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GOLPH3 regulates the migration and invasion of glioma cells though RhoA
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a b s t r a c t

Golgi phosphoprotein 3 (GOLPH3) has been reported to be involved in the development of several human
cancers. However, the biological significance of GOLPH3 in glioma progression remains largely unknown.
In this study, we report, for the first time, that downregulation of GOLPH3 led to clear reductions in gli-
oma cell migration and invasion. In addition, downregulation of GOLPH3 inhibited the expression of the
small GTPase RhoA as well as cytoskeletal reorganization, which are both required for glioma cell migra-
tion. Furthermore, we found that the observed reductions in glioma cell migration and RhoA level could
be rescued by RhoA overexpression. Taken together, these results show that GOLPH3 contributes to the
motility of glioma cells by regulating the expression of RhoA.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Glioblastoma multiform (GBM) is the most common adult pri-
mary malignant intracranial neoplasm in humans [1]. Even when
multimodal treatment approaches are applied, the median patient
survival time remains less than 1 year [2,3]. One of the major rea-
sons for the failure of traditional treatments is the highly invasive
nature of glioma cells [4]. Curing this intractable disease will thus
require a deeper understanding of the detailed mechanisms under-
lying this invasive behavior.

Several studies have shown that amplification of human chro-
mosome 5p13 is important for tumor formation, development
and metastasis [5,6]. Several genes found in this area are consid-
ered oncogenes, including GOLPH3 [7]. The product of GOLPH3 is
GOLPH3 (Golgi phosphoprotein 3, also called GPP34, GMx33, and
MIDAS). This protein, located in the trans-Golgi network, has
been identified as a Golgi protein that plays vital roles in the
Golgi secretory pathway and protein glycosylation [8–10]. Re-
cently, Scott et al. identified GOLPH3 as a novel oncogene by
genome-wide array-based comparative genome hybridization
and tumor tissue microarrays [7]. Gain- and loss-of-function
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studies determined that GOLPH3 can promote cell transforma-
tion and tumor growth by constitutively activating mammalian
target of rapamycin (mTOR) signaling and conferring increased
sensitivity to rapamycin in melanoma cells. GOLPH3 is also
upregulated in breast cancer, where it promotes proliferation
and tumorigenicity via inhibition of the FOXO1 transcription fac-
tor [11]. Later studies investigated the clinical significance of
GOLPH3 in prostate cancer, oral tongue cancer and glioma and
found that GOLPH3 is not only upregulated in these cancers
but is also indicative of poor prognosis and more aggressive tu-
mors [12–14]. These results further demonstrate that GOLPH3
plays important roles in the progression of many tumors. How-
ever, its roles in cell migration and invasion, the critical charac-
teristics of malignant glioma, remain unclear. In this study, we
investigated the effect of GOLPH3 on the motility of malignant
glioma cells and found that GOLPH3 regulates glioma cell migra-
tion through modulation of RhoA expression.
2. Materials and methods

2.1. Cell culture

Human U251 and U87 glioma cell lines were purchased from
Shanghai Cell Bank, Type Culture Collection Committee, Chinese
Academy of Sciences. The cells were cultured in DMEM/F-12 media
(Gibco) supplemented with 10% fetal bovine serum (FBS, Evergreen
Biological Engineering Co., Hangzhou, China) in a humidified incu-
bator with 5% CO2 at 37 �C.
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2.2. Antibodies

The following antibodies were used in this study: rabbit mono-
clonal anti-GOLPH3 (Abcam); rabbit monoclonal anti-MMP-14,
mouse polyclonal anti-RhoA/B/C and mouse monoclonal anti-b-ac-
tin (Millipore); and rabbit polyclonal anti-GFP (Santa Cruz).

2.3. Transient transfection of GOLPH3 siRNAs and RhoA plasmid

Transfection of GOLPH3 siRNAs and the RhoA plasmid was per-
formed using the Lipofectamine™ 2000 transfection reagent (Invit-
rogen) following the manufacturer’s instructions. Three sets of
siRNA duplexes (Shanghai GenePharma Co.) targeting human GOL-
PH3 are listed below:

siRNA1: 50-GUUAAGAAAUGUACGGGAATT-30;
siRNA2: 50-CAAGAAAGGUAAUCUGUAATT-30;
siRNA3: 50-GAAUUAGCAUUGAGAGGAATT-30. GFP-tagged wild-

type RhoA constructs were gifts from the Institute of Neuroscience,
Shanghai Institutes for Biological Sciences, Chinese Academy of
Sciences.

2.4. Wound healing assay

Twenty-four hours after GOLPH3 siRNA transfection, a lesion
was created using a plastic pipette tip, and the cells were washed
twice with PBS to remove the debris. The monolayer was then
maintained in serum-free DMEM and cultured for 24 h. At the des-
ignated time, five randomly selected fields at the lesion border
were acquired under an inverted microscope (Olympus, IX71).
The number of cells across the wound was counted.

2.5. Transwell invasion and migration assays

Cell invasion and migration assays were performed using a
transwell system (Corning, NY) according to the manufacturer’s
protocol. To assess invasion ability, filters were precoated with
matrigel (BD Biosciences, Franklin Lakes, NJ). Approximately
5 � 104 cells in serum-free media were added to the top chamber,
and the bottom chamber was filled with DMEM containing 10%
FBS. After 24 h of incubation, the cells on the upper surface were
gently removed with a cotton swab, and the membrane was fixed
in 4% methanol for 30 min and stained with a 0.1% crystal violet
solution for 30 min. The cells that migrated to the lower side of
the membrane were captured, and the cell number was counted.
The same experimental design was used for migration experiments
except that the filters were not precoated with matrigel.

2.6. Gelatin zymography assay

MMP2 released into the conditioned media was measured by
gelatin zymography. Cells transfected with the siRNAs were incu-
bated in serum-free media for 24 h, and the conditioned media
was harvested, centrifuged, and resuspended in SDS loading buffer
without b-mercaptoethanol. All samples were subjected to 10%
SDS–PAGE with 0.2% gelatin (Sigma). After electrophoresis, the gels
were washed and incubated in reaction buffer for 24 h at 37 �C. The
gels were stained with 0.25% Coomassie brilliant blue R-250 and
destained. MMP2 proteolytic activity in the gel was visualized as
clear white bands at 64 kDa against a blue background.

2.7. Semi-quantitative reverse transcription PCR

Total tumor cell RNA was isolated, and cDNA synthesis was car-
ried out using reverse transcription reagents (TaKaRa RNA PCR Kit
(AMV) v. 3.0, Dalian, China) according to the manufacturer’s
protocol. All PCR primers were synthesized by Sangon Biotech
(Shanghai) and based human sequences. Primer sequences, hybrid-
ization temperatures, numbers of cycles and PCR conditions are
summarized in Table 1.

2.8. Cell elongation analysis

The U251 cell elongation index was measured as previously de-
scribed [15]. Briefly, the elongation index of a cell was measured as
the ratio of the process length to the cell width and required two
lines to be drawn across the cell. One line, drawn from the center
of the nucleus to the furthest visible microtubule tip, was mea-
sured as the cell length. The second line drawn across the cell
passed through the center of the nucleus at a 90� angle to the first
line and was considered the cell width. The lengths were measured
in arbitrary units using ImageJ software. Sixty to one hundred cells
were measured in each experimental condition.

2.9. GST pull-down assay

A glutathione S-transferase-rhotekin binding domain (GST-
RBD) pull-down assay was used to detect RhoA activity (RhoA-
GTP). The GST-rhotekin plasmid was a gift from Yongjin Li (School
of Medical Science and Laboratory Medicine, Jiangsu University).
Cells were lysed and incubated overnight at 4 �C with glutathi-
one-Sepharose beads bound to 4 lg of GST-RBD. The proteins pre-
cipitated on the agarose beads were washed, boiled, subjected to
SDS–PAGE and immunoblotted with the corresponding antibodies.

2.10. Western blot analysis

At the designated time points, cells were lysed, and equal
amounts of protein lysates were subjected to 12% SDS–PAGE, trans-
ferred to PVDF membranes (Millipore), and probed with primary
and secondary antibodies. Bound antibodies were detected with
the Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific,
Inc.) and exposed to X-ray film. Analysis of band densities was per-
formed using ImageJ software. All fold changes in band densities
were determined relative to the negative control (NC) group.

2.11. Immunofluorescence staining

Cells grown on coverslips were fixed, blocked and permeabili-
zed. Cells were incubated with the GOLPH3 antibody overnight
at 4 �C and then incubated with the secondary antibody at room
temperature for 1 h. The cells were then stained with FITC-conju-
gated phalloidin (5 lg/ml) for 60 min. Actin filaments (F-actin)
were visualized and photographed with an Olympus IX71 digital
inverted microscope. More than 200 cells from three independent
experiments were analyzed for each condition. The average num-
ber of dot or fan-like protrusions around the cell was counted as
an index for lamellipodia formation.

2.12. Statistical analysis

Data are presented as the mean ± SEM. Statistical significance
was determined using Student’s t-test, with P < 0.05 considered
significant.

3. Results

3.1. Downregulation of GOLPH3 inhibited glioma cell migration

To examine the role of GOLPH3 in glioma cell migration and inva-
sion, we used an RNA interference approach to downregulate GOL-
PH3 in U251 and U87 cells. Forty-eight hours after transfection,



Table 1
Primer sequences, hybridization temperature and number of cycles for primer used in semi-quantitative RT–PCR.

Gene name Primer direction Sequences (50–30) Number of cycle Hybridization temperature

GOLPH3 Forward
Reverse

TGTAAGTCAGATGCTCCAACAGG-30

TCACCCATTTGTCAAGAACGG
27 57

MMP-2 Forward
Reverse

CAGGATCATTGGCTACACACC
CCATACTTCACACGGACCACT

29 58

MMP-14 Forward
Reverse

CCTGCGTCCATCAACACT
GCCCATGAATGACCCTCT

29 52

b-Actin Forward
Reverse

CTGGGACGACATGGAGAAAA
AAGGAAGGCTGGAAGAGTGC

23 61
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the downregulation efficacy of the three GOLPH3 siRNAs was deter-
mined by Western blot. As shown in Fig. 1A and B, compared with
the negative control (NC) group, the GOLPH3 protein level was re-
duced by 60% in the GOLPH3 siRNA-transfected cells, indicating
the high downregulation efficacy of the GOLPH3 siRNAs.

Glioma cell motility was then investigated by a wound healing
assay. We found that 24 h after scratching, NC cells had healed the
wound to a greater extent than the GOLPH3-downregulated U251
cells (Fig. 1C and D). We then conducted a transwell chamber-
based three-dimensional cell migration assay to investigate the
impact of GOLPH3 downregulation on directional motility. Consis-
tent with the aforementioned results, the GOLPH3 knockdown
U251 cells exhibited an attenuated ability to migrate from the
top to the bottom chamber 48 h after transfection (Fig. 1E and F).
Fig. 1. GOLPH3 downregulation inhibited glioma cell migration. (A) The downregulation
(NC) or GOLPH3 siRNA-transfected cells were subjected to Western blot with an anti-GO
GOLPH3 levels. (C) Effect of GOLPH3 downregulation on U251 cell migration as examined
(D) Quantitative analysis of migratory cell numbers at the indicated time points. The nu
100. (E) Effect of GOLPH3 downregulation on cell migration as examined by a transwe
through the filter. The results are normalized to the NC group and presented as the mean
Similarly, U87 cells showed a suppressed migratory ability after
GOLPH3 downregulation (Fig. 1E and F). These results demonstrate
that downregulation of GOLPH3 inhibits glioma cell migration.
3.2. Downregulation of GOLPH3 suppressed glioma cell invasion

Migration and invasion are widely considered to be two closely
interrelated processes. As downregulation of GOLPH3 attenuated
the migration of human glioma cells, we next tested the function
of GOLPH3 in cell invasion using matrigel-precoated transwell
chambers. As shown in Fig. 2A and B, in both U251 and U87 cell
lines, the number of invasive cells decreased markedly after GOL-
PH3 knockdown.
efficacy of GOLPH3 siRNAs in U251 and U87 glioma cells. Cell lysates from control
LPH3 antibody. b-actin was used as a loading control. (B) Quantitative evaluation of
by a wound healing assay. Representative digital pictures were taken at 0 and 24 h.

mbers of migratory cells were normalized to that of the NC group, which was set at
ll migration assay. (F) Quantitative analysis of the numbers of cells that migrated
± SEM from three independent experiments. Scale bar, 100 lm. ⁄P < 0.05; ⁄⁄P < 0.01.



Fig. 2. GOLPH3 downregulation suppressed glioma cell invasion. (A) Effect of GOLPH3 downregulation on cell invasion ability as examined by a transwell invasion assay.
Scale bar, 100 lm. (B) Quantitative analysis of the numbers of cells invading through the filter. The numbers of invading cells were normalized to that of the NC group. (C)
Gelatin zymography assay showing that downregulation of GOLPH3 suppressed the excretion of MMP2. (D) Quantitative analysis of the results of the gelatin zymography
analysis. The results for the siRNA-transfected groups were normalized to that of the NC group. (E) and (F) The effect of GOLPH3 downregulation on the expression of MMP2
and MMP14 as evaluated by RT–PCR and Western blot, respectively. The results are expressed as the mean ± SEM from three independent experiments. ⁄⁄P < 0.01.
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MMPs, especially MMP2, are known to be crucial for cell inva-
sion in many tumors, including glioblastoma [16,17]. Using a gela-
tin zymography assay, we found that downregulation of GOLPH3
induced a clear reduction in the secretion of MMP2 (Fig. 2C and
D), indicating that GOLPH3 genuinely affected the invasive ability
Fig. 3. GOLPH3 downregulation inhibited RhoA expression and lamellipodia formation
analysis of cell elongation upon GOLPH3 downregulation. The results are presented as
condition. Scale bar, 50 lm. ⁄⁄P < 0.01. (C) The total levels and activity of RhoA were inh
GST-RBD pull-down assay. GST beads containing rhotekin served as bait for capturing GT
formation was visualized by F-actin staining 48 h after GOLPH3 siRNA transfection. Lam
was detected by immunostaining (bottom panel). Cells were photographed with an Olym
50 lm. (F) The average number of lamellipodia was counted in an arbitrarily selected 200
The results are presented as the mean ± SEM from three independent experiments. ⁄⁄P <
of glioma cells. Because MMP2 is regulated by MMP14 [18], we
examined the possibility that GOLPH3 downregulation affected
the expression of MMP2 and MMP14. Unexpectedly, downregula-
tion of GOLPH3 altered neither the mRNA levels of MMP-2 or
MMP-14 nor the protein levels of MMP-14 (Fig. 2E and F). Taken
. (A) Effect of GOLPH3 downregulation on U251 cell morphology. (B) Quantitative
the mean ± SEM from three independent experiments; 60 cells were analyzed per
ibited after GOLPH3 downregulation. Levels of active RhoA were examined using a
P-RhoA protein. (D) Total RhoA levels were normalized to b-actin. (E) Lamellipodia

ellipodia were stained with FITC-conjugated phalloidin (upper panel), and GOLPH3
pus IX71 digital inverted microscope. Arrowheads indicate lamellipodia. Scale bar,

cells from each group. Quantitative results were normalized to that of the NC group.
0.01.



Fig. 4. The reduction in RhoA expression and the inhibition of cell migration induced by GOLPH3 knockdown are rescued by RhoA overexpression. (A) Glioma cells were co-
transfected with GOLPH3 siRNA2 and GFP-RhoA. RhoA expression was evaluated by Western blot with GFP and RhoA/B/C antibodies. (B) Upregulation of RhoA did not affect
GOLPH3 expression. (C) The suppression of migration induced by GOLPH3 downregulation was rescued by overexpression of RhoA in U251 cells. Scale bar, 100 lm. (D)
Quantitative analysis of the numbers of cells migrating through the filter. The results are normalized to the NC group and presented as the mean ± SEM from three
independent experiments. ⁄⁄P < 0.01, ⁄P < 0.05.
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together, these data reveal that GOLPH3 is involved in glioma cell
migration and invasion and that this effect is not mediated through
the regulation of MMP expression.
3.3. Downregulation of GOLPH3 inhibits RhoA expression

We observed that U251 cells transfected with the GOLPH3 siR-
NAs exhibited a distinct morphology with elongated processes
(Fig. 3A). To quantitatively analyze the morphological changes,
we applied the elongation index (EI), which has been widely used
to quantify cell elongation [15,19]. As is shown in Fig. 3B, most
cells transfected with GOLPH3 siRNAs exhibited elongated pro-
cesses with EIs of 4–8, whereas NC cells generally presented EIs
of <4. This finding suggests that downregulation of GOLPH3 did in-
deed affect cell morphology.

Previous studies reported that knockdown or inhibition of the
small GTPase RhoA resulted in process elongation and suppressed
the migration of glioma cells [19]. We therefore surmised that
GOLPH3 downregulation might inhibit the activation or expression
of RhoA, thereby inducing glioma cell elongation and suppression
of migration. We measured the level of GTP-bound (active) RhoA
using a GST-Rhotekin pull-down assay and found that it was signif-
icantly decreased upon GOLPH3 silencing (Fig. 3C). Surprisingly,
the total level of RhoA was also reduced after GOLPH3 downregu-
lation (Fig. 3C and D), suggesting that GOLPH3 may suppress RhoA
activation by reducing the expression of RhoA.

RhoA expression and activity are important for cytoskeletal reg-
ulation in glioma cells, including F-actin stress fiber and lamellipo-
dia formation [19,20]. We therefore examined whether GOLPH3
downregulation affects F-actin reorganization using FITC-conju-
gated phalloidin staining. Dot or fan-like protrusions were de-
tected at the cell periphery in NC cells. These structures, also
called lamellipodia, represent a form of concentrated F-actin. Upon
GOLPH3 downregulation, the cells became longer, and the num-
bers of dot or fan-like protrusions at the cell margins were mark-
edly reduced (Fig. 3E and F), consistent with our observation that
RhoA expression was reduced in cells transfected with GOLPH3
siRNA.
3.4. Overexpression of RhoA rescued the inhibitory effect of GOLPH3
knockdown on cell migration

We next examined the possibility that RhoA is involved in the
inhibitory effect of GOLPH3 knockdown on migration. As is shown
in Fig. 4A, when GOLPH3 siRNA was co-transfected with GFP-RhoA,
the reduction in RhoA expression induced by GOLPH3 siRNA was
compensated by exogenous RhoA. In contrast, upregulation of
RhoA did not affect the expression of GOLPH3, suggesting that
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RhoA lies downstream of GOLPH3 (Fig. 4B). We also found that the
inhibition of glioma cell migration induced by downregulation of
GOLPH3 was restored by overexpression of RhoA (Fig. 4C and D),
indicating that RhoA is downstream of GOLPH3.
4. Discussion

Studies have shown that GOLPH3 can promote cell transforma-
tion and tumor growth by constitutively activating mTOR signaling
and conferring increased sensitivity to rapamycin in human mela-
noma [7]. Recently, increasing evidence has shown that GOLPH3 is
highly expressed in human glioma and is related to glioma aggres-
sion and poor prognosis [14,21]. However, the specific role and
mechanism of GOLPH3 in cell migration and invasion had re-
mained unclear. In this study, we found that downregulation of
GOLPH3 inhibited cell migration in U251 and U87 glioma cell lines
(Fig. 1). The invasive ability of glioma cells was also suppressed
upon GOLPH3 downregulation (Fig. 2A and B). This is the first re-
port that downregulation of GOLPH3 can inhibit glioma cell migra-
tion and invasion.

Cell migration and invasion are multistep processes comprising
cytoskeletal reorganization, extracellular matrix (ECM) degrada-
tion, adhesion and de-adhesion [22,23]. Normally, ECM degrada-
tion is the first step required for tumor invasiveness. This process
can be mediated by MMP2 and MMP14. Using a gelatin zymogra-
phy assay, we found that downregulation of GOLPH3 induced a
notable reduction in MMP2 secretion (Fig. 2C and D), consistent
with the effect on invasion. However, knockdown of GOLPH3 did
not affect the mRNA levels of MMP2 or MMP14 or protein expres-
sion of MMP14 (Fig. 2E and F). These findings indicated that GOL-
PH3 may regulate glioma cell migration and invasion through
other pathways.

Numerous lines of evidence have indicated that Rho family
GTPases play important roles in directional cell movement [24].
RhoA, one of the Rho family small GTPases, is overexpressed in
astrocytomas and positively correlated with the degree of malig-
nancy [25]. RhoA has been demonstrated to be a critical protein
for cell motility and cytoskeletal organization dynamics in several
cell lines, including glioma cells [26]. Rho has two major effectors,
ROCK and mDia [27,28]. Previous studies have suggested that the
Rho-ROCK and Rho-mDia1 pathways are involved in the regula-
tion of tumor cell migration by Ras and Src, respectively [29].
The Rho pathway can also participate in MMP regulation [30].
We found that GOLPH3 downregulation significantly reduced
RhoA expression (Fig. 3C and D). In addition, glioma cells
transfected with GOLPH3 siRNA were more slender and contained
fewer dot protrusions at the cell periphery compared with the NC
group (Fig. 3A and E). We hypothesized that RhoA might contrib-
ute to these alterations. RhoA is generally believed to play an
essential role in actin stress fiber formation [31]. However, in
some cell lines, such as colon carcinoma cells [32] and hepatocar-
cinoma cells [33], RhoA was shown to promote lamellipodia
formation and cell motility. Furthermore, it has been reported
that rapamycin can suppress lamellipodia formation and cell
motility by inhibiting RhoA expression through the mTOR signal-
ing pathway [20]. It is possible that GOLPH3 may regulate RhoA
expression and cytoskeletal reorganization through a similar
mechanism. Our results indicate that regulation of RhoA protein
expression may represent a new mechanism in GOLPH3-mediated
glioma migration and invasion.

In summary, this study provides the first evidence that GOLPH3
is involved in the regulation of RhoA expression and cell migration
in glioma cells. Further explication of the GOLPH3-RhoA signaling
pathway may provide new targets for glioma prognosis or
therapeutics.
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