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Abstract: Pancreatic cancer (PC) is one of the most malignant tumors. Rho GTPases can affect several types of hu-
man cancers, including PC. In this study, we investigated the role of Ras homolog family member T1 (RHOT1), a new 
member of Rho GTPases in PC. IHC results showed that RHOT1 was expressed significantly higher in PC tissues than 
paracancerous tissues (P<0.01) and SMAD family member 4 (SMAD4) was expressed lower in PC tissues (P<0.01). 
RHOT1 was widely expressed in PC cell lines analyzed by reverse transcription PCR (RT-PCR), real-time quantitative 
PCR (RT-qPCR) and western blotting (WB). SiRNA-RHOT1 significantly suppressed the proliferation and migration 
of SW1990 cells. Moreover, SMAD4 was identified as an effector of RHOT1. Our findings suggest that RHOT1 can 
regulate cell migration and proliferation by suppressing the expression of SMAD4 in PC, which may provide a novel 
sight to explore the mechanism and therapeutic strategy for PC.
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Introduction

Pancreatic cancer (PC) is one of the most malig-
nant tumors and ranks as the fourth leading 
cause of cancer-related deaths [1]. In 2011, a 
total of 44,030 new PC cases and 37,660 
PC-related deaths occurred in the United States 
[2]. Due to its late diagnosis, highly aggressive 
behavior and ineffective treatments, the 5-year 
survival rate of PC is less than 5% [3]. Therefore, 
more accurate and reliable biological markers 
need to be identified to facilitate earlier detec-
tion and better drug targets. Furthermore, ther-
apeutic strategies should be developed for dis-
ease treatment. The key to attaining these 
objectives is to understand the molecular 
mechanisms related to the pathogenesis of PC.

Multiple key genetic mutations and environ-
mental factors contribute to tumor initiation 
and progression, some proteins including Ras 
homolog family (Rho) GTPases have been iden-
tified as crucial players in the proliferation, 
invasion and survival of various cancer cells 
[4-6]. RhoA, a Rho family member, plays impor-
tant roles in the morphology, migration speed 

and invasion ability of cancer cells [7]. The 
depletion of RhoB, another Rho family member, 
may lead to a decrease in migration and inva-
sion of prostate cancer cells [8]. In this study, 
we focused on the Ras homolog family member 
T1 (RHOT1), also named mitochondrial Rho 
(MIRO-1), which is a new member of Rho 
GTPases and was reported to be involved in 
mitochondrial transport [9], lymphocyte migra-
tion and polarity [10]. Furthermore, mutations 
in the sequestosome 1 (SQSTM1) gene of 
Paget’s disease were associated with gene 
expression of RHOT1 which may contribute to 
the over activity of osteoclasts [11]. However, 
the role of RHOT1 in cancer is still elusive.

In the current work, we attempt to shed light on 
the molecular mechanism of RHOT1 in PC. 
First, the expression level of RHOT1 was con-
firmed in PC tissues and PC cell lines. Then, 
RHOT1 down-regulation assay was performed 
to detect proliferation and migration in the PC 
cell line. Finally, SMAD family member 4 
(SMAD4) was identified as one of the main 
effectors of RHOT1. Our study provides new 
insights into the role of RHOT1 in PC and sug-
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gests RHOT1 may be a potential target for the 
diagnosis and treatment of PC.

Materials and methods

Samples collection and immunohistochemistry 
(IHC)

All volunteers for this study were recruited with 
informed consent. Moreover, this study was 
approved by the committee on ethics of bio-
medicine research at Shanghai East Hospital, 
Tongji University. A total of 221 paraffin-embed-
ded pancreatic cancer tissues and paracancer-
ous tissues were selected from Shanghai Ea- 
stern Hospital and Biobank Center of National 
Engineering Center for Biochip at Shanghai. For 
IHC staining, the tissue sections were first 
dewaxed in xylene and then rehydrated with 
graded alcohol solutions. Antigen retrieval was 
performed by microwave heating the sections 
in sodium citrate buffer (pH 6.0) for 10 min

Human PC cell lines AsPC-1, BxPC-3, CFPAC-1, 
PANC-1 and SW1990 were purchased from the 
Type Culture Collection of the Chinese Academy 
of Sciences, Shanghai, China. Cell lines Capan-
2 and JF305 were obtained from the Tumor 
Marker Research Center, Beijing, China. AsPC-
1, BxPC-3, Capan-2, JF305 and SW1990 were 
all cultured in RPMI 1640 (GIBCO, USA). PANC-1 
and CFPAC-1 were cultivated in high glucose 
DMEM (GIBCO, USA) and IMDM (GIBCO, USA), 
respectively. All media were supplemented with 
10% fetal bovine serum (GIBCO, USA), and 1% 
penicillin-streptomycin (GIBCO, USA). The cell 
lines were incubated at 37°C with 5% CO2 and 
sub-cultured when the cells reached 80%-90% 
confluence. Otherwise, the media were repl- 
aced every 2 days.

RNA extraction, reverse transcription PCR and 
quantitative PCR

Total RNA from PC cells was extracted using 
Trizol reagent (Invitrogen, USA) under RNase-
free conditions, according to the manufactur-
er’s instructions. All qualified RNA were reverse 
transcribed using the first strand cDNA synthe-
sis kit (CWBIO, CHINA). Reverse transcription 
PCR (RT-PCR) with Taq MasterMix (CWBIO, 
CHINA) and real-time quantitative PCR (RT- 
qPCR) with SYBR Green Master Mix (TOYOBO, 
JAPAN) assays were conducted to detect the 
mRNA levels of target genes. All primers and 
annealing temperatures are listed in Table 1. 
Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as the housekeeping gene. 

Table 1. Primers used for RT-PCR and RT-qPCR analyses

Gene
Forward primer (5’-3’)

Ta (°C)a Amplicon  
size (bp)Reverse primer (5’-3’)

RHOT1 F: GGGAGGAACCTCTTCTGGA 60 105
R: ATGAAGAAAGACGTGCGGAT

GAPDH F: TGCACCACCAACTGCTTAGC 60 87
R: GGCATGGACTGTGGTCATGAG

SMAD4 F: GCTGCTGGAATTGGTGTTGATG 60 108
R: AGGTGTTTCTTTGATGCTCTGTCT

P53 F: TCAACAAGATGTTTTGCCAACTG 60 118
R: ATGTGCTGTGACTGCTTGTAGATG

P16 F: CCCTCGTGCTGATGCTACTG 60 72
R: CATCATGACCTGGTCTTCTAGGAA

Kras F: ACAGAAGTGGAGGATGCTTT 60 100
R: TTTCACACAGCCAGGAGTCTT

aannealing temperature for PCR amplification.

utes. Afterwards, the sections were in- 
cubated with antibodies against RHOT1 
(1:15) or SMAD4 (1:15) respectively 
overnight. The sections were washed 
with TBST and incubated with peroxi-
dase-conjugated affinipure goat anti-
rabbit antibody for 1 hour. Finally, the 
sections were incubated with 3, 3’-di- 
aminobenzidine (DAB) chromogen and 
counterstained with hematoxylin (Sig- 
ma, USA). Stained sections were visual-
ized and photographed using a Leica 
microscope (Leica Microsystems, Ger- 
many). The IHC scoring systems was 
used as previously described [12]. Two 
pathologists scored the sections in a 
double-blind manner.

Cell culture

Table 2. Sequence of oligonucleotides used in 
this study
Oligonucleotides Sequence (5’-3’)
siRNA1-RHOT1-S GCACUACUGAAUUAAAUCAdTdT
siRNA1-RHOT1-AS UGAUUUAAUUCAGUAGUGCdTdT
siRNA2-RHOT1-S CACGACUUAUUUAGAUGUAdTdT
siRNA2-RHOT1-AS UACAUCUAAAUAAGUCGUGdTdT
siRNA3-RHOT1-S CAACACUUUAUGGACAGCAdTdT
siRNA3-RHOT1-AS UGCUGUCCAUAAAGUGUUGdTdT
siRNA-NC-S UUCUCCGAACGUGUCACGUdTdT
siRNA-NC-AS ACGUGACACGUUCGGAGAAdTdT
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Each sample was performed in triplicate. Re- 
lative expression quantification analysis relied 
on the classical delta-delta-Ct method [13].

Western blotting (WB)

Total protein from human PC cells was extract-
ed, quantified, and subjected to 10% SDS-PAGE 
under denaturing conditions. The samples were 
transferred to polyvinylidene fluoride mem-
branes (Millipore, USA). Membranes were blo- 
cked for 1 h with TBS-T buffer (with 10% non-fat 
dried milk). Afterwards, membranes were incu-
bated overnight at 4°C with primary antibodies 
against RHOT1 (1:1000), β-actin (1:2000), or 
SMAD4 (1:500). Then, membranes were 
washed 3 times with PBS-T buffer, followed by 
incubation in goat anti-rabbit secondary anti-
body conjugated with horseradish peroxidase 
(1:5000; Life Science, USA) for 1 h at room tem-
perature. After washing with PBS-T 3 times, 
immunoreactive proteins were detected using 
an eECL Western Blot kit (CWBIO, CHINA).

Small interfering RNA (siRNA) assay

In order to choose the best effector, three can-
didate siRNA pairs for human RHOT1 gene and 
a negative control (NC) were designed and 
chemically synthesized by Biotend Biotech- 
nology Co., Ltd (Shanghai). All siRNA sequences 
are shown in Table 2. SW1990 cells were trans-
fected with a candidate siRNA (final concentra-
tion 50 nM) or a negative control using Lipo- 
fectamine 2000 Transfection Reagent (Invi- 
trogen, USA) according to the manufacturer’s 
instructions. Then, RT-qPCR and WB were used 
to analyze the knock-down efficiency at various 
time points.

Cell proliferation and migration assays

To assess the role of RHOT1 in cell prolifera-
tion, SW1990 cells were plated in 96-well pla- 
tes at a density of 1×105 cells in each well and 
silenced with siRNAs. The number of cells was 
evaluated with a Cell Counting Kit-8 (DO- 

Figure 1. The expression levels of RHOT1 in PC tissues. A. Characteristics of the 221 patients with PC. B. Samples 
paired T test was performed to analyze different expression of RHOT1 between cancer tissues and paracancerous 
tissues. **P<0.01, statistically significant. C. Immunohistochemical staining of RHOT1 in four patients. a, c, e and 
g showed the positive cytoplasmic expression of RHOT1 in cancer tissues; b, d, f and h showed the negative cyto-
plasmic expression of RHOT1 in paracancerous tissues. All the four patients were in stage II. No. 1, 2, 4 patients are 
males, No.3 is female. Survival time of all these patients was less than 15 months after surgery. 
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JINDO, CHINA) according to the manufacture’s 
protocol at 24, 48, 72 and 96 hours after siRNA 
transfection. The optical density (OD) at 450 
nm was measured using Multiskan MK3 (Th- 
emo, Finland). The scratch assay was per-
formed to assess the effect of RHOT1 on cell 
migration. Scratch wounds were created on the 
confluent cell monolayer 24 hours after trans-
fection. To visualize wound healing, images we- 
re taken at 0, 10 and 20 hours after scra- 
tching.

Statistical analysis

For statistical analysis, each experiment was 
repeated at least three times. Data analysis 
was performed using a two-tailed Student’s 
t-test. P<0.05 was considered statistically sig-
nificant. All analyses were carried out using 
SPSS19.0 software (San Rafael, USA).

Results

Clinical characteristics of PC patients

The characteristics of PC patients enrolled in 
this study are summarized in Figure 1A. There 
were a total of 221 PC patients including 139 
males (63%) and 82 females (37%). The medi-
an age of the participants was 61 years (range 
41-85 years). The tumor size ranged from 1 cm 
to 8 cm. According to the seventh edition of the 

American Joint Committee on Cancer (AJCC) 
staging system, 13 (6%) cases were in stage I; 
186 (84%) cases were in stage II; and 22 cases 
(10%) were in stage III.

The expression levels of RHOT1 in pancreatic 
cancer tissues and cell lines

According to the IHC results, RHOT1 is mainly 
expressed in pancreatic ductal epithelial cells 
and islet cells (data not shown). Moreover, the 
expression level of RHOT1 in pancreatic ductal 
epithelial cells in PC was significantly higher 
(P=0.007) than in paracancerous tissues (Fi- 
gure 2B, 2C). At the cellular level, RT-PCR, 
RT-qPCR and WB confirmed RHOT1 expression 
in all PC cell lines, including AsPC-1, BxPC-3, 
Capan-2, CFPAC-1, JF305, PANC-1 and SW1990 
(Figure 2A-C). Nevertheless, the expression 
intensities of RHOT1 in multiple cell lines were 
significantly different. RHOT1 demonstrated 
significantly high expression in PANC-1, and the 
expression was relatively lower in capan-2 
(Figure 2B). 

Knockdown of RHOT1 in SW1990 inhibits cell 
migration and proliferation

To examine the knock-down efficiency of candi-
date siRNAs, mRNA and protein were isolated 

Figure 2. Expression of RHOT1 in PC cell lines. 
A. The mRNA expression of RHOT1 could be ob-
served among seven PC cell lines by RT-PCR. B. 
Relative RHOT1 expression levels of mRNA were 
measured by RT-qPCR, and normalized to the ex-
pression level of RHOT1 in CFPAC-1. All data are 
shown as mean ± SD. **P<0.01. C. Expression 
of RHOT1 protein in seven PC cell lines was de-
tected by western blotting and normalized to that 
of β-actin.
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from SW1990 cells to test the expression level 
of RHOT1. Compared with other treated groups, 
candidate siRNA1-RHOT1 could significantly 
depress the mRNA and protein expression of 
RHOT1 in untreated NC groups (Figure 3A-C). 
To detect whether RHOT1 was associated with 
cell behavior, we analyzed the effect of interfer-
ing with RHOT1 expression on the proliferation 
and migration of SW1990. Transfection of siR-
NA-RHOT1 resulted in a significant reduction of 
cell proliferation and migration compared with 
the negative control or untreated cells (Figure 
4A-C). These results demonstrated that RHOT1 
could regulate the behaviors of PC cells in vitro.

SMAD4 was an effector to the negative regula-
tion of RHOT1

Previous studies showed that genetic muta-
tions were generally observed in carcinogene-

sis. Activation of Kras[4] and inactivation of 
SMAD4 [14], P16 [15] or p53 [16] is associated 
with PC. The detailed relationship among 
RHOT1 and these genes was analyzed by 
knocking down RHOT1. As shown in Figure 5A, 
5B, the mRNA level of SMAD4 was significantly 
increased while suppressing the expression of 
RHOT1. Moreover, WB showed that the expres-
sion of the SMAD4 protein increased signifi-
cantly in the siRNA1-RHOT1 group when com-
pared to the untreated control or siRNA-NC 
groups (Figure 5C). We then performed IHC to 
confirm the expression of SMAD4 in PC and 
paracancerous tissues. SMAD4 was signifi-
cantly decreased (P=0.017) in cancer tissues 
(Figure 6A, 6B). While collecting RHOT1 and 
SMAD4 expression data from the same sam-
ple, we found that the percent of patients with 
lower SMAD4 and higher RHOT1 was more than 
50% (Figure 6C).

Figure 3. Effect of RHOT1 knockdown. 
A. Red fluorescence-labeled SW1990 
cells reflect positive effect of transfec-
tion. The image was taken at 200x 
magnification. B. The mRNA levels 
were quantified using real-time PCR 
and the ratio of siRNA-RHOT1 to un-
treated group was determined. GAP-
DH was used as a housekeeping con-
trol. All data are shown as mean ± SD. 
**P<0.01. C. Protein level of RHOT1 
was decreased in SW1990 cells trans-
fected with siRNA1-RHOT1.  
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Discussion

The involvement of Rho GTPases in cancer is 
complex, with evidence supporting roles for 
these molecules as tumor suppressors or pro-
moters [17, 18]. To date, there have not been 
many reports on the role of RHOT1 in cancers. 
In this study, we focused on the expression and 
function of RHOT1 in PC. Our data have shown 
that the expression of RHOT1 is higher in PC 
tissues than in paracancerous tissues (Figure 
1A-C). Furthermore, analysis of RHOT1 in seven 
PC cell lines (AsPC-1, BxPC-3, Capan-2, CFPAC-
1, JF305, PANC-1 and SW1990) showed that 
RHOT1 is expressed in all PC cell lines as well 
(Figure 2A-C). For functional analysis, targeted 
RHOT1- siRNA could significantly suppress the 
proliferation and migration of cancer cells 
(SW1990) (Figure 4A-C). Finally, we discovered 
that RHOT1 may regulate the expression of 
SMAD4 to influence the behaviors of tumor cell 
(Figure 5A-C). These observations suggested 
that RHOT1 may act as a potential oncogene in 
PC. To the best of our knowledge, this was the 

first evidence on the molecular mechanism of 
RHOT1 in PC. 

Whole-exome and whole-genome sequencing 
and copy number analysis revealed that muta-
tions in Kras, p53, p16 and SMAD4 are the 
most common genetic alterations in PC tissues 
[19, 20]. Because of their importance in PC, 
these 4 genes were investigated as potential 
targets affected by RHOT1. The qRT-PCR result 
showed that only the mRNA expression of 
SMAD4 increased significantly when we inter-
fered with RHOT1 expression (Figure 5). SMAD4 
has been identified as a tumor suppressor 
gene that is deleted, mutated or inactivated in 
many human tumors [21, 22]. In recent years, it 
has been demonstrated that SMAD4 can func-
tion as an oncogene or as tumor suppressor in 
the initiation and progression of PC via the 
transforming growth factor-β (TGF-β) signaling 
pathway [23] and Wnt/β-Catenin signaling 
pathway [24]. The TGF-β pathway is one of the 
most crucial and frequently activated pathways 
in pancreatic cancer and is mechanistically 

Figure 4. Knocking-down of RHOT1 inhibits pancreatic cancer cell proliferation and migration in vitro. A. Knocking 
down RHOT1 decreased SW1990 cells proliferation. Proliferation tested by CCK8 assay. The OD 450 nm was as-
sessed at 0, 24, 48, 72 and 96 hours. *P<0.05. B, C. SW1990 cells were transfected or not with 50 nmol/L of 
siRNA-RHOT1 for 24 h, and wounds were made. Magnification for identification of migration is ×40. The relative ratio 
of wound closure per field is shown. Data are shown as mean ± SD. *P<0.05.



Role of RHOT1 in pancreatic cancer

1466	 Am J Cancer Res 2015;5(4):1460-1470

linked to the regulation of SMAD4 [25]. SMAD4 
is a key mediator of the TGF-β pathway and is 
involved in the control of cell proliferation, dif-
ferentiation and apoptosis [26]. In the canoni-
cal TGF-β pathway, SMAD2 and 3 are phosphor-
ylated by the type I TGF-β receptor, after which 
they form transcriptional complexes with 
SMAD4 and are translocated to the nucleus 
where they activate or repress the transcription 
of target genes [25]. In our research, knocking 
down RHOT1 can significantly increase SMAD4 
expression (Figure 5A-C). This result suggested 
that SMAD4 may be one downstream effector 
protein of RHOT1. Although it was unclear 
whether RHOT1 directly or indirectly binds to 
SMAD4 during regulation of gene expression, 
our finding suggested that RHOT1 may regulate 
the proliferation and migration of PC cells via 
SMAD4-dependent TGF-β signaling.

The immunolocalization of RHOT1 in NIH3T3 
and COS7 cells indicated that it is localized at 
the outer mitochondrial membrane [9]; there-

fore, the function of RHOT1 may be closely 
related to mitochondria. In neurons, RHOT1 
can regulate mitochondrial trafficking [27] and 
calcium homeostasis [28]. More importantly, 
two Parkinson’s disease proteins, the Ser/Thr 
kinase PTEN induced putative kinase 1 (PINK1) 
and ubiquitin ligase Parkinson disease 2 
(Park2), have been found to control the phos-
phorylation, ubiquitination and degradation of 
RHOT1 to arrest mitochondrial motility [29, 30]. 
In murine models with neuron-specific loss of 
RHOT1, the mouse had progressive neurologi-
cal deficits mirroring human motor neuron dis-
ease [31]. These studies suggest that RHOT1 
has a striking association with the neuron dis-
ease that is characterized by the dysfunction of 
mitochondria. Moreover, expression of RHOT1 
is also involved in the pagetic osteoclast phe-
notype [32], spinal bone mineral density [33], 
lymphocyte migration and polarity [34], mesen-
chymal stem cell rescue [10], and embryonic 
development [35, 36]. In these biological pro-
cesses, the main role of RHOT1 at the subcel-

Figure 5. SMAD4 is a potential effector of 
RHOT1. A. Relative RHOT1, SMAD4, P53, 
P16 and KRAS expression levels of mRNA 
were measured by RT-qPCR, normalized to 
the expression level of RHOT1, **P<0.01. B, 
C. Both RT-qPCR and western bloting result 
showed that expression of SMAD4 increased 
while RHOT1 decreased after transfection, 
β-actin served as control. 
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lular (organelle) level is mitochondrial traffick-
ing [37]. Because of the key role of mitochon-
drial dysfunction in tumorigenesis, RHOT1 may 
also be involved in the proliferation, migration 
and invasion of cancers cells [38]. Nevertheless, 
the function of RHOT1 in cancer has been poor-
ly understood. In this study, we attempted to 
investigate the molecular mechanism of RHOT1 
in PC. The down-regulation of RHOT1 can sig-
nificantly suppress the proliferation and migra-
tion of cancer cells (Figure 4). This finding is in 
line with a previous study demonstrating that 
over-expression of RHOT1 could increase the 
cell apoptotic rate [9]. Furthermore, in epitheli-
al cancer cells, RHOT1 could serve as a linkage 
between mitochondria and microtubules to 
control the number of anterior-localized mito-
chondria, which determine the invasive abilities 
between cells [39]. More importantly, mito-
chondrial function determines tumor cell sur-
vival in pancreatic cancer [40]. Based on these 
clues, we speculated that RHOT1 may also 
regulate these cell biological behaviors by con-
trolling the mitochondrial function in PC. 

Our previous study showed that a low cytoplas-
mic expression level of RhoT1 was significantly 
associated with reduced survival [41]. In recent 
studies, we attempted to reconfirm this result 
with a larger number of samples. However, the 
expression of RHOT1 was higher in PC tissues 
than in paracancerous tissues in 221 PC 
patients. In molecular and cellular experiments, 
down-regulation of RHOT1 could significantly 
suppress the proliferation and migration of 
cancer cells. This conclusion supported the 
hypothesis that RHOT1 functions as an onco-
gene with higher expression in PC tissue.

Despite continuous improvements in therapies, 
pancreatic cancer remains one of the most clin-
ically challenging diseases. The genetic land-
scape of PC demonstrates comprehensive acti-
vating mutations of Rho GTPases and inactivat-
ing mutations of SMAD4. Here, we demonstrate 
that RHOT1, a new member of Rho GTPases, is 
expressed widely in pancreatic cancer cell lines 
and promotes cell proliferation and migration 
via SMAD4 regulation. These findings provide 

Figure 6. The expression levels of SMAD4 in PC tissues. A. Samples paired T test was performed to analyze differ-
ent expression of SMAD4 between cancer tissues and paracancerous tissues. *P<0.05, statistically significant. B. 
Expression data of RHOT1 and SMAD4 from the same sample were collected; the percent of patients was shown. 
C. RHOT1 and SMAD4 expressed oppositely in the same patients. a, c, e and g showed the expression of RHOT1 
or SMAD4 in cancer tissues; b, d, f, and h showed the expression of RHOT1 or SMAD4 in paracancerous tissues.
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new insights into specific gene functions in PC. 
RHOT1 may be a potential target in the diagno-
sis and therapy for PC patients.
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