC). D. The ratio of LV-NPRL2 to NC for Gal-3 protein expression 
with or without MG132(n = 3, Mean ± SD. P < 0.05*; P < 0.001***, 
compared with absence of MG132). E. The ratio of LV-NPRL2 to NC 
for Gal-3 protein release with or without MG132(n = 9, Mean ± SEM. 
P < 0.001***, compared with absence of MG132)
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exogenous His-tagged Gal-3 and CTR1 was observed in 
CD8+T cells after 24 h (Fig. 4A). Co-IP also uncovered that 
His-tagged Gal-3 interacted directly with CTR1 (Fig. 4B). 
CTR1 is conducive to copper import, therefore we hypoth-
esized that Gal-3 could participate in copper metabolism in 

Gal-3 accelerated cuproptosis in CD8+T cells

CCK-8 assays and FCM did not reveal that Gal-3 sup-
pressed cell viability or induced early apoptosis in CD8+T 
cells(Fig.S5A and S5B). Interestingly, colocalization of 

Fig. 2  NPRL2 inhibited phospho-
ERK1/2 to induce TRIM16-mediated 
Gal-3 ubiquitination degradation. A. 
After transfecting with HA-UB and 
adding MG132, Co-IP was performed 
with IgG or Gal-3 antibody in NC and 
LV-NPRL2 groups, the Gal-3 ubiqui-
tination was observed(n = 3). B. The 
protein levels of TRIM16 were inves-
tigated in control, NC and LV-NPRL2 
groups(n = 3. Mean ± SD. P < 0.001***, 
compared with control). C. The protein 
levels of Gal-3 were explored in control, 
NC1 and TRIM16-shRNA-LV(TRIM16-
shRNA) groups(n = 3. Mean ± SD. 
P < 0.001***, compared with control). 
D. Gal-3 protein was tested in NC(1), 
LV-NPRL2(2), LV-NPRL2 + NC1(3) 
and LV-NPRL2 + TRIM16-shRNA(4) 
groups(n = 3. Mean ± SD. P < 0.001***, 
compared with group 1. P < 0.01##, 
P < 0.001###, compared with group 4). E. 
The glioma cells were transfected with 
Flag-empty vector and Flag-TRIM16 
vector, then IgG or Flag antibody was 
used for IP with Flag-TRIM16, Gal-3 
and NPRL2(n = 3). F. IF to detect colo-
calization of TRIM16 and Gal-3(n = 3). 
G. After transfecting with HA-UB and 
adding MG132, Co-IP was done with 
IgG or Gal-3 antibody in FLAG-empty 
vector and FLAG-TRIM16 groups, the 
Gal-3 ubiquitination was assessed(n = 3). 
H. The glioma cells were divided into 
NC, LV-NPRL2 and LV-NPRL2 plus 
ERK1/2 activator(α-ERK1/2) groups, the 
levels of phospho-ERK1/2 and TRIM16 
were analyzed(n = 3. Mean ± SD. 
P < 0.001***, compared with NC. 
P < 0.01##, P < 0.001###, compared with 
LV-NPRL2)
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These findings suggested that Gal-3 induced cuproptosis in 
CD8+T cells.

NPRL2 prevented the immunosuppressive effect of 
Gal-3 on CD8+T lymphocytes

CM was collected to incubate with CD8+T cells. Although 
these CMs hindered cell viability to some extent, there was 
no significant difference in inhibitory effect among the three 
groups without elesclomol-CuCl2, illustrating that glioma-
derived CM inhibited CD8+T cell activation regardless of 
NPRL2 levels(Fig.S7). When 10nM elesclomol-CuCl2(1:1) 
was introduced to CM, CCK-8 assays and ELISA showed 
that cell viability and cytokines(IFN-γ and IL-2) levels were 
increased in CM-LV group compared with CM-control and 
CM-NC groups, but the CM-LV induced-restoration was 
neutralized by exogenous Gal-3 protein(Fig.  5A and B). 
Glioma cells(control, NC and LV-NPRL2) were seeded into 
mouse brains, IHC unraveled that NPRL2 augmented the 
accumulation of CD8+ T cells in the TME, but these effects 
could be counteracted by Gal-3 protein(Fig. 5C). These data 

CD8+T cells. Elesclomol is a copper ionophore that shuttles 
copper into cells for copper toxicity, CD8+T cell viabil-
ity was not affected by 10nM, 20nM or 40nM elesclomol 
after 24, 48 and 72 h(Fig.S6). Next, the CD8+T cells were 
divided into control, CuCl2(10nM), CuCl2(10nM) plus 
Gal-3(2ng/ml), 10nM elesclomol-CuCl2(1:1), 10nM eles-
clomol-CuCl2(1:1) plus Gal-3(2ng/ml). The levels of Cu2+ 
in CD8+T cells were increased in elesclomol-CuCl2 group, 
and this process was further augmented by Gal-3(Fig. 4C). 
The elesclomol-CuCl2 treatment slightly diminished CD8+T 
cell viability at 72 h and had no impact on IL-2 or IFN-γ 
release. Notably, cell growth as well as IL-2 and IFN-γ 
secretion was significantly inhibited by elesclomol-CuCl2 
plus Gal-3, which ascertained that elesclomol was able to 
increase copper intake but not enough to cause significant 
cell death. However, elesclomol-CuCl2 plus gal-3 markedly 
increased intracellular copper content and induced inacti-
vation of CD8+T cells(Fig. 4D and E). WB analysis mani-
fested that elesclomol-CuCl2 plus Gal-3 decreased DLAT 
and FDX1, coupled with upregulation of HSP70 (Fig. 4F). 

Fig. 3  Correlation analysis of NPRL2, TRIM16, Gal-3 and CD8+T 
cell accumulation in human glioma specimens. A. The expression 
of NPRL2, TRIM16, Gal-3 and CD8 in clinical glioma tissues. B-D. 

Pearson correlation coefficient to analyze the correlation between 
NPRL2 and TRIM16, NPRL2 and Gal-3, Gal-3 and CD8
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Fig. 4  Gal-3 induced cuproptosis in CD8+T lymphocytes. A. IF to 
detect the colocalization of His-tagged Gal-3 and CTR1(n = 3). B. 
Co-IP to observe the link between His-tagged Gal-3 and CTR1 in 
CD8+T cells(n = 3). C. The cellular relative copper contents were 
tested by spectrophotometry (n = 5. Mean ± SEM). D. CCK-8 to ana-
lyze cell viability(n = 5. Mean ± SEM). E. ELISA to calculate the IL-2 

and IFN-γ secretion from CD8+T cells(n = 9. Mean ± SEM). For C, D, 
E, P***<0.001, vs. control; P###<0.001, vs. elesclomol-CuCl2 group. 
F. WB to evaluate the different levels of HSP70, DLAT and FDX1 
protein between elesclomol-CuCl2 and elesclomol-CuCl2 plus Gal-3 
groups(n = 3. Mean ± SD. P***<0.001, vs. elesclomol-CuCl2 group)
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Fig. 5  NPRL2 activated CD8+T cells via suppression of Gal-3. 
A. CD8 + T cells were divided into control, CM-control, CM-NC, 
CM- LV, and CM-LV plus Gal-3 groups, and elesclomol-CuCl2 was 
added into CM, the cell viability was tested at 24, 48 and 72 h(n = 5. 
Mean ± SEM). B. The concentrations of IL-2 and IFN-γ secreted 
from CD8+T cells were calculated after 48  h(n = 9. Mean ± SEM). 
(For A and B, P***<0.001, vs. Control. P < 0.001###, vs. CM-LV. 

P < 0.001&&&, compared between CM-LV and CM-LV plus Gal-3). C. 
The glioma cells in control, NC, LV-NPRL2, LV-NPRL2 plus Gal-3 
protein groups were injected into mouse brain to establish intracra-
nial tumor, and CD8+T cell accumulation was assessed at 21d(n = 5. 
Mean ± SEM. P***<0.001, vs. Control. P < 0.001###, vs. between LV-
NPRL2 and LV-NPRL2 plus Gal-3)
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the antitumor efficacy of immune checkpoint inhibitors 
[31–33]. Importantly, our data also unveiled that Gal-3 
was negatively associated with CD8+T cell accumulation, 
indicating that the absence of NPRL2 enhanced Gal-3 and 
resulted in immune evasion.

Some articles have shown that Gal-3 induced CD8+T 
cell apoptosis and hindered CD8+T cell viability as well 
as recruitment to the TME [34–36]. However, cytotoxicity 
was not detected after exposure to extra Gal-3 protein. The 
reason for inconsistency may be attributed to the different 
concentrations which required for much higher to provoke 
CD8+T cell apoptosis [34]. IF and Co-IP displayed that 
Gal-3 was directly linked to CTR1 which is the most impor-
tant influx transporter of copper ions. The copper was an 
endogenous metal necessary for numerous biological func-
tions, and intracellular copper was typically restricted to 
extraordinarily low levels depending on import and export 
balance [37]. Recently, a breakthrough was made that 
excess intracellular copper triggered a unique type of death 
with mitochondrial dysregulation, namely cuproptosis [21]. 
Next, we explored the effects of Gal-3 on copper metabo-
lism in CD8+T cells and found that Gal-3 significantly 
increased the levels of intracellular copper when copper ion-
ophore elesclomol were added. Furthermore, increased cop-
per restrained cell viability and immune related cytokines, 
coupled with the characteristics of cuproptosis, including 
decreased FDX1 and DLAT as well as increased HSP70.

Ultimately, the anticancer efficacy of NPRL2 was evalu-
ated in terms of tumor immunity. Upregulation of NPRL2 
in glioma promoted CD8+T cell infiltration into the TME 
and restored immunocompetence in vitro and in vivo, which 
could be counteracted by extra Gal-3. We concluded that 
NPRL2 improved immunosurveillance in glioma by inhib-
iting Gal-3 mediated CD8+T cell cuproptosis. However, 
Gal-3 also played indispensable role in immunosuppression 
via multiple mechanisms, such as memory T-cell inactiva-
tion, M2 macrophage polarization, dysregulation of den-
dritic cell, enrichment of myeloid-derived suppressor cells 
[16, 38, 39]. Consequently, further research must be per-
formed to highlight the role of NPRL2/TRIM16/ Gal-3 axis 
in regulation of the tumor immune microenvironment.

Conclusion

In summary, we substantiated that overexpression of 
NPRL2 in glioma cells impeded CD8+T cell cuproptosis in 
favor of immunological activity by promoting the TRIM16-
mediated ubiquitination degradation of Gal-3. Our identi-
fication indicated that targeting the NPRL2/TRIM16/Gal-3 
axis will be a prominent achievement for advances in gli-
oma immunotherapy.

confirmed that NPRL2 prevented Gal-3 induced-cupropto-
sis and promoted the immunological activity of CD8+T 
lymphocytes.

Discussion

The NPRL2 gene is harbored in chromosome 3p21.3 where 
allelic loss, homozygous deletion or loss of heterozygosity 
often appears in a variety of tumors [5]. As a result, NPRL2 
expression is decreased and the TSG functions are attenu-
ated, giving rise to tumorigenesis, invasion, drug toler-
ance, relapse and poor outcomes [26–28]. We verified that 
NPRL2 impaired the cell cycle of glioma via inactivation of 
the PDK1-AKT1 signaling pathway [5]. However, a recent 
study proposed that NPRL2 was negatively associated with 
the infiltration score of immune cells in the TME, and high 
levels of NPRL2 were more responsive to immunotherapy 
[28].

To further elucidate the role of NPRL2 in TME, we 
first identified that NPRL2 repressed Gal-3 expression and 
release from glioma cells through ubiquitination, which was 
responsible for modulating the “quality” and “quantity” of 
substrate proteins related to malignant tumors [29]. Other 
literature described that NPRL2 physically interacted with 
E3 ligases to regulate protein stability [6]. In addition, pre-
vious reports showed that the E3 ligase TRIM16 directly 
connected with Gal-3 for ubiquitination degradation [18]. 
Thus, we attempted to survey the interactions among the 
three proteins and the results corroborated that TRIM16 
was able to degrade Gal-3 via ubiquitination. However, 
NPRL2-induced E3 ligase activity of TRIM16 did not rely 
on combination between each other. Alternatively, we wit-
nessed that NPRL2 promoted TRIM16 via the inhibition of 
phospho-ERK1/2, which in turn decreased Gal-3 expres-
sion and release through TRIM16-dependent ubiquitination 
degradation. Combined with our previous research, NPRL2 
is a critical component that regulates different downstream 
signal transduction pathway in glioma.

The levels of Gal-3 were elevated in astrocytoma [30]. 
Subsequently, clinical glioma specimens were collected to 
analyze the correlation between these proteins. Given the 
reduced NPRL2 in glioma documented in our previous 
study, the IHC figured out that NPRL2 levels were posi-
tively associated with TRIM16 and negatively correlated 
with Gal-3 [5]. Hence, we deemed that downregulation of 
NPRL2 increased Gal-3 levels. In fact, Gal-3 is considered 
as a pleiotropic tumor relevant protein and deserves par-
ticular attention in immuno-oncology [15]. Some papers 
have confirmed that Gal-3 negatively influenced antitumor 
immunity, patients with Gal-3-negative tumors showed bet-
ter therapeutic responses, and Gal-3 blockade augmented 
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