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Abstract

Rho guanine nucleotide exchange factor 39 (ARHGEF39), also called C90rf100, is a new member of the Dbl-family of
guanine nucleotide exchange factors. Although ARHGEF39 has been proven to regulate tumor progression in hepatocellular
carcinoma, the downstream signaling pathway of ARHGEF39 and its clinical associations in non-small cell lung cancer
(NSCLC) are currently unknown. In the present study, using MTT, colony formation, flow cytometry, mice xenografts,
wound healing, and transwell assays, we showed that ARHGEF39 promoted tumor proliferation, migration, and invasion.
Furthermore, ARHGEF39 promoted the expression of Cyclin A2, Cyclin D1, and MMP2 by activating Racl, leading to
increased phosphorylation of P38 and ATF2. Treatment with a P38 inhibitor counteracted the effect of ARHGEF39
overexpression on the increase in Cyclin A2, Cyclin D1, and MMP2 expression. Moreover, the elevated levels of p-P38 and
p-ATF2 caused by ARHGEF39 overexpression could be inhibited by expression of a dominant negative Racl mutant
(T17N). In addition, the inhibition of the expression of p-P38 and p-ATF2 by ARHGEF39 RNAIi could be restored by the
expression of a constitutively active Racl mutant (Q61L). A similar impact on cell growth and invasion was observed after
ARHGEF39 overexpression combined with the P38 inhibitor, Racl T17N, or Racl Q61L. Using immunohistochemistry,
ARHGEF39 expression was observed to correlate positively with larger tumor size in clinical samples from 109 cases of
NSCLC (P = 0.008). The Kaplan—Meier test revealed that ARHGEF39 expression significantly affected the overall survival
of patients with NSCLC (52.55 +6.40 months vs. 64.30 +5.40 months, P =0.017). In conclusion, we identified that
ARHGEF39 promotes tumor growth and invasion by activating the Racl-P38-ATF2 signaling pathway, as well as
increasing the expression of Cyclin A2, Cyclin D1, and MMP2 in NSCLC cells. ARHGEF39 may be a useful marker to
predict poor prognosis of patients with NSCLC.

Introduction guanine nucleotide exchange factors (GEFs) [1]. GEFs are

known as important activators of Rho GTPases, which are
Rho guanine nucleotide exchange factor 39 (ARHGEF39), significantly associated with cell migration [2—5]. The Dbl
also called C90rf100, is a new member of the Dbl-family of ~ family is characterized by the presence of a Dbl homology
(DH) catalytic domain, followed by an adjacent pleckstrin
homology (PH) domain, C-terminal to the DH domain [6].
In most GEFs, the DH-PH domains are flanked by a diverse
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domains in its structure. Interestingly, besides control of
migration, ARHGEF39 also promotes proliferation of
human hepatocellular carcinoma cells [1, 5, 6]. However,
little is known about the involvement in tumors of Dbl-
family GEFs that have minimal flanking domains except for
the DH and PH domains. Thus, the downstream signaling
pathways of ARHGEF39 and its clinicopathological sig-
nificance need to be determined.

The purpose of this study was to investigate the potential
downstream signaling pathway of ARHGEF39 associated
with regulation of the proliferation in non-small cell lung
cancer (NSCLC) and to analyze the association between
ARHGEF39 and clinicopathological features of patients
with lung cancer.

Materials and methods
Patients and specimens

This study was conducted with the approval of the local
institutional review board at the China Medical University
(LS2016 [009]). Written consent was given by the partici-
pants for their information to be stored in the hospital
database and for their specimens to be used in this study.
Tissue samples were obtained from 109 patients (68 males
and 41 females) who underwent complete surgical excision
at the First Affiliated Hospital of China Medical University
between 2010 and 2012, with a diagnosis of lung squamous
cell carcinoma or lung adenocarcinoma. The median age of
the 109 patients was 60 years old (ranging from 29 to 79
years old). Among the 109 patients, 49 were 60 years old or
older, and 60 patients were less than 60 years old. The
samples included 47 squamous cell lung carcinomas and 62
lung adenocarcinomas. A total of 38 tumors were well
differentiated, while 71 were classified as moderately or
poorly differentiated. Lymph node metastases were present
in 48 of the 109 cases. The tumors included 83 at stages I-1I
and 26 at stage III. No neoadjuvant radiotherapy or che-
motherapy was administered before surgery. Of the 109
patients, 33 (30.3%) were treated with platinum-based
adjuvant chemotherapy, eight (7.3%) underwent platinum-
based adjuvant chemoradiotherapy, and the other 68
patients were not treated in our hospital; thus, we did not
have information about their treatment. The survival of each
patient was defined as the time from the day of surgery to
the end of follow-up or the day of death. Histological
diagnosis and grading were evaluated according to the 2015
World Health Organization (WHO) classification of tumors
of the lung [7]. All 109 specimens were examined for his-
tological subtype, differentiation, and tumor stage. Tumor
staging was performed according to the seventh edition of
the Union for International Cancer Control (UICC) TNM

Staging System for Lung Cancer [8]. Sixteen freshly iso-
lated specimens, including both tumor tissue and the cor-
responding normal tissues, were stored at —80°C
immediately after resection for protein extraction.

Cell culture and transfection

The HBE cell line was obtained from the American Type
Culture Collection (ATCC; Manassas, VA, USA). The
A549, H460, H661, H292, 83A, and H1299 cell lines were
obtained from the Shanghai Cell Bank (Shanghai, China).
The LK2 cell line was a gift from Dr. Hiroshi Kijima
(Department of Pathology and Bioscience, Hirosaki Uni-
versity Graduate School of Medicine, Hirosaki, Japan). All
cell lines were authenticated by short tandem repeat (STR)
DNA profiling. Upon receipt, cells were frozen, and indi-
vidual aliquots were cultured and were typically analyzed
within 10 passages. All cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS; Invitrogen), 100 IU/ml penicillin (Sigma, St.
Louis, MO, USA), and 100 pg/ml streptomycin (Sigma),
and passaged every other day using 0.25% trypsin
(Invitrogen).

Plasmids pCMV6-ddk-myc and pCMV6-ddk-myc-
ARHGEF39 were purchased from Origene (Rockville,
MD, USA). Plasmids pRKS5-myc-Racl-T17N (Addgene,
Cambridge, MA, USA #12984) and pRKS5-myc-Racl-Q61L
(Addgene #12983) were kind gifts from Dr. Gary Bokoch
Lab (Department of Immunology and Microbial Science
and the Department of Cell Biology, The Scripps Research
Institute, San Diego, CA, United States). ARHGEF39-
siRNA (SR313727) and control NC-siRNA (SR30004)
were purchased from Origene. Stable or transient transfec-
tion was carried out using the Lipofectamine 3000 reagent
(Invitrogen), as previously described; each transfection was
carried out in triplicate [9].

Western blotting analysis

Total protein was extracted using lysis buffer (Pierce,
Rockford, IL, USA) and quantified using the Bradford
method [10]. Fifty micrograms of the total protein samples
were separated by 10% SDS-PAGE and transferred onto
polyvinylidene fluoride membranes (PVDF; Millipore,
Billerica, MA, USA). Membranes were incubated overnight
at 4°C with the following primary antibodies: anti-
ARHGEF39 (1:100, HPA061299, Sigma); anti-GAPDH
(WH0002597M1, 1:5000, Sigma); anti-Myc-tag (#2276),
anti-Cyclin A2 (#4656), anti- Cyclin Bl (#4138), anti-
Cyclin D1 (#2978), anti-Cyclin E1 (#4129), anti-Cyclin H
(#2927), anti-MMP2 (#13132), MMP9 (#2270), anti-
phosphorylated (p)-P38 (#4511), P38 (#2308), p-ATF2
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(#5112), ATF2 (#9226), anti-active-f-catenin (#19807),
anti-p-catenin  (#2698), anti-p-JNK (#4668), anti-JNK
(#9252), anti-p-NF-xB (#13346), anti-NF-xB (#8242),
anti-p-AKT (#12694), anti-AKT (#2920), anti-p-ERK
(#4370), anti-ERK (#4695), anti-RhoA (#2117), anti-
RhoC (#3430), and anti-(#2466) (1:500; Cell Signaling
Technology, Danvers, MA, USA); and anti-Racl (sc-
24567, Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Membranes were washed and subsequently incubated with
peroxidase-conjugated anti-mouse or anti-rabbit IgG (Santa
Cruz Biotechnology) at 37 °C for 2 h. Bound proteins were
visualized using electrochemiluminescence (Pierce) and
detected with a bio-imaging system (DNR Bio-Imaging
Systems, Jerusalem, Israel).

Immunofluorescent staining

The cells were fixed with 4% paraformaldehyde, blocked
with 1% bovine serum albumin (BSA) and then incubated
with the ARHGEF39 (1:100, HPA061299, Sigma) over-
night at 4°C, followed by incubation with tetra-
methylrthodamine  isothiocyanate  (TRITC)-conjugated
secondary antibodies (1:200, Zhongshan Golden Bridge,
Beijing, China) at 37 °C. The nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI). Epifluorescent
microscopy was performed using a Radiance 2000 laser
scanning confocal microscope (Carl Zeiss, Thornwood, NY,
USA).

Colony formation assay

A549 cells were stably transfected with pCMV6 or
pCMV6-ARHGEF39 plasmids; H460 cells were transfected
with negative control or ARHGEF39-siRNA. Thereafter,
cells were plated into three 6-cm cell culture dishes (1000
cells per dish for A549 and H460 cell lines) and incubated
for 12 days. Plates were washed with phosphate-buffered
saline (PBS) and stained with Giemsa. The number of
colonies with more than 50 cells was counted. The colonies
were counted manually under a microscope. Each experi-
ment was carried out in triplicate.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay

Cells stably transfected with pCMV6 or pCMV6-
ARHGEF39 plasmids, and transfected with negative
control or ARHGEF39-siRNA, were plated in 96-well
plates in medium containing 10% FBS at about 3000
cells per well. For quantification of cell viability, cul-
tures were stained after 4 or 5 days using the MTT
assay. Briefly, 20 pl of 5mg/ml MTT solution was
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added to each well and incubated for 4 h at 37 °C, the
medium was then removed from each well, and the
resultant MTT formazan was solubilized in 150 pl of
dimethyl sulfoxide (DMSO). The results were quanti-
fied spectrophotometrically at a wavelength of 490 nm.
Each test carried out in triplicate.

Cell cycle analysis

Flow cytometry was used to analyze the cell cycle
according to standard methods on a FACS Calibur cyt-
ometer (Becton-Dickinson Biosciences, San Jose, CA,
USA). For DNA content analysis, A549 cells stably trans-
fected with either empty plasmid or ARHGEF39 plasmid,
or H460 cells transfected with ARHGEF39-specific siRNA
or control siRNA, were harvested at different time points,
fixed in cold 70% ethanol, washed, and rehydrated in PBS.
DNA staining was performed by treating the cells with
RNase A (10 mg/ml) for 30 min and with propidium iodide
(10 pg/ml; Sigma) for 5 min.

Xenograft model

The animals used in this study were treated according to the
National Institutes of Health Guide for the care and use of
Laboratory Animals (NIH Publications No. 8023, revised
1978). Four-week-old female BALB/c nude mice were
purchased from SLAC Laboratory Animal (Shanghai,
China) and kept in a laminar flow cabinet under specific
pathogen-free conditions for two weeks before use. Mice
were randomized into different groups (n =5 per group).
A549 cells stably transfected with either empty plasmid or
the ARHGEF39 plasmid were injected subcutaneously into
the nude mice. Bidimensional tumor measurements were
taken at the 12th day and the 36th day; after which the mice
were sacrificed. All experimental procedures were approved
by the Animal Ethics Committee of the China Medical
University.

Wound healing assay

A scratch was made using a 200- ul pipette tip after the cells
were grown to 80% confluence. Cells were then incubated
in medium containing 5% FBS. The gap size was measured
24 or 48 h later.

Invasion assay

The invasive abilities of the cells were evaluated using a
transwell assay (Millipore, Bedford, MA, USA). For the
invasion assay, transwells were pre-coated with 35 pl of 3 x
diluted matrix matrigel (Bd Biosciences Pharmingen, San
Diego, CA, USA) for 30 min. Cells (2 x 10°) in serum-free
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remaining cells on the upper surface of the filter were
carefully removed with a cotton swab. The filter was then
fixed, stained, and photographed. Migrated or invaded cells
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<« Fig. 1 High expression of ARHGEF39 (A39) promotes NSCLC pro-

liferation, migration, and invasion in vitro and in vivo. a In six of seven
NSCLC cell lines, the protein level of A39 was higher than that in
HBE cells. b Representative images of immunofluorescent staining
results for A39 in HBE, A549, and H460 cells. ¢ Stable upregulation
of A39 expression in the transfected A549 cell line was confirmed by
western blotting. d—f Cell proliferation was significantly increased
after A39 overexpression, as assessed by MTT and colony formation
assays. g—h Cell-cycle analysis showing that A39 overexpression
caused an S phase arrest. ik The tumor size and weight of xenografts
were measured at the indicated time points; in vivo tumor growth in the
pCMV6-A39 group was significantly increased compared with that in
the pCMV6-Vector group. I-m Wound healing migration assays and
the quantification of the distance of the open area are shown. n—o The
invasion of A549 cells was measured using transwell Matrigel inva-
sion assays. Data are shown as the mean +SD from three independent
experiments. *P < 0.05, **P < 0.01; scale bar =50 pm

were quantified by counting the cells in three random fields
per filter.

Pull-down assay of activated Rho GTPases

The cellular levels of GTP-loaded RhoA, Racl, and Cdc42
were determined using a RhoA/Racl/Cdc42 Activation
Assay Kit (Cytoskeleton, Denver, CO, USA), according to
the manufacturer’s instructions. Briefly, cells were washed
with PBS and lysed in Mg>" Lysis Buffer (MLB) after
transfecting for 48 h. The lysates were clarified by cen-
trifugation for 5 min at 14000x g and incubated with Rho-
tekin Ras-binding domain (RBD)-agarose or p21 activated
kinase 1 protein (PAK-1) Rac/Cdc42 (p21) binding domain
(PBD)-agarose for 45 min at 4 °C with rotation. The beads
were pelleted and washed with MLB three times, and bound
proteins were eluted with 40yl of SDS sample buffer.
Samples were separated by SDS-PAGE, followed by wes-
tern blotting with anti-RhoA, anti-Racl, and anti-Cdc42
antibodies.

Immunohistochemistry

Samples were fixed in 10% neutral formalin, embedded in
paraffin, and sliced into 4-pm thick sections. Immunos-
taining was performed by the streptavidin-peroxidase
method. The sections were incubated with the following
antibodies: Anti-ARHGEF39 (1:100; HPA061299, Sigma),
p-P38 (#4631), anti-p-ATF2 (#9221), anti-Cyclin Dl
(#2978), anti-MMP2 (#13132), and anti-Ki-67 (#9027)
(1:400, Cell Signaling Technology) at 4 °C overnight, fol-
lowed by biotinylated goat anti-rabbit IgG secondary anti-
body. After washing, the sections were incubated with
horseradish ~ peroxidase-conjugated  streptavidin-biotin
(Ultrasensitive; MaiXin, Fuzhou, China) and developed
using 3,3-diaminobenzidine tetra-hydrochloride (MaiXin).
Finally, samples were lightly counterstained with
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hematoxylin, dehydrated in alcohol, and mounted. Two
investigators who were blinded to the clinical data scored
the slides semi-quantitatively by evaluating the staining
intensity and percentage of stained cells in representative
areas. The staining intensity was scored as 0 (no signal), 1
(weak), 2 (moderate), or 3 (high). The percentage of cells
stained was scored as 1 (1-25%), 2 (26-50%), 3 (51-75%),
or 4 (76-100%). A final score of 0—12 was obtained by
multiplying the intensity by the percentage scores. Tumors
were regarded as positive for ARHGEF39 expression if
their score was > 4. Tumor samples with scores between 1
and 4 were categorized as showing weak expression,
whereas those with scores of O were considered to have no
expression; both weak expression and no expression were
defined as negative ARHGEF39 expression.

Online analysis of overall survival in patients with
NSCLC

To evaluate the relationship between the presence of
ARHGEF39 and patient clinical outcome, we used the KM
Plotter Online Tool in the patients with NSCLC. This is a
public database containing information from 1928 patients
that permit the investigation of the association of genes with
overall survival (OS) [11].

Statistical analysis

SPSS version 22.0 for Windows (SPSS, Chicago, IL, USA)
was used for all analyses. Pearson’s Chi-square test was
used to assess possible correlations between ARHGEF39
and clinicopathological factors. The Mann—Whitney U test
was used for the image analysis of colony formation assay,
MTT, cell cycle assay, xenograft assay, wound healing
assay, and transwell assay. Kaplan—Meier survival analysis
was carried out for the 109 NSCLC cases and compared
using the log-rank test. A P < (.05 was regarded as statis-
tically significant.

Results

Overexpression of ARHGEF39 promoted cell
proliferation in vitro and in vivo

First, we evaluated the ARHGEF39 protein levels in the
normal bronchial epithelial cell line (HBE) and in seven
commonly used lung cancer cell lines using western blot-
ting. As shown in Fig. la, positive expression of ARH-
GEF39 was observed in all eight cell lines. A subsequent
immunofluorescence assay showed that ARHGEF39 was
positively expressed in the cytoplasm of HBE, A549, and
H460 cell lines; representative images are shown in Fig. 1b.
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Fig. 2 Knockdown of endogenous ARHGEF39 (A39) inhibited
NSCLC proliferation, migration, and invasion in vitro. a Down-
regulation of A39 expression in the H460 cell line was confirmed by
western blotting. b—d Cell proliferation was significantly decreased
after A39 RNA|, as assessed by MTT and colony formation assays. e—f
Cell-cycle analysis showed that A39 RNAI facilitated the transition

To examine the association between ARHGEF39 and cell
proliferation, we overexpressed ARHGEF39 in A549 cells.
Western blotting analysis showed that ARHGEF39 was
successfully overexpressed in the A549 cells (Fig. 1c). Cell
viability assays revealed that cell transfected with the
ARHGEF39 plasmid grew more rapidly than those trans-
fected with the empty vector (Fig. 1d, P <0.01). A colony
formation assay was also performed to determine the long-
term effects of ARHGEF39 on cell growth. We found that
more colonies were formed in A549 cells transfected with
ARHGEF39 than in the controls (Fig. le, f, P <0.01). To
understand the mechanism by which ARHGEF39 affects
cell growth, we performed flow cytometry to investigate the

from S phase to G1 phase. g-h Wound healing migration assays and
the quantification of the distance of the open area are shown. i—j The
invasion of H460 cells was measured using transwell Matrigel inva-
sion assays. Data are shown as the mean + SD from three independent
experiments. *P < 0.05, **P < 0.01; scale bar = 50 pm

cell cycle distribution of A549 cells at different time-points
following ARHGEF39 plasmid transfection. As shown in
Fig. 1g, h, overexpressing ARHGEF39 led to cell cycle
arrest at S phase at 48 h. In line with the data from in vitro
analyses, our in vivo experiments showed that the size and
weight of the tumor xenografts were dramatically increased
in mice injected with cells overexpressing ARHGEF39
compared those injected with cells transfected with the
empty vector (Fig. li—k). After transfecting ARHGEF39
plasmids into A549 cells, the results of wound healing and
transwell assays suggested that migration (Fig. 11, m) and
invasion (Fig. 1n, o) were obviously enhanced by the
overexpression of ARHGEF39 (both P < 0.05).
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<« Fig. 3 ARHGEF39 (A39) promoted the expression of CyclinA2,

Cyclin D1, and MMP2 by facilitating phosphorylation of the P38-
ATF?2 signaling pathway. a The levels of p-P38, p-ATF2, Cyclin A2,
Cyclin D1, and MMP2 were elevated after transfection with A39
cDNA in A549 cells. (b) The levels of p-ATF2, Cyclin A2, Cyclin D1,
and MMP2 were downregulated after A39 RNA:i transfection in H460
cells. (¢) The increasing levels of p-ATF2, Cyclin A2, Cyclin D1, and
MMP2 caused by A39 overexpression were counteracted by incor-
poration of SB203580, a P38 phosphorylation inhibitor, into the
growth media. d Representative images of the immunohistochemical
staining results in mice xenografts; the expression levels of p-P38, p-
ATF, Cyclin D1, MMP2, and Ki-67 were compared between A549-
A309 cells and A549-vector cells. e—f In the colony formation assay, the
increase in cell proliferation induced by A39 overexpression was
reversed by adding SB203580. g-h Cell cycle analysis showing that
SB203580 incorporation attenuated the effect of A39 overexpression
on facilitating S phase arrest. i, k Wound healing and (j, 1) Matrigel
assays showing that inhibition of P38 phosphorylation using
SB203580 abolished the increase in cancer cell migration and invasion
induced by A39 overexpression. Data are shown as the mean + SD
from three independent experiments. *P < 0.05, **P < 0.01; scale bar
=50 pm

Depletion of ARHGEF39 inhibited cell growth and
induced cell cycle arrest

To further elucidate the function of ARHGEF39, we next
examined whether a reduction of endogenous ARHGEF39
expression would suppress cell growth, migration, and
invasion. After knocking down ARHGEF39 expression,
western blotting was performed to evaluate the interference
efficiency. The cells transfected with NC-siRNA were used
as the control. Compared with the control, ARHGEF39-
siRNA strongly decreased the protein level of endogenous
ARHGEF39 in H460 cells (Fig. 2a). Depletion of ARH-
GEF39 significantly inhibited the cell growth (Fig. 2b) and
colony formation ability of H460 cells (Fig. 2c, d). As
shown in Fig. 2e, f, S phase arrest in H460 cells was
reversed by downregulating endogenous ARHGEF39
expression at 48 h. Wound healing and transwell assays
results showed that migration (Fig. 2g, h) and invasion
(Fig. 2i, j) were obviously inhibited by knocking down
ARHGEF39 (P < 0.05, respectively).

ARHGEF39 upregulated the expression of Cyclin A2
and Cyclin D1 via phosphorylation of the P38-ATF2
signaling pathway

Cyclins and MMPs play important roles in regulating tumor
proliferation and invasion; therefore, we evaluated the
protein levels of Cyclins and MMPs after overexpressing
ARHGEF39 in A549 cells and depleting ARHGEF39 in
H460 cells. The levels of Cyclin A2, Cyclin D1, and MMP2
were obviously increased after overexpressing ARHGEF39.
Accordingly, their expression levels were downregulated
when ARHGEF39 was depleted (Fig. 3a, b). The levels of

Cyclin B1, Cyclin E1, Cyclin H, and MMP9 showed no
visible changes (Supplementary Fig. 1). Using western
blotting analysis, we also investigated multiple key proteins
of the signaling pathways involved in regulating cell pro-
liferation and the cell cycle. The levels of phosphorylated
P38 and ATF2 were elevated after transfection with the
ARHGEF39 cDNA, while they were decreased after
transfection with the ARHGEF39 siRNA (Fig. 3a, b). There
were no obvious changes of the level of P38, ATF2, Active-
B-catenin, P-catenin, p-JNK, JNK, p-NF-«B, NF-xB, p-
AKT, AKT, p-ERK, and ERK (Fig. 3a, b and Supple-
mentary Fig. 1). Subsequently, SB203580, a P38 inhibitor,
was incorporated into the medium of A549 cells with or
without overexpression of ARHGEF39. Compared with the
controls, although the levels of p-P38 and P38 were not
visibly depressed, the expression of p-ATF2, a downstream
molecule of P38 signaling, showed obviously down-
regulation. Interestingly, the elevated expression levels of
Cyclin A2, Cyclin D1, and MMP2 induced by ARHGEF39
overexpression were prominently inhibited by SB203580
(Fig. 3c). Immunohistochemistry results showed that over-
expression of ARHGEF39 led to upregulation of the
expression levels of p-P38, p-ATF2, Cyclin D1, MMP2,
and Ki-67 in nude mice xenografts (Fig. 3d). Subsequent
colony formation assays and cell cycle analysis showed that
the increasing number of clones and S phase arrest that were
caused by transfection with the ARHGEF39 plasmid were
counteracted by incorporation of SB203580 (Fig. 3e-h). A
similar tendency was observed in the wound healing
(Fig. 3i, k) and transwell assays (Fig. 3j, 1).

ARHGEF39 promoted the phosphorylation of the
P38-ATF2 signaling pathway by activating Rac1

We examined whether the small GTPases Racl, RhoA,
RhoC, and Cdc42 might be activated by the overexpression
of ARHGEF39. Following ARHGEF39 overexpression,
active Racl, RhoA, RhoC, and Cdc42 were immunopreci-
pitated. Only the activation of Racl, but not RhoA, RhoC,
and Cdc42, was increased (Fig. 4a). Subsequently, the Racl
T17N plasmid (a dominant negative mutant of Racl) was
transfected into A549 cells, with or without ARHGEF39
overexpression. The increase in the level of GTP-Racl
following overexpression of ARHGEF39 was counteracted
by Racl T17N transfection, as were the increases in p-P38
and p-ATF2 expression. Similarly, inhibition of GTP-Racl
caused by ARHGEF39 RNAI, as well as the inhibition of p-
P38 and p-ATF2, was reversed by transfection with the
Racl Q61L plasmid (a constitutively active mutant of Racl;
Fig. 4b). Subsequent MTT assays (Fig. 4c), colony forma-
tion assays (Fig. 4d, g), transwell analysis (Fig. 4e, h), and
wound healing assay (Fig. 4f, 1) showed similar tendencies
to the western blotting results.
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Fig. 4 ARHGEF39 (A39) facilitated phosphorylation of P38-ATF2 by
activating Racl. a A549 cells transfected with empty vector or A39
cDNA were subjected to active Racl, RhoA, RhoC, and Cdc42 pull-
down assays. The amount of active or total Racl, RhoA, RhoC, and
Cdc42 are shown, respectively. b Transfection with a plasmid
encoding Racl (T17N) attenuated the increase of active Racl, as well
as the levels of p-P38 and p-ATF2, induced by A39 overexpression.
Transfection with a plasmid encoding Racl (Q61L) restored the
decrease of active Racl, as well as the levels of p-P38 and p-ATF2,
caused by A39 RNAI. In MTT assays (c), colony formation assays (d,
g), wound healing assays (f, i), and Matrigel assays (e, h), the increase
in cell proliferation, migration, and invasion, induced by A39 over-
expression, was abolished by transfection with Racl (T17N), whereas
the inhibition of cell proliferation, migration and invasion, caused by
A39 RNAI, was restored following transfection with Racl (Q61L).
Data are shown as the mean + SD from three independent experiments.
*P <0.05, ¥**P < 0.01; scale bar = 50 pm

ARHGEF39 positively expressed in the cytoplasm
and/or membrane of lung cancer cells, and
predicted poor clinical outcomes of patients with
NSCLC

We evaluated the protein levels of ARHGEF39 in clinical
NSCLC tissue samples using western blotting. ARHGEF39
was expressed at higher levels in the lung cancer tissues of
11/16 cases (68.8%), compared with the adjacent non-
cancerous tissues. Image analysis of the western blot
demonstrated that the mean + SE normalized ARHGEF39
protein expression level in NSCLC (0.89 +0.07) was sig-
nificantly higher than that in the corresponding non-
cancerous tissues (0.50 +0.08, P =0.0105; Fig. 5a, b).

Subsequent immunohistochemical analysis showed that
ARHGEF39 was positively expressed in the cytoplasm and/
or membrane of lung cancer tissues samples (Fig. 4c). Of
the 109 NSCLC tissue samples, ARHGEF39 was positively
expressed in 62 cases (56.9%), and 25 of the 62 cases had
membranous expression. Interestingly, only five cases with
membranous expression showed no cytoplasmic expression,
the other 20 cases presented both membranous and cyto-
plasmic ARHGEF39 expression.

As shown in Table 1, ARHGEF39 expression correlated
positively with larger tumor size in the 109 cases of NSCLC
(P =10.008). There was no significant association between
ARHGEF39 expression and age, gender, TNM staging,
regional lymph node metastasis, histological differentiation,
histological type, and smoking history. The Kaplan—-Meier
test revealed that ARHGEF39 expression significantly
affected the OS of patients with NSCLC (Fig. 5d). The OS
of patients with NSCLC with positive ARHGEF39
expression (52.55 + 6.40 months) was significantly shorter
than patients with negative ARHGEF39 expression (64.30
+ 5.40 months, P =0.017). Furthermore, we also used the
KM-plotter tool, as described in Material and Methods
section, which contains information from datasets grouping

1928 NSCLC patients, to predict the impaction of ARH-
GEF39 gene expression on OS. As can be seen in Fig. Se,
we identified that the ARHGEF39 gene is associated with
worse outcome in patients with NSCLC for OS (P < 0.001).

Discussion

The results of the present study revealed that ARHGEF39
enhanced tumor proliferation and invasion by activating its
downstream Rac1-P38-ATF2 signaling pathway in NSCLC
cells. Positive ARHGEF39 expression was associated with
larger tumor size and was a potential predictor of poor
prognosis of patients with NSCLC.

ARHGEF39 is a novel member of the Dbl-family of GEFs
[1]. The main function of Dbl-family GEFs is to regulate the
activation of Rho GTPases, which is critical to a variety of
cellular events, such as cell cycle progression, cytoskeletal
reorganization, membrane trafficking, cell migration, and
invasion [2, 3, 12, 13]. As a member of Dbl RhoGEFs,
ARHGEF39 shares conserved DH and PH domains with the
other family members, which indicated that ARHGEF39
might retain the main functions of Dbl RhoGEFs. However,
ARHGEF39 presents minimal N- and C-terminal sequences
flanking the DH/PH domains compared with most other
family members [1, 5, 6]. These flanking non-RhoGEF
sequences determine the activation of different RhoGTPases
and lead to their utilization of distinct effectors. The down-
stream signaling pathway and their effectors associated with
ARHGEF39 are currently unknown. In a previous study,
ARHGEF39 was found to promote cell proliferation by
inducing cell cycle arrest in hepatocellular carcinoma cells,
which suggested that ARHGEF39 functioned in regulating
tumorigenesis and progression [1]. Our results were consistent
with previous data that transfection of exogenous ARH-
GEF39 facilitated cell growth, migration, and invasion
in vitro and in vivo. Similar results were also observed by
knockdown of endogenous ARHGEF39 [1].

In the present study, for the first time, we identified that
ARHGEF39 upregulated Cyclin A2, Cyclin D1, and MMP2
by activating the Rac1-P38-ATF2 signaling pathway, which
might contribute to promoting cell proliferation and invasion.
Rho GTPases had been shown to regulate P38 signaling
through activating Racl [14, 15]. We also performed an
immunoprecipitation assay to explore the interaction between
ARHGEF39 and Racl, but did not find a direct interaction.
As a result, we postulated that the activation of Racl by
ARHGEF39 may be indirect (data not shown). Certainly, the
underlying mechanisms need further investigation. In pre-
vious studies, ARHGEF39 was predicted to interact with
DVL2, which is an important regulator of Rho GTPases [16—
18]. Therefore, we also examined the effect of ARHGEF39
on DVL2. Unfortunately, immunoprecipitation assays did not
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Fig. 5 Expression and prognostic values of ARHGEF39 (A39) in
NSCLC tissues. Western blotting detection (a) and the quantification
(b) of A39 expression in 16 paired tumors (T) and peritumoral normal
lung tissues (N); p-actin served as a loading control. ¢ Representative
figures showing negative or weak expression of A39 in normal
bronchial epitheliums (a), alveoli (b); and positive cytoplasmic (c) or
cytoplasmic/membranous (d) expression of A39 in squamous cell

show any interaction between ARHGEF39 and DVL?2 (data
not shown). These results may have resulted from a number
of factors, including the type of assay performed, types of
transfected cells, conditions of transfection, or other reasons.

ARHGEF39 was found to be frequently upregulated in
hepatocellular carcinoma samples and was associated with
clinicopathological features of hepatocellular carcinoma
patients [1]. However, the clinicopathological relevance of
ARHGEF39 in NSCLC, especially the association with the
clinical outcomes of lung cancer patients, was largely
unknown until now. In the present study, ARHGEF39 was
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carcinomas; and positive cytoplasmic (e) or cytoplasmic/membranous
(f) expression of A39 in adenocarcinomas. d Kaplan—Meier survival
analysis revealed that the overall survival of patients with positive A39
expression was significantly shorter than those with negative A39
expression. e Results of online software survival prediction (KM
Plotter). *P < 0.05; scale bar = 50 pm

also frequently upregulated in NSCLC samples compared
with corresponding noncancerous tissues. Positivity for
ARHGEF39 correlated with larger tumor size and predicted
poor prognosis of patients with NSCLC. These data
strongly indicated that ARHGEF39 mediated the develop-
ment and progression of NSCLC. Information on treatment
after surgery was limited; therefore our study could not
perform an analysis of progression-free survival. More
studies are required to confirm the prognostic value of
ARHGEF39. Another limitation of our study was that
ARHGEF39 showed cytoplasmic and/or membranous
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Table 1 The association between ARHGEF39 expression and the
clinicopathological characteristics

Items A39+ A39— P
(n=062) (n=47)

Age
<60 37 21 0.12
260 25 26

Gender
Male 43 25 0.084
Female 19 22

Tumor size
<3cm 11 36 0.008
>3cm 32 30

TNM staging
I-I 45 38 0.316
110N 17 9

Regional lymph node metastasis
No 33 28 0.508
Yes 29 19

Histological differetiation
Well 20 21 0.185
Moderate & Poor 42 26

Histological type
Squamous cell cancer 30 17 0.202
Adenocarinoma 32 30

Smoking history
Never 14 18 0.074
Ever 48 29

A39 ARHGEF39

expression in clinical tissue samples while it only presented
cytoplasmic expression in the cell lines. The results of the
experiment in cell lines could not indicate the function of
the membranous ARHGEF39. This aspect also requires
further experiments. Taken together, we identified that
ARHGEF39 promotes tumor growth and invasion by acti-
vating the Rac1-P38-ATF2 signaling pathway and upregu-
lating the protein levels of Cyclin A2, Cyclin D1, and
MMP2 in NSCLC cells. ARHGEF39 is frequently upre-
gulated in NSCLC tissue samples and is associated with
lung cancer progression. ARHGEF39 may be a useful
marker to predict poor prognosis of patients with NSCLC.
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