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ARTICLE INFO ABSTRACT

Editor name: Prof Alnawaz Rehemtulla Gastric cancer is one of most lethal diseases across the world. However, the underlying mechanism of gastric can-

cer carcinogenesis and development is still not fully known. Forkhead box M1 (FOXM1) belongs to the FOX family

Iéz};::?crﬁ;ncer and has crucial roles in transactivation of multiple oncogenes in several cancer types, including gastric cancer.
FOXM1 Recent studies have also shown the non-transcriptional function of FOXM1 via protein—protein interactions. Hu-
hTERT man telomerase reverse transcriptase (hTERT) is the core subunit of telomerase that facilitates cancer initiation
ubiquitination and progression by maintaining cell immortalization, promoting cell proliferation and inhibiting cell apoptosis.

Wnt/p-catenin However, the relationship between FOXM1 and hTERT in gastric cancer is still unclear. In our study, we found

that FOXM1 and hTERT were convergent to the cell cycle-related pathways and they were positively related with
advanced gastric cancer stages and poor outcomes. Simultaneous high levels of FOXM1 and hTERT predicted
the worst prognosis. FOXM1 could increase hTERT protein rather than mRNA levels in a non-transcriptional
manner. Mechanistically, FOXM1 interrupted the interaction between the E3 ligase MKRN1 and hTERT and de-
creased hTERT protein degradation. Further studies revealed that FOXM1 interacted with hTERT through its
DNA-binding domain (DBD) region. Finally, we found that hTERT played important roles in FOXM1-mediated
activation of the Wnt/g-catenin pathway to promote gastric cancer cell proliferation. Taken together, we found a
novel non-classical function of FOXM1 to increase hTERT protein stability. Targeting the FOXM1-hTERT pathway
may be a potential therapeutic strategy in treating gastric cancer.

Introduction

Gastric cancer is one of the leading causes of cancer death world-
wide. Several therapeutic strategies have been used for the treatment of
advanced gastric cancer or early gastroesophageal carcinoma, such as
the traditional and adjuvant chemotherapy, or surgical and endoscopic
resection [1,2]. Recently, the gastric microbiota and disordered immune
function have been implicated in gastric cancer therapy. Besides, novel
materials have also been used in endoscopic submucosal dissection [3—
5]. Although H. pylori infection is an important risk factor for gastric
cancer, the underlying mechanism of gastric carcinogenesis and tumor
progression is not entirely known. A currently recognized molecular
characterization for gastric adenocarcinoma dictated four molecularly
distinct gastric cancer subtypes [6]. Each of the subtypes has unique
characteristics, such as recurrent PIK3CA mutations, RHOA mutations or
focal amplification of receptor tyrosine kinases. Therefore, the detailed
molecular mechanism for gastric cancer initiation and progression still
requires further investigation.

* Corresponding authors.

Forkhead box M1 (FOXM1) is a versatile transcription factor that
belongs to the FOX family [7]. It is involved in multiple cellular pro-
cesses such as cell proliferation, differentiation and apoptosis. FOXM1
is highly expressed in several cancer types and promotes cancer angio-
genesis, invasion and therapy resistance, which result in a poor prog-
nosis [8]. The FOXM1 protein consists of an N-terminal repressor do-
main (NRD), a forkhead DNA-binding domain (DBD), and a C-terminal
transcriptional activation domain (TAD) [9]. Among the four FOXM1
splice variants, FOXM1b has a relatively higher transforming ability
[10]. FOXM1 is a critical regulator of numerous downstream targets,
which contribute to almost all cancer hallmarks [8]. FOXM1 has been
closely linked to gastric cancer. For instance, FOXM1 is overexpressed in
gastric cancer, and its inhibition induces cellular senescence [11]. Dys-
regulation of FOXM1 or the FOXM1-STMN1 axis contributes to gastric
cancer progression [12,13]. In addition, FOXM1 mediates the biological
processes of other upstream factors in gastric cancer, such as MET sig-
naling molecules [14]. Besides, Hu et al. revealed that FOXM1 elicited
oxaliplatin resistance by upregulating Mcl-1 in gastric cancer cells [15].
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Interestingly, FOXM1 is able to influence biological process in a
transcription-independent manner by interacting with different proteins
[16]. For instance, the interaction between FOXM1 and SMAD3/SMAD4
favors the TGF-pg-dependent signaling to promote cancer metastasis
[17].

Human telomerase reverse transcriptase (hTERT) is the catalytic sub-
unit of telomerase. hTERT plays pivotal roles in cancer initiation, pro-
gression, metastasis and therapy resistance [18,19]. It has been shown
that hTERT is positively associated with VEGF in gastric cancer samples.
hTERT increases VEGF gene expression by interacting with the tran-
scription factor Sp1 [20]. hTERT inhibition activated p38 MAPK, which
stimulated COX2 transcription, and the combination of hTERT deple-
tion and celecoxib synergistically suppressed gastric cancer cells [21].
Besides, the clinical drug proton pump inhibitor (PPI) pantoprazole re-
pressed gastric cancer metastasis by downregulating hTERT, which is
worthy of further clinical investigation [22]. It has been previously
demonstrated that hTERT promoted the binding of FOXM1 to its binding
elements in the ITGB1 gene. In addition, hTERT enhanced the ubiquiti-
nation of another FOX family member, FOXO3a, and finally facilitated
the invasion of gastric cancer cells [23]. However, whether FOXM1 also
regulates hTERT in gastric cancer and the potential mechanism are cur-
rently unknown. In this study, we found that high expression of both
FOXM1 and hTERT dictates a poor prognosis in gastric cancer patients.
Mechanically, FOXM1 could non-canonically upregulate hTERT level in
a non-transcriptional manner which is independent of the classical trans-
activating function of FOXM1. In addition, hTERT plays a crucial role in
FOXM1-elicited Wnt/p-catenin activation. Targeting the FOXM1-hTERT
axis may be a novel strategy for the prevention and treatment of gastric
cancer.

Results

FOXM1 and hTERT share common downstream genes but their mRNA
levels are not correlated

To explore the relationship between FOXM1 and TERT, we first ana-
lyzed their expressions in 34 types of human cancer. As shown in Fig. 1A,
FOXM1 was significantly upregulated in 33 cancer types, while TERT
was markedly increased in 29 cancer types compared with normal tis-
sues. Besides, high levels of FOXM1 or TERT was positively with ad-
vanced pathologic stages and histologic grades in gastric cancers (Fig-
ure S1A-S1D). The receiver operating characteristic (ROC) curve also
indicated an obvious positive relationship between high FOXM1 or
TERT expressions with advanced gastric cancer pathologic stages (Fig-
ure S1E and S1F). Subsequently, by comparing the top 25% samples
with higher FOXM1 (or TERT) expression with the bottom 25% samples
with lower FOXM1 (or TERT) expression, we identified 344 (or 156)
upregulated genes, respectively (Fig. 1B-C). The Venn diagram showed
that 30 genes were collectively upregulated between the FOXM1 and
TERT groups (Fig. 1D). In addition, GO term and KEGG pathway en-
richment analyses of the overlapping genes revealed that the FOXM1
and TERT-upregulated genes are involved in the cell cycle and meio-
sis process (Fig. 1E and F). Interestingly, the mRNA level of FOXM1
and hTERT was not significantly correlated in TCGA Stomach Adeno-
carcinoma (STAD), suggesting the importance of post-transcriptional
regulation in association between FOXM1 and hTERT (Fig. 1G). These
results indicated that FOXM1 was associated with hTERT during cell
cycle process and the mechanism may lie in the post-transcriptional
level.

FOXM1 enhanced hTERT protein stability by inhibiting
ubiquitination-mediated degradation

We next explored whether FOXM1 could regulate hTERT expression
and the underlying mechanism. Knockdown of FOXM1 decreased the
protein level of hTERT (Fig. 2A and S2A), whereas overexpression of
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FOXMI1 increased the protein level of hTERT (Fig. 2C and S2B) in gas-
tric cancer cell lines. However, either knockdown or overexpression of
FOXM1 did not affect the mRNA levels of hTERT (Fig. 2B, and D and
S2C-S2F) at different time points. The above evidences suggested that
FOXM1 may upregulate hTERT by enhancing its protein stability post-
transcriptionally. Ubiquitination is crucial in post-transcriptional regu-
lation. Thus, we investigated whether FOXM1 influenced hTERT ubiq-
uitination. As shown in Fig. 2E, overexpression of FOXM1 dramatically
inhibited hTERT ubiquitination. Besides, MG132 reverses the effect of
FOXM1 loss on hTERT levels, revealing that endogenous FOXM1 reg-
ulated endogenous hTERT exactly by the ubiquitin-proteolysis mecha-
nism (Fig. 2F). The E3 ligases MDM2 and MKRN1 have been shown to
ubiquitinate hTERT and reduce its protein stability [24,25]. To further
uncover which E3 ligase was involved in FOXM1-mediated suppression
of hTERT ubiquitination, Co-IP assays were performed. Results indicated
that while FOXM1 did not affect the interaction between MDM2 and
hTERT (Fig. 2G), FOXM1 significantly reduced the interaction between
MKRN1 and hTERT (Fig. 2H). In addition, we found that FOXM1 and
hTERT interacted with each other (Fig. 2I). In summary, FOXM1 en-
hanced hTERT protein stability and increased it protein level by inhibit-
ing MKRN1-mediated ubiquitination.

FOXM1 could increase hTERT protein levels independent of its
transcriptional activity

FOXM1 canonically regulates downstream signaling as a transcrip-
tion factor. We have shown that FOXM1 could enhance hTERT protein
stability by inhibiting ubiquitination-mediated degradation. To further
investigate how FOXM1 performed this function, FOXM1-Mut was con-
structed by mutating three key amino acids within the DBD of wild-
type FOXM1b (Fig. 3A) ( [26,27] ). Next, we constructed a luciferase re-
porter plasmid containing six copies of the Forkhead consensus sequence
(AAACAAACAAAQ), which could indicate the transcriptional activity of
FOXM1. Fig. 3B showed that FOXM1-Mut had remarkably attenuated
transcriptional activity compared to FOXM1-WT. In addition, the pro-
moter activity of CCNB1, a FOXM1 target gene, was also suppressed
by FOXM1-Mut, which also demonstrated that this mutant is defective
for its transcriptional activating function (Fig. 3C). However, FOXM1-
Mut could evidently enhance hTERT protein level in gastric cancer cells
(Fig. 3D). Additionally, FOXM1-Mut, similarly as FOXM1-WT, was able
to interfere with the interaction between hTERT and MKRN1 but not
between hTERT and MDM2 (Fig. 3E and F). Moreover, both FOXM1-
Mut and FOXM1-WT strongly inhibited the ubiquitination of hTERT
(Fig. 3G). Taken together, FOXM1 could suppress MKRN1-mediated
hTERT ubiquitination and increase hTERT protein levels independent
of its canonical transcriptional activity.

hTERT played key roles in FOXM1-mediated activation of Wnt/f-catenin
pathway

Wnt/p-catenin is one of the crucial pathways that promotes cancer
cell proliferation via governing cell cycle-associated markers. FOXM1
has been shown to activate the Wnt/p-catenin pathway [16,28]. As
shown in Fig. 4A, FOXM1-Mut increased the mRNA levels of c-myc,
cyclin-D1 and proliferating cell nuclear antigen (PCNA), three key
proliferation-related markers of the Wnt/p-catenin pathway ( [29,30]).
Knockdown of hTERT significantly reversed the impact of FOXM1-Mut-
mediated activation of Wnt/p-catenin pathway (Fig. 4A). In addition,
although FOXM1-Mut did not elevate the Wnt/g-catenin-governed pro-
liferation markers compared with the Control group in hTERT-negative
osteosarcoma U20S cells (Fig. 4B), FOXM1-Mut significantly upregu-
lated these markers in hTERT-overexpressing U20S cells (Fig. 4B). Fur-
thermore, analysis of Gastric Cancer data from the TCGA also revealed
the positive relationship between FOXM1 or TERT with the Wnt/g-
catenin signaling genes (Fig. S3A). Finally, we found that FOXM1-Mut
remarkably promoted the colony formation of gastric cancer cells, while
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Fig. 1. FOXM1 and hTERT share common downstream genes but their mRNA levels are not correlated. (A) Expression of FOXM1 and TERT across 34 cancer types
and the corresponding normal tissues using data from The Cancer Genome Atlas (TCGA) database. Data was analyzed by the Wilcoxon test. (B) Volcano plots that

displays differentially

expressed genes between samples with higher FOXM1 expression (top 25%) and lower FOXM1 expression (bottom 25%) from the TCGA

gastric cancer database (Stomach Adenocarcinoma, STAD). Red represents the upregulated genes, and blue represents the downregulated genes. (C) Volcano plots
that shows the expression of TERT as that in (B). (D) Venn diagram illustrating the overlapping upregulated genes between FOXM1 and TERT by analyzing the data

of STAD from (B) and

(C). The probability distribution of the overlapping genes was done based on the Poisson Distribution. The overlapping genes were displayed

in Supplementary Table 3. (E and F) GO term analysis (E) and KEGG pathway enrichment analysis (F) of the overlapping upregulated genes in (D) from STAD. (G)
The correlation between FOXM1 mRNA and TERT mRNA by analyzing the TCGA-STAD. Data was analyzed by Pearson’s test.
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Fig. 2. FOXM1 enhanced hTERT protein stability by inhibiting ubiquitination-mediated degradation. (A or C) Different gastric cancer cells (MGC803 and BGC823)
were transfected with shFOXM1 plasmids (A) or FOXM1 overexpressing plasmids (C) for 48h, then Western blot were performed with the antibody against FOXM1,
hTERT or Tubulin. (B or D) Different gastric cancer cells (MGC803 and BGC823) were transfected with shFOXM1 plasmids (B) or FOXM1 overexpressing plasmids
(D) for 48h, then qRT-PCR were performed to detect the mRNA level of hTERT or Tubulin. The relative levels of hTERT mRNA were shown. (E) HEK293T cells
were transfected with His-ub and/or FOXM1-HA in the presence of hTERT-Flag, and then incubated with MG132 for another 8 h before cells were harvested. After
that ubiquitination of hTERT was detected with anti-Flag antibody following His immunoprecipitation. The input was detected with anti-Flag or anti-HA antibody,
respectively. (F) MGC803 and BGC823 cells were transfected with shNC or shFOXM1 for 48 hours, with or without MG132 added for another 8 hours before
harvesting. Then Western blot were performed with the antibody against FOXM1, hTERT or Tubulin. (G) HEK293T cells were transfected with hTERT-Flag and
MDM2-HA with or without FOXM1-GST, then co-immunoprecipitation (Co-IP) assays were performed using the HA and Flag antibody. Western Blot was performed
using the immunoprecipitates or input with the antibody against HA, Flag or GST. (H) HEK293T cells were transfected with hTERT-HA and MKRN1-Flag with or
without FOXM1-GST, then Co-IP assays were performed using the HA and Flag antibody. Western Blot was performed using the immunoprecipitates or input with
the antibody against HA, Flag or GST. (I) HEK293T cells were transfected with FOXM-HA or hTERT-Flag or their combinations, then Co-IP assays were performed
using the HA or Flag antibody. Western Blot was performed using the immunoprecipitates or input with the antibody against HA or Flag.

silencing hTERT attenuated the proliferative ability of FOXM1-Mut
(Fig. 4C). In summary, these findings provided evidence that hTERT
played key roles in FOXM1-mediated upregulation of Wnt/g-catenin-
governed proliferation markers.

FOXM1 interacted with hTERT through its DBD region

To further investigate the detailed region of FOXM1 protein that me-
diated the FOXM1-hTERT interaction, we constructed the N-terminal

deleted, DBD deleted and C-terminal deleted construct on the basis of
FOXM1-Mut, respectively (Fig. 5A). The interaction between FOXM1
and hTERT was dramatically decreased when the DBD domain was
truncated, while the deletion of N-terminal or C-terminal had no in-
fluence (Fig. 5B). Besides, only the DBD-truncated construct remark-
ably increased the ubiquitination of hTERT and promoted the its pro-
tein degradation (Fig. 5C and D). In addition, DBD deletion attenuated
the Wnt/p-catenin pathway genes compared with the full-length vec-
tor (Fig. 5E). Finally, cell colony formation assays also confirmed the
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Fig. 3. FOXM1 could increase hTERT protein
levels independent of its transcriptional activ-
ity. (A) A schematic depiction of the transcrip-
tion active site and the mutation of FOXMI.
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inhibitory effect of DBD loss on FOXM1-mut-driven cancer cell prolifer-
ation (Fig. 5F). Taken together, FOXM1 interacted with hTERT through
its DBD region to promote cancer cell proliferation.

High levels of FOXM1 and hTERT indicated poor prognosis in gastric
cancer samples

We further analyzed the clinical association of FOXM1 and hTERT
by analyzing the immunofluorescence staining microarray data of hu-
man gastric cancer tissue. The ROC curves showed the areas under the
curve (AUC) of the FOXM1-based and hTERT-based prediction, which
suggested that both FOXM1 and hTERT could effectively predict prog-
nosis of gastric cancer patients (Fig. 6A and B). Moreover, survival anal-
ysis revealed that high expression of FOXM1 or hTERT was associated
with poor prognosis of gastric cancer patients (Fig. 6C and D). Impor-
tantly, simultaneous high expression of both FOXM1 and hTERT in-
dicated the worst prognosis, whereas simultaneous low expression of
them indicated the best prognosis (Fig. 6E). Taken together, high lev-
els of FOXM1 and hTERT indicated poor prognosis in gastric cancer
samples.

Discussion
Both FOXM1 and hTERT are well recognized for their versatile func-

tions in promoting cancer malignancies. However, the relationship be-
tween the two key factors is still not clear. In this study, we unraveled

was detected with anti-Flag or anti-HA anti-
body, respectively.

that FOXM1 was able to enhance hTERT protein in a non-transcriptional
way in gastric cancer cells. FOXM1 is described as a functional transcrip-
tion factor that transactivates multiple oncogenes. In addition, emerg-
ing evidence has shown that FOXM1 also influences cancer development
by direct protein-protein interactions [16]. For instance, the interaction
between nucleophosmin (NPM) and FOXM1 plays important roles in
maintaining FOXM1 in the cytoplasm and in maintaining the levels of
FOXM1 [31,32]. In addition, MELK regulates FOXM1 phosphorylation
and activation, which is dependent on the direct binding of PLK1 with
FOXM1 [33]. Furthermore, the interaction between FOXM1 and SMAD3
is crucial for SMAD3/SMAD4 complex function and maintains the TGFp
signaling pathway during breast cancer invasion [17]. In our study, we
also found that FOXM1 could exert a transcription-independent function
to upregulate hTERT protein levels rather than mRNA levels by inter-
acting with the E3 ligase MKRN1, which has been reported to degrade
hTERT by the ubiquitination-proteasome pathway [25]. Besides, hTERT
was pivotal for FOXM1-enhanced expression of Wnt/g-catenin-governed
proliferation markers. Recent studies have shown that hTERT directly
enhances the Wnt/p-catenin pathway as a cofactor in the f-catenin tran-
scriptional complex [34], which supported our results. Previous stud-
ies showed that FOXM1 could transactivate c-myc [35], and c-myc
was also able to transcriptionally upregulate hTERT [36]. In our study,
c-myc mRNA was upregulated by FOXM1-Mut. The mechanism mainly
lied in that FOXM1-Mut increased hTERT protein levels and hTERT ac-
tivated the Wnt/p-catenin pathway to upregulate c-myc. It was because
FOXM1-Mut is transcriptionally incapable. Besides, the decrease of
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Fig. 4. hTERT played key roles in FOXM1-mediated activation of Wnt/g-catenin pathway. (A) MGC803 and BGC823 cells were transfected with FOXM1-Mut with or
without the co-transfection of shhTERT, then Wnt/f-catenin pathway genes were analyzed by qRT-PCR. (B) U20S cells with or without hTERT-overexpressing were
transfected with FOXM1-Mut, then Wnt/p-catenin pathway genes were analyzed by qRT-PCR. (C) MGC803 and BGC823 cells were transfected with FOXM1-Mut
with or without the co-transfection of shhTERT, then colony formation assays were performed (top). The number of cell colonies was quantified (bottom).

c-myc mRNA by hTERT knockdown (Fig. 4A) was comparable to that
by the DBD region deletion (Fig. 5E). Although c-myc mRNA level was
increased by FOXM1-Mut, the hTERT mRNA level was not significantly
upregulated in our cellular context. It can be explained that there were
a plenty of hTERT upstream regulators, and FOXM1-mut may also up-
regulate other hTERT suppressors or downregulate other hTERT acti-
vators. Taken together, our data revealed an important alternative reg-
ulation manner of FOXM1 to enhance hTERT protein levels and may

broaden the knowledge of non-classical FOXM1 function. Importantly,
the FOXM1-hTERT axis was clinically relevant, because high levels of
both FOXM1 and hTERT predicted the worst outcome in gastric cancer
patients. Interestingly, we found that the overlapping genes of FOXM1
and TERT-upregulated targets were also involved in the meiosis pro-
cess. Currently, there were few studies about the relationship between
FOXM1 or hTERT with meiosis [37-39], which is worthy of further in-
vestigating.
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Fig. 5. FOXM1 interacted with hTERT through its DBD region. (A) A schematic depiction of the full-length and different truncated form (N-terminal deleted, DBD
deleted and C-terminal deleted) of FOXM-mut protein. (B) HEK293T cells were transfected with hTERT-HA and different form of FOXM1-Mut-Flag constructs shown
in (A), then Co-IP was performed using the Flag antibody. Western Blot was performed using the immunoprecipitates or input with the antibody against HA or Flag.
(C) HEK293T cells were transfected with His-ub, hTERT-HA, and different form of FOXM1-Mut-Flag constructs shown in (A), then cells were incubated with MG132
for another 8 h before harvested. After that ubiquitination of hTERT was detected with anti-HA antibody following His immunoprecipitation. The input was detected
with anti-HA or anti-Flag antibody, respectively. (D) MGC803 and BGC823 cells were transfected with full-length FOXM1-Mut or DBD-truncated FOXM1-Mut, then
Western Blot analysis was performed with the antibody against hTERT or Tubulin. (E) MGC803 and BGC823 cells were transfected with full-length FOXM1-Mut
or DBD-truncated FOXM1-Mut, then Wnt/pg-catenin pathway genes were analyzed by qRT-PCR. (F) MGC803 and BGC823 cells were transfected with full-length
FOXM1-Mut or DBD-truncated FOXM1-Mut, then colony formation assays were performed (top). The number of cell colonies was quantified (bottom).

hTERT expression is frequently observed in most human malignan-
cies, and high levels of hTERT are linked to advanced tumor staging
and unfavorable prognosis. Our group has summarized the regulation
of hTERT from different layers, including the transcriptional and post-
transcriptional levels, etc. [40]. Ubiquitination is one of the core reg-
ulatory avenues at the post- transcriptional level. For instance, MDM2
ubiquitinates hTERT at the N-terminus and promotes its degradation
in a proteasome-dependent manner [24]. MKRN1 overexpression facil-
itates hTERT degradation and attenuates telomerase activity [25]. In-
teraction between hTERT and the chaperone-associated ubiquitin lig-
ase CHIP promotes hTERT cytoplasm retention and ubiquitination [41].
TERT interacts with the EDD-DDB1-VprBP E3 ligase complex and is
then degraded by the ubiquitination-proteasome pathway [42]. In our

study, we found that FOXM1 could increase hTERT protein levels in a
post-transcriptional manner. We further revealed that FOXM1 interfered
with the binding of MKRN1 to hTERT, which interrupted ubiquitination-
mediated hTERT degradation in gastric cancer cells. The phenotype was
also obvious when the FOXM1 transcriptional activity was diminished.
Interestingly, TERT promoter mutation, a frequent event in most can-
cer types, was observed at a low frequency in a large cohort of gastric
cancers, which may suggest the importance of post-transcriptional reg-
ulation of hTERT in gastric cancer [43].

Taken together, our results established a novel link between the two
important oncogenes in gastric cancers. FOXM1 could non-canonically
increase hTERT protein levels by impeding the ubiquitination by E3
ligase MKRN1 and further repressing hTERT degradation. FOXM1 and
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Fig. 6. High levels of FOXM1 and hTERT indicated poor prognosis in gastric cancer samples. (A, B) The ROC curves of FOXM1(A) or hTERT (B) for predicting the
diagnosis of gastric cancer patients via analyzing the immunofluorescence staining microarray data of human gastric cancer tissue. (C, D) Kaplan-Meier analysis of
patients survival according to different FOXM1 (C) or hTERT (D) expression. Log-rank (Mantel-Cox) test was used. (E) Kaplan-Meier analyses of patients survival
according to different expression combinations of FOXM1 and hTERT. Log-rank (Mantel-Cox) test was used.

hTERT were both increased in human gastric cancer samples and
their simultaneous upregulation predicted a poor prognosis. Notably,
although both FOXM1 and hTERT have been shown to activate the
Wnt/pg-catenin signaling [28,34], we demonstrated that hTERT played
an important role in FOXM1-mediated activation of Wnt/p-catenin path-
way genes. In brief, our study provides novel rationale for gastric cancer
treatment by targeting the FOXM1-hTERT axis.

Materials and methods
Cell culture and transfection

Cells were cultured in Gibco Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin at 5% CO, at 37 °C. The BGC823 and HEK293T cell lines
were from American Type Culture Collection (Manassas, Virginia, USA).
MGC803 and MKN45 cells were from Shanghai Fuheng Technology Co.,
Ltd. Cell lines were transfected using polyethyleneimine (PEI) and were
collected at indicated time after transfection.

RNA extraction and qRT-PCR

Total RNA was extracted from cells using RNAiso Plus reagent
(Takara, Otsu, Japan), and cDNA was synthesized using the PrimeScript
RT reagent kit (Takara). Then quantitative real-time PCR (qRT-PCR)
was carried out by using SYBR Premix Ex Taq II (Takara) with the
ABI StepOnePlus 7500 Real-Time PCR system (Applied Biosystems). The
primers used for qRT-PCR are listed in Supplementary Table 1.

Western blot and antibodies

Proteins were extracted with RIPA lysis buffer (P0013B, Beyotime,
Shanghai, China) containing protease inhibitor (4693159001, Roche,
Indianapolis, USA) and quantified by an enhanced BCA protein assay
kit (P0O009, Beyotime, Shanghai, China). Western blot analysis was per-
formed according to a previously described standard protocol [23].
Anti-FOXM1 antibody (20459) was purchased from Cell Signaling Tech-
nology (Boston, USA). Anti-hTERT antibody (32020) was purchased
from Abcam (Cambridge, UK). Anti-tubulin antibody (AF1216) was
purchased from Beyotime. Anti-HA antibody (H6908) was purchased
from Sigma-Aldrich (St. Louis, USA). Anti-Flag antibody (20543-1-AP)
and anti-GST antibody (3G12B10) were purchased from Proteintech
(Wuhan, China). These primary antibodies were used at a 1:1,000 di-
lution for immunoblotting analysis.

Luciferase reporter assays

The pGL4.26 [luc2/minP/Hygro] plasmid was used to generate the
reporter containing six copies of the FKH binding consensus [44]. The
pGL4.26-6xDB reporter plasmid and the pGL3-CCNB1 reporter plasmid
was from Youbio Cooperation (Changsha, China). For reporter assays,
pGL4.26-6xDB or pGL3-CCNB1 constructs and the pRL-TK plasmid were
co-transfected into HEK293T cells with Lipofectamine 3000 (Invitro-
gen). Twenty four hours after transfection, the HEK293T cells were lysed
and assayed for luciferase activity using the Dual-Luciferase Reporter As-
say System (Promega, E1910). The luciferase activity was normalized to
the pRL-TK activity.
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Fig. 7. A schematic model for the role of the FOXM1 to inhibit hTERT ubiquitination and degradation. (Left) In normal tissues, the E3 ubiquitin-protein ligase
MKRN1 ubiquitinates hTERT and negatively regulates the hTERT protein stability. (Right) In gastric cancer tissues where FOXM1 is high, FOXM1 protein prevents
the binding of hTERT with MKRN1 and stabilizes hTERT, which finally promotes expression of Wnt/f-catenin-downstream proliferation-associated genes to facilitate

cancer cell proliferation.
Co-immunoprecipitation

Cells were lysed in EBC buffer (50 mM Tris pH 7.5, 120 mM Nacl,
and 0.5% NP-40) supplemented with protease inhibitors. Then the
lysates were incubated with anti-HA (Sigma, A2095), anti-Flag (Sigma,
A2220) or anti-GST agarose beads (ThermoFisher, 16101) for 4 h at
4°C. The immunoprecipitates were washed three times with NETN buffer
(20 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA and 0.5% NP-40) be-
fore being resolved by SDS-PAGE and immunoblotted with the indicated
antibodies.

In vivo ubiquitination assay

His-ubiquitin and the indicated plasmids were transfected into
HEK293T cells and treated with 20 uM MG132 for 8 h before harvest-
ing. Thirty-six hours after transfection, the cells were lysed in buffer A
(6 M guanidine-HCI, 0.1 M Na,HPO,/NaH,P0O,, and 10 mM imidazole
[pH 8.0]) and sonicated on ice. After centrifugation, the supernatants
were incubated with nickel-nitrilotriacetic acid (Ni-NTA) matrices (QI-
AGEN, 30210) for 3 h at room temperature. Subsequently, the beads
were successively washed twice with buffer A, twice with buffer A/TI
(buffer A: buffer TI=1:3), and once with buffer TI (25 mM Tris-HCl and
20 mM imidazole [pH 6.8]). Then the immunoprecipitates were resolved
by 8% SDS-PAGE and analyzed by immunoblotting using the indicated
antibodies.

Colony formation assays

Cells were seeded at 600 cells per well in six-well plates and incu-
bated for 10-16 days. Once visible colonies formed, the colonies were

washed twice with PBS and fixed with 4% paraformaldehyde for 30
min. After staining with crystal violet solution for 30 min, the plates
were washed and dried, and colony numbers were counted.

Tissue microarray and immunofluorescence

Tissue microarray of gastric cancer were purchased from Shang-
hai Outdo Biotech Co., Ltd., Shanghai, China. Detailed clinicopatho-
logical characterization is summarized in Supplementary Table 2. Stan-
dard Immunofluorescent (IF) staining procedures were performed us-
ing a specific antibody against FOXM1 (Abcam 207298) or hTERT (Ab-
cam 230527) (1:50 dilution) for 1 hour incubation at room temperature
[45]. All images were acquired using the TissueFAXS Spectra Systems
by TissueGnostics and then analyzed by StrataQuest analysis software
(TissueGnostics). The overall IF scores of FOXM1 or hTERT were calcu-
lated using the following formula: overall score = percentage of positive
cells x mean fluorescence intensity of positive cells.

Gene expression and enrichment analysis

The pan-cancer TCGA dataset were used to analyze the expressions of
FOXM1 and TERT across 34 cancer types as well as normal tissues. KEGG
and GO enrichment analyses of differentially expressed genes were an-
alyzed using the XIANTAO platform.

Identification of differentially expressed genes (DEGs)

Differentially expressed gene analysis was performed using the
R package LIMMA (v3.40.2). To reduce false-positives, the adjusted
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P value was used in the analysis. “Adjusted P < 0.05 and |log 2
(Fold Change) | > 1”7 were defined as thresholds for the screen-
ing of differentially expressed mRNAs. The Venn diagram web
tool (http://bioinformatics.psb.ugent.be/webtools/Venn/) were used to
generate the Venn diagram.

Spearman’s correlation analysis

Spearman’s correlation analysis was performed with the Cor-
rplot package. We downloaded the FPKM data matrix of TCGA-
STAD RNA-seq data from the UCSC-Xena database. Then the HALL-
MARK WNT_BETA_CATENIN_SIGNALING entry was obtained from the
MSigDB database. Spearman’s correlation was used to analyze the asso-
ciation between TERT or FOXM1 expression and WNT pathway-related
genes.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software
9.0. Comparisons between groups normally distributed were determined
using the unpaired Student’s test or One-way ANOVA. Comparisons be-
tween groups not normally distributed were determined using Mann-
Whitney test or Kruskal-Wallis test. Survival analysis was performed us-
ing Kaplan-Meier analysis and the log-rank test. The Pearson’s test was
used to assess the correlation between FOXM1 mRNA level and hTERT
mRNA level of GC patients. * means P < 0.05, ** means P < 0.01, ***
means P < 0.001, **** means P < 0.0001, ns means not significant. P <
0.05 was considered statistically significant.
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