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Abstract

Background FoxM1 plays important regulatory roles in a variety of diseases. However, the functional role of FoxM1 and
mechanisms responsible for its expression in gastrointestinal stromal tumor (GIST) is not thoroughly understood.

Methods FoxM1 protein expression and biological function were examined in human GIST tissues and cells using immuno-
histochemistry, quantitative real-time PCR, western blot, CCK-8, wound-healing- and Matrigel invasion assays, respectively.
The role of hypoxia-inducible factor (HIF) signaling in FoxM1 expression was investigated using chromatin immunopre-
cipitation and luciferase reporter and in vivo tumor growth assays.

Results FoxM1 was highly expressed in highly proliferative and migratory/invasive GIST specimens. Upregulation of FoxM1
was positively correlated with the expression of HIF-1a and HIF-2a in GIST specimens, and hypoxia-induced FoxM1 expres-
sion in GIST cells. Functionally, ectopic expression of FoxM1 significantly promoted GIST cell proliferation, cell cycle
progression, migration and invasion, whereas the knockdown of endogenous FoxM1 of hypoxic GIST cells had the opposite
effects. Molecularly, FoxM1 was transcriptionally regulated by HIF-2a under normoxia, whereas it was upregulated by both
HIF-1a and HIF-2a under hypoxia. The xenograft tumor data further confirmed the regulated effect of HIF-1a and HIF-2a on
FoxM1, and demonstrated that the simultaneous downregulation of both HIF-1a and HIF-2a inhibited GIST tumor growth.
Conclusions Our data demonstrated the critical role of FoxM1 in promoting GIST progression and uncovered a novel HIF-1a/
HIF-2a-FoxM1 axis. These findings identify FoxM1 as a possible new molecular target for designing novel therapeutic
treatments to control GIST progression.
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Abbreviations PCNA Proliferating cell nuclear antigen
CdK2 Cyclin-dependent kinase 2 PBS Phosphate-buffered saline

ChIP Chromatin immunoprecipitation PT PT-2385

GIST Gastrointestinal stromal tumor PX PX-478 2HCI

HIF Hypoxia-inducible factor qPCR Quantitative polymerase chain reaction
HRE Hypoxia response element SD Standard error

MMP-2 Matrix metalloproteinase-2 shRNA Short hairpin RNA

PDGFRA Platelet-derived growth factor receptor alpha
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eventually occurs in almost all GIST patients during treat-
ment [4, 5].Thus, there is a need to better understand molec-
ular mechanisms involved in GIST progression to discover
new therapy strategies.

FoxM1 plays important roles in maintaining the balance
between cell proliferation, differentiation and genomic sta-
bility [6-8]. Experimental and clinical evidence has demon-
strated that FoxM1 is abnormally elevated in many human
malignancies [9-12], and functions as a master activator of
several cancer-related processes such as angiogenesis [13,
14], invasion, and metastasis [15—17]. However, the expres-
sion level of FoxM1 in GISTs is not well known. The func-
tional significance and expression mechanism of FoxM1 in
GISTs need to be further investigated.

Hypoxia is a common phenomenon in solid tumors and
also is associated with aggressive phenotypes and adverse
clinical outcome in many cases [18-20]. A major mechanism
mediating oxygen-dependent transcriptional responses is
hypoxia-inducible factor (HIF) that binds to cis-acting DNA
hypoxia response element (HRE; 5'-RCGTG-3') to activate
downstream gene transcription. HIF is a heterodimeric
protein composed of a constitutively expressed fB-subunit
(HIF-1p) and an oxygen-regulated a-subunit (HIF-1a, -2a
and -3a). Their key regulatory subunits, HIF-1a and HIF-2a,
are induced similarly by hypoxia, but the functional roles in
tumor may vary, depending on their downstream effector
molecules. It has been described that hypoxia contributes
to the aggressive behavior of GISTs, and HIF-1a correlates
with a worse prognosis of GIST patients [21, 22].These
results suggest that HIF-a may act as a critical regulator of
adaptive responses to hypoxia in GISTs.

In this study, we first found that FoxM1 was highly
expressed in highly proliferative and migratory/invasive
GIST specimens. Hypoxia-induced FoxM1 expression
and FoxM1 was a target gene of both HIF-1a and HIF-2a.
FoxM1 promoted GIST cell proliferation, metastasis and
invasion. Our data provide a critical link among FoxM1,
HIF-1a, HIF-2a and GIST progression. Thus, FoxM1
expression induced by both HIF-1a and HIF-2a may serve
as a novel target for GIST therapy.

Materials and methods
Patients, specimens and gene mutation analysis

Paraffin-embedded GIST specimens were obtained from 83
constrictive patients undergoing surgery at Changhai Hos-
pital. Studies using human specimens were approved by the
institutional committee for human research of Changhai hos-
pital. c-kit and PDGFRA mutation analysis was performed
using sequencing methods. The detailed information is
shown in Supplementary methods.
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Bioinformatics analysis

The Oncomine database (http://www.oncomine.org) was used
to examine the transcriptional profiles of FoxM1 in human
tumors as well as GISTs.

Cell culture and hypoxic condition

GIST-T1 and GIST 882 cells were cultured at 37 °C in a 5%
CO, atmosphere. For experiments involving hypoxia, cells
were incubated in a hypoxia incubator in an atmosphere con-
sisting of 94% N,, 5% CO,, and 1% O,.

Plasmid construction and transfection

Plasmids and oligonucleotides used in this study are listed
in Supplementary Tables 1 and 2, respectively. The detailed
information about plasmid construction and transfection is
shown in Supplementary methods.

RNA isolation and quantitative real-time PCR

RNA was isolated from GIST cells, reverse transcribed, and
used as a template for the real-time quantitative polymerase
chain reaction (QPCR) as described in Supplementary Methods.

Western blot

GIST cells were lysed, and protein expression was evaluated
via western blot. The detailed procedure is described in Sup-
plementary Methods.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using the Pierce agarose ChIP kit
(ThermoScientific, Rock- ford, IL). The detailed information
for the promoters analyzed is provided in Supplementary
Table 3.

Luciferase reporter assay

GIST-T1 cells were co-transfected with the expression plas-
mids, the promoter reporter plasmids and the pRL-TK (Renila
luciferase) plasmids. Luciferase reporter assay was performed
using the dual-luciferase reporter assay (Promega, Madison,
WI, USA).

Assays of cell proliferation, cell cycle,
wound-healing- and Matrigel invasion

GIST cells were transfected with the indicated constructs and
exposed to normoxia or hypoxia. After the optimum time of
incubation, cell proliferation, cell cycle, wound-healing- and


http://www.oncomine.org

FoxM1 is regulated by both HIF-1a and HIF-2a and contributes to gastrointestinal stromal tumor... 93

Matrigel invasion assays were performed. The detailed pro-
cedure is described in Supplementary Methods.

Tumor growth assay

The animal protocol was approved by the Ethical Review
Committee for Animal Experimentation of Changhai Hos-
pital. The tumor growth assay was performed as described
in Supplementary methods.

HE and immunohistochemical staining

HE staining was performed according to the standard pro-
tocol. Immunohistochemical staining was carried out using
a peroxidase Envision method (DAKO, Carpinteria, CA,
USA) according to standard methodology. The detailed

Mucosa

Fig. 1 FoxMI1 was overex- )
pressed and related to tumor | 5ps
proliferation and invasion/ ]
metastasis in primary human 5 'v».;':;j;.»::ﬁ‘:-‘-".
GIST specimens. a Immunohis-

tochemical staining showed the
expression of FoxM1 in human

primary GIST tissues and adja-

cent non-tumor tissues obtained

from the same patient. b
Immunohistochemical staining

of FoxM1 and Ki-67 in GIST

tissues obtained from different

patients, showed that FoxM1-
overexpressing tumor tissue

displayed strong Ki-67 staining,

vice versa in tumor tissue of low

FoxM1 expression. Positive cor-

relation of FoxM1 expression b
and Ki-67 staining was further
confirmed by a Spearman’s

analysis. ¢ Immunohistochemi-

cal staining of FoxM1 in GIST

invasion cases

Case 1l

Case 2

”

Stomach

v’

B
,213' Of
AR

&S

.
™

SIS

Intestine
=T
L

Mucosal invasion

B
$ 32

£

information about antibodies and immunohistochemical
grading is shown in Supplementary methods.

Statistical analysis

Data are mean =+ standard error (SD) for continuous variables
and as percentages for categorical variables. The qualita-
tive variables were compared using the Pearson’s y2 test
or Fisher’s exact test, quantitative variables were analyzed
by the Student’s ¢ test, Wilcoxon signed-rank test or Spear-
man’s rank correlation test. P value < 0.05 was considered
statistically significant for all tests. Statistical analyses were
performed using GraphPad Prism 6.0 (GraphPad Software,
Inc., La Jolla, CA, USA).
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Results
Patient characteristics and demographics

The clinical and pathological characteristics of the 83 patients
with GISTs are summarized in Supplementary Table 4. The
patients were 42 males (50.6%) and 41 females (49.4%), rang-
ing in age from 32 to 82 years old. Primary sites included
stomach (n=238; 45.78%), small (n=33; 39.76%) and large
bowel (n=9; 10.84%), as well as extra-gastrointestinal sites
(n=3; 3.61%). Mutational analysis showed that 63 GISTs had
mutations in c-kit, including 6 mutations in exon 9 (7.23%),
55 mutations in exon 11 (66.27%) and 2 mutations in exon 13
(2.41%). PDGFRA mutation was found in 5 (6.02%) patients.
Representative c-kit/PDGFRA gene mutations are shown in
Supplementary Fig. 1.

Increased expression of FoxM1 is associated
with tumor progression in GIST patients

We searched the public datasets on Oncomine (http://www.
oncomine.org), and found that the expression of FoxM1
was upregulated in many tumors (Supplementary Fig. 2a).
Furthermore, analysis of the public datasets confirmed
the frequent FoxM1 amplification in GIST tissues (Sup-
plementary Fig. 2b). Then, we examined the expression
levels of FoxM1 in GISTs and adjacent non-tumor tissues
by immunohistochemistry. Consistent with an important
role of FoxM1 in cell cycle progression, it was expressed
in highly proliferative cells of glandular epithelium in the
adjacent non-tumor tissues (Fig. 1a). Whereas in GIST
specimens, the expression of FoxM1 showed a wide vari-
ability in terms of proportion with nuclear staining, from 0
to 100% (Fig. 1a).

We further investigated the clinical significance of
FoxM1 expression in GIST tissues. All 83 GIST patients
were divided into two groups based on immunohistochemi-
cal results: high-FoxM1 expression group (n=21) and low-
FoxM1 expression group (n=62). As shown in Table 1, a
high-FoxM1 expression was significantly correlated with
tumor size (P <0.01), mitotic count (P <0.01), invasion/
metastasis (P <0.01) and risk grading (P <0.01). We also
quantitated the number of FoxM1- and Ki-67-positive nuclei
and found that a positive correlation between FoxM1 and
the proliferation marker Ki-67 expression levels (P <0.01,
Fig. 1b), an association that was further confirmed by a
Spearman’s analysis (r=0.6640, P <0.01, Fig. 1a). Moreo-
ver, most invasion/metastasis GISTs (13/17, 76%) were
found to express high level of FoxM1 (Fig. 1c). These results
suggest that increased FoxM1 expression may contribute to
GIST progression by accelerating cell proliferation and pro-
moting invasion/metastasis.
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Table 1 Relationship between FoxM1 expression and clinicopatho-
logic features of 83 GIST patients

FoxM1 expression 2’ value P value
Low (<5%) High (>5%)
Sex
Male 29 13 14367  0.2307
Female 33 8
Age (years)
<60 33 9 0.6747 0.4114
>60 29 12
Tumor site
Stomach 29 9 0.0970  0.7555
Others 33 12
Tumor size (cm)
<5 31 3 14.9939  0.0006
6-10 24 8
>10 7 10
Histological subtype
Spindle type 53 17 0.0215  0.8835*
Epithelial and mix 9 4
type
Mitoses per 50 HPFs
<5 57 4 42.7806 0.0000
>5 5 17
Ki-67 index (%)
<5 54 0 52.3482  0.0000
>5 8 21
Mutational status
c-kit mutation 46 17 1.8032  0.4060
PDGFRA mutation 5 0
Wild type 11 4
Invasion and/or metastasis
Yes 4 13 19.9295  0.0000
No 58 8
Modified NIH criteria
Very low or low risk 31 1 24.0543  0.0000
Intermediate risk 13 1
High risk 18 19
WHO classification
Benign 52 3 33.9784 0.0000
Malignant 10 18
Total 62 21

* Corrected with the Yates test when an expected frequency less than
5

FoxM1 expression is upregulated under hypoxia
in GIST cells

It has been reported that GIST is commonly characterized by
the hypoxia pathway, which leads to constitutive activation
of HIF-1a [21, 22]. Therefore, we examined the expression
of several endogenous markers of tumor hypoxia in GIST
tissues, and found that HIF-1a, HIF-2a, carbonic anhydrase
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9 (CA 9) and glucose transporter 1 (GLUT1) were upregu-
lated in most of the GISTs (Fig. 2a). It is well known that
dysfunction of succinate dehydrogenase (SDH) complex
leads to HIF-a activation [23]. We, therefore, examined SDH
subunit B (SDHB) expression in GISTs to verify whether
HIF-o was activated via a non-hypoxia pathway. Results
showed that only one tumor was negative for SDHB (Sup-
plementary Fig. 3), suggesting that hypoxia is the main fac-
tor responsible for the upregulation of HIF-o in GISTs.

Based on immunohistochemistry, we observed a close
correlation of FoxM1 expression and the nuclear localiza-
tion of HIF-1a and HIF-2a in 83 GIST samples (Fig. 2b).
The clinicopathological significance and expression pattern
of HIF-1a and HIF-2« are summarized in Supplementary
Tables 5 to 7.

Next, we sought to investigate whether FoxM1 could be
induced by hypoxia in GIST cells. When GIST cell lines,
GIST-T1 and GIST 882, were cultured under hypoxic
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from the different patients, showed that the expression of HIF-lo/
HIF-2a was related to the expression of FoxM1. Positive correlation
of HIF-1o/HIF-2a expression and FoxM1 staining was further con-
firmed by a Spearman’s analysis. ¢ The expression of HIF-1a, HIF-2a
and FoxM1 was examined by western blot and qPCR assays under
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conditions (1% O,) for up to 48 h, the expression of FoxM1
was significantly increased at the mRNA and protein lev-
els in a time-dependent manner (Fig. 2c). Meanwhile, the
protein levels of HIF-1a and HIF-2a increased rapidly in

these cell lines (Fig. 2¢). These results suggest that FoxM1
expression can be upregulated by hypoxia in GISTs, and
both HIF-1a and HIF-2a may involve in this process.

Fig.3 The expression of
FoxM1 is transcriptionally
regulated by both HIF-1a and
HIF-2a in GIST cells. a gPCR
analysis for the expression of
FoxM1, HIF-1a and HIF-2a in
GIST-T1 and GIST 882 cells,
respectively, after silencing of
HIF-1a or HIF-2a with shRNA
under normoxia or hypoxia

(1% O,) for 24 h. b ChIP assay
was performed with antibody
against HIF-1a, HIF-2a or
control IgG in GIST-T1 cells
exposed to normoxia or hypoxia
for 24 h. The immunopre-
cipitated DNA was analyzed

by PCR followed by agarose

gel electrophoresis. Genomic
DNA input was 1%. P: prime.

¢ The HRE1-mutated FoxM1
promoter construct or the wild-
type FoxM1 promoter were
co-transfected with pPCDNA3.1/
HIF-1a or pPCDNA3.1 and
pRL-TK in GIST-T1 cells. After
24 h, dual-luciferase reporter
assay was performed to detect
the promoter activity. Relative
luciferase activity was described
in comparison with the control
samples co-transfected with
pCDNA3.1/HIF-1a and
wild-type FoxM1 promoter. d
Mutated FoxM1 promoter were
co-transfected with pPCDNA3.1-
HIF-2a or pCDNA3.1 and
pRL-TK in GIST-T1 cells. After
24 h, dual-luciferase reporter
assay was performed to detect
the promoter activity. Relative
luciferase activity was described
in comparison with the control
samples co-transfected with
pCDNA3.1/HIF-2a and wild-
type FoxM1 promoter. *P <0.05
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by flow cytometry. ¢ Wound-healing assays and transwell invasion
assays were performed to examine the migration ability of GIST-T1
and GIST 882 cells after transfected with shFoxM1 or shCon under
hypoxia. d Statistical analyses of cell cycle distribution, wound-heal-
ing assays and Matrigel invasion assays. *P <0.05
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HIF-1a and HIF-2a mediates FoxM1 expression
in GIST cells

To elucidate the underlying role of HIF-1a and HIF-2a in
regulating FoxM1 expression, we knocked down the expres-
sion of HIF-1a or HIF-2a by specific short hairpin RNA
(shRNA) in GIST-T1 and GIST 882 cells. Under hypoxic
conditions, silencing of either HIF-1a or HIF-2a signifi-
cantly downregulated FoxM1 at the mRNA (Fig. 3a) and
protein levels (Supplementary Fig. 4). Although regulated by
hypoxia, GIST cells expressed FoxM lunder normoxia, and
HIF-2a protein could also be detected under normoxic con-
dition (Fig. 2¢). We, therefore, determine whether normoxic
HIF-2a may drive FoxM1 expression. Results showed that
HIF-2a suppression could partially downregulate FoxM1
expression under normoxia (Fig. 3a, Supplementary Fig. 4).

Subsequently, we explored whether FoxM1 was a tran-
scriptional target of HIF-1a and HIF-2a. Sequence analy-
sis identified five putative HREs, located at —25 (HRE1),
—297 (HRE2), —309 (HRE3), —761 (HRE4) and —2324
(HREYS) base pairs (bp) relative to the transcriptional start
site of FoxM 1. Chromatin immunoprecipitation (ChIP) dem-
onstrated (Fig. 3b) that HIF-1«a directly interacted with the
FoxM1 promoter between —266 and 26 under hypoxia. In
addition, HIF-2a bound the FoxM1 promoter at two distinct
sites under normoxia, whereas under hypoxia, HIF-2a bound
at three sites (Fig. 3b).

To determine which HRE was responsive to HIF-a-
mediated transcriptional activation of FoxM1 promoter,
we cloned the FoxM1 promoter into the luciferase reporter
plasmid pGL4.0-Basic (WT), and we co-transfected this
WT reporter together either with an expression plasmid
of HIF-1a (Fig. 3c) or HIF-2a (Fig. 3d) in GIST-T1 cells.
We found that FoxM1 promoter activity could be strongly
induced by both HIF-1a and HIF-2a, indicating the pres-
ence of a functional HIF-a-binding site in FoxM1 promoter.
Based on the ChIP results, we also performed HRE site-
directed mutagenesis, transfected the mutant luciferase
reporter construct (Mut) into the GIST-T1 cells and com-
pared their activity with that of WT reporter plasmid. Lucif-
erase assay showed that HIF-1a directly bound to HRET site,
whereas HRE2, HRE3 and HRES5 were functional HIF-2a-
binding site. Altogether, these data suggest that FoxM1 is a
target gene of both HIF-1a and HIF-2a. HIF-2a may be an
important mediator of FoxM1 expression under normoxia,
whereas both HIF-1a and HIF-2a may be involved in the
expression of FoxM1 under hypoxia.

Downregulation of FoxM1 inhibits GIST cell
proliferation, migration and invasion under hypoxia

Given that the expression level of FoxM1 was strongly
increased under hypoxia, we first examined the effects of
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Fig.5 FoxMI1 overexpression increases proliferation, migration and»
invasion of GIST cells under normoxia. a GIST cells were transfected
with pcFoxM1 or control, and cultured under normoxia (21% O,) for
up to 4 days. The growth rates were determined by CCK-8 assay at
the indicated times. b pcFoxM1- or pcEGFP-transfected cells were
cultured for 48 h, and cell cycle was analyzed by flow cytometry. ¢
Wound-healing assays and transwell invasion assays were performed
to examine the migration ability of GIST-T1 and GIST 882 cells
after transfected with pcFoxM1 or pcEGFP. d Statistical analyses of
cell cycle distribution, wound-healing assays and Matrigel invasion
assays. *P<0.05

FoxM1 suppression on proliferation, migration and invasion
of GIST cells under hypoxia. As shown in Supplementary
Fig. 6, the expression of FoxM1 in GIST-T1 and GIST 882
cells was knocked down using specific ShARNA. And then,
FoxM1 shRNA-treated GIST cells were cultured under
hypoxic conditions. As shown in Fig. 4a, the CCK-8 assay
showed that FoxM1 suppression in GIST-T1 and GIST 882
cell lines significantly inhibited cell proliferation. To deter-
mine whether the decrease in GIST cell proliferation was
related to cell cycle regulation, we investigated the effects
of FoxM1 suppression on cell cycle progression. Remark-
ably, FoxM1 shRNA-treated cells displayed cell cycle arrest
(Fig. 4b, d). Cell migration and invasion were further evalu-
ated using a wound-healing method and a Matrigel-coated
Transwell system. After excluding the influence of cell pro-
liferation, migration and matrigel invasion assays showed
that FoxM1 suppression partially inhibited the migration
and invasion of GIST-T1 and GIST 882 cells under hypoxia
(Fig. 4c, d). Western blot exhibited that transfection of
FoxM1 shRNA reduced the expression levels of the cyclin-
dependent kinase 2 (CdK?2), proliferating cell nuclear antigen
(PCNA) and matrix metalloproteinase-2 (MMP-2) (Supple-
mentary Fig. 5).

Upregulation of FoxM1 promotes GIST
cell proliferation, migration and invasion
under normoxia

Given that GIST cells expressed FoxMlunder normoxia,
we also examined the effects of FoxM1 overexpression on
proliferation, migration and invasion of GIST cells under
normoxia. As shown in Supplementary Fig. 5, we ectopi-
cally expressed FoxM1 in GIST-T1 and GIST 882 cell lines.
The CCK-8 assay and cell cycle analysis showed that FoxM1
overexpression markedly enhanced cell proliferation and
cell cycle progression (Fig. 5a, b, d). Wound-healing- and
transwell invasion assay further showed that FoxM1 overex-
pression markedly enhanced the mobility and invasiveness
of GIST cells, compared with the control cells (Fig. 5c, d).
Consistent with the above results, FoxM1 overexpression
resulted in the increased expression of the CdK2, PCNA and
MMP-2 (Supplementary Fig. 6). The above findings indicate
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that FoxM1 promotes the proliferation, migration and inva-
sion of GIST cells in vitro.

HIF-1a/ HIF-2a-FoxM1 axis promotes GIST xenograft
growth

For in vivo tumor growth study, GIST-T1 was subcutane-
ously injected into athymic nude mice. Mice were rand-
omized into four groups after implantation and adminis-
tered with PT-2385 (PT, HIF-1a-specific inhibitor), PX-478
2HCI (PX, HIF-2a-specific inhibitor) or phosphate-buffered
saline (PBS), or co-administered with PT + PX, respec-
tively, in drinking water. As shown in Fig. 6a, all mice
injected with GIST-T1 cells formed tumors after 2 weeks.
The PT + PX-treated mice showed a significantly smaller
tumor size than PT-, PX-, and PBS-treated cases (Fig. 6a,
b). Immunohistochemistry demonstrated that all xenograft
tumors were positive for CD117, DOG-1 and CD34 (Sup-
plementary Fig. 7). Furthermore, the treatment of PT + PX
caused significant downregulation of FoxM1 and Ki-67
expression (Fig. 6b, c).

Discussion

In this study, we first found that the elevated expression
of FoxM1 was correlated with cell proliferation, metas-
tasis/invasion and a higher tumor stage by analyzing the
clinical and pathological characteristics of GIST patients.
Furthermore, ectopic expression of FoxM1 significantly
promoted GIST cell proliferation, cell cycle progression,
migration and invasion, whereas the knockdown of endog-
enous FoxM1 of hypoxic GIST cells had the opposite
effects. These data were further confirmed in vivo where
HIF-1o/HIF-2a-FoxM1 axis promoted GIST tumor growth
by increasing cell proliferation using human GIST xeno-
graft model. To study potential molecular mechanism of
FoxM1 in contributing to GIST progression, we examined
the effect of FoxM1 on the expression of several GIST pro-
gression-related proteins, such as PCNA [24], CdK2 [25]
and MMP-2 [26]. Consistent with our expectations, FoxM1
overexpression upregulated the expression of these proteins
in vitro. These findings indicate that FoxM1 enhances GIST
progression by driving the proliferation, invasion and
metastasis of GIST cells.

The modulation of FoxM1 by hypoxia had been reported
by Xia et al. and they found that hypoxia upregulated
FoxM1 expression through HIF-1a in HepG2, MCF-7
and Hela cells [27]. However, some studies reported that
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hypoxia induced FoxM1 in hypoxic lungs through HIF-2«
[28, 29]. Nevertheless, the exact function of HIF-a in
FoxM1 expression, and the molecular relationship among
HIF-1a, HIF-2a and FoxM1 in GIST cells, have not been
clearly elucidated. In this study, we found that the expres-
sion levels of FoxM1 were significantly increased under
hypoxic conditions in GIST cells, along with the upregula-
tion of both HIF-1a and HIF-2a. Specifically, we found that
HIF-1a was only stabilized in GIST cells under hypoxic
conditions, whereas HIF-2a was stabilized at a wider range
of oxygen tensions (from normoxia to hypoxia), which is
consistent with previous reports [30-32]. In accordance
with the expression of HIF-2a, GIST cells also expressed
FoxM1 under normoxia. In mRNA and protein expres-
sion assays, we showed that FoxM1 was transcription-
ally regulated by HIF-2a under normoxia, whereas it was
upregulated by both HIF-1a and HIF-2a under hypoxia.
Using chromatin immunoprecipitation and luciferase
reporter assays, we further identified that HIF-1a directly
interacted with FoxM1 promoter under hypoxia, whereas
HIF-2a bound the FoxM1 promoter under either normoxia
or hypoxia. The above results indicate that HIF-1a cooper-
ated with HIF-2a to regulate the transactivation activity of
FoxM1, and their effects are depending on oxygen levels
(Fig. 6d). The existence of such an interaction was further
supported by the observation that the concomitant inhibi-
tion of HIF-1a and HIF-2a blocked FoxM1 expression and
markedly inhibited GIST cell growth in vivo.

There were two limitations to this study. First, we
identified mutations in c-kit in 75.9% and in PDGFRA in
6% of patients, which were lower than the 85-90% fre-
quency of c-kit/PDGFRA mutations in GISTs reported
by others [3, 33]. The variations in experimental proto-
cols and sequencing methods may affect the mutational
results [34]. In addition, during a mean follow-up period
of 11.7+7.6 months, no patients died of disease and only
two patients had evidence of recurrence. Therefore, we
did not perform prognostic analysis regarding whether the
FoxM]1 expression was associated with patient outcome
because of the short follow-up period and the small num-
ber of recurrent cases, which was another limitation to the
current study.

In summary, we first revealed that FoxM1 significantly
promoted the proliferation, invasion and metastasis of GIST
cells. It’s expression was tightly regulated by both HIF-1a
and HIF-2a depending on oxygen levels. These findings
suggest that HIF-1o/HIF-2a-FoxM1 axis may be a potential
candidate in the prevention and treatment of GISTs.
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