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Metabolic reprogramming and epigenetic alternations are implicated in tumor progression and 
metastasis, but the metabolic and epigenetic mechanisms underlying lymphatic and distant 
metastasis of bladder cancer (BCa) remain poorly understood. In this study, we provide the first 
evidence that glutamine-fructose-6-phosphate aminotransferase 1 (GFAT1), the crucial rate-limiting 
switch of the hexosamine biosynthesis pathway (HBP), is considerably upregulated in the nutrient-
scarce microenvironment and causes a high O-GlcNAcylation of signal transducing adaptor molecule 
2 (STAM2), further facilitating lymphatic and distant metastasis of BCa. Inhibition of GFAT1 and 
O-GlcNAcylation impairs STAM2-induced metastasis. Mechanistically, O-GlcNAcylation of STAM2 at 
serine 375 augments protein stability by inhibiting proteasome degradation and ubiquitination. In 
addition, STAM2 O-GlcNAcylation facilitates Janus kinase 2 (JAK2) and signal transducer and activator 
of transcription (STAT3) phosphorylation, thus activating the epithelial‒mesenchymal transition. In 
summary, these results reveal a novel metabolic and epigenetic link mediating tumor metastasis, 
and indicate that targeting GFAT1 and STAM2 O-GlcNAcylation may serve as a promising treatment 
strategy for BCa progression.
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Bladder cancer (BCa) is one of the most prevalent malignant tumors worldwide, with increasing morbidity and 
mortality rates1. Although surgical management and adjunctive therapy continue to progress, BCa recurrence 
rates remain high, which seriously affects patient survival and quality of life2–4. BCa recurrence is often attributed 
to the aggressive growth of residual tumor cells. However, rapidly growing cancer cells urgently need a large 
amount of nutrition from the tumor microenvironment (TME)5,6, while malformed tumor vascular networks 
cause starvation, which is characteristic of the TME7. Starvation strongly activates BCa cell function, triggering 
BCa cells metastasis and further promoting cancer progression8,9. Therefore, identifying novel treatment targets 
and mechanisms, with the consideration of the nutrient-deprived TME, seems to be important for BCa patients.

The hexosamine biosynthesis pathway (HBP) is a key branch of the glycolytic pathway, with glutamine-
fructose-6-phosphate aminotransferase 1 (GFAT1) serving as the first and rate-limiting enzyme in this pathway10. 
Previous studies have revealed that inhibiting GFAT1 expression either by 6-diazo-5-oxo-l-norleucine (DON) or 
by siRNA-mediated knockdown significantly attenuated pancreatic cancer cell proliferation and metastasis11–13. 
In addition, the UDP-GlcNAc generated by GFAT1 can transfer GlcNAc to proteins for O-GlcNAcylation11,14,15. 
Recent evidence has shown that flux through the HBP and O-GlcNAc protein levels significantly increase in 
tumor cells, particularly under conditions of nutrient deprivation16,17. Our previous studies also demonstrated 
that starvation promotes the upregulation of GFAT1 and HBP in BCa cells13. Nevertheless, the role of starvation-
mediated HBP-related metabolic reprogramming in BCa remains unclear.

In our study, we investigated the effect of metabolic reprogramming in the HBP mediated by starvation 
on the proliferation and metastasis of BCa cells. In addition, our findings reveal that starvation significantly 
increased HBP flux and O-GlcNAcylation by upregulating GFAT1 in BCa cells. Moreover, we present, for the 
first time, the functional importance of STAM2 O-GlcNAcylation in driving both proliferation and metastasis. 
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These results reveal a distinctive perspective on BCa metastasis mediated by starvation and imply that STAM2 is 
a potential therapeutic target for anticancer therapy.

Methods
Clinical samples
A total of 50 patients diagnosed with BCa who underwent tumor excision between June 2022 and July 2023 at 
the First Affiliated Hospital of Chongqing Medical University were included in the study. Patients with other 
primary and metastatic cancers were excluded. Tumor and adjacent normal tissues were collected for western 
blotting. Written informed consent was obtained from all participants. The study was approved by the Medical 
Ethics Committee of the First Affiliated Hospital of Chongqing Medical University (Approval No.2021 − 199) 
and was performed in accordance with all applicable guidelines and regulations. All clinical data were obtained 
by reviewing medical records.

Animals
All the experiments were conducted in compliance with the Chongqing Medical University policy and in 
accordance with the guidelines and regulations. The animals study was approved by the university for the care 
and use of laboratory animals (Approval No.2021 − 277). All mice were humanely euthanized with pentobarbital 
sodium. This study was performed in accordance with the Animal Research: Reporting of In Vivo Experiments 
(ARRIVE) guidelines. All six-week-old female BALB/c nude mice and C57BL/6 mice were purchased from the 
Animal Center of Chongqing Medical University (Chongqing, CHN).

Cell line-derived xenografts
Six-week-old female BALB/c nude mice were randomly divided into five groups, with three mice per group. A 
total of 5 × 106 UM-UC-3 cells, treated as indicated and suspended in 100 µl culture medium were subcutaneously 
inoculated into the right thigh roots of BALB/c nude mice. Tumor volume and body weight were monitored 
every 3 days for 21 days. Thiamet G (400 µg/50 µl normal saline) was injected peritumorally every 3 days. After 3 
weeks, the mice were euthanized with pentobarbital sodium salt, and the tumors were collected, measured, and 
subjected to western blotting.

Mouse model of popliteal lymphatic metastasis
Six-week-old C57BL/6 mice were randomly divided into three groups, with five mice per group. Briefly, 1 × 106 
luciferase-labeled MB-49 cells subjected to the indicated treatments were subcutaneously inoculated into 
the footpads of C57BL/6 mice. Luminescence of popliteal lymph nodes (LNs) was measured weekly using 
IVIS Lumina Series III (PerkinElmer, USA) until the footpad tumor size reached 200 mm3. The mice were 
subsequently sacrificed, and the popliteal LNs were measured and collected for further analysis.

Tail vein injection
Four-week-old C57BL/6 mice were randomly divided into three groups, with five mice per group. Briefly, 1 × 106 
luciferase-labeled MB-49 cells subjected to the indicated treatments were intravenously injected into the tail vein 
of the mice. Three weeks after injection, the luminescence of the mice was measured via an IVIS Lumina Series 
III (PerkinElmer, USA).

Cell culture
Human BCa cell lines (UM-UC-3, T24, and 5637), epithelial cell line SV-HUC-1, mouse BCa cell line MB-49, 
and HEK293T cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, CHN). 
The cell lines were tested for mycoplasma contamination. UM-UC3, T24, 5637, and SV-HUC-1 cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine 
serum (FBS, BioInd, Israel), 100 µg/mL streptomycin (Beyotime, CHN), and 100 U/mL penicillin (Beyotime, 
CHN) at 37 °C in a humidified atmosphere of 5% CO2.

For nutrient-deprived cultures, UM-UC-3 cells were cultured in Hank’s balanced salt solution (HBSS, Thermo 
Fisher Scientific, USA) for 6 to 24 h. Then, the HBSS was replaced with DMEM supplemented with 10% FBS.

Cell transfection
STAM2-knockout cells were established using CRISPR-Cas9. The optimal small guide RNA (sgRNA) target 
sequence was ​G​C​A​G​A​T​A​T​C​A​G​A​C​T​A​A​A​C​T​G, which was subsequently cloned and inserted into the PX458 
plasmid. After that, lentiviral vectors (PLVX/EF1a/CMV/Puro) with STAM2-HA overexpression (OE STAM2) 
or STAM2 S375A-HA overexpression (OE STAM2 S375A-HA) were constructed through combination with 
related full-length cDNA fragments or specific cDNA fragments and then the above lentiviral vectors were 
transfected into UM-UC-3 and MB-49, followed by selection with puromycin (Hanbio, CHN) for 2 weeks.

Quantitative real-time PCR (qRT‒PCR)
Total RNA was extracted from tissues and cells using TRIzol Reagent (ABclonal, CHN) and reverse-transcribed 
to cDNA via ABScript Neo RT Master Mix for qPCR with gDNA Remover (ABclonal, CHN). qRT‒PCR was 
conducted via SYBR Green Fast qPCR Mix (ABclonal, CHN) with a 7500 Real-Time PCR System (Thermo 
Fisher, USA). The 2–ΔCT method was used to calculate gene expression, which was normalized to that of the 
control group. The sequences of the primer pairs used were as follows: STAM2(forward:5’-​A​G​G​G​C​C​T​G​A​G​T​T​
G​T​T​C​C​A​A​T-3’, reverse:5’-​A​G​G​G​G​G​A​A​C​A​T​G​A​A​C​A​A​G​C​A​C-3′); β-actin(forward: 5′-​C​C​T​T​C​C​T​G​G​G​C​A​T​G​
G​A​G​T​C-3′,reverse: 5′-​T​G​A​T​C​T​T​C​A​T​T​G​T​G​C​T​G​G​G​T​G-3′).
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Western blotting
Total cell protein was extracted using radioimmunoprecipitation (RIPA) lysis buffer (Beyotime, CHN) 
supplemented with protease inhibitors (Beyotime, CHN). Proteins were separated via sodium dodecyl 
sulfate‒polyacrylamide gel electrophoresis (SDS‒PAGE) and transferred to polyvinylidene difluoride (PVDF) 
membranes (Millipore, USA). The membranes were blocked with 5% fat-free milk (Beyotime, CHN) 
and subsequently incubated with primary antibodies at 4  °C overnight. The next day, the membranes were 
incubated with secondary antibodies (Bioss, CHN). A Fusion FX System (Vilber, Germany) was used to detect 
chemiluminescence signals, which were normalized to that of β-actin. The antibodies used in the study were as 
follows: STAM2 (Proteintech, 13009-1-AP), HA (Proteintech,51064-2-AP), E-cadherin (Proteintech, 20874-1-
AP), N-cadherin (Proteintech, 22018-1-AP), Vimentin (Proteintech, 10366-1-AP), JAK2 (CST, #3230), p-JAK2 
(CST, #3771), stat3 (CST, #12640), p-stat3 (CST, #94994), and β-actin (Proteintech, 66009-1-Ig).

STAM2 protein stability assay
UM-UC-3 cells were transfected with vectors expressing STAM2-HA or STAM2 S375A-HA and Ub-Flag. After 
cycloheximide was added to the culture medium for 0,6,12, or 24 h, proteins were extracted for western blot 
analysis using an anti-HA antibody.

Immunofluorescence staining
The cells were fixed in 4% paraformaldehyde fixative (Beyotime, CHN) and permeabilized in Triton X-100 
(Beyotime, CHN) for 10 min. After being blocked with 10% normal goat serum for 1 h, the cells were incubated 
with anti-HA and anti-Flag at 4 °C overnight. The following day, secondary antibodies were applied at room 
temperature for 1 h, and the cells were treated with antifade reagent containing DAPI for 10 min. Images were 
acquired using laser confocal microscopy at a magnification of 630x (LSCM, Leica Microsystems AG).

Cell viability
According to the manufacturer’s instructions, cell viability was assessed using Cell Counting Kit 8 (CCK-8, 
Dojindo, JPN). Briefly, 24 h after the intervention, 2 × 103 cells were inoculated into a 96-well plate. A total of 
90 µl of serum-free, and 10 µl of CCK-8 reagent were added to each well. After incubation at 37 °C for 1 h, the 
absorbance at 450 nm was measured via a microplate reader (Bio-Rad, USA).

Migration and invasion assays
For the migration assays, 3 × 105 cells resuspended in 200 µl serum-free medium were inoculated into the upper 
Transwell chamber (Corning, USA). A total of 700 µl of medium containing 10% FBS was added to the lower 
Transwell chamber, and the whole system was incubated at 37 °C in a humidified atmosphere of 5% CO2 for 
24 h. The cells were inoculated into a Transwell chamber coated with Matrigel for the invasion assays. Then, the 
cells were fixed in 4% paraformaldehyde fixative solution (Beyotime, CHN) and stained with 0.2% crystal violet. 
Eventually, the images were obtained via a digital camera system at a magnification of 200x and analyzed with 
ImageJ software (version 1.54f).

Statistics
Statistical analyses were conducted using GraphPad Prism 9 (GraphPad Software, USA). The data are expressed 
as the means ± standard deviations (SDs), and comparisons were performed using independent-sample t-tests 
and one-way ANOVA. A p-value of less than 0.05 was considered statistically significant.

Results
A starvation microenvironment promotes proliferation, invasion, and migration by 
regulating GFAT1 in BCa cells
First, UM-UC-3 cells were cultured in a nutrient-deprived microenvironment, and we observed a marked increase 
in both GFAT1 expression and O-GlcNAcylation levels as starvation time increased (Fig. 1A-B). To explore the 
effect of starvation-induced upregulation of GFAT1 on the function of UM-UC-3, GFAT1 upregulation was 
reversed by DON, a GFAT1 inhibitor (Fig. 1C-D). Using functional assays, we found that starvation promoted 
the proliferation, migration, invasion, and epithelial‒mesenchymal transition (EMT) of BCa cells. However, 
this starvation-mediated promotion was attenuated by DON (Fig. 1E-H). To further investigate whether the 
promoting effect of upregulated GFAT1 was mediated by O-GlcNAcylation, intracellular O-GlcNAcylation levels 
were modified using OSMI (an O-GlcNAc transferase inhibitor) and PUGNAc (an O-GlcNAcase inhibitor). 
Using CCK-8, cell migration, and Matrigel invasion assays, we found that the O-GlcNAcylation levels in UM-
UC-3 cells were positively correlated with UM-UC-3 cell proliferation, migration, and invasion (Fig.  1I-L). 
These results suggest that the nutrient-deficient microenvironment mediates the increase in GFAT1 levels to 
promote BCa cell proliferation, migration, and invasion.

STAM2 is upregulated in BCa cells and tissues
Our previous study suggested that STAM2 may be O-GlcNAcylated in a nutrient-deprived model13, so we 
further explored STAM2 in BCa. Compared with that in normal tissues, STAM2 expression was upregulated in 
BCa tissues (Fig. 2A-C). Additionally, STAM2 expression in human BCa cell lines (UM-UC-3, T24, and 5637) 
was also elevated compared with that in the normal bladder epithelial cell line SV-HUC-1 (Fig. 2D-F).
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A starvation microenvironment promotes proliferation, invasion, and migration by 
facilitating STAM2 O-GlcNAcylation
As shown in Fig. 3A, we demonstrated that STAM2 can be O-GlcNAcylated. The interaction between STAM2 and 
O-linked N-acetylglucosamine transferase (OGT) was confirmed using co-IP assays (Fig. 3B-C). Furthermore, 
starvation increased the O-GlcNAcylation level of STAM2 (Fig. 3D-E). To further investigate the function of 
STAM2 in a nutrient-scarce microenvironment, functional experiments were performed, demonstrating that 
the promoting effect of starvation on BCa cells in which STAM2 was knocked down was much weaker than 
that on normal control cells (Fig.  3F-I). To further explore the significance of STAM2 O-GlcNAcylation in 
UM-UC-3 cells, two potential O-GlcNAcylated sites, serine 372 (S372) and serine 375 (S375), were replaced 
with alanine (S372A, S375A). The results revealed that the O-GlcNAcylation level of STAM2 was significantly 
decreased at S375A (Fig. 3J-K), which suggested that serine 375 was the main O-GlcNAcylated site of STAM2. 
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Finally, we explored the role of STAM2 S375 O-GlcNAcylation in proliferation, migration, invasion, and EMT. 
STAM2 promoted BCa cell proliferation, migration, and invasion, whereas the promoting effect of STAM2 
S375A was weaker than that of STAM2 (Fig. 3L-O). More importantly, compared with the STAM2 + PUGNAc 
group, PUGNAc exhibited slight facilitative effects in the STAM2 S375A + PUGNAc group (Fig. 3L-O). These 
collective results indicate that starvation-mediated upregulation of STAM2 S375 O-GlcNAcylation improves the 
proliferation, migration, invasion, and EMT of UM-UC-3 cells.

STAM2 S375 O-GlcNAcylation enhances its stability by decreasing ubiquitination
Next, we explored the specific mechanism by which STAM2 O-GlcNAcylation impacts UM-UC-3 cells. Previous 
studies have demonstrated that O-GlcNAcylation can regulate protein stability and localization18–20. Therefore, 
we used the cycloheximide (CHX) chase assays to detect STAM2 protein stability. As shown in Fig. 4A and B, 
enhancing of STAM2 O-GlcNAcylation with PUGNAc significantly prolonged the half-life of STAM2, whereas 
inhibiting STAM2 O-GlcNAcylation with OSMI-1 significantly shortened the half-life of STAM2. In addition, 
the impact of PUGNAc and OSMI-1 on the half-life of STAM2 was considerably reduced when the main O-
GlcNAcylation site (serine 375) on STAM2 was mutated (Fig.  4C-D). These findings suggest that S375 O-
GlcNAcylation of STAM2 enhances its stability. To further investigate how STAM2 O-GlcNAcylation contributes 
to its stability, we detected the proteasomal degradation of STAM2. We found that PUGNAc weakened the 
interaction between ubiquitin and STAM2, whereas OSMI-1 had the opposite effect (Fig. 4E-F). Furthermore, 
no significant difference in the interaction between ubiquitin and S375A STAM2 was noted when the cells 
were treated with PUGNAc or OSMI-1 (Fig.  4G-H). These results indicate that STAM2 O-GlcNAcylation 
stabilizes STAM2 by inhibiting its proteasome degradation. In addition, we further investigated the effect 
of STAM2 O-GlcNAcylation on protein localization using immunofluorescence assays. As shown in Fig.  4I, 
STAM2 was located mainly in the cytoplasm. However, STAM2 nuclear levels did not notably increase after 
O-GlcNAcylation was modified by PUGNAc or OSMI-1 (Fig. 4I-J), suggesting that STAM2 O-GlcNAcylation 
did not affect its localization. Building on these findings, we propose that starvation-mediated upregulation of 
STAM2 O-GlcNAcylation enhances its stability by decreasing its degree of ubiquitination.

STAM2 S375 O-GlcNAcylation facilitates the JAK2–STAT3 signaling pathway
Previous studies have shown that STAM2 is involved in the JAK–STAT pathway21,22. Therefore, we detected the 
impact of STAM2 on the JAK2–STAT3 pathway by western blotting. First, we established STAM2 knockout 
(KO STAM2) or STAM2 overexpression (OE STAM2) cell line and validated using western blotting (Fig. 5A). 
The results showed that overexpression of STAM2 increased phospho-JAK2 (p-JAK2) and phospho-STAT3 
(p-STAT3) levels, whereas knockout of STAM2 had the opposite effect (Fig. 5B-C). In addition, the STAM2-
overexpressing group presented higher p-JAK2 and p-STAT3 levels than the OE STAM2 S375A group did 
(Fig. 5D-E). Furthermore, compared with the STAM2 S375A + PUGNAc group, PUGNAc significantly promoted 
p-JAK2 and p-STAT3 expression in the STAM2 + PUGNAc group (Fig. 5D-E). Moreover, rescue experiments 
revealed that JSI-124, a selective inhibitor of JAK2–STAT3, reduced the proliferation, migration, invasion, and 
EMT of UM-UC-3 cells. Moreover, STAM2 overexpression counteracted the suppressive effects of JSI-124 on 
BCa cells, whereas STAM2 375 A overexpression partially reversed the suppressive effects (Fig. 5F-I).

STAM2 S375 O-GlcNAcylation promotes tumor proliferation and metastasis in vivo
To further validate the role of STAM2 O-GlcNAcylation, we knocked out endogenous STAM2 in UM-UC3 
cells and re-expressed them with lentiviral vectors (pLVX/EF1a/CMV/Puro) carrying STAM2 or STAM2 
S375A. Next, we established a subcutaneous xenograft model in nude mice (Fig. 6A). We found that tumors 
re-expressing STAM2 S375A were smaller than those re-expressing STAM2 (Fig. 6B-D). In addition, PUGNAc 
significantly accelerated tumor growth in cells re-expressing with STAM2 but not in cells re-expressing STAM2 
S375A (Fig. 6B-D). Additionally, we detected the expression levels of EMT marker as well as the phosphorylation 
levels of JAK2 and STAT3 in tumor tissues using Western blotting. We found that the group with higher p-JAK2 
and p-STAT3 levels also presented higher N-cadherin and vimentin expression levels, alongside reduced 
E-cadherin levels (Fig. 6E-H). To further demonstrate the role of STAM2 in metastasis, we constructed stable 
MB49 cells with luciferase-labeled STAM2 or STAM2 S375A. Using a lung metastasis model, we found that the 
lung bioluminescent signals were stronger in the STAM2 group than in the STAM2 S375A group (Fig. 6I-J). 

Fig. 1.  A starvation microenvironment promotes proliferation, invasion, and migration by regulating GFAT1 
in BCa cells. (A) GFAT1 and O-GlcNAc protein levels after time-incremental HBSS incubation in UM-UC-3 
cells. (B) Quantitative western blot analysis of A. (C) GFAT1 protein levels in UM-UC-3 cells after 12 h of 
exposure to HBSS with or without DON. (D) Quantitative western blot analysis of C. (E) UM-UC-3 cell 
proliferation was measured by a CCK-8 assay after 12 h of exposure to HBSS with or without DON. (F) The 
migration and invasion of UM-UC-3 cells were measured by a CCK-8 assay after 12 h of exposure to HBSS 
with or without DON. (G) EMT marker protein levels were measured using western blotting after 12 h of 
exposure to HBSS with or without DON in UM-UC-3 cells. (H) Quantitative western blot analysis of the 
data in G. (I-J) Proliferation, migration, and invasion were measured using CCK-8 and Transwell assays after 
treatment with OSMI-1 or PUGNAc. (K) EMT marker protein levels were measured using western blotting 
after treatment with OSMI-1 or PUGNAc. (L) Quantitative western blot analysis of K. All PVDF bands 
were transferred and tested in the same western blot experiments. All the results are based on three distinct 
repetitions. Statistical significance is denoted as ***p < 0.001, **p < 0.01, and *p < 0.05, indicating significant 
differences between two groups.
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Fig. 2.  STAM2 is upregulated in BCa cells and tissues. (A-B) STAM2 mRNA and protein levels were detected 
using qRT‒PCR and western blotting in tumor tissues and adjacent normal tissues. C Quantitative western blot 
analysis of the data in B. (D-E) STAM2 mRNA and protein levels were detected using qRT‒PCR and western 
blotting in an epithelial cell line (SV-HUC-1) and BCa cell lines (UM-UC-3, T24, and 5637). (F) Quantitative 
western blot analysis of E. (All PVDF bands were transferred and tested in the same western blot experiments, 
and the experiments performed in triplicate.)

 

Scientific Reports |         (2025) 15:8480 6| https://doi.org/10.1038/s41598-025-92579-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Additionally, in the popliteal lymphatic metastasis model, we found that the STAM2 group presented stronger 
bioluminescence signals in the popliteal lymph nodes (Fig. 6K-N), and larger popliteal lymph nodes than the 
STAM2 S375A group did (Fig. 6K-N). These results suggest that STAM2 O-GlcNAcylation may be crucial for 
BCa progression.

Discussion
The microenvironment in solid tumors is thought to be nutrient-deprived23, which significantly impacts tumor 
growth and progression. In the context of an unstable nutrient supply and repeated starvation, tumor cells 
rapidly reprogram metabolism and biological behaviors using intracellular signals24,25. Accumulating evidence 
has demonstrated that HBP flux promotes tumor progression26–28. Previous studies have shown that starvation 
induces the upregulation of GFAT116,29 and that upregulated GFAT1 inhibits cell apoptosis under starvation30. 
However, the potential mechanisms by which starvation induces GFAT1-regulated BCa cells remain poorly 
understood. Here, we demonstrate that starvation-mediated upregulation of GFAT1 and, accordingly, increased 
protein O-GlcNAcylation levels in BCa cells promote BCa proliferation, migration, invasion, and EMT.

Increasing evidence suggests that a high level of O-GlcNAcylation is a common feature of various cancers, such 
as BCa, breast cancer, and prostate cancer31–33, and is closely related to tumor proliferation34 and metastasis35. 
However, few studies have assessed O-GlcNAcylation in BCa. A recent study by Hye Won Li demonstrated 
that depressed OGT and, accordingly, decreased protein O-GlcNAcylation levels attenuate proliferation, 
invasion, migration, and drug resistance in BCa36. However, the specific O-GlcNAc proteins that affect BCa 
remain unclear. Our study revealed that STAM2 can be O-GlcNAc at serine 372 and serine 375 in BCa cells. In 
addition, starvation-induced upregulation of O-GlcNAcylation of STAM2 promotes the proliferation, invasion, 
and migration of BCa cells.

STAM2, a member of the endosomal sorting complex required for transport (ESCRT − 0)37, plays a vital role 
in signal transduction and recognition of ubiquitinated receptors. Previous studies have shown that STAM2 
is involved in signal transduction mediated by cytokines and growth factors, such as epidermal growth factor 
and platelet-derived growth factor38,39, and is associated with the JAK2–STAT3 signaling pathway22. Yang Yang 
and colleagues suggested that STAM2 is significantly overexpressed in gastric cancer and that high STAM2 
expression is associated with proliferation, metastasis, and poor prognosis22. In addition, STAM2 knockdown 
inhibited the JAK2–STAT3 signaling pathway in gastric cancer cells. Our study further revealed that STAM2 
O-GlcNAcylation promotes JAK2 and STAT3 phosphorylation, thereby promoting proliferation, migration, 
invasion, and EMT in BCa. Mechanistically, STAM2 O-GlcNAcylation stabilizes STAM2 by inhibiting its 
proteasome degradation. Furthermore, STAM2 is localized mainly in the cytoplasm and partially in the nucleus 
in BCa cells, and O-GlcNAcylation has no significant effect on its localization. However, previous studies have 
shown that STAM2 is predominantly localized in the nucleus of neuronal cells, indicating that STAM2 may play 
an additional role in signal transduction. The impact of STAM2 O-GlcNAcylation on its own phosphorylation 
was not further elucidated in our study. The exact molecular interactions of STAM2 O-GlcNAcylation with JAK2 
and STAT3 will be a significant focus of our future studies.

Overall, our results suggest that starvation-mediated upregulation of GFAT1 in BCa cells promotes STAM2 
O-GlcNAcylation. The O-GlcNAcylation of STAM2 promotes the JAK2–STAT3 signaling pathway by increasing 
its stability, which facilitates the proliferation, migration, invasion, and EMT of BCa cells under starvation 
conditions. The present study provides new perspectives on the role of HBP metabolism in BCa cells in the 
starvation microenvironment. These findings increase our understanding of the ability of starvation-mediated 
STAM2 O-GlcNAcylation to promote tumor metastasis, which may provide potential targets for BCa therapy.
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Fig. 3.  A starvation microenvironment promotes proliferation, invasion, and migration by facilitating STAM2 
O-GlcNAcylation. (A) STAM2 IP assay was conducted in UM-UC-3 cells transfected with either STAM2-
HA or vector. STAM2-HA and O-GlcNAc were detected using the indicated antibodies. (B-C) Co-IP assays 
validated the interaction between STAM2-HA and OGT-Flag using anti-HA (B) or anti-Flag (C) antibodies. 
(D) STAM2 IP assay in UM-UC-3 cells transfected with STAM2-HA or vector (HBSS incubation for 12 h). (E) 
Quantitative western blot analysis of STAM2 O-GlcNAcylation. (F-G) Proliferation, migration, and invasion 
were measured using CCK-8 and Transwell assays. (H) EMT marker protein levels were measured using 
western blot. (I) Quantitative western blot analysis of H. (J) STAM2 O-GlcNAcylation was detected via an IP 
assay in UM-UC-3 cells transfected with STAM2-HA, STAM2 S372-HA, or STAM2 S375-HA. (K) Quantitative 
western blot analysis of STAM2 O-GlcNAcylation. (L-M) Proliferation, migration, and invasion were measured 
using CCK-8 and Transwell assays. (N) EMT marker protein levels were measured using western blotting. 
(O) Quantitative western blot analysis of N. All PVDF bands were transferred and tested in the same western 
blot experiments. All the results are based on three distinct repetitions. Statistical significance is denoted as 
***p < 0.001, **p < 0.01, and *p < 0.05, indicating significant differences between two groups.
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Fig. 4.  STAM2 S375 O-GlcNAcylation enhances its stability by decreasing ubiquitination. Half-life and 
quantitative analysis of STAM2-HA (A-B) and STAM2 S375A-HA (C-D) in UM-UC-3 cells. E Co-IP assays 
detected the interaction between STAM2-HA and Ub-Flag in UM-UC-3 cells transfected with STAM2-HA. 
(F) Quantitative western blot analysis of ubiquitination. (G) Co-IP assays detected the interaction between 
STAM2-HA and Ub-Flag in UM-UC-3 cells transfected with STAM2 S375A-HA. (H) Quantitative western blot 
analysis of ubiquitination. (I) Immunofluorescence staining of STAM2-HA and OGT-Flag in UM-UC-3 cells 
treated with OSMI-1 or PUGNAc. (J) Quantification of the nuclear/cytoplasmic fluorescence ratios of STAM2. 
(All PVDF bands were transferred and tested in the same western blot experiments, and the experiments 
performed in triplicate.)
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Fig. 5.  STAM2 S375 O-GlcNAcylation facilitates the JAK2–STAT3 signaling pathway. (A) STAM2 protein 
levels were measured using western blotting. (B) JAK2/p-JAK2 and STAT3/p-STAT3 protein levels were 
measured using western blotting in NC cells, STAM2-overexpressing cells and STAM2-knockout cells. (C) 
Quantitative western blot analysis of B. (D) JAK2/p-JAK2 and STAT3/p-STAT3 protein levels were measured 
using western blot in UM-UC-3 cells transfected with STAM2-HA or STAM2 S375-HA and treated with 
PUGNAc or not. (E) Quantitative western blot analysis of D. (F-G) Proliferation, migration, and invasion 
were measured using CCK-8 and Transwell assays in NC cells or cells transfected with STAM2-HA or STAM2 
S375-HA after treatment with JSI-124. (H) EMT marker protein levels were measured using western blotting. 
(I) Quantitative western blot analysis of H. All PVDF bands were transferred and tested in the same western 
blot experiments. All the results represent three distinct repetitions. Statistical significance is denoted as 
***p < 0.001, **p < 0.01, and *p < 0.05, indicating significant differences between two groups.
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Fig. 6.  STAM2 S375 O-GlcNAcylation promotes tumor proliferation and metastasis in vivo. (A) Schematic 
representation of the establishment of UM-UC-3-derived xenografts. (B) Representative images of xenograft 
tumors 21 days after subcutaneous injection. C Tumor volumes were measured every 3 days. (D) Weights of 
xenograft tumors 21 days after subcutaneous injection. (E-H) Protein levels of EMT marker JAK2/p-JAK2 
and STAT3/p-STAT3 were measured using western blotting. All PVDF bands were transferred and tested 
in the same western blot experiments, and the experiments performed in triplicate. (I-L) Bioluminescence 
detection and bioluminescence quantitative analysis of the lung (I-J) and popliteal lymph nodes (K-L). (M-
N) Representative image of the popliteal lymphatic metastasis model, along with quantitative analysis of the 
volume of popliteal lymph nodes.
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Data availability
All data of the study are available on reasonable requirements from the corresponding author.
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