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Background
Clear cell renal cell carcinoma (ccRCC), a lethal uro-
logical malignancy, is the most common type of kidney 
cancer [1]. Nearly one third of ccRCC patients pres-
ent with metastatic disease, and 20% of patients experi-
ence relapse in distant sites, despite undergoing radical 
surgery [2]. Currently, vascular endothelial growth fac-
tor (VEGF)-targeted tyrosine kinase inhibitors (TKIs) 
is established as first-line therapy in advanced ccRCC. 
Although TKIs, such as sunitinib, sorafenib and axitinib, 
improved ccRCC prognosis, many patients still can-
not achieve complete remission. Meanwhile, primary 
or acquired resistance after long-term use of TKIs has 
become an obstacle for improving survival time of ccRCC 
patients [2, 3]. Much effort has been spent on elucidating 
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Abstract
Background Clear cell renal cell carcinoma (ccRCC) is the most common type of RCC. Even though the targeted 
drugs for the treatment of ccRCC have a certain therapeutic effect, due to the problem of drug resistance, the search 
for new targets for targeted therapy of ccRCC remains urgent. GAMT is an enzyme involved in creatine metabolism. 
However, the precise biological roles and molecular mechanisms of GAMT in ccRCC are not fully understood.

Results Here, we found that GAMT was upregulated in ccRCC cells and tissues and associated with poor prognosis. 
Further, GAMT has pro-oncogenic abilities in promoting ccRCC development and progression. Intriguingly, 
GAMT exerted biological functions independent of its role in catalyzing creatine synthesis. Mechanistically, GAMT 
overexpression contributes to the development and progression of ccRCC by inhibiting tumor suppressor p53. Finally, 
we identified fisetin as a novel GAMT inhibitor and validated its role in suppressing ccRCC progression and sensitizing 
ccRCC cells to targeted drug axitinib via in vivo and in vitro assays.

Conclusions This study reveals that GAMT has pro-oncogenic abilities in promoting ccRCC development and 
progression. GAMT exerted its non-enzymatic functions possibly by regulating the expression of p53. Fisetin, the 
novel GAMT inhibitor identified herein, may serve as a new antitumor drug for ccRCC treatment.
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the pathogenesis of ccRCC occurrence and progression, 
but much remains unclear. Therefore, further study is 
needed to clarify the molecular mechanism of ccRCC 
and identify new targets for ccRCC treatment.

ccRCC involves metabolic reprogramming, which is 
essential for tumor progression and survival. Our pre-
vious study showed that creatine inhibited the progres-
sion of ccRCC [4]. Many studies showed that enzymes 
involved in creatine metabolism could regulate tumor 
progression. For example, glycine amidinotransferase 
(GATM), the rate-limiting enzyme in creatine synthesis, 
promotes tumor metastasis by increasing Snail and Slug 
expression [5]. Additionally, creatine kinase B (CKB) 
non-metabolically inhibits ferroptosis in hepatocellu-
lar carcinoma [6], and creatine transporter solute car-
rier family 6 member 8 (SLC6A8) inhibits apoptosis and 
enhances survival in breast cancer cells [6]. Guanidinoac-
etate methyltransferase (GAMT) is involved in the sec-
ond process of creatine biosynthesis [7]. In gastric cancer 
and colon cancer, high-expressed GAMT is associated 
with poor prognosis [8, 9]. GAMT is low-expressed in 
pancreatic cancer, and serves as a downstream molecu-
lar to induce apoptosis [10]. However, whether and how 
GAMT is involved in the development and progression 
is unknown.

Once thought to be limited to cellular metabolism, 
metabolic enzymes are now known for their various 
functions in tumors [11]. These enzymes, such as HK, 
ACLY and ACSS2, which are traditionally associated 
with glycolysis, TCA cycle, and lipid biosynthesis, are 
now increasingly acknowledged for their non-metabolic 
roles in tumor progression, metastasis, and therapy resis-
tance. These moonlighting functions transcend their 
conventional roles in metabolic pathways, participating 
in diverse cellular processes [12–16]. Elucidating these 
non-canonical roles can provide new insights into can-
cer pathogenesis, revealing novel avenues for therapeutic 
interventions. However, whether GAMT has non-canon-
ical roles is still unknown.

Here, using targeted metabolomic analysis, we found 
that creatine metabolism was reprogrammed in ccRCC. 
We examined the expression of genes involved in cre-
atine metabolism and found that GAMT was the only 
enzyme that overexpressed in ccRCC. Also, elevated 
GAMT expression was associated with an unfavor-
able prognosis. In vivo and in vitro assays indicated 
that GAMT promoted ccRCC proliferation, migration 
and invasion. Intriguingly, the oncogenic role of GAMT 
was independent of its metabolic function. Mechani-
cally, up-regulated GAMT could inhibit the tumor sup-
pressor p53 in ccRCC. Importantly, we identified fisetin 
as a novel GAMT inhibitor via high-throughput virtual 
screening and validated its role in suppressing ccRCC 
progression by using cell experiments, xenograft mouse 

model, orthotopic tumor models and ccRCC organoids. 
The combination of fisetin also sensitized ccRCC cells 
to axitinib, a first-line therapy in RCC [17], in vivo. Our 
study reveals a novel function of GAMT in ccRCC, offer-
ing a potential therapeutic target for ccRCC. Fisetin, the 
novel GAMT inhibitor identified herein, offers the poten-
tial as a drug for ccRCC treatment and for addressing 
TKI resistance.

Methods
Human tissue samples and cell culture
Tumor cell lines (769-P, A498, Renca, SN12) [18] and 
293T cell line were sourced from the ATCC and cultured 
at 37℃ in 5% CO2 in RPMI-1640, MEM, or high glucose 
Dulbecco’s Modified Eagle’s medium (Pricella, China), all 
supplemented with 10% FBS (Vazyme, China). Sixty par-
ticipants were recruited for targeted metabolomic analy-
sis at the Chinese PLA General Hospital (Beijing, China) 
between January 2020 and May 2021. The Chinese PLA 
General Hospital approved the study protocol, and all 
participants provided written informed consent.

Patient-derived organoid culture and drug sensitivity test
Histologically diagnosed ccRCC tissues were obtained 
from fresh specimens during surgery at our center. Tis-
sue processing and organoid culture were performed as 
described previously [19]. For the drug sensitivity test, 
50  µl of organoid suspension were harvested in 384-
well plates (Corning). Then, six concentrations of fisetin, 
as well as the DMSO control, were added in triplicate. 
CellTiter-Glo 3D Reagent (Promega) was used. The lumi-
nescence was measured with a PerkinElmer microplate 
reader.

Antibodies and reagents
Antibodies used in this study included anti-GAMT 
(10880-1-AP), anti-p53 (10442-1-AP) and anti-β-
Tubulin (10094-1-AP), all obtained from Proteintech 
(Wuhan, China). JetPRIME (Illkirch, France) was used for 
transfection.

CCK-8 assay and colony formation assay
Cells were plated at a density of 1,000 cells/well in a 
96-well plate, which was maintained at 37  °C. CCK-8 
was added to each well over 4 days. Cells were incubated 
at 37  °C for an additional 3 h, and absorbance was then 
measured at 450  nm. For the plate colony formation 
assay, RCC cells were seeded at 500 cells/well in six-well 
plates and cultured for 7 days. The cells were then fixed 
in 4% paraformaldehyde and stained with 0.1% crystal 
violet solution for 10 min.
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Wound healing assay
ccRCC cell lines were seeded in six-well plates and 
allowed to grow until they reached 100% confluency. 
Subsequently, the cell layer was gently scratched using 
a sterile plastic tip. Cell motility was measured at 0 and 
24 h.

Cell migration and invasion assays
In vitro cell migration and invasion assays were per-
formed using Transwell migration and invasion assays. 
Ten thousand cells were placed in the upper chamber 
with serum-free medium, whereas the lower chamber 
contained complete medium. After 24  h, the migrated 
cells were fixed in 4% paraformaldehyde and stained with 
0.1% crystal violet solution for 10 min. For the invasion 
assays, Matrigel (BD Biosciences) was used to coat the 
Transwell chambers.

LC-MS/MS analysis
Normal and tumor tissues were collected from patients 
undergoing radical nephrectomy and immediately fro-
zen in liquid nitrogen for further experiments. Following 
metabolite extraction from the tissue samples, all sam-
ples were re-dissolved and centrifuged, and the superna-
tant was collected for LC–MS analysis, which follows the 
methodology outlined in a previous study [20]. Metabo-
lomics was conducted as previously described [21].

RNA-seq and data analysis
Cellular RNA was prepared and sent to GENE DENOVO 
(Guangzhou, China) for sequencing. Gene expression 
levels were calculated using TPM. The KEGG analysis 
was used to analyze the potential pathways. A P < 0.05 
was used to identify statistically KEGG pathways. RNA-
seq data were deposited in SRA database (SUB14882267).

Immunohistochemical staining
The tissue microarrays included human ccRCC tissues 
and paired adjacent tissues collected from our center. 
Anti-GAMT and anti-p53 antibodies were used at a ratio 
of 1:200. Two independent investigators conducted a 
blinded review of the stained sections and scored them 
based on the intensity and percentage of positively 
stained cells. Immunohistochemical scores were assessed 
on a scale of 0–12. Tissues with a score < 6 were consid-
ered to have low expression, while those with scores > 6 
were considered to have high expression.

Animal experiments
Cells (1 × 106) suspended in Matrigel (Corning) were sub-
cutaneously injected into 4–6 weeks female BALB/c-nu/
nu mice (Gem Pharmatech) or injected into right sub-
renal capsule of 4–6 weeks female BALB/c mice to con-
struct orthotopic tumor models. Each group consisted 

of a minimum of four mice, which were sacrificed at 4 
weeks post-injection. Luminescence imaging and image 
analysis was performed using indiGo software. Starting at 
1 weeks, mice were treated with the following therapeu-
tic regimens: Axitinib (MCE, USA) was dosed at 50 mg/
kg via an oral gavage twice daily. Fisetin (MCE, USA) was 
dosed at 100  mg/kg once daily by intraperitoneal injec-
tion. All animal experimental procedures were approved 
by the Animal Care and Use Committee.

High-throughput virtual screening and cellular thermal 
shift assay
High-throughput virtual screening (HTVS) was per-
formed using the MCE compound database. A cellular 
thermal shift assay (CETSA) was performed as previ-
ously described [22]. Briefly, 769-P cells were exposed to 
DMSO or fisetin and incubated at 37  °C for 2 h. Identi-
cal cell suspension volumes were then heated for 3 min at 
temperatures ranging from 38 to 58 °C, increasing by 2 °C 
increments between each pair. After heating, the cells 
were incubated at room temperature for 3  min before 
being placed on ice. Soluble fractions were isolated via 
centrifugation and subsequently analyzed via western 
blotting. Melting curves were generated by plotting fold 
changes in immunoblot band densities.

Statistical analysis
Differences in mRNA or protein levels between two 
groups were analyzed using an unpaired Student’s t-test. 
One-way or two-way analysis of variance was conducted 
for comparisons involving three or more groups. Aster-
isks in the graphs denote significantly contrasting test 
results. All primers sequences were provided in Table S1-
3. All statistical analyses were performed using Graph-
Pad Prism 6.0. A P-value < 0.05 was deemed statistically 
significant.

Results
GAMT is highly expressed in ccRCC and correlated with 
poor prognosis
First, we explored the metabolic alterations in ccRCC. 
We performed targeted metabolomic analysis on 30 
patients with early-stage ccRCC and 30 patients with 
advanced-stage ccRCC, along with 30 samples of adja-
cent normal tissue (Fig. 1A). Then, pathway enrichment 
was assessed based on the top 10 metabolites. We found 
that arginine and proline metabolism was enriched sig-
nificantly. Among this pathway, metabolites from cre-
atine metabolism, including creatine and creatinine, 
were selected from the top 10 metabolites (Fig. 1B). Since 
these metabolites are all molecules in creatine metabo-
lism pathway, we analyzed the gene expression levels 
related to this pathway using the TCGA-KIRC database. 



Page 4 of 12Zheng et al. Biology Direct           (2025) 20:43 

GAMT was uniquely identified as a highly expressed gene 
in the creatine metabolism pathway (Fig. 1C).

Next, to examine the expression levels of GAMT, we 
selected five pairs of samples from both early-stage and 
advanced ccRCC cohort that had undergone targeted 
metabolomic sequencing. The results indicated that 
GAMT mRNA and protein levels were higher in tumor 
tissues than in normal tissues (Fig. 1D-G). In addition, we 
also collected six paired ccRCC tissue samples from our 
center and found that GAMT was overexpressed in these 
samples (Fig. S1 A, B). Then, we used a tissue microar-
ray at our center to evaluate the clinical relevance of 
GAMT. Our analysis revealed elevated GAMT expres-
sion along with the ascending tumor grade (Fig.  1H, I). 
Kaplan–Meier analysis indicated that elevated GAMT 
expression was associated with an unfavorable progno-
sis in our database, ICGC and GSE29609 RCC databases 
(Fig. 1J-L). Collectively, these findings suggest a potential 
oncogenic role for GAMT in ccRCC, which prompted 

us to further explore its function in the development of 
ccRCC.

GAMT promotes ccRCC proliferation, migration and 
invasion
We further investigated whether GAMT affects the 
occurrence and development of ccRCC both in vitro 
and in vivo. First, GAMT expression was detected in 
tumor cell lines. Strong GAMT expression was observed 
in most tumor cells (Fig. S1 C, D). Then, we selected 
769-P and SN12 cells with relatively high GAMT levels 
to knockdown their expression, and selected A498 and 
Renca cells to overexpress GAMT (Fig. S1 E–H). GAMT 
knockdown markedly reduced 769-P cell proliferation 
and colony formation, as evidenced by the CCK-8 and 
colony formation assay results. However, Overexpres-
sion of GAMT increased the proliferation of A498 cells 
(Fig. 2A-C).

Fig. 1 GAMT is highly expressed in ccRCC and correlated with poor prognosis. (A) Metabolomics flow chart and heatmap of the differential metabolites 
at the early (upper) and advanced tumor stages (lower). (B) Venn diagram shows the significantly enriched pathways. (C) Heatmap overview of differ-
entially expressed genes in creatine metabolism. D, E. qPCR (D) and Western blot (E) analyses of GAMT in early-stage tissues. F, G. qPCR (F) and Western 
blot (G) analyses of GAMT in advanced-stage tissues. H, I. Representative IHC images of GAMT in normal and ccRCC tissues from clinical tissue microarray 
(H); Comparation of histoscore between normal and tumor tissues (I). J. K-M curves for overall survival of ccRCC patients from high histoscore group and 
low histoscore group. K, L. Kaplan–Meier curves for overall survival of patients with ccRCC from the ICGC (left) and GEO (right) databases. *** p < 0.001
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Further, GAMT knockdown significantly impaired 
the migration and invasion capabilities of 769-P cells, 
as determined through the Transwell and wound heal-
ing analyses. In contrast, GAMT overexpression in A498 
cells increased their migration and invasion capabilities 
(Fig.  2D-G). In vivo experiments also showed GAMT 
knockdown reduced xenograft tumor growth, whereas 
GAMT overexpression promoted xenograft tumor 
growth (Fig. 2H, I). Our findings indicate that GAMT is 

necessary for ccRCC proliferation, migration, and inva-
sion both in vitro and in vivo.

GAMT influences ccRCC independent of its enzyme activity
GAMT is an enzyme that involved in creatine biosynthe-
sis pathway. However, our study has showed that creatine 
could inhibit ccRCC cell progression [4]. Several pervious 
studies have reported that proteins can function via non-
enzymatic activities [23]. This prompted us to investigate 

Fig. 2 GAMT induces ccRCC proliferation, migration, and invasion. A-C Effect of GAMT knockdown and overexpression on ccRCC cell proliferation was 
assessed via CCK8 (A, B) and plate colony formation assays (C). Quantification of colony numbers (right). D, E. Effect of GAMT knockdown (D) and overex-
pression (E) on ccRCC cell migration and invasion was measured via wound healing. F, G. Effect of GAMT knockdown (F) and overexpression (G) on ccRCC 
cell migration and invasion was measured using Transwell assays. Quantification of colony numbers (right). H, I. Image (left) and tumor weight (right) of 
xenograft tumors from mice with GAMT knockdown SN12 cells and GAMT overexpression Renca cells. *p < 0.05, ** p < 0.01, *** p < 0.001
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whether the unusually high expression of GAMT occurs 
via nonenzymatic mechanisms. Next, we determined 
whether the enzymatic activity of GAMT affected ccRCC 
development. We found no differences in creatine con-
centrations between GAMT knockdown and GAMT 
overexpression ccRCC cells (Fig. 3A, B). We treated high 
GAMT expression and GAMT overexpression ccRCC 

cells with cyclocreatine, an analog of creatine and an 
inhibitor of the creatine biosynthesis pathway [24]. We 
found that cyclocreatine (3 mM) had a minimal effect on 
creatine concentrations (Fig. 3C).

GAMT deficiency is a rare, inherited metabolic dis-
order resulting from mutations in the GAMT gene. The 
327 G > A mutation is a common mutation that leads 

Fig. 3 GAMT regulates ccRCC independent of its enzyme activity. A, B. Creatine levels in RCC cells with GAMT knockdown or overexpression were vali-
dated using ELISA (A) and LC–MS (B). C. Effect of cyclocreatine (CCr) on creatine levels in GAMT high-expression ccRCC cells and GAMT overexpression 
ccRCC cells validated using ELISA. D. CCK-8 assay was performed on ccRCC cells stably expressing mutated or wild-type GAMT. E. Representative images 
of migrated ccRCC cells overexpressing GAMT and GAMT overexpression ccRCC cells stably expressing mutant GAMT via wound healing. F. Representa-
tive images of migrated or invaded ccRCC cells overexpressing GAMT and GAMT overexpression ccRCC cells stably expressing mutant GAMT via Transwell 
assays. ** p < 0.01, *** p < 0.001
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to the loss of functional GAMT proteins [25]. We con-
structed a 327 G > A mutant plasmid and transfected it 
into A498 cells. Similarly, we found no significant dif-
ferences in ccRCC proliferation, migration and invasion 
between GAMT-overexpressing and GAMT-mutated 
ccRCC cells (Fig. 3D-F). These data suggest that GAMT 
promotes ccRCC development independent of its enzy-
matic activity.

GAMT promotes ccRCC progression by targeting tumor 
suppressor protein p53
To explore how GAMT promotes ccRCC development 
and progression, we conducted RNA sequencing assay to 
compare the transcriptome of control and GAMT knock-
down ccRCC cells. According to the KEGG pathway 
analysis of the RNA sequencing results, the p53 signal-
ing pathway was significantly identified (Fig. 4A). Know-
ing that GAMT acts through p53 signaling pathway, we 
examined the expression of p53 and its downstream 
targets p21. Subsequently, GAMT knockdown and 
overexpression did not change p53 mRNA levels but sig-
nificantly affected the protein levels (Fig. 4B, C, Fig. S2A, 
B). Also, p53 and p21 expression levels increased after 
GAMT knockdown, but decreased after GAMT overex-
pression (Fig. 4B, C).

Next, we determined if p53 is required for GAMT-
mediated oncogenesis. We introduced si-p53 and p53 
overexpression vector into GAMT knockdown or GAMT 
overexpression cells, separately. The results indicated that 
GAMT knockdown-induced cell proliferation, migration 
and invasion were partial rescued by p53 knockdown 
(Fig.  4D, E, H, J). Moreover, p53 overexpression abro-
gated cell proliferation, migration and invasion induced 
by GAMT overexpression (Fig. 4F, G, I, K). The correla-
tion analysis based on our ccRCC cohort also showed 
significant negative correlations between GAMT and 
p53 (Fig.  4O). Taken together, our results suggest that 
GAMT-induced oncogenesis is p53-dependent in ccRCC.

GAMT inhibitor Fisetin exhibits strong inhibitory effects on 
ccRCC
Currently, there are no commercially available GAMT 
inhibitors for clinical applications. Therefore, we sought 
to identify potential GAMT inhibitors by performing 
molecular docking-based HTVS of 85,000 compounds 
across three databases. We identified four potential com-
pounds that have been used in clinical experiments and 
selected fisetin (exhibiting the best docking score) for 
further in vitro and in vivo validation (Fig. 5A, B). After 
evaluating the IC50 value of fisetin, we found that fisetin 
significantly inhibited GAMT expression and promoted 
p53 expression in a dose-dependent manner (Fig. 5C, Fig. 
S3). Then, we used CETSA to verify the binding of fise-
tin to GAMT. The results showed that fisetin treatment 

elevated the melting temperature, implying a physical 
interaction between GAMT and fisetin (Fig. 5D).

Further, we assessed the effects of fisetin on the tumor 
phenotype both in vitro and in vivo. First, we examined 
the therapeutic effect of fisetin in ccRCC cells and three 
ccRCC-derived organoid models. Fisetin markedly sup-
pressed cell proliferation, migration, and invasion in 
769-P cells with high GAMT expression (Fig.  5E-G). 
Similarly, fisetin reduced both number and size of three 
organoids (Fig.  5H, I). We also treated GAMT over-
expression A498 cells with fisetin, which indicates the 
similar tumor-suppressive effect on ccRCC cells (Fig. S4 
A-D). Next, we validated its efficacy in vivo. Fisetin sup-
pressed the growth of SN12 subcutaneous and Renca 
orthotopic xenograft growth in mice (Fig.  5J, K). More-
over, live imaging also demonstrated that fisetin inhibited 
the growth of tumor cells with the gradually increased 
duration of treatment (Fig. 5L). Since resistance is com-
mon in RCC patients undergoing TKI treatment, we 
performed combined axitinib plus fisetin treatment. 
Our results showed the combination suppressed tumor 
growth (Fig. 5M). Together, our data suggest that fisetin, 
a GAMT-targeted inhibitor, is a potential therapeutic 
strategy for ccRCC.

Discussion
ccRCC is the most common histologic subtype among 
kidney cancer, which does not have notable clinical 
signs, leading to diagnostic difficulties and delay in treat-
ment. Although treatments, such as targeted therapy and 
immune checkpoint inhibitors, have significantly pro-
gressed, they are still insufficient for ccRCC patients due 
to drug resistance [26]. Therefore, there is an urgent need 
to find new therapeutic targets for ccRCC.

At present, multiple studies have shown that ccRCC is 
fundamentally a metabolic disorder characterized by the 
reprogramming of energy metabolism, which allows the 
tumor cells to survive in conditions of energy deprivation 
and hypoxia [27–30]. The metabolic reprogram of ccRCC 
covers many processes, such as aerobic glycolysis and 
fatty acids metabolism. Notably, the metabolism involv-
ing glycolytic flux is partitioned [31–33], concomitant 
with impaired mitochondrial bioenergetics and oxida-
tive phosphorylation (OxPhos) machinery. Furthermore, 
dysregulation of fatty acid oxidation has been observed 
in different grade of ccRCC as well [31, 34–37]. These 
results suggest that targeting metabolic abnormalities 
are potential therapeutic strategies of ccRCC. Here, using 
targeted metabolomic analysis of clinical ccRCC tissue 
samples and TCGA database, we found GAMT, as one 
of enzymes among creatine metabolism, is significantly 
changed in ccRCC.

Currently, there is little known about the potential role 
of GAMT in cancer development and progression. In 
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Fig. 4 GAMT could regulate p53 expression and promotes ccRCC progression via p53. (A) KEGG pathway analysis identified p53 signaling pathway. (B) 
Western blot validated the expression of p53 in GAMT knockdown and overexpression ccRCC cells. (C) Western blot (left) and qPCR (right) analysis vali-
dated the expression of p21 in GAMT knockdown and overexpression ccRCC cells. D, E. p53 can partially rescue the viability and proliferation of ccRCC 
cell caused by GAMT knockdown. F, G. p53 can partially rescue the viability and proliferation of ccRCC cell caused by GAMT overexpression. H, I. p53 can 
partially rescue the migration and invasion of ccRCC cell caused by GAMT knockdown. J, K. p53 can partially rescue the migration and invasion of ccRCC 
cell caused by GAMT overexpression. L, M. Representative immunohistochemistry staining of GAMT and p53 protein expression in RCC tissues (L). Cor-
relation analysis of GAMT and p53 expression levels in 63 ccRCC patients (M). * p < 0.01, ** p < 0.01, *** p < 0.001
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Fig. 5 (See legend on next page.)
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pancreatic cancer, GAMT is low-expressed and could 
be promoted by transcription factor RUNX2, and fur-
ther induced cell apoptosis [10]. An investigation of the 
clinical implications of GAMT showed that it may asso-
ciate with the prognosis of patient with gastric cancer 
and colon cancer [8, 9, 38]. However, the effect of GAMT 
on ccRCC remains poorly understood. In this study, 
we found that GAMT exhibits high expression levels 
in ccRCC tissues and is inversely associated with poor 
prognosis in the ICGC, GEO ccRCC, and our ccRCC 
databases. Both in vitro and in vivo experiments demon-
strated that GAMT enhances ccRCC cell proliferation, 
migration, invasion and tumor growth. These results sug-
gest that GAMT is an oncogene that promotes ccRCC 
progression.

Our previous study revealed that creatine could inhibit 
ccRCC cell progression [4]. However, considering the 
elevated expression of creatine synthase GAMT, we 
speculated that GAMT may play a non-canonical role 
in ccRCC. Next, we detected the creatine concentra-
tion in GAMT knockdown and overexpression ccRCC 
cells. Unexpectedly, creatine levels did not significantly 
change upon overexpression of GAMT and treatment 
with cyclocreatine, a creatine biosynthesis inhibitor. Fur-
ther, no significant differences in cell proliferation, migra-
tion, or invasion were observed after mutating the active 
site of GAMT. These findings These results confirm our 
conjecture that elevated GAMT has functions beyond its 
enzymatic activity in ccRCC. Notably, numerous meta-
bolic enzymes, traditionally associated with metabolic 
functions, also play roles in tumor regulation indepen-
dent of their enzymatic activities [39]. Enzymes involved 
in sugar metabolism, such as PKM2 and HK, which are 
typically associated with glycolysis, could exhibit protein 
kinase activities crucial for tumorigenesis [40–42]. More-
over, other enzymes involved in lipid metabolism and 
TCA cycle, such as ACSS2, ACLY, and α-KGDH could 
form complexes with chromatin modulators to regulate 
gene expression [14, 16, 43, 44]. These results extend 
our knowledge regarding the non-canonical functions of 
GAMT in tumor.

We then investigated the mechanism of GAMT in 
promoting ccRCC progression. Using RNA sequenc-
ing, we found that GAMT knockdown could regulate 

ccRCC progression via the p53 signaling pathway. Spe-
cifically, GAMT could inhibit the protein expression of 
p53. p53 is an essential tumor suppressor that regulates 
vast range of processes, including the cell cycle, apopto-
sis, proliferation and tumor progression [45]. Meanwhile, 
the p53 protein also undergoes many post-translational 
modifications, such as ubiquitination, phosphorylation 
and acetylation, which influences p53 protein level, cel-
lular localization, target selectivity [46]. The C-terminal 
lysine residues of p53 is the most common ubiquitinated 
site. Moreover, the ubiquitination of p53 is regulated by 
diverse regulators, including MDM2, MDMX, CHIP, 
COP1 and Pirh2 [47]. However, whether the regula-
tory mechanism by which GAMT influences p53 pro-
tein expression is mediated through the ubiquitination 
pathway remains to be further investigated. Previous 
study indicated that some molecular could activate and 
increase the affinity of protein for substrates, which con-
tributes to the proximity to the ubiquitin docking site 
and then allows efficient ubiquitin binding [48]. Whether 
GAMT have the same function still needs further study. 
Then, to undermine the essential role of p53 in GAMT-
mediated oncogenesis, we performed rescue experiments 
and found that GAMT induced cell proliferation, migra-
tion and invasion were rescued by p53. These results 
further indicate the downstream regulatory mechanism 
involved in GAMT, which help us to better understand 
the role of GAMT play in ccRCC.

Surgery is the primary clinical treatment for ccRCC. 
Despite the use of targeted therapy for advanced ccRCC, 
resistance to these drugs eventually develops in some 
patients with ccRCC [49, 50]. GAMT is highly expressed 
in ccRCC. However, small molecule targeting GAMT has 
not been reported. Here, through virtual screening, we 
discovered that fisetin acts as a potential GAMT inhibi-
tor agonist with antitumor activity in ccRCC cells. Fise-
tin, a naturally occurring flavonoid currently in clinical 
trials, has shown promising tumor-suppressive effects 
by regulating VEGF, MAPK signaling pathway, apoptosis 
and angiogenesis processes [51, 52]. In this study, fisetin 
decreased GAMT expression, increased p53 expression 
and suppressed the malignant behavior in ccRCC cells, 
ccRCC organoids, xenograft mouse model and ortho-
topic tumor models. Axitinib is a first line treatment for 

(See figure on previous page.)
Fig. 5 GAMT inhibitor fisetin shows inhibitory effect on ccRCC and decreases TKI resistance. (A) Venn diagram and docking scores of the top four GAMT 
inhibitor candidates identified via HTVS. (B) Chemical structure and in silico docking of fisetin into the active pocket of the human GAMT protein. (C) 
Western blot analysis of GAMT and p53 expression in ccRCC cells treated with fisetin after 48 h. (D) Western blot validated the direct binding between 
fisetin and GAMT via CETSA assay in 769-P cells. CETSA curves showing GAMT protein stability in the presence of DMSO or fisetin in both cell lines. E-G. 
Effect of GAMT knockdown on ccRCC cell proliferation, migration and invasion was assessed via CCK8 (E), wound healing (GF) and Transwell assays (G). H. 
Representative images showed the number and size of ccRCC organoid treated by fisetin. I. Drug IC50 values of ccRCC organoids. J, K. Image and tumor 
weight of subcutaneous (K) and orthotopic (L) xenograft tumors from mice treated with fisetin. L. Representative bioluminescent images of balb/c mice 
undergone orthotopic implantation with Luc-labeling Renca cells treated with fisetin. M. Mice were administered with fisetin and axitinib alone or in 
combination. Image and tumor weight of subcutaneous xenograft tumors from mice. The mice were treated with fisetin or axitinib or the combination 
for 23 days. ** p < 0.01, *** p < 0.001
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advanced ccRCC patients. However, TKI resistance often 
results in the recurrence of tumors, leading to treatment 
failure [53]. Importantly, in this study, we found that 
fisetin could enhance the efficacy of axitinib for ccRCC 
treatment. However, the mechanism in detail for how 
GAMT was involved in this process still needs be further 
explored. Therefore, this GAMT-based study reveals a 
potential therapeutic candidate and suggests its applica-
tion in ccRCC treatment.

Conclusions
Together, this study expands on earlier research by dem-
onstrating GAMT’s nonenzymatic role in ccRCC and 
reveals that GAMT could inhibit p53 protein expression 
in ccRCC. Also, fisetin, a potential GAMT inhibitor, may 
act as an important drug for ccRCC therapy in the future.
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