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Abstract: Bladder cancer is the most common malignant tumor of the urinary system. Currently, treatment strat-
egies for bladder cancer remain limited, highlighting the urgent need to explore novel therapeutic approaches. 
Sotorasib, the first successful small molecule drug targeting KRAS, has been approved for treating non-small cell 
lung cancer (NSCLC), but it has not yet been studied in bladder cancer. Additionally, glucose metabolism-related 
proteins, such as GLUT1, PKM2, and LDHA are highly expressed in most bladder cancer cell lines, promoting tu-
mor progression. KRASG12D mutant cells exhibit enhanced glucose uptake and glycolysis. However, little is known 
about whether KRASG12C mutant cells exhibit enhanced glucose metabolism. Various techniques, including glucose 
and lactate analysis, Seahorse assay, western blot, qRT-PCR, and immunofluorescence, were used to investigate 
whether Sotorasib can inhibit glucose metabolism in bladder cancer cells. The results demonstrated that Sotorasib 
significantly inhibited glucose metabolism in KRASG12C mutant bladder cancer, both in vitro and in vivo, but not 
in wild-type bladder cancer. Furthermore, Sotorasib’s inhibition of glucose metabolism was associated with sup-
pressing the degradation of thioredoxin-interacting protein (TXNIP), a negative regulator of glucose metabolism. 
Additionally, Sotorasib increased TXNIP expression by regulating the RAS/RAF/ERK axis. This study uncovers the 
mechanism by which Sotorasib inhibits glucose metabolism in KRASG12C mutant bladder cancer cells and suggests 
a potential therapeutic benefit for the treatment of KRASG12C mutant bladder cancer.
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Introduction

Bladder cancer is the most common malignant 
tumor of the urinary system, ranking first in inci-
dence among urinary system tumors in China 
and second to prostate cancer in Western 
countries. The number of new bladder cancer 
cases is increasing globally [1, 2]. Therefore, 
exploring novel therapeutic approaches is 
urgently needed. The Warburg effect is charac-
teristic of both non-muscle-invasive bladder 
cancer (NMIBC) and muscle-invasive bladder 
cancer (MIBC). Studies have shown that glu-
cose metabolism-related proteins, such as 

LDHA and GLUT1, are highly expressed in most 
bladder cancer cell lines, promoting tumor pro-
gression [3, 4]. Additionally, the high expression 
of PKM2 facilitates bladder cancer growth and 
maintenance [5]. However, few therapeutic 
strategies are currently available to inhibit glu-
cose metabolism in bladder cancer.

KRAS mutations occur with a certain frequency 
in bladder cancer, with the KRASG12C mutation 
detected in urothelial carcinoma in situ [6, 7]. 
KRAS mutations primarily occur at codon 12 in 
bladder cancer [8, 9]. These mutations act as 
carcinogenic drivers [6, 10]; alterations in KRAS 
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proteins impede their interaction with GTPase-
activating proteins (GAPs) and the hydrolysis of 
GTP bound to KRAS, leaving the protein in a 
constitutively active state [11, 12]. Activated 
KRAS can trigger multiple signaling pathways, 
including RAF-MEK-ERK and PI3K-AKT-mTOR 
pathways [13, 14]. KRAS mutations also impact 
immune cells in the tumor microenvironment 
(TME), ultimately contributing to tumor progres-
sion and immune evasion [15]. Some studies 
have shown that KRAS mutant pancreatic and 
lung cancer cells, such as those with the 
KRASG12D mutation, exhibit enhanced glucose 
uptake and glycolysis, with GLUT1 upregulated 
in these cells [16, 17]. Therefore, KRAS repre-
sents a potential target for suppressing glu-
cose metabolism. However, little is known 
about whether KRASG12C mutant cells also ex- 
hibit enhanced glucose metabolism. The tumor 
suppressor TXNIP can promote the internaliza-
tion of the glucose transporter GLUT1 and 
mediate the inhibition of GLUT1 mRNA and pro-
tein expression, thus regulating glucose metab-
olism in tumors [18-20]. Therefore, we will 
investigate whether TXNIP plays a role in this 
process.

Sotorasib, a KRAS G12C inhibitor, was approv- 
ed for marketing by the FDA in 2021, marking a 
significant breakthrough in cancer treatment 
since RAS had long been considered an un- 
druggable target. Sotorasib traps KRAS G12C 
in its inactive state, specifically and irreversibly 
inhibiting KRAS G12C [21]. In mechanistic stud-
ies, researchers found that Sotorasib inhibited 
the MAPK and PI3K-AKT-mTOR signaling path-
ways and reduced the expression of p-S6 in 
KRASG12C mutant non-small cell lung cancer 
and pancreatic cancer cells, while increasing 
the expression of the apoptosis-related protein 
caspase-3 [22, 23]. Currently, Sotorasib is used 
in clinical settings for the treatment of locally 
advanced or metastatic non-small cell lung 
cancer patients with KRASG12C mutations [24, 
25]. However, it has not yet been utilized for the 
treatment of bladder cancer. In summary, we 
will explore whether Sotorasib can be applied 
to treat bladder cancer and inhibit glucose 
metabolism in this context.

Materials and methods

Cell culture

Human bladder cancer cells were obtained 
from iCell Bioscience Inc. (Shanghai, China). 

UMUC3 were cultivated in MEM (Gibco, Grand 
Island, NY) supplemented with 10% FBS (Excell 
Bio, China) and 1% penicillin/streptomycin in an 
incubator at 37°C with 5% CO2. T24 were culti-
vated in 5A (iCell, Shanghai, China) with the 
same supplements.

MTT assay

Cells were plated in 96-well plates at a density 
of 6.0 × 103 cells per well. After 12 h, the cells 
were either treated with Sotorasib or FDP (fruc-
tose-1,6-diphosphate) or left untreated for 24, 
48, or 72 h. Subsequently, 50 μL of MTT solu-
tion (2 mg/mL, Sigma-Aldrich, St. Louis, MO) 
was added to each well and incubated for 5 h. 
Finally, 150 μL of dimethyl sulfoxide (DMSO) 
was added, and the absorbance was measured 
at 490 nm using a microplate reader (BioTek, 
SYNERGY HTX, VT, USA).

Clonogenic assay

For a different assay, cells were plated in 
24-well plates at a density of 2.0 × 103 cells per 
well. After 12 h, the cells were either treated 
with Sotorasib or FDP or left untreated and 
incubated for 5 to 7 days. Following incubation, 
10% paraformaldehyde solution was added to 
fix the cells, and then 0.1% crystal violet was 
used to stain them. Absorbance was measured 
at 550 nm using a microplate reader (BioTek, 
SYNERGY HTX, VT, USA), and images of the 
cells were captured.

Western blot

Protein samples were resolved by SDS-PAGE 
and transferred to PVDF membranes, where 
they were probed with primary antibodies. 
Peroxidase-conjugated anti-rabbit or anti-mou- 
se antibodies were used as secondary antibod-
ies, and the antigen-antibody reactions were 
visualized using the ChemiDoc system (Bio-
Rad, Hercules, CA, USA). The antibodies used 
are detailed in the Supplementary Table 1. The 
blot intensities were quantified using ImageJ, 
and the data were normalized to the loading 
control with an antibody against β-actin.

Immunoprecipitation

Briefly, 1.0 × 107 cells in a bottle were collected 
and lysed using a non-denaturing lysis buffer 
(Solarbio, Beijing, China). After a 30-min incu-
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bation on ice, the lysate was centrifuged, and 
the supernatant was collected. The superna-
tant was then blocked with protein A/G (Santa 
Cruz, Dallas, TX) for 1 h. Following another cen-
trifugation, antibodies or normal IgG were 
added to the supernatant and incubated over-
night at 4°C. Protein A/G was added again to 
bind the antibody and incubated for 1 h. Protein 
A/G was then collected by centrifugation and 
washed four times with lysis buffer. A sample 
loading buffer (2 ×) was mixed with the beads 
and boiled for 10 min. The supernatant was 
used for western blot analysis.

Glucose analysis

Cells were plated in 6-well plates (2.5 × 105 
cells/well). After 48 h, the cell culture medium 
was replaced with DMEM (Gibco, Grand Island, 
NY) supplemented with 10% FBS (Excell Bio, 
China) and 1% penicillin/streptomycin. After 2 
h, the supernatant and cell lysate were collect-
ed. Cells were counted before being lysed with 
lysis buffer (Beyotime, Shanghai, China). In the 
remaining wells, cells were treated or not treat-
ed with Sotorasib. After 24 h, the supernatant 
and cell lysate were collected. Then, 10 μL of 
the samples were mixed with 180 μL of glucose 
assay reagent (Beyotime, Shanghai, China). The 
mixture was heated at 95°C for 8 min using a 
high-capacity cDNA reverse transcription kit 
(Thermo, Shanghai, China). A total of 150 μL of 
the reaction mixture was added to 96-well 
plates. Absorbance was measured at 630 nm 
using a microplate reader (BioTek, SYNERGY 
HTX, VT, USA). The concentration of glucose in 
the samples was calculated based on a stan-
dard curve.

Lactate analysis

Cells were plated in 6-well plates at a density of 
2.5 × 105 cells per well. After 48 h, the cell cul-
ture medium was replaced with DMEM (Gibco, 
Grand Island, NY) supplemented with 10% FBS 
(Excell Bio, China) and 1% penicillin/streptomy-
cin. The supernatant and cell lysate were col-
lected after 2 h. Cells were counted before 
being lysed with lysis buffer (Beyotime, 
Shanghai, China). In the remaining wells, cells 
were either treated or not treated with 
Sotorasib. After 24 h, the supernatant and cell 
lysate were collected again. Subsequently, 5- 
μL samples were transferred into 96-well 
plates. Each reagent from the lactate assay kit 

(Elabscience, Wuhan, China) was added 
sequentially. Absorbance was measured at 
530 nm using a microplate reader (BioTek, 
SYNERGY HTX, VT, USA). Lactate concentration 
in the samples was calculated based on a stan-
dard curve.

qRT-PCR

RNA was extracted using Trizol reagent. 
Complementary DNA (cDNA) was synthesized 
using a high-capacity cDNA reverse transcrip-
tion kit (Thermo, Shanghai, China). Quantita- 
tive RT-PCR (qRT-PCR) was performed using 
TaqMan Gene Expression Master Mix (Bio-Rad, 
Shanghai, China). The sequences of the prim-
ers are provided in the Supplementary Table 2.

siRNA transfection

Cells were plated in 6-well plates at a density of 
2.5 × 105 cells per well. After 12 h, cells were 
transfected with 25 nM RNAi oligonucleotides 
and 25 nM Negative Control siRNA (Ribobio, 
Shanghai, China) using Lipofectamine 6000 
(Invitrogen, Eugene, USA) in the absence of FBS 
for 5 h. Subsequently, cells were washed with 
PBS, and the medium was replaced with MEM 
for 24 h. Proteins were then collected, and spe-
cific silencing was confirmed by western blot. 
The sequences of the siRNAs are provided in 
the Supplementary Table 3.

Immunofluorescence

Briefly, 1.0 × 104 cells were seeded on glass 
coverslips. Cells were either treated or not 
treated with Sotorasib, then washed three 
times with PBS and fixed with 4% paraformal-
dehyde for 30 min. After another washing step, 
cells were incubated for 30 min with 4% BSA. 
Cells were incubated overnight at 4°C with the 
primary antibody. Following two PBS washes, 
DyLight 549-labeled secondary antibody 
(Proteintech, Chicago, USA) was added and 
incubated for 1 h. Nuclei were stained with 
DAPI and fixed in glycerin before being imaged 
using a fluorescence microscope. Fluorescence 
intensities were quantified using ImageJ and 
normalized to the loading control.

Measurement of extracellular fluxes

Cells were analyzed for glycolytic and mitochon-
drial function using Seahorse XF24 (Agilent, 
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Santa Clara, CA, USA) equipped with Glycolysis 
Stress Test Kit (103020-100) and Mito Stress 
Test Kit (103015-100). Following Sotorasib 
treatment, 2.5 × 104 cells were seeded in an 
XF24 well cell culture microplate and incubated 
overnight at 37°C under 5% CO2. Four corner 
wells were filled with medium for background 
correction. To assess oxidative respiration, the 
medium was replaced with 500 μL of Seahorse 
XF DMEM (103575-100) containing 1 mM pyru-
vate (103578-100), 2 mM glutamine (103579-
100), and 10 mM glucose (103577-100). For 
glycolytic activity, 500 μL of Seahorse XF 
DMEM (103575-100) devoid of glucose and 
pyruvate was used, followed by a 1-h incuba-
tion at 37°C in a CO2-free environment. Oxygen 
consumption rate (OCR) and extracellular acidi-
fication rate (ECAR) were quantified using the 
XF24 Extracellular Flux Analyzer. ECAR mea-
surements were performed first without addi-
tives, followed by sequential addition of glu-
cose (10 mM), oligomycin (1 μM), and 2-DG (50 
mM). OCR measurements were conducted 
after baseline assessments with subsequent 
addition of oligomycin (1.5 μM), FCCP (1 μM), 
and rotenone/antimycin A (0.5 μM).

Subcutaneous xenograft model study

Female BALB/c nude mice, aged 4 to 6 weeks 
(n=40), were procured from GemPharmatech 
LLC (Jiangsu, China). The study was sanctioned 
by the Ethics Committee of Hunan Normal 
University (D2023001). Mice were randomized 
into groups and subcutaneously injected with 
UMUC3 or T24 cell suspensions to create xeno-
graft models. Tumor volumes were measured 
using the formula: 1/2 × long diameter × short 
diameter2. Treatment commenced when tu- 
mors reached 50 mm3, with mice receiving 
either Sotorasib or vehicle (0.5% carboxy me- 
thyl cellulose sodium) through gavage. Tumor 
volumes and body weights were recorded every 
2 days. Following 14 days of treatment, the 
mice were euthanized, and their livers and kid-
neys were paraffin-embedded, sectioned, and 
histologically examined. All tumors were pre-
served in formalin for subsequent Ki-67 and 
WB analysis. The investigators were blinded to 
group assignments during the evaluation of the 
results.

Histology

Tissues were fixed with 4% paraformaldehyde 
for 24 h, embedded in paraffin, and sectioned 

to a thickness of 7 μm. Sections were stained 
with hematoxylin and eosin (H&E) and evaluat-
ed for disease presence. For immunohisto-
chemistry staining, sections were deparaf-
finized and rehydrated sequentially in xylene, 
100%, 95%, and 75% ethanol. They were then 
incubated with 3% H2O2 for 20 min to inhibit 
endogenous peroxidase activity, rinsed with 
PBS, and subjected to antigen retrieval in Tris-
EDTA solution for 5 min in a pressure cooker. 
Overnight incubation at 4°C followed, using the 
primary antibody anti-Ki-67. After additional 
washes in PBS, sections were treated with 
Reagent 2 and Reagent 3 from the Goat 
Hypersensitivity Two-Step Detection Kit (ZSGB-
BIO, Beijing, China), as per the manufacturer’s 
instructions. Staining was completed using a 
DAB substrate kit (Cell Signaling, Beverly, MA, 
USA) and counterstaining with Gill’s hematoxy-
lin (Solarbio, Beijing, China). Finally, sections 
were dehydrated and mounted with neutral res-
ins (Solarbio, China). IHC staining analysis data 
were quantified using Image J and normalized 
to the load control.

UALCAN database analysis

The relationship between the expression of glu-
cose metabolism-related genes and the surviv-
al of bladder cancer patients was examined 
using the UALCAN database. TCGA database 
was selected and gene names were entered. 
Then the specific cancer type was chosen 
before generating the survival curves.

Statistical analysis

Data from three independent experiments were 
presented as mean ± SD. Statistical analyses 
were conducted using Graphpad Prism 6. Two-
tailed unpaired Student t-tests and one-way 
analysis of variance (ANOVA) were applied. 
Variances between groups were also statisti-
cally compared. All experiments were conduct-
ed at least three times. A p-value of less than 
0.05 was considered statistically significant.

Results

The survival of bladder cancer patients is neg-
atively correlated with the expression levels of 
SLC2A1 (GLUT1) and PKM2

Firstly, we explored the relationship between 
the expression of SLC2A1 and PKM2 and the 



The effect of Sotorasib on bladder cancer

5255	 Am J Cancer Res 2024;14(11):5251-5268

survival of bladder cancer patients using the 
UALCAN database [26, 27]. The results indicat-
ed that the survival of bladder cancer patients 
is negatively correlated with the expression lev-
els of SLC2A1 and PKM2 (Figure 1A and 1B).

KRASG12C mutant bladder cancer cells possess 
enhanced glucose metabolism capabilities 
and are more sensitive to Sotorasib

UMUC3 is a KRASG12C mutant bladder cancer 
cell line, while T24 is a wild-type bladder cancer 
cell line. We analyzed the basal levels of glu-
cose consumption and lactate production in 
both UMUC3 and T24. The results demonstrat-
ed that UMUC3 exhibited higher glucose con-

glycolysis [28, 29], we speculated whether 
Sotorasib interferes with glucose metabolism 
in KRASG12C mutant bladder cancer cells. 
Following treatment with 16 μM Sotorasib, glu-
cose consumption and lactate production in 
UMUC3 decreased by 24.9% and 16.6%, 
respectively, within 24 h. In contrast, glucose 
consumption and lactate production in T24 did 
not decrease (Figure 3A and 3B). The oxygen 
consumption rate (OCR) results indicated a 
decrease following Sotorasib treatment, while 
the extracellular acidification rate (ECAR) also 
declined after treatment. These results sug-
gested that both glycolysis and oxidative phos-
phorylation (OXPHOS) were inhibited after 
Sotorasib treatment (Figure 3C and 3D). To fur-

Figure 1. Relationship between the expression of SLC2A1 and PKM2 and 
patient survival. (A, B) UALCAN database was used to analyze the relation-
ship between the patient survival and expression of SLC2A1 and PKM2.

sumption and lactate produc-
tion levels compared to T24 
(Figure 2A and 2B). Additionally, 
western blot (WB) analysis re- 
vealed that GLUT1 expression 
was higher in UMUC3 than in 
T24 (Figure 2C). These findings 
suggested that KRASG12C mu- 
tant bladder cancer cells pos-
sess enhanced glucose metab-
olism capabilities.

To investigate the effect of the 
KRASG12C mutation on sensitivi-
ty to Sotorasib, we found that 
Sotorasib had a stronger inhibi-
tory effect on the proliferation 
of UMUC3, as evidenced by the 
MTT assay. The IC50 values for 
Sotorasib in UMUC3 and T24 
were 35 μM and 55 μM, respec-
tively (Figure 2D). Further exper-
iments using colony formation 
assays confirmed that Sotora- 
sib inhibited the proliferation of 
bladder cancer cells, with a 
more pronounced effect ob- 
served in UMUC3 (Figure 2E). 
These results indicated that 
KRASG12C mutant bladder can-
cer cells are more sensitive to 
Sotorasib.

Sotorasib inhibited glucose 
metabolism in KRASG12C mutant 
bladder cancer cells

Since KRAS mutations can 
enhance glucose uptake and 
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ther validate these findings, we measured the 
mRNA levels of glucose metabolism-related 
proteins using qRT-PCR. The results showed 
that the mRNA expression of GLUT1, PKM2, 
and LDHA was inhibited after treatment with 16 

μM and 32 μM Sotorasib in UMUC3 but not in 
T24 (Figure 3E). Additionally, WB analysis  
demonstrated that the protein expression of 
GLUT1, PKM2, and LDHA was similarly inhibited 
in UMUC3 following 16 μM and 32 μM Sotorasib 

Figure 2. Comparison on the glucose metabolism and the sensitivity to Sotorasib of KRASG12C mutant and wild-type 
bladder cancer cells. (A) When UMUC3 and T24 density reached 60%-70%, the supernatant and cell lysate were 
collected. Cells were counted before lysed. After 24 h, the supernatant and cell lysate were collected. Then glucose 
consumption was detected by glucose detection kit. (B) Steps before detection were the same as those for (A). Then 
lactate production was detected by lactate detection kit. (C) Expression of GLUT1 in UMUC3 and T24 was detected 
by WB. (D) Inhibitory effects of Sotorasib on the proliferation of UMUC3 and T24 were detected by MTT assay. IC50 
values were counted by SPSS 20.0. (E) Inhibitory effects of Sotorasib on the proliferation of UMUC3 and T24 were 
detected by colony formation assay (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns not significant, 
n=3).
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treatment, while no changes were observed in 
T24 (Figure 3F). Immunofluorescence results 
further confirmed that GLUT1 expression was 
inhibited in UMUC3 but not in T24 (Figure 3G). 
In conclusion, Sotorasib effectively inhibited 
glycolysis and OXPHOS in KRASG12C mutant 
bladder cancer cells.

To investigate the role of glucose metabolism in 
the effects of Sotorasib, UMUC3 were treated 
with FDP (fructose-1,6-diphosphate), a glycoly-
sis agonist, alongside Sotorasib. Cell prolifera-
tion was assessed using MTT and colony for-
mation assays. FDP, a critical intermediate in 
the glycolysis pathway, enhances glucose 
metabolism. Our findings revealed a significant 
increase in UMUC3 proliferation following treat-
ment with 200 μg/mL of FDP, which nearly 
abolished the inhibitory effect of Sotorasib on 
cell growth. These results indicated that the 
suppression of glucose metabolism was a key 
mechanism by which Sotorasib inhibited the 
proliferation of KRASG12C mutant bladder can-
cer cells (Figure 3H and 3I).

Sotorasib increased the expression of TXNIP 
by inhibiting its ubiquitination degradation

Initially, we observed an increase in TXNIP 
expression in UMUC3 but not in T24 (Figure 
4A). To further elucidate how Sotorasib modu-
lates TXNIP expression, we first analyzed its 
mRNA levels. According to Figure 4B, Sotorasib 
treatment did not significantly alter TXNIP 
mRNA levels in KRASG12C mutant bladder can-
cer cells, although protein levels increased fol-
lowing treatment. This suggested that Sotorasib 
may influence the post-transcriptional regula-
tion of TXNIP. Subsequently, UMUC3 were  
treated with CHX (cycloheximide, a protein syn-
thesis inhibitor) in the absence or presence of 
Sotorasib to explore its effect on TXNIP protein 
synthesis post-transcriptionally. WB results 
indicated that the degradation rate of TXNIP 
decreased following Sotorasib treatment, sug-
gesting that Sotorasib inhibited TXNIP degra- 
dation (Figure 4C). To investigate the primary 
site of TXNIP degradation, UMUC3 were treated 
with cycloheximide (CHX) and subsequently 

Figure 3. Impact of Sotorasib on glucose metabolism in KRASG12C mutant bladder cancer cells. (A) Glucose con-
sumption was measured using a glucose detection kit. (B) The steps before detection were the same as (A), then 
lactate production was detected with a lactate detection kit. (C) UMUC3 with or without Sotorasib treatment (16 
μM), were analyzed for oxygen consumption rate via Seahorse assay. (D) The extracellular acidification rate was 
examined using the same assay. (E and F) UMUC3 and T24 were treated with various concentrations of Sotorasib 
(0, 16, and 32 μM) for 12 h and underwent mRNA and protein expression analyses of GLUT1, PKM2, and LDHA by 
qRT-PCR and WB, respectively. (G) The expression of GLUT1 in treated or untreated UMUC3 and T24 was detected 
by immunofluorescence. (H and I) The proliferation of UMUC3 treated with Sotorasib (16 μM) or FDP (200 μg/mL) 
was monitored using MTT and colony formation assays, respectively (*P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001, ns not significant, n=3).
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Figure 4. Effect of Sotorasib on TXNIP. (A) UMUC3 and T24 were treated with Sotorasib (0, 16, and 32 μM) for 12 h. 
Protein expression of TXNIP was detected by WB. (B) Steps before detection were the same as (A). mRNA expression 
of TXNIP was detected by qRT-PCR. (C) UMUC3 were treated with CHX (40 μg/mL; 0, 2, and 4 h) and either treated 
or not treated with Sotorasib (16 μM; 0, 2, and 4 h). The degradation rate of TXNIP was detected by WB. (D) UMUC3 
were treated with CHX (40 μg/mL; 0, 2, and 4 h) and treated with MG132 (1 μM) or CQ (5 μM). The degradation rate 
of TXNIP was detected by WB. (E) UMUC3 were treated with Sotorasib (16 μM; 0 h, 2 h, 4 h, and 8 h). The protein 
lysates were immunoprecipitated with TXNIP antibody. The immunoprecipitates were tested by WB with antibodies 
to TXNIP and Ub (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns not significant, n=3).
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exposed to either MG132 (a proteasome inhibi-
tor) or chloroquine (CQ, a lysosome inhibitor). 
The results indicated that TXNIP degradation 
decreased after treatment with both MG132 
and CQ, with a more significant reduction 
observed after MG132 treatment, suggesting 
that the proteasome is the primary site of TXNIP 
degradation (Figure 4D). Additionally, we found 
that TXNIP ubiquitination was reduced after 
Sotorasib treatment, indicating that Sotorasib 
inhibited the ubiquitination degradation of 
TXNIP (Figure 4E). Thus, Sotorasib increased 
the expression of TXNIP by inhibiting its ubiqui-
tination degradation.

TXNIP is a negative regulator of glucose me-
tabolism

To explore the relationship between TXNIP and 
glucose metabolism, we silenced TXNIP in 
KRASG12C mutant bladder cancer cells and 
observed a significant increase in glucose con-
sumption and lactate production within 24 h 
(Figure 5A and 5B). Investigating the underlying 
mechanism, we found that the mRNA expres-
sion of glucose metabolism-related proteins 
GLUT1, PKM2, and LDHA increased upon  
TXNIP silencing (Figure 5C). Correspondingly, 
WB results confirmed that the expression of 
these proteins also increased when TXNIP was 
silenced (Figure 5D). Immunofluorescence fur-
ther validated that GLUT1 expression increas- 
ed in the absence of TXNIP (Figure 5E). In sum-
mary, TXNIP acts as a negative regulator of glu-
cose metabolism.

Next, we verified whether Sotorasib’s inhibition 
of glucose metabolism is linked to TXNIP regu-
lation. Results from glucose consumption and 
lactate production experiments indicated that 
Sotorasib’s inhibition of these processes de- 
creased when TXNIP was silenced (Figure 5F 
and 5G). Furthermore, WB results demonstrat-
ed that the inhibition of glucose metabolism-
related proteins GLUT1, PKM2, and LDHA by 
Sotorasib diminished when TXNIP was silenced 
(Figure 5H). These findings indicated that 
Sotorasib inhibited glucose metabolism in 
KRASG12C mutant bladder cancer cells through 
TXNIP regulation.

Sotorasib increased TXNIP expression by mod-
ulating the RAS/RAF/ERK axis

To determine whether Sotorasib upregulated 
the expression of TXNIP by regulating the RAS/

RAF/ERK axis, we first assessed the effect of 
Sotorasib on this pathway. After RAS activation, 
activated RAS binds to the N-terminal domain 
of RAF, thereby activating the downstream 
MAPK pathway [30]. Notably, the binding of 
KRAS to cRAF in UMUC3 was stronger than in 
T24 (Figure 6A). Following treatment with 16 
μM Sotorasib, the binding of KRAS to cRAF in 
UMUC3 decreased, while no decrease was 
observed in T24 (Figure 6B). Similarly, WB 
results indicated that treatment with 16 μM 
and 32 μM Sotorasib inhibited the expression 
of p-cRAF and p-ERK in UMUC3, but did not 
affect these proteins in T24. Furthermore, 
Sotorasib inhibited the expression of bypass 
proteins p-AKT and p-mTOR in UMUC3, while no 
inhibition was noted in T24 (Figure 6C).

To investigate the relationship between TXNIP 
and the RAS/RAF/ERK axis, we examined the 
expression changes of KRAS, cRAF, and ERK 
upon silencing TXNIP. WB results showed no 
significant changes in the expression of KRAS, 
cRAF, and ERK, indicating that TXNIP is located 
downstream of the RAS/RAF/ERK axis (Figure 
6D). Previous research has suggested that 
TXNIP may prevent bladder cancer by inhibiting 
ERK activation [31]. Additionally, Kelleher et al. 
proposed that TNF-α-induced degradation of 
TXNIP is ERK-dependent [32]. Therefore, we 
speculated that the inhibition of TXNIP degra-
dation by Sotorasib is ERK-dependent. We 
found that after treatment with TBHQ (tert-
Butylhydroquinone, an ERK activator), ERK pho- 
sphorylation increased and TXNIP expression 
decreased. Conversely, after Selumetinib (an 
ERK inhibitor) treatment, ERK phosphorylation 
decreased and TXNIP expression increased, 
indicating that ERK phosphorylation status  
regulates TXNIP expression. Furthermore, we 
observed that the inhibition of TXNIP degrada-
tion by Sotorasib was reduced when ERK phos-
phorylation increased, and conversely, this inhi-
bition increased when ERK phosphorylation 
decreased (Figure 6E). At the same time, fol-
lowing either inhibition or activation of ERK 
phosphorylation, the inhibition of TXNIP ubiqui-
tination by Sotorasib showed a similar trend 
(Figure 6F). These results indicated that So- 
torasib’s inhibition of TXNIP degradation was 
related to ERK phosphorylation. To explore the 
mechanism further, we conducted co-immuno-
precipitation (CO-IP) experiments. The results 
demonstrated that TXNIP bound to both p-ERK 
and ERK, with a stronger binding affinity to 
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Figure 5. Effect of TXNIP on glucose metabolism in either absence or presence of Sotorasib. (A) UMUC3 were 
transfected by 25 nM TXNIP RNAi oligonucleotides and 25 nM negative control siRNA with the transfection reagent 
Lipofectamine 6000 in the absence of FBS for 5 h. UMUC3 were washed with PBS, and the medium was replaced 
for 24 h. Finally, glucose consumption was detected using a glucose detection kit. (B) Treatment on UMUC3 was the 
same as that for (A). Then lactate production was detected using a lactate detection kit. (C) UMUC3 were transfected 
by TXNIP RNAi oligonucleotides. And then the mRNA expression of TXNIP, GLUT1, PKM2, and LDHA was detected 
by qRT-PCR. (D) Treatment on UMUC3 was the same as that for (C). The protein expression of TXNIP, GLUT1, PKM2, 
and LDHA was detected by WB. (E) Expression of GLUT1 was detected by immunofluorescence. (F) UMUC3 were 
transfected by TXNIP RNAi oligonucleotides. Then UMUC3 were treated or not treated with Sotorasib (16 μM) for 12 
h. Glucose consumption was detected by glucose detection kit. (G) Treatment on UMUC3 was the same as that for 
(F). Lactate production was detected using a lactate detection kit. (H) UMUC3 were transfected by TXNIP RNAi oligo-
nucleotides. And then UMUC3 were treated or not treated with Sotorasib (16 μM) for 12 h. The protein expression 
of TXNIP, GLUT1, PKM2, and LDHA was detected by WB (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 
ns, not significant, n=3).
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p-ERK and a weaker affinity to ERK. This sug-
gested that p-ERK regulates TXNIP through 
direct binding (Figure 6G). In conclusion, 
Sotorasib increased TXNIP expression by mod-
ulating the RAS/RAF/ERK axis.

Sotorasib inhibited the growth of xenograft 
bladder tumor in vivo and the expression 
of glucose metabolism-related proteins in 
KRASG12C mutant bladder tumor

In this study, we demonstrated that Sotorasib 
inhibited the growth of bladder cancer cells.  
To further verify its effect on bladder tumor 
growth, we conducted in vivo experiments 
using UMUC3 and T24 xenograft models in 
BALB/c-Nude mice. Once the tumor volume 
reached 50 mm3, the mice were treated with 
Sotorasib (10 mg/kg) every 2 days. As shown  
in Figure 7A and 7D, the volume of UMUC3 
xenograft tumors significantly decreased fol-
lowing Sotorasib treatment. Figure 7C illustrat-
ed a corresponding reduction in the weight of 
UMUC3 xenograft tumors. In contrast, the vol-
ume and weight of T24 xenograft tumors 
decreased to a lesser extent after Sotorasib 
treatment. There was no significant difference 
in the body weight of nude mice between the 
treatment and control groups (Figure 7B). 
Additionally, H&E staining revealed no evident 
toxicity in the liver and kidneys after Sotorasib 
treatment, although the arrangement of tumor 
cells appeared more chaotic and loose in the 
treatment groups compared to the control 
groups (Figure 7E). Immunohistochemical anal-
ysis of Ki-67 indicated a significant reduction in 
the number of Ki-67-positive tumor cells in the 
UMUC3 group following Sotorasib treatment, 
whereas the decrease in the T24 group was 
less pronounced (Figure 7F). WB analysis 
showed that the expression of glucose metabo-

lism-related proteins GLUT1, PKM2, and LDHA 
in UMUC3 xenograft tumors was significantly 
downregulated after Sotorasib treatment, while 
TXNIP expression was significantly upregulat-
ed. In T24 xenograft tumors, there were no sig-
nificant changes in the expression of GLUT1 
and TXNIP, whereas PKM2 was downregulated 
and LDHA was upregulated (Figure 7G).

Discussion

In recent years, several studies have demon-
strated that the oncogene KRAS plays a critical 
role in regulating cancer metabolism by or- 
chestrating multiple metabolic changes [33]. 
Additionally, some researchers have indicated 
that targeting the Warburg effect in KRASG12D 
glycolytic tumor organoids enhances the toxici-
ty of 5-FU without affecting non-transformed 
wild-type cells [34]. On the other hand, the first 
KRAS inhibitor, Sotorasib, specifically targets 
KRAS G12C and is currently used clinically for 
the treatment of locally advanced or metasta- 
tic non-small cell lung cancer patients with 
KRASG12C mutation [22, 35]. However, Soto- 
rasib has not yet been studied in bladder can-
cer. Therefore, we proposed the hypothesis 
that Sotorasib can be used to inhibit glucose 
metabolism in KRASG12C mutant bladder 
cancer.

Firstly, we found that bladder cancer cells  
with KRASG12C mutation demonstrated enhan- 
ced glucose metabolism capabilities. Addi- 
tionally, experiments measuring glucose con-
sumption and lactate production, along with 
Seahorse assays, revealed that Sotorasib 
impeded glucose metabolism in these cells. 
The mechanism behind this was linked to 
Sotorasib’s suppression of TXNIP ubiquitination 
degradation. Sotorasib increased TXNIP expres-

Figure 6. Effect of Sotorasib on TXNIP expression associated with the RAS/RAF/ERK axis. (A) The binding of KRAS 
to cRAF in UMUC3 and T24 was detected by CO-IP and WB experiments. The protein lysates were immunoprecipi-
tated with KRAS antibody. The immunoprecipitates were tested using WB with antibodies to KRAS and cRAF. (B) 
UMUC3 and T24 were treated with Sotorasib for 12 h. Then the protein lysates were immunoprecipitated with KRAS 
antibody. The immunoprecipitates were tested by WB with antibodies to KRAS and cRAF. (C) UMUC3 and T24 were 
treated with Sotorasib (0 μM, 16 μM, and 32 μM) for 12 h. And the protein expression of p-cRAF, cRAF, p-ERK, ERK, 
p-AKT, AKT, p-mTOR, and mTOR was detected by WB. (D) UMUC3 were transfected by TXNIP RNAi oligonucleotides. 
The protein expression of TXNIP, KRAS, cRAF, and ERK was detected by WB. (E) UMUC3 were treated or not treated 
with Sotorasib (16 μM) for 12 h. At the same time, UMUC3 were treated or not treated with TBHQ (30 μM) or Selu-
metinib (10 μM) for 12 h. The protein expression of p-ERK, ERK, and TXNIP was detected by WB. (F) Treatment on 
UMUC3 was the same as that for (E), and then the protein lysates were immunoprecipitated with TXNIP antibody. 
The immunoprecipitates were tested by WB with antibodies to TXNIP and Ub. (G) The protein lysates were immuno-
precipitated with TXNIP antibody. The immunoprecipitates were tested by WB with antibodies to TXNIP, p-ERK, and 
ERK (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns not significant, n=3).
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sion by modulating the RAS/RAF/ERK axis. 
Concurrently, we investigated Sotorasib’s im- 
pact on glucose metabolism in bladder tumors 

through in vivo experiments. Results showed 
that Sotorasib significantly curtailed the grow- 
th of KRASG12C mutant bladder tumors and 

Figure 7. Inhibitory effect of Sotorasib on xenograft bladder tumor in vivo. (A) UMUC3 and T24 xenograft models 
were established in BALB/c-Nude mice. When the tumor volume reached 50 mm3, nude mice were treated with So-
torasib (10 mg/kg) every 2 days. After 14 days of Sotorasib treatment, the tumors were removed and photographed. 
(B) The body weights were recorded every 2 days. (C) After the tumors were removed, the tumor weights were 
recorded. (D) The tumor volumes were recorded every 2 days. Tumor volumes were calculated according to the for-
mula: 1/2 × long diameter × short diameter2. (E) H&E staining of liver, kidney, and tumor. (F) Expression of Ki-67 in 
tumor tissues was detected by immunohistochemistry. (G) Protein expression of GLUT1, PKM2, LDHA, and TXNIP in 
tumor tissues was detected by WB (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns not significant, n=3).

Figure 8. Summary of the mechanisms. Sotorasib specifically inhibits KRAS and then suppresses the phosphoryla-
tion of ERK; therefore, the ubiquitination of TXNIP decreases. After the ubiquitination degradation of TXNIP in the 
proteasome decreases, the mRNA and protein expression of GLUT1, PKM2, and LDHA is inhibited; therefore, the 
glucose metabolism is inhibited.
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reduced the expression of glucose metabolism-
related proteins (Figure 8).

To date, there has been limited research on the 
application of Sotorasib in treating bladder can-
cer. Our study indicated that Sotorasib can 
inhibit glucose metabolism in KRASG12C mutant 
bladder cancer and delved into the mecha-
nisms underlying this inhibition, potentially aid-
ing the development of new bladder cancer 
treatments.

Our findings suggested that Sotorasib’s effect 
on TXNIP ubiquitination is linked to ERK phos-
phorylation. However, specific studies on how 
phosphorylated ERK (p-ERK) influences TXNIP 
ubiquitination have not yet been conducted. 
Some research suggested that TXNIP’s ubiqui-
tination degradation is related to its phosphory-
lation [36]. Our study also discovered that 
p-ERK associates with TXNIP, though the spe-
cific phosphorylation sites remain unidentified. 
Other studies have shown that ERK-dependent 
TXNIP ubiquitination and proteasome degrada-
tion hinge on phosphorylation at a PXTP motif 
threonine (Thr349) within the C-terminal 
α-arrestin domain, close to a known E3 ubiqui-
tin ligase binding site [32].

Although Sotorasib exhibits anticancer activity 
in preclinical studies and has demonstrated 
effective remission, disease stability, and 
absence of dose-limiting toxic effects in clinical 
trials, these benefits are often short-lived due 
to the development of resistance [37]. Re- 
sistance represents a significant challenge in 
the clinical use of Sotorasib, primarily due to 
mutations in EGFR/FGFR, secondary RAS mu- 
tations, alterations in other genes, and activa-
tion of the PI3K pathway [35, 38, 39]. To coun-
teract resistance, combining Sotorasib with 
other targeted therapies is considered a viable 
approach to extend the duration of response or 
reverse drug resistance [40].
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Supplementary Table 1. Chemicals and primary antibodies used in this study
Name Supplier Cat no.
Sotorasib MCE 2296729-00-3
CHX Selleck S7418
MG132 Selleck S2619
CQ MedChemExpress HY-17589AS
Selumetinib MedChemExpress HY-50706
TBHQ MCE 1948-33-0
KRAS Abcam 275876
cRAF SAB 35408
p-c-RAF Cell Signaling Technology 9421
p-ERK Cell Signaling Technology 4370
ERK Cell Signaling Technology 9102
p-AKT Cell Signaling Technology 4060
AKT Cell Signaling Technology 9272
p-mTOR Cell Signaling Technology 5536
mTOR Proteintech 20657
GLUT1 Santa 377228
PKM2 Cell Signaling Technology 4053
LDHA Santa 137243
TXNIP Cell Signaling Technology 14715
β-actin SAB 52901
Ubiquitin R&D Systems MAB701

Supplementary Table 2. Primers used in this study
Gene Forward Primer Reverse Primer
SLC2A1 GTCTGGCATCAACGCTGTCT AACAGCGACACGACAGTGAA
PKM2 CATGCAGCACCTGATAGCTC CTTGAGGCTCGCACAAGTTC
LDHA AGGAACAGTGGAAAGAGTGCAG ACATGCACAACCTCCACCTA
TXNIP TGACCTGCCCCTGGTAATTG ATGCAGGGATCCACCTCAGTA
ACTB CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT

Supplementary Table 3. The targeting oligos of TXNIP
siRNA 5’-3’
genOFFTM st-h-TXNIP_001 CAACATCCTTCGAGTTGAA
si-h-TXNIP_005 TGATCATGAGACCTGGAAA


