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Stanniocalcin‑1 promotes 
temozolomide resistance 
of glioblastoma through regulation 
of MGMT
Chao Duan 1,2,5, Bincan He 2,5, Yiqi Wang 1,2, Wanying Liu 2, Wendai Bao 2, Li Yu 1, Jinxin Xin 1, 
Hui Gui 1, Junrong Lei 3, Zehao Yang 3, Jun Liu 3, Weiwei Tao 2, Jun Qin 3*, Jie Luo 3* & 
Zhiqiang Dong 1,2,4*

Temozolomide (TMZ) resistance is a major challenge in the treatment of glioblastoma (GBM). Tumour 
reproductive cells (TRCs) have been implicated in the development of chemotherapy resistance. By 
culturing DBTRG cells in three-dimensional soft fibrin gels to enrich GBM TRCs and performing RNA-
seq analysis, the expression of stanniocalcin-1 (STC), a gene encoding a secreted glycoprotein, was 
found to be upregulated in TRCs. Meanwhile, the viability of TMZ-treated TRC cells was significantly 
higher than that of TMZ-treated 2D cells. Analysis of clinical data from CGGA (Chinese Glioma Genome 
Atlas) database showed that high expression of STC1 was closely associated with poor prognosis, 
glioma grade and resistance to TMZ treatment, suggesting that STC1 may be involved in TMZ drug 
resistance. The expression of STC1 in tissues and cells was examined, as well as the effect of STC1 
on GBM cell proliferation and TMZ-induced DNA damage. The results showed that overexpression 
of STC1 promoted and knockdown of STC1 inhibited TMZ-induced DNA damage. These results were 
validated in an intracranial tumour model. These data revealed that STC1 exerts regulatory functions 
on MGMT expression in GBM, and provides a rationale for targeting STC1 to overcome TMZ resistance.
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Glioblastoma (GBM) is the most common primary brain tumor in adults and is one of the most lethal 
malignancies because of its aggressive and highly infiltrative nature1. The current standard therapy of GBM 
involves maximum safe surgical resection followed by chemotherapy with Temozolomide (TMZ) and/or 
radiotherapy, which leads to a mean patient survival of only 15 months2,3. TMZ is an alkylating agent and has 
been considered the first-line chemotherapy agent for postoperative GBM in recent years. Antitumor effect of 
TMZ depends on its ability to deliver a methyl group to the purine bases of DNA (N7-guanine, N3-guanine, 
O6-guanine, and N3-adenine), which can induce cell cycle arrest at G2/M and eventually lead to apoptosis4. 
The therapeutic effect of TMZ is limited, largely due to intrinsic or acquired resistance in GBM5. Previous 
studies have indicated that TMZ resistance is associated with the expression of DNA alkylating proteins 
and DNA repair enzymes. The primary cytotoxic lesion, O6-methylguanine (O6-MeG), can be removed by 
methylguanine methyltransferase (MGMT; direct repair) in tumors expressing this protein6,7 or tolerated in 
mismatch repair deficient (MMR) tumors8,9. Thus, MGMT or MMR deficiency confers TMZ resistance. Other 
molecular mechanisms, including DNA repair systems9, aberrant signaling pathways10, autophagy11, epigenetic 
modifications12, microRNAs13, and extracellular vesicle production14, have been identified in recent years. 
Despite the progressively uncovered mechanisms, TMZ resistance remains a major limitation in GBM treatment. 
Therefore, unveiling new players in TMZ resistance is required for the development of novel and effective 
therapeutic approaches to overcome TMZ resistance and improve patient prognosis.
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Tumor repopulating cells (TRCs) are cancer stem-like cells (CSC) with high tumorigenic and self-renewing 
abilities15. TRCs exhibit high chemoresistance to conventional chemotherapeutic drug treatment and are 
therefore key players in cancer relapse after chemotherapy16–18. Besides using cell surface markers, including 
CD44, CD24, and CD13319, TRCs can also be selected by culturing tumor cells in soft three-dimensional (3D) 
fibrin gels. When the 3D fibrin gel-selected melanoma TRCs were injected into the tail veins, as few as ten cells 
could generate distant metastatic tumors in the lungs of wild-type non-syngeneic mice20. GBM TRCs are among 
the major contributors to temozolomide (TMZ) resistance in GBM21. Our data also showed that GBM TRCs 
enriched by 3D fibrin gel culture had higher TMZ resistance. However, the gene expression landscape of these 
GBM TRCs has not been systemically defined, and the key molecules involved in TMZ resistance remain elusive.

Stanniocalcin-1 (STC1) is a secreted glycoprotein that is expressed in a wide variety of tissues and is involved 
in many biological processes, such as the regulation of calcium and phosphate balance22, anti-apoptosis, anti-
inflammatory, angiogenesis23, and glucose metabolism24. STC1 has been shown to be highly expressed in tumor 
tissues and play an important role in tumor progression25. High expression of STC1 increases the invasion of 
cancer cells through the JNK pathway and promotes metastasis26–29. STC1 was reported to be a potential TMZ 
response-related gene30, but the role and mechanisms of STC1 in TMZ resistance are unknown.

In this study, we identified STC1 as one of the significantly differentially expressed genes (DEGs) in GBM 
TRCs. Our analyses on clinical data from CGGA (Chinese Glioma Genome Atlas) database revealed that high 
STC1 expression was highly associated with poor prognosis, glioma grade, and resistance to TMZ therapy, 
suggesting the involvement of STC1 in TMZ resistance. GBM cell proliferation and DNA damage were then 
evaluated both in vivo and in vitro to investigate the effect of knockdown and overexpression of STC1 on TMZ 
efficacy.

Results
Transcriptome analysis revealed different gene expression landscapes between GBM TRCs 
and 2D adherent cells
We employed the GBM cell line DBTRG to investigate the gene expression differences between TRCs enriched by 
3D fibrin gel culture and 2D conventionally cultured adherent cells. DBTRG cells gradually formed spheres in the 
fibrin gel, as shown by growth dynamics (Fig. 1A). Compared with the 2D adherent cells, the 3D cultured TRCs 
expressed higher levels of CD133, SOX2 and Nestin (Fig. S1A), consistent with the stem-like cell properties of 
TRCs. To explore the molecular mechanisms underlying the phenotype of TRCs, TRCs and adherent cells were 
harvested separately for RNA-seq analysis after culturing for 5 days. DEGs were filtered under the condition of 
both p-value < 0.05 and [log2FoldChange (log2FC)] > 1. A total of 1347 DEGs were identified, including 1016 
upregulated genes and 331 downregulated genes in TRCs compared to adherent cells (Fig. 1B, Fig. S1B). TRCs 
and 2D adherent cells have distinct gene expression landscapes, as shown in the heatmap of the top 100 DEGs 
(Fig. 1C). GO analysis showed that the DEGs were significantly enriched in terms that correlated with cell-
microenvironment interactions, such as molecular function (MF) terms of chemorepellent activity, semaphorin 
receptor binding, and amyloid binding (Fig. 1D, Fig. S1C–D). We further examined the expression of the top 
upregulated genes using qRT-PCR, which confirmed the increased expression of eight genes, including FOSB, 
FOS, STC1 (Fig. 1E).

STC1 expression is upregulated in GBM tissues and associated with poor prognosis and TMZ 
resistance in GBM patients.
We analyzed the clinical data from the CGGA database to explore the correlation between the top eight 
upregulated genes in GBM TRCs and the prognosis of 422 GBM patients. The results showed that, in both 
primary GBM patients and recurrent GBM patients, high expression levels of STC1 were associated with poor 
PFS (Fig. S2A–B). In addition, STC1 expression was positively correlated with glioma grade in the CGGA RNA-
seq database (n = 57 for low-grade glioma, n = 217 for high-grade glioma, p < 0.001, Fig. S2C). Next, we examined 
STC1 expression by immunostaining in grade II and grade IV glioma samples, and the results showed that grade 
IV gliomas expressed more STC1 than grade II gliomas (Fig. 2A). We further examined the STC1 protein levels 
in TRCs and 2D adherent cells by western blotting, which showed that GBM TRCs expressed more STC1 protein 
than 2D adherent cells (Fig. 2B). We subsequently examined the inhibitory effects of TMZ on GBM TRCs and 
2D-cultured GBM cells by treating DBTRG spheres and adherent cells with various TMZ concentrations. The 
results showed that TMZ treatment exhibited lower cytotoxicity to GBM TRCs than to 2D adherent cells at 
the same concentration (Fig. 2C). Interestingly, our analyses of TMZ-treated samples in the CGGA database 
revealed that STC1 expression was significantly increased with TMZ treatment (Fig. S3A). Except for STC1, six 
of the remaining upregulated genes did not show significant correlation with GBM prognosis or TMZ treatment 
(Figs. S2 and S3), and no data were available on SPINK1 in the CGGA database. Therefore, we focused on STC1 
in subsequent experiments. We established TMZ-resistant GBM cell lines by treating U87-MG, U251-MG, 
and a patient-derived cell line (2020260) with progressive TMZ concentration gradients. In accordance with 
clinical data, TMZ-resistant cells expressed significantly more STC1 than the corresponding controls (Fig. 2D). 
In summary, our results showed a strong correlation between high expression levels of STC1 and TMZ resistance 
in GBM patients, indicating that STC1 might play an important role in TMZ resistance in GBM.

Overexpression of STC1 promotes TMZ resistance in cultured GBM cells
To further investigate the effect of high STC1 expression on TMZ treatment efficacy, we constructed 2 
independent STC1 over-expressing GBM cell lines, DBTRG-STC1 OE and U87-MG-STC1 OE. Overexpression 
of STC1 was confirmed by both qRT-PCR and western blot analyses (Fig. 3A–D). Next, we used a colony 
formation assay to examine the effects of STC1 overexpression on the sensitivity of GBM cells to TMZ treatment. 
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The results showed that both DBTRG-STC1 OE cells (Fig. 3E) and U87-MG-STC1 OE cells (Fig. 3F) were 
significantly more resistant to TMZ than the corresponding controls. The resistance-promoting effect of STC1 
overexpression was further confirmed by CCK8 analysis, which demonstrated that the TMZ IC50 of in STC1 
OE cells was significantly increased in both GBM cell lines (Fig. 3G, H). As TMZ promotes cell apoptosis by 
inducing DNA strand breaks during cell replication, we performed Annexin V-PI staining to examine TMZ-
induced apoptosis of STC1-overexpressing and control GBM cells. The results revealed that the overexpression 
of STC1 significantly alleviated TMZ-induced apoptosis in DBTRG cells (Fig. 3I). Taken together, our results 
suggest that overexpression of STC1 robustly promotes resistance to TMZ in cultured GBM cells.

Overexpression of STC1 facilitates the resistance to TMZ in intracranial GBM xenograft in mice
To investigate the effect of STC1 overexpression on the efficacy of TMZ treatment in vivo, we constructed 
luciferase-expressing cell lines using DBTRG-STC1 OE and DBTRG-Ctrl cells and established xenografted 
tumors by intracranial injection of DBTRG-Luc-STC1 OE and DBTRG-Luc-Ctrl cells into the right brain of nude 
mice. The bioluminescence of the xenograft tumors was then measured using a bioluminescence in vivo imaging 
system every week. When the bioluminescence reached 107/s/mm2/sr, DBTRG-Luc-STC1 OE and DBTRG-
Luc-Ctrl tumor-bearing mice were randomly divided into two groups to receive treatment with either vehicle 
or 60 mg/kg TMZ for 2 weeks. Tumor growth, as evidenced by the bioluminescence intensity, and survival of 
tumor-bearing mice were inspected periodically. The results indicated that STC1 overexpression decreased the 
inhibitory effect of TMZ, leading to increased tumor growth (Fig. 4A, B) and decreased survival rate (Fig. 4C) 
in the STC1 OE_TMZ group compared with the Ctrl_TMZ group. Although there was no statistically significant 
difference in tumor proliferation or survival curves between STC-OE_TMZ and Ctrl_TMZ, the data trends 
suggest that high STC1 expression may result in shorter survival times for tumor-bearing mice and decrease 
the therapeutic efficacy of TMZ. The results were further confirmed by hematoxylin and eosin (H&E) staining 

Figure 1.   Transcriptome analysis of DEGs between DBTRG TRCs and 2D-cultured adherent cells. (A) Images 
show DBTRG spheres cultured in 3D soft fibrin gel from day1 to day5. (B) Volcano map shows the DEGs 
between DBTRG TRCs and 2D-cultured adherent DBTRG cells disclosed by RNA-seq. (C) Heat map shows 
the top 100 DEGs with the highest p value. (D) GO_MF enrichment analysis of the DEGs. (E) Verification of 
upregulated genes of interest by qRT-PCR versus 2D. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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of xenografted tumors (Fig. 4D). There was no significant difference in the body weights of the mice among all 
groups (Fig. 4E). Furthermore, TMZ-induced DNA damage and apoptosis induced by the expression of γ-H2AX 
and Caspase-3, were significantly inhibited by STC1 overexpression (Fig. 4F, G). Therefore, consistent with the 
in vitro experiments, the results from tumor-bearing mice indicated that STC1 overexpression enhanced TMZ 
resistance in grafted GBM tumors.

Knockdown of STC1 promotes TMZ‑induced inhibition and apoptosis of cultured GBM cells
To determine whether high STC1 expression is essential for TMZ resistance, we investigated the effect of STC1 
knockdown on TMZ efficacy. Three short hairpin RNAs (shRNAs) targeting STC1 were designed and tested. 
Next, we cloned shRNAs into a lentivirus vector containing a doxycycline (Dox)-inducible promoter. DBTRG 
and U87-MG cells were then infected and doxycycline was added to the culture medium to control the expression 
of STC1 shRNAs. We performed qRT-PCR and western blotting to determine the knockdown efficiency. The 
results showed that all three shRNAs significantly decreased the mRNA and protein expression levels of STC1 
in both the cell lines (Fig. 5A–D). To balance knockdown efficiency and cell viability, we chose shRNA-1 for 
DBTRG and shRNA-3 for U87-MG cells to establish stable cell lines for subsequent experiments. We examined 
the viability of STC1 shRNA-bearing GBM cells treated with or without doxycycline and TMZ treatment at 
different concentrations. As shown in Fig. 5E, F, STC1 knockdown enhanced the sensitivity of GBM cells to TMZ 
in both U87-MG and DBTRG cells, as the IC50 of TMZ in STC1-knockdown cells was significantly reduced 
compared with that in control cells. Likewise, colony formation of STC1-knockdown cells was more suppressed 
by TMZ treatment compared with control cells (Fig. 5G, H). Furthermore, Annexin V/PI staining showed that 
the apoptosis rate of STC1-knockdown cells was significantly higher than that of control cells after 72 h of TMZ 
treatment (Fig. 5I), suggesting that STC1 knockdown increased TMZ-induced apoptosis in GBM cells.

Knockdown of STC1 increases TMZ efficacy in intracranial GBM xenograft in mice
To explore the effect of STC1 knockdown on TMZ efficacy in vivo, we established grafted GBM tumors by 
intracranial injection of luciferase-expressing DBTRG-Dox-shSTC1-1 cells into the right brain of nude mice. 
The bioluminescence of the tumor xenograft tumors was then measured every week. When the bioluminescence 
reached 107/s/mm2/sr, tumor-bearing mice with or without doxycycline feeding were randomly divided into two 
groups to receive either vehicle or 60 mg/kg TMZ for 2 weeks (Fig. 6A). The results showed that STC1 knockdown 
or TMZ treatment alone inhibited tumor growth by ~ 40–50%, whereas the combination of STC1 knockdown 
and TMZ treatment inhibited tumor growth by ~ 80–90% (Fig. 6B). Consistent with the tumor growth data, 
the mouse survival data demonstrated that the 50% survival rate increased from 42.5 days (shSTC1_Dox (–) 
_Vehicle group) to 56 days (shSTC1_Dox ( +) _TMZ group, p < 0.05; Fig. 6C). Although there was no statistically 
significant difference in tumor proliferation and survival curves between shSTC1_Dox( +) _TMZ group and 

Figure 2.   High STC1 expression is associated with poor prognosis and high TMZ resistance in GBM patients. 
(A) Representative images of IF staining shows the expression of STC1 in GBM tissues (scale bar, 100 μm). 
(B) Western blot results show that the expression of STC1 protein is higher in DBTRG TRCs than that in 
2D adherent cells. (C) Response of DBTRG TRCs and 2D-cultured adherent cells to different dose of TMZ 
treatment. (D) The expression of STC1 mRNA is higher in TMZ-resistant cells compared with corresponding 
controls determined by qRT-PCR. **: p < 0.01.
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shSTC1_Dox( −) _TMZ group, the data shapes suggest the STC1 knockdown extended the survival period of 
tumor-bearing mice and improved the therapeutic efficacy of TMZ. HE staining of xenografted tumors further 
confirmed that STC1 knockdown enhanced TMZ efficacy in vivo (Fig. 6D). There was no significant change in the 
body weight of the mice among all the groups (Fig. 6E). Furthermore, TMZ-induced DNA damage and apoptosis, 
induced by the expression of γ-H2AX and Caspase-3, were significantly increased by STC1 knockdown (Fig. 6F, 
G). In summary, both our in vitro and in vivo results indicate that STC1 knockdown promotes the inhibition 
efficacy of TMZ against GBM.

STC1 modulate the efficacy of TMZ by regulating the expression of MGMT
TMZ inhibits tumor progression by causing DNA alkylation damage to induce cell cycle arrest at G2/M, which 
eventually leads to apoptosis31. To explore the underlying mechanisms by which STC1 regulates TMZ efficacy, 
we first examined the changes in DNA damage and expression of DNA repair-related proteins in STC1-OE/
knockdown GBM cells after TMZ treatment. As shown in Fig. 7A and C, overexpression of STC1 significantly 
reduced TMZ-induced DNA damage compared to that in the control group in the comet assay and γ-H2AX 
foci assay. In addition, the expression of γ-H2AX, a DNA double-strand break marker, was significantly 
downregulated, whereas the expression of MGMT was upregulated in STC1-OE cells. Interestingly, in both 

Figure 3.   STC1 overexpression increased TMZ resistance in cultured GBM cells. (A, B) Validation of STC1 
overexpression in DBTRG and U87-MG cells by qRT-PCR and (C, D) western blot. (E–F) Representative 
images (left panels) and quantification (right panels) of the colony formation assays on STC1-overexpressing 
DBTRG (E) and U87-MG (F) cells treated with 200 μM TMZ (scale bar, 10 mm). (G–H) Cell viability and 
IC50 values of TMZ treatment for 72 h in DBTRG (G) and U87-MG (H) cells. (I) Images (left panels) and 
quantification (right panels) of flow cytometry on TMZ-induced apoptosis in STC1-overexpressing DBTRG 
cells. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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TMZ groups and non-TMZ groups, MGMT expression was significantly upregulated by STC1 overexpression, 
suggesting that STC1 promoted basal and TMZ-induced MGMT expression (Fig. 7B). In contrast, when STC1 
was knocked down in TMZ-treated GBM cells, DNA damage was significantly increased (Fig. 7D and F), while 
MGMT expression was reduced (Fig. 7E). We further examined MGMT expression in GBM xenografts in mice 
using immunohistochemical staining. The results showed that in the GBM xenografts of mice treated with 
TMZ, MGMT expression was increased when STC1 was overexpressed (Fig. 7G) and decreased when STC1 
was knocked down (Fig. 7I). Previous studies have established that activation of the transcription factor STAT3 
could regulate MGMT expression32,33. Therefore, we explored whether STC1 regulates MGMT expression via 
the STAT3 pathway. We examined the expression of phosphorylated STAT3 Y705 ((p-STAT3 (Y705)), which is 
generally believed to be essential for the transcriptional activity of STAT3, together with total STAT3 and MGMT 
in both STC1-OE and STC1-knockdown DBTRG cells treated with vehicle or 200 μM TMZ for 72 h. Consistent 
with the above data, the expression of p-STAT3 and MGMT was enhanced by TMZ treatment in DBTRG cells. 
Furthermore, overexpression of STC1 was enhanced, while knockdown of STC1 decreased the expression of 
p-STAT3 and MGMT (Fig. 7H, J), indicating that STC1 probably regulates MGMT expression by modulating 
the expression of p-STAT3 in GBM cells.

Figure 4.   STC1 overexpression increased TMZ resistance in GBM xenografts in mice. (A) Images show the 
retention of bioluminescence of GBM xenografts in mice of different groups treated with TMZ or vehicle. The 
scale of the luminance bar (right side of images) was kept equal among all images. (B) Bioluminescence of GBM 
xenografts in mice of different groups treated with TMZ or vehicle on day 14, 21, 28, 35, 42 after intracranial cell 
injection. (C) Survival curves of mice in different groups. (D) Representative images of H&E-stained sections of 
the brain tissue with inoculated GBM from different groups (scale bar, 1 mm). (E) Body weights of mice from 
different groups. (F) Representative images of immunofluorescence staining (left panels) and quantification 
(right panels) of double-stranded DNA breaks marker γ-H2AX from different groups (scale bar, 100 μm). 
(G) Representative images of immunofluorescence staining (left panels) and quantification (right panels) of 
apoptosis marker Caspase3 from different groups (scale bar, 100 μm). *: p < 0.05.
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Discussion
TRCs, also called CSC-like cells, have been proved to be responsible for the chemotherapy resistance, recurrence 
and malignancy progression of cancers34,35. There are various methods to enrich CSC-like cells, such as the use 
of conventional cell surface markers, such as CD133 and CD44. Previous studies have developed mechanical 
methods to select and grow TRCs in 3D soft fibrin gels20. We adopted this method and reliably enriched GBM 
TRCs, as evidenced by the expression of CSC surface markers CD133 and SOX2, as well as increased resistance to 
TMZ in selected TRCs. We systemically dissected and compared the transcriptomic landscapes of DBTRG TRCs 

Figure 5.   STC1 knockdown enhanced the inhibition and apoptosis of cultured GBM cells induced by TMZ 
treatment. (A–B) Validation of STC1 knockdown in GBM cell lines by qRT-PCR and (C–D) Western blot. 
(E–F) Representative images (left panels) and quantification (right panels) of the colony formation assays on 
STC1-knockdown DBTRG (E) and U87-MG (F) cells treated with 200 μM TMZ (scale bar, 10 mm). (G–H) 
Cell viability and IC50 values of TMZ treatment for 72 h in DBTRG (G) and U87-MG (H) cells. (I) Images 
(left panels) and quantification (right panels) of flow cytometry on TMZ-induced apoptosis in DBTRG STC1-
knockdown cells. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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and conventional 2D-cultured cells, providing a useful resource for the GBM research community. Furthermore, 
TRCs enriched by 3D soft fibrin gels can be useful tools for drug screening to develop novel strategies for GBM 
treatment.

Thus, we revealed the crucial role of STC1 in TMZ resistance. STC1 is a hormone-like protein that exists in 
the extracellular matrix (ECM) and is involved in many biological and pathological processes22. Previous studies 
have shown that STC1 can be used as a diagnostic and prognostic molecule for multiple cancers36–38 and plays 
an important role in chemotherapy resistance39. STC1 is a phagocytosis checkpoint that drives tumor immune 
resistance40. STC1 activation promotes sphere formation and tumorigenic ability of cancer stem-like cells41,42. 
STC1 has also been shown to be crucial for cisplatin chemoresistance in ovarian cancer cells by regulating the 
FOXC2/ITGB6 signaling axis43. Consistent with the reported role of STC1 in various cancers, our study showed 
that STC1 expression is upregulated and is associated with poor prognosis and TMZ resistance in patients with 
GBM. We further demonstrated that STC1 promoted TMZ resistance in GBM cells through the STAT3-mediated 
upregulation of MGMT (Fig. S4). Nonetheless, the receptor of STC1 and its interaction partners are largely 
unknown, the clarification of which would help further elucidate the mechanism and identify new regulators.

Our results indicated that in addition to promoting TMZ resistance, STC1 could also regulate GBM cell 
proliferation, as STC1 overexpression increased while knockdown decreased GBM cell proliferation, which was 

Figure 6.   STC1 knockdown increase TMZ efficacy in GBM xenografts in mice. (A) Images show the retention 
of bioluminescence of GBM xenografts in mice of different groups treated with TMZ or vehicle. The scale of the 
luminance bar (right side of images) was kept equal among all images. (B) Bioluminescence of GBM xenografts 
in mice of different groups treated with TMZ or vehicle on day 14, 21, 28, 35, 42 after intracranial cell injection. 
(C) Survival curves of mice in different groups. (D) Representative images of H&E-stained sections of the brain 
tissue with inoculated GBM from different groups (scale bar, 1 mm). (E) Body weights of mice from different 
groups. (F) Representative images of immunofluorescence staining (left panels) and quantification (right panels) 
of double-stranded DNA breaks marker γ-H2AX from different groups (scale bar, 100 μm). (G) Representative 
images of immunofluorescence staining (left panels) and quantification (right panels) of apoptosis marker 
Caspase3 from different groups (scale bar, 100 μm). *: p < 0.05, **: p < 0.01.
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further confirmed by the fact that STC1-overexpressing DBTRG cells formed more spheres in soft fibrin gel 
when seeded in the same amount as the control cells (Fig. S1E). Therefore, it is likely that STC1 contributes to 
the malignant progression of GBM through multiple mechanisms. In this study, we found that STC1 constitutive 
knockout severely inhibited glioma cell growth, consistent with previous studies showing that STC1 knockout 
causes cell cycle arrest and growth inhibition44,45. In contrast, the altered TMZ resistance caused by manipulating 
STC1 expression could be partially and indirectly caused by its effects on cell proliferation. However, the direct 
effects of STC1 on TMZ resistance are confident, as TMZ-induced DNA damage and apoptosis decreased in 
STC1-overespressing GBM cells and increased in STC1-knockdown cells. Phosphorylation of STAT3 Tyr705 
is required for nuclear translocation of STAT3 transcriptional activity, as shown in previous studies32,46. Thus, 
increased STAT3 Tyr705 phosphorylation leads to more nuclear translocation to promote MGMT expression. 
We propose that both transcriptional and post-transcriptional processes may be involved in the regulation of 
MGMT expression by STAT3. Actually, we have confirmed the fact that blocking STAT3 phosphorylation reverses 
MGMT expression and TMZ resistance in our previously published study47. This study suggests that STC1 
upregulates MGMT expression by activating STAT3 pathway. As the STAT3 pathway has wide effects on cancer 
cell behavior 48–50 and has been shown to regulate TRC dormancy51, activation of the STAT3 pathway could also 
be one of the underlying mechanisms by which STC1 promotes GBM cell proliferation and TMZ resistance. In 

Figure 7.   STC1 enhanced TMZ-induced DNA damage through STAT3-mediated inhibition of MGMT 
expression. (A, D) Representative images (left panel) and quantification (right panel) of comet assay on STC1-
overexpressing (A) or STC1-knockdown (D) DBTRG cells treated with vehicle or 200 μM TMZ for 72 h. (B, 
E) Western blot results shows the protein expression of double-stranded DNA break marker γ-H2AX, the total 
H2AX and MGMT in STC1-overexpressing (B) or STC1-knockdown (D) DBTRG cells treated with vehicle 
or 200 μM TMZ for 72 h. (C, F) Representative images (left panel) and quantification (right panel) of γ-H2AX 
foci staining on STC1-overexpressing (C) or STC1-knockdown (F) DBTRG cells treated with vehicle or 200 μM 
TMZ for 72 h (scale bar, 100 μm). (G, I) Representative images of immunohistochemistry staining (left panels) 
and quantification (right panels) of STC1 and MGMT on tumor tissues of mice with intracranial injection of 
STC1-overexpressing (G) or STC1-knockdown (I) DBTRG cells and treated with vehicle or TMZ (scale bar, 
100 μm). (H, J) Western blot results show the protein levels of phosphorylated STAT3 (p-STAT3(Y705)), STAT3 
and MGMT in STC1-overexpressing (H) or STC1-knockdown (J) DBTRG cells treated with vehicle or 200 μM 
TMZ for 72 h. **: p < 0.01, ***: p < 0.001.
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summary, our study identified STC1 as an important regulator of TMZ resistance in GBM and could potentially 
be used as a predictive factor for the efficacy of TMZ treatment. Furthermore, STC1, as well as its receptor and 
downstream molecules, which require further exploration, can be targets to improve the therapeutic efficacy of 
TMZ in GBM patients.

In conclusion, we revealed that STC1 expression was increased in tumor repopulating cells and contributed 
to glioblastoma cells resistant to TMZ. In vitro and in vivo experiments disclosed that high expression of STC1 
confer resistance to TMZ, while knockdown of STC1 improves the efficacy of TMZ. Our study also shows that 
STC1 regulates MGMT expression, which affects TMZ efficacy, by modulating STAT3 activation. Therefore, STC1 
could be a prognostic marker for TMZ chemotherapy and a potential molecular target to reverse TMZ resistance.

Materials and methods
Reagent preparation and storage
TMZ was purchased from MedChemExpress (MCE, New Jersey, USA). TMZ was dissolved in DMSO to 
prepare a stock solution at a concentration of 100 mM, and then TMZ was equipped and wrapped in a brown 
centrifugal tube for protection against light and stored at − 20 °C. Key materials and information in the article 
are summarized in Key resources table.

Cell culture
The U251-MG, U87-MG, and DBTRG were purchased from Cell bank of Chinese Academy of Sciences 
(Shanghai, China), and patient-derived cell line, 2,020,260, acquired from Hubei University of Medicine, Taihe 
hospital. All cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone) supplemented with 
1% Penicillin–Streptomycin and 10% fetal bovine serum (FBS, BI). TMZ resistant cell lines were developed by 
using the TMZ concentration gradient progressive methods as previous described52. Briefly, U251-MG and 
U87-MG cells at a concentration of 1 × 105/mL were inoculated into TMZ-free culture medium for 24 h until they 
reached the logarithmic phase. The culture medium was then replaced with that containing a low concentration 
(10 µM) of TMZ for 72 h, followed by the removal of the culture medium containing drugs and dead cells. 
The cells were collected and re-inoculated in TMZ-free culture medium to get recovered before the next TMZ 
treatment. After the cells were adjusted to the present TMZ treatment, the concentration of TMZ was increased 
in turn until cells survived well and developed resistance to 400 µM TMZ.

In vivo anti‑tumor activity
In total, 56 male, 6‑week‑old nude mice (weight, 20 g) were purchased from the Model Animal Research Center 
at Nanjing University (Nanjing, China) and housed in accordance with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals. To study the role of STC1 in TMZ resistance, the mice were randomly 
divided into eight groups (n = 7 per group). To establish the GBM models, mice were anesthetized and placed in a 
stereotact; 3 × 104 Ctrl, STC1 OE, or shSTC1 DBTRG-GFP-Luc cells resuspended in 4 μL PBS were injected 2 mm 
lateral and 1 mm anterior to the bregma, 2 mm below the skull. A total of 10 days later, bioluminescence of the 
tumor was monitored once a week using an IVIS Spectrum imaging system (PerkinElmer). For TMZ treatment 
groups, mice injected cells for 14 days were treated with TMZ (at a dose of 60 mg/kg) at the frequency of 5 days on 
and 2 days off for 2 weeks. Mice were sacrificed when they showed weight loss (> 20%) or neurological symptoms. 
On day 56, the mice were sacrificed, and their brain tissues were excised, fixed in 4% PFA, and embedded in 
paraffin for Hematoxylin and Eosin (H&E) and immunohistochemical (IHC) staining. All procedures for the 
animal experiments were approved by the Animal Care Committee of Hubei University of Medicine (Shiyan, 
China), and performed in accordance with the institutional guidelines (approval number 2022–022).

3D fibrin gel cell culture of DBTRG cells
Three-dimensional fibrin gel cell culture was performed as previously described20,53,54. Salmon fibrinogen 
and thrombin were purchased from Reagent Proteins (CA, USA). 3D fibrin gels were prepared as described 
following. Briefly, DBTRG cells were detached and suspended in DMEM cell culture medium (10% FBS, 1% 
penicillin–streptomycin solution), and cell density was adjusted to 2 × 105 cells/mL. Fibrinogen was diluted to 
a 2 mg/mL solution containing 50 mM Tris and 150 mM NaCl, pH 7.4. The cell supernatant and fibrinogen 
solution were mixed in equal volumes and 600 μL of the mixture was added to 24 wells cell plate with 5 μL 
thrombin (0.1 U/μL). The plate was moved into cell culture incubator (37 °C, 5% CO2) for 45 min, then add 
500 μL DMEM cell culture medium each well. Cells were released by the mechanical force of the tips after 5 days 
and separated by centrifugation.

Transcriptome analysis
Total RNA was extracted from the cells using TRIzol® reagent, according to the manufacturer’s instructions. 
Quality control of the raw RNA-seq sequences was initially performed according to the Fastp application. Fastp 
can deal with both trimming and quality control to ensure a high-quality read exercise in the following formal 
analysis. The application in the reads alignment procedure was Hisat2, whose reference genome was hg38, with 
the default parameters in our paired reads. The HTSeq package was used to construct a count matrix using the 
mapping results. DESeq2 was then applied to build a model with the observed counts for differential expression 
analysis with a threshold log2 FC >  ± 1 and p-value < 0.05. The DEGs were enrolled in the enrichment and GSEA 
analyses using the Cluster Profiler package. Enrichment functions of the corresponding GO process, KEGG55, 
and REACTOME pathways were called with filtration cutoff values as both p-value and Q-value (p-adjust) less 
than 0.01. The plotting built-in function was then invoked for dot plots and heatmap presentation. RNA-seq 
data were deposited to the GEO database (GSE261684).
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Bioinformatic analysis using online databases
Gene expression data and clinical characteristics were acquired from the Chinese Glioma Genome Atlas (CGGA) 
database (http://​www.​cgga.​org.​cn). Data from mRNAseq_325 (containing 325 samples) were used for gene 
expression analysis of low-grade and high-grade gliomas. Disease-specific overall survival (OS) was calculated 
from the date of diagnosis until disease-caused death or end of follow-up. Differences in expression features 
between different groups were determined using Student’s t-tests. Kaplan–Meier curves were developed using 
GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, USA) to compare the overall survival rates between 
patients with low and high expression of interest.

Lentivirus production and cell infection
Human STC1 cDNA was generated and inserted into the lentiviral vector. The pLenti-NC (Ctrl) and pLenti-
STC1(STC1 OE) plasmids were transfected into HEK-293 T cells. The supernatant was collected 72 h later. 
STC1-silenced U87-MG/DBTRG cells were established using tet-pLKO.1-puro vector, using a similar strategy. 
The sequences of the scrambled or human STC1-specific shRNAs are listed in Supplementary Table 1.

Quantitative real‑time polymerase chain reaction (QRT‑PCR)
Cellular RNA was isolated using TRIzol reagent and reverse transcribed to complementary DNA (cDNA) using a 
cDNA Synthesis Kit (Vazyme). QRT-PCR was performed on an CFX96 Touch Deep Well RT-PCR System using 
specific primers (Supplementary Table 2). The data were normalized to that of GAPDH.

Cell viability assay
Cell viability was examined using a CCK-8 kit. Briefly, 96-well plates were used for seeding GBM cells at a density 
of 2 × 103 cells treated with vehicle or TMZ. After 72 h treatment, 10 μL of CCK-8 was added to each well and 
incubated for an hour at 37 °C. The absorbance at 450 nm was measured and relative cell viability was calculated 
as: (average A450 of the experimental -average A450 of the blank group) / (average A450 of the control group—
average A450 of the blank group) × 100%.

Colony formation assay
To assess the impact of treatment on the clonogenicity of GBM cells, the cells were cultured in 12-well plates for 
10–14 days with 200 cells per well. Colonies were then fixed with methanol and stained with crystal violet. The 
plating efficiency was determined by counting the number of colonies and was calculated as (number of colonies 
formed/number of cells inoculated) × 100%.

Comet assay
Cells that received vehicle or 200 µM TMZ treatment for 72 h were collected and the comet assay was performed 
as previously described47. In brief, images were acquired using a Leica DMi1 microscope and analyzed using the 
Comet Score software (CASP, CASP-Lab).

Western blot analysis
Cells were lysed and homogenized in radioimmunoprecipitation assay (RIPA) buffer, and protein concentrations 
were determined using a BCA Protein Assay Kit (Thermo Fisher, CA, USA). Protein samples were separated using 
10% sodium dodecyl sulfate–polyacrylamide gels and transferred to PVDF membranes (Merck Millipore, MA, 
United States), and the membrane was blocked with 3% bovine serum albumin for 1 h. The blots were incubated 
with specific primary antibodies 4 °C overnight. The blots were rinsed with TBST (Tris-buffered saline with 
Tween®20) three times and then incubated with the corresponding horseradish peroxidase-conjugated secondary 
antibodies for 2 h. Target proteins were visualized using an ECL kit (Merck Millipore, MA, United States), and the 
density of the immunoreactive bands was analyzed using Imager software (Bio-Rad, California, United States).

Cell apoptosis analysis
The Annexin V-FITC/PE kit (BD Bioscience) was used to examine cell apoptosis. shSTC1 and STC1 OE DBTRG 
cells were treated with 200 µM TMZ for 72 h, collected, stained with 5 μL of Annexin V-FITC for 5 min in the 
dark, and stained with 10 μL of PE at room temperature. The rate of apoptosis in each sample was analyzed using 
a flow cytometer (BD FACSCanto II) and calculated using the BD FACS-Diva software.

Immunostaining of Glioblastoma samples and cells
The xenografted tumors were isolated from the brain tissues, embedded in paraffin, sectioned at 6 μm, 
deparaffinized, and rehydrated. One section of each sample was stained with hematoxylin and eosin (H&E). 
For immunohistochemistry, antigen retrieved sections were treated with 10 mmol/L citrate buffer (pH 6.0) for 
20 min at 95 °C in a laboratory microwave oven, and subsequently washed with PBS. After quenching endogenous 
peroxidase activity and blocking with normal goat serum, sections were stained using the Bond RX automated 
immunohistochemistry staining system Bond RX (Leica Biosystems). The primary antibodies used were rabbit 
anti-STC1 (1:200; ABclonal) and rabbit anti-MGMT (1:400; Abcam). For immunofluorescence, the sections were 
washed three times with PBS for 10 min each, and then permeabilized in PBS + 0.5% Triton X-100 for 10 min, 
followed by triple-wash in PBS for 10 min each. The sections were then incubated in blocking solution at room 
temperature for 1 h. After blocking, the sections were incubated with γ-H2AX (1:300, Abcam) and Caspase-3 
(1:200, Abcam) primary antibodies overnight at 4 °C. The sections were washed three times with PBS for 10 min 
each. Then, 1:500 diluted secondary antibodies against rabbit or mouse were added to the sections and incubated 

http://www.cgga.org.cn
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for 2 h at room temperature. The sections were washed three times with PBS for 10 min each and then incubated 
with Hoechst solution for 10 min at room temperature. Finally, the stained sections were sealed and imaged.

Statistical analysis
Experiments were performed in triplicate, and GraphPad Prism 7 was used for statistical analyses. Data are 
presented as mean ± standard deviation (SD). Data between two groups were analyzed using the student’s t-test 
(two-tailed distribution). Data between the three groups were analyzed using one-way ANOVA, followed by 
Dunnett’s multiple comparison test. Statistical significance is described as follows: * p < 0.05, ** p < 0.01, and *** 
p < 0.001.

Ethical approval and consent to participate
This study was approved by the Medical Ethics Committee of Shiyan Taihe Hospital (reference NO.2023KS09). 
The animal study protocol was approved by the Institutional Animal Care and Use Committee of Hubei University 
of Medicine (reference NO.2022022), and this study was reported in accordance with ARRIVE guiledines.

Data availability
Data have been deposited GEO database.The datasets generated and/or analysed during the current study are 
available in the GEO repository, [www.​ncbi.​nlm.​nih.​gov/​geo/]. Accession Number: [GSE261684].
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