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Knockdown THOC2 suppresses the proliferation and invasion of melanoma
Xiaowei Zhoua*, Xing Liua*, Guoqiang Zhangb, Qian Zhanga, Hao Chena, Yan Wanga, Fang Fanga,
and Jianfang Suna

aJiangsu Key Laboratory of Molecular Biology for Skin Diseases and STIs, Institute of Dermatology, Chinese Academy of Medical Sciences and
Peking Union Medical College, Nanjing, P.R.China; bDepartment of Dermatology, The 1th Hospital of Hebei Medical University, Shijiazhuang,
P.R.China

ABSTRACT
Melanoma is a potentially fatal form of skin cancer with great metastatic potential. THOC2 plays a
vital role in human biological progression, however, the roles of THOC2 in melanoma tumorigen-
esis are still unknown. In the present study, our data demonstrated that THOC2 expression was
significantly increased in melanoma tissues, and high THOC2 expression was associated with poor
overall survival of melanoma patients. THOC2 reduction repressed melanoma cell proliferation
and invasion, and induced cell apoptosis in vitro. Microarray data revealed that the cAMP
signaling pathway was significantly downregulated in A375 cells transfected with si-THOC2,
which was further confirmed by RT-qPCR and bioinformatics analysis. In conclusion, our data
indicated that THOC2 might act as an oncogene in melanoma progression through cAMP signal-
ing pathway regulation, which may offer a therapeutic target for melanoma treatment.

Abbreviations: PVDF: polyvinylidene difluoride; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide; SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis; KEGG:
Kyoto Encyclopedia of Genes and Genomes; IPA: Ingenuity Pathway Analysis; GO: Gene Ontology;
DEGs: Differentially expressed genes; IHC: immunohistochemistry; THOC2: THO complex subunit 2;
TREX: Transcription-Export; PDE4D: Phosphodiesterase 4D; PIK3CA: phosphoinositide-3-kinase,
catalytic, alpha polypeptide; GNAI1: G Protein Subunit Alpha I1; Adcy1: adenylyl cyclase type I;
HHIP: Hedgehog interacting protein; ADORA2A: Adenosine A2a Receptor; GATA2: GATA binding
protein 2; FOXA2: Forkhead box a2.
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Introduction

Melanoma is one of the most common types of
malignant skin cancer worldwide [1]. Despite sig-
nificant improvements in diagnostic techniques

and treatments over the past few years, the 5-
year survival rate for melanoma patients remains
poor due to its proclivity to metastasize [2,3].
Therefore, the search for ideal and effective mole-
cular markers of melanoma has been quite
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important in terms of improvement in the diag-
nosis and treatment of.

The THO/TREX (Transcription-Export) complex
has been characterized as a multimeric protein com-
plex that mediates transcription elongation (yeast),
splicing of mRNAs (animals), and export of mRNAs
from the nucleus [4–6]. THO complex subunit 2
(THOC2) depletion has been shown to interfere
with mRNA export, chromosome alignment, mitotic
progression, and genomic stability in humans [4,5]
and to stimulate neurite outgrowth in primary rat
hippocampal neurons [7]. Depletion of other TREX)
subunits also interferes with mRNA export, resulting
in nuclear retention of mRNAs Mouse Thoc2, along
with Thoc5, is required for epithelial stem cell self-
renewal and differentiation [8]. Thoc2 depletion in
Drosophila Schneider 2 cells results in significant
nuclear mRNA retention, inhibition of protein synth-
esis and cell proliferation, and chromosomemisalign-
ment [7,9]. Thoc2-knockout Caenorhabditis elegans
are slow-growing, sterile, have functional defects in
specific sensory neurons, and die prematurely from
defective progression of meiosis [4,10]. Thoc2 is also
an essential gene for zebrafish embryonic develop-
ment [11]. However, the relationship between
THOC2 and tumor progression remains unclear.

In this study, we determined the roles of
THOC2 in melanoma progression. We found
that THOC2 is up-regulated in melanoma at
both the mRNA and protein levels. THOC2 silen-
cing markedly reduced melanoma cell prolifera-
tion and invasion in vitro. Furthermore, we
revealed that THOC2 might regulate cAMP signal-
ing pathway in melanoma cells. Thus, we sug-
gested that THOC2 might promote melanoma
tumorigenesis via regulating the cAMP signaling
pathway, which provides new insight into mela-
noma progression.

Materials and methods

Clinical specimens

Melanoma specimens and corresponding para-carci-
noma tissues were collected from patients who under-
went surgical treatment without preoperative
radiotherapy and/or chemotherapy at the Chinese
Academy of Medical Sciences and Peking Union
Medical College. The specimens were fixed, prepared

in paraffin blocks, and sectioned. All patients enrolled
in the present study met the following criteria: (1)
diagnosed with melanoma; (2) possessing complete
clinicopathological data and follow-up information.
The study was approved by the ethics committee at
the Chinese Academy of Medical Sciences and Peking
Union Medical College, and informed consent forms
were signed by all patients.

Cell culture

Human melanoma cell lines A-375 and M14 were
purchased from the Cell Bank of Shanghai Institute
of Cell Biology (Shanghai, China). Cells were main-
tained in RPMI-1640 medium, supplemented with
10% fetal bovine serum (FBS, Invitrogen, Carlsbad,
USA), 1% penicillin/streptomycin (Sigma-Aldrich,
Milan, Italy) at 37°C in 5% CO2.

Cell transfection

siRNA against THOC2 (si-THOC2) and control
siRNA (NC) were all purchased from IBSBIO
(Shanghai, China). A375 and M14 cells were pla-
ted in 6-well plates at a density of 1.5 × 105 per
well. Cells were transfected with si-THOC2 or NC
using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol. The sequences
were as follows: NC 5′-UUCUCCGAACGUGU
CACGUTT-3′,

THOC2 siRNA-1 5′- GAGUUGUCAUAUCAU
GUAATT-3′,

THOC2 siRNA-2 5′-GCAGUACUUCUAC
AAUUUATT-3′,

THOC2 siRNA-3 5′-GCUAUGAACGAGAAG
UCAATT-3′,

THOC2 siRNA-4 5′-GGUCAGAUCAGAAA
CACUATT-3′

Reverse transcription quantitative real-time PCR
(RT-qPCR)

Total RNA was isolated by TRIzol reagent
(Invitrogen) according to the manufacturer’s
instructions. cDNA was synthesized using a
PrimeScript 1st strand cDNA synthesis kit
(TaKaRaShuzo, Otsu, Japan). mRNA expression
analysis was conducted by quantitative PCR using
SYBR green dye(Life Technologies, Carlsbad, CA,
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USA). The expression levels were calculated using
the 2−ΔΔCt method with β-actin used for mRNA
normalization . Primers used were as follows:

Actin-F, 5-CATGTACGTTGCTATCCAGGC-3;
Actin-R, 5-CTCCTTAATGTCACGCACGAT-3,
THOC2-F, 5-GGTAATCTTTCAGGAAGGTG

GAGA-3; THOC2-R, 5-GCTGATGTCATCCC
AGACTTTG-3.

PDE4D-F, 5-ACGGACCGGATAATGGAGG
AG-3;

PDE4D-R, 5-ATTTTTCCACGGAAGCATTG
TG-3.

PIK3CA-F, 5-CAGTCAGGAAAGGTGGTG −3;
PIK3CA-R, 5-ATTCAAAAGGTTCACGGA −3.
GNAI1-F, 5-TCTACAGTAACACCATCCA

GTC −3;
GNAI1-R, 5-GCAGTCATAAAGCCTTCTTC

AG-3.
ADCY1-F, 5-AGGCACGACAATGTGAGCA

TC-3;
ADCY1-R, 5- TTCATCGAACTTGCCGAA

GAG-3.
HHIP-F, 5-CCCTGCATAGTGGGGATGG-3;
HHIP-R, 5- AGGCTTAGCAGTCCTCTTTC

AT-3;
ADORA2A-R, 5-CTGCTGGCTGCCCCTAC

AC-3;
ADORA2A-F, 5- GAAGGGATTCACAACCG

AATTG-3.

Western blot assay

Proteins were lysed using RIPA buffer
(Beyotime, Shanghai, China) and the concentra-
tions were measured using a bicinchoninic acid
Protein Assay Kit (CoWin, Beijing, China).
Proteins were separated by 10% SDS-PAGE and
transferred in PVDF membranes (Bio-Rad,
Hercules, CA, USA). Following blocking with
5% low fat milk in Tris-buffered saline at 37°C
for 1 h, the membranes were incubated with
primary antibodies against THOC2 (1:1000,
Abcam, USA), and β-actin (1:1000, Santa Cruz
Biotechnology,Santa Cruz,CA, USA) overnight at
4°C. After incubation corresponding secondary
antibodies at room temperature for 1 h, an elec-
trochemiluminescence (ECL) system was used
for detection.

MTT assay

Transfected cells were dispensed in a 96-well plate
(1500/per well) and incubated for 24, 48, 72 h, . 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assays were performed by adding
20 μl of MTT for 4 h. Then, 150 μl of DMSO was
added to each well. After 15 min, absorbance at
490 nm of each well was recorded by a microplate
reader (Bio-Rad).

Flow cytometric analysis

For apoptosis assays, transfected cells were harvested
and marked with FITC-Annexin V and PI using and
Annexin VFITC/PI kit(Life Technologies, Carlsbad,
CA, USA). Utilizing FACS Calibur (BD Biosciences,
San Jose, CA, USA), cell apoptosis was detected. The
results were evaluated with FlowJo software.

Transwell assay

Transfected cells (3 × 104) were placed into upper
chambers coated with 50 µl of Matrigel (8-μm-pore;
Millipore, MA, USA). Medium supplemented with
10% FBS was added to the lower chamber. After
24 h of incubation, the cells from the upper surface
were removed and the remaining cells on the lower
surface were fixed in 4% paraformaldehyde and
stained with 0.1% crystal violet for 30 min. The
number of invading cells were measured under a
microscope (Nikon, Tokyo, Japan).

Immunohistochemistry (IHC)

IHC was performed using an HRP-polymer anti-
mouse IHC DAB-based kit (IBSBIO, Shanghai,
China) according to the manufacturer’s protocol
and a previous study [12].

Microarray analysis

Total RNA samples were sent out to IBSBIO
Company (Shanghai, China) and then applied to
Agilent SurePrint G3 Human Gene Expression v3
Microarray (8*60K,Design ID:072363) to assess
mRNA expression profiles. The sample labeling,
microarray hybridization and washing were per-
formed based on the manufacturer’s standard
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protocols. Briefly, total RNA was transcribed to
double stranded cDNA and then cRNA was
synthesized . Next, 2nd cycle cDNAs were synthe-
sized from cRNAs. Following fragmentation and
biotin labeling, the 2nd cycle cDNAs were hybri-
dized to the microarray. After washing and stain-
ing, the arrays were scanned using an Agilent
G2505C array scnner(Agilent Technologies).

Feature Extraction software (Agilent
Technologies) was used to extract raw data and
provide RNA normalization. Genesrping software
(Agilent Technologies) was employed to finish the
basic analysis. Differentially expressed genes
(DEGs) were then identified through fold change
as well as P value calculated with Student’s t-test.
The threshold set for up- and down-regulated
genes was fold change ≥ 2.0 and a P value ≤ 0.05.

Bioinformatics analysis

Oncomine gene expression array database (www.
oncomine.org) was used to explore THOR2 mRNA
levels in melanoma tissues. ALTAS dataset was used
to explore effects involving the prognosis of patients.
GeneOntology (GO) andKEGGanalyze were applied
to determine the roles played differentially expressed
mRNAs in these GO terms or pathways. Finally,
Hierarchical Clustering was performed to display dis-
tinguishable gene expression patterns among samples.
Ingenuity Pathway Analysis (IPA) expression net-
work was used to predict downstream effects. The
interaction pathway analysis was performed using
the STRING database (http://string-db.org/).
Microarray files have been deposited in the GEO
database with accession number GSE109497.

Statistical analysis

Statistical analysis was done using SPSS 20.0.
Data are shown as means ± standard deviation
(SD) and each experiment was repeated three
times. Paired and unpaired Student’s t-tests were
used to analyze data between two groups of sam-
ples, whereas comparisons among multiple
groups were done by ANOVA followed by
Tukey’s post hoc test. P < 0.05 was considered
statistically significant.

Results

Elevated THOC2 expression in melanoma

To examine THOC2 expression in human mela-
noma, IHC was used. Results showed that THOC2
was mainly stained in the nuclei of melanoma cells
and upregulated in melanoma tissues compared to
normal skin tissue (Figure 1(a)). Subsequently,
THOC2 expression was explored in Oncomine data-
base, Results showed that THOC2 is highly
expressed using the melanoma tissues (Figure 1(b)).
Furthermore, Kaplan-Meier survival analysis
showed that melanoma patients with high THOC2
expression had a poor overall survival rate compared
to the low expression group (Fi.1C). These data
suggested that THOC2 might play critical roles in
melanoma progression.

THOC2 inhibition reduced melanoma cells
proliferation

Next, we examined the roles of THOC2 in mela-
noma. siRNAs targeting THOC2 were transfected
into A375 and M14 cells. Transfection efficiency
was determined by RT-qPCR and western blot
(Figure 2(a,b)). Subsequently, MTT assays showed
that THOC2 inhibition decreased the proliferation
of A375 and M14 cells in vitro (Figure 2(c)). Flow
cytometry assays showed that knockdown of
THOC2 dramatically increased the apoptosis rate
of A375 and M14 cells (Figure 2(d)). These data
suggested that THOC2 could promote melanoma
cells proliferation and restrain cell apoptosis in vitro.

Depletion of THOC2 suppressed melanoma cell
invasion

Next, we investigated the effects of THOC2 on
melanoma cell invasion. Transwell assays showed
that THOC2 suppression significantly suppressed
the invasive ability of A375 and M14 cells com-
pared to the NC group (Figure 3).

Identification of THOC2-dependent genes in
melanoma cells

In our study, A375 cells were transfected with si-
THOC2 and si-NC, and mRNA from A375 cells
wase collected for microarray analysis. A total of
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877 genes were downregulated more than 2-fold
upon the depletion of THOC2 in A375 cells. To
investigate the molecular functions and biologic
pathways involving THOR2, all 877 downregu-
lated genes were further analyzed by Gene
Ontology (GO) and KEGG analyses. GO enrich-
ment analysis showed that THOR2 might play
important roles in cellular biological functions
(Figure 4(a–c)). KEEG pathway analysis showed
that the cAMP signaling pathway is one of the
most closely signaling pathways correlated with
THOR2 in melanoma progression (Figure 4(d)).
To further determine the biological relevance of
the above-identified down-regulated mRNAs,
IPA was used. Disease and function analysis
showed that the majority of the downregulated
mRNAs were associated with cancer progression
(Table 1).

THOC2 regulated camppathway inmelanoma cells

The cAMP signaling pathway (Figure 5(a)) has
been shown to play critical roles in tumor progres-
sion, including that of melanoma progression. Our
previous study showed that THOC2 might associ-
ate with the cAMP signaling pathway in mela-
noma progression. Thus, we further explored
cAMP pathway-related gene expression by RT-
qPCR in melanoma cells. Results showed that the
expression levels of PDE4D, PIK3CA, GNAI1,
ADCY1, HHIP and ADORA2A were significantly
reduced in A375 and M14 cells transfected with si-
THOC2 compared to theNC group (Figure 5(b,c)).
In addition, correlation analysis showed that
THOC2 expression was correlated with PDE4D,
PIK3CA, GNAI1, and HHIP expression in mela-
noma tissues (Figure 5(d)). The data further

Figure 1. THOC2 was upregulated in melanoma.(a) IHC staining for THOC2 in melanoma tissues and adjacent normal tissues.
(b) Oncomine expression analysis of THOC2 in human melanoma vs. normal skin tissues and benign melanocytic skin nevus.
(c) Melanoma patients with high THOC2 expression had a poor prognosis compared to thelow THOC2 expression group.
*P < 0.05.
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confirmed that THOC2 might regulate he cAMP
signaling pathway in melanoma cells.

THOC2 network analysis in melanoma

Next, we performedIPA expression network in mel-
anoma (Figure 6(a)). Candidate genes of canonical
pathway involved in cAMP signaling pathway. We
carried out Ingenuity Upstream Regulator Analysis in
IPA to identify the cascade of upstream transcrip-
tional regulators that can explain the observed

changes in proteins. As predicted by IPA, the pro-
teinsregulated in our study are likely to be modulated
by GATA2, TP53, TP73 and FOXA2 (Figure 6(b)).
Then, we performed interaction pathway analysis
using the STRING database (http://string-db.org/).
Results identified potentially regulated interacting
proteins involving the cAMP pathway and the pro-
teins involved in cell proliferation and metastasis
(Figure 6(c)). Thus, we inferred that THOC2 might
play important roles in melanoma progression by
regulating the cAMP pathway.

Figure 2. THOC2 inhibition reduced melanoma cell proliferation. (a, b) Relative expression of THOC2 in A375 and M14 cells
transfected with siRNAs or NC was measured by RT-qPCR and western blot. (c) MTT assays showed that THOC2 inhibition reduced
melanoma cell proliferative ability in vitro. (d) Flow cytometric analysis showed that THOC2 inhibition increased apoptosis of
melanoma cells. *P < 0.05.
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Discussion

Melanoma is derived from neural crest melano-
cytes and is frequently found in the skin, digestive
tract, eyes, genitals, and nasal cavity [13,14]. Due
to distant metastases, the poor prognosis of mela-
noma patientsremans poor [15]. In this study, we
examined the expression and the clinical relevance
of THOC2 in melanoma. We showed that THOC2

expression was significantly increased in mela-
noma tissues. High THOC2 expression was asso-
ciated with poor prognosis of patients. In
functional assays, ourresults showed that THOC2
suppression reduced the proliferation and invasion
of melanoma cells. Moreover, down-regulated
THOC2 promoted melanoma cell apoptosis.
These data suggested that THOC2 acts as a novel
target for the treatment of melanoma.

Figure 3. THOC2 inhibition reduced melanoma cells invasion. *P < 0.05.

Figure 4. Downregulation of genes upon knockdown of THOC2 in A375 cells. (a) The most frequent fold enrichment biological
processes (BP) associated with downregulated coding gene transcripts. (b) The most frequent fold enrichment cellular components
(CC) associated with downregulated coding gene transcripts. (c) The most frequent fold enrichment molecular functions (MF)
associated with downregulated coding gene transcripts. (d) KEGG analysis of downregulated coding gene transcripts.
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Recent studies showed that increased cAMP sig-
naling could promote melanoma tumor progression.
For example, Kim et al found that induction of ATP
synthase β by H2O2 induces melanogenesis by
activating PAH and cAMP/CREB/MITF signaling
in melanoma cells [16]. Jun et al found that

phloridzin-induced melanogenesis is mediated by
the cAMP signaling pathway [17]. Ma et al revealed
that miR-23a-3p inhibits mucosal melanoma growth
and progression through targeting adenylate cyclase
1 and attenuating the cAMP and MAPK pathways
[18]. However, the roles of the cAMP pathway in
melanoma remain unclear.

mRNA processing, splicing, and export are tightly
regulated by a complex RNA-protein network which
is essential for the maintenance of cellular and tissue
homeostasis [19]. Depletion of one of the RNA pro-
cessing regulators influences the expression of a set of
genes. It is possible that these regulators might serve
as useful target molecules for cancer therapy [20,21].
Recent studies showed that THOC2 depletion inter-
feres with mRNA export, chromosome alignment,
mitotic progression, and genomic stability in humans
[4,5]. Thus, we speculated that THOC2 plays an
important role in tumor development. From our
data, GO and KEGG analysis showed that THOR2
might play important roles in cellular biological

Table 1. Down-regulated coding gene transcripts correspond-
ing to top 10 disease and functions.

Diseases and functions p-value
Number of
molecular

Cancer 1.79E-10 343
Organismal Injury and
Abnormalities

1.79E-10 344

Gastrointestinal Disease 6.65E-07 289
Hepatic System Disease 6.65E-07 165
Dermatological Diseases and
Conditions

6.36E-06 207

Reproductive System Disease 1.17E-05 191
Tissue Morphology 2.40E-05 33
Cellular Assembly and
Organization

3.85E-05 82

Hair and Skin Development and
Function

3.85E-05 4

Cellular Function and Maintenance 8.82E-05 80

Figure 5. THOC2 regulated cAMP pathway in melanoma cells. (a) cAMP signaling pathway. (b, c) THOC2 inhibition reduced cAMP
pathway related gene expression (PDE4D, PIK3CA, GNAI1, ADCY1, HHIP and ADORA2A) in A375 cells (b) and M14 cells (c). (d) THOC2
expression was positively correlated with PDE4D, PIK3CA, GNAI1, and HHIP expression in melanoma tissues. *P < 0.05.
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functions, and be associated with the cAMP signaling
pathway in melanoma progression.

Next, we explored cAMP pathway related gene
expression in THOC2 inhibited melanoma cells.
Our results showed that THOC2 inhibition signif-
icantly reduced the expression of PDE4D, PIK3CA,
GNAI1, ADCY1, HHIP and ADORA2A in mela-
noma cells. THOC2 expression was positively cor-
related with PDE4D, PIK3CA, GNAI1, and HHIP
expression in melanoma tissues. Subsequently, IPA
expression network investigation was used to iden-
tify the cascade of upstream transcriptional regu-
lators. As predicted by IPA, the proteins regulated
in our study are likely to be modulated by GATA2,

TP53, TP73 and FOXA2. Furthermore, STRING
database analysis showed that THOC2 might play
roles in melanoma cells by interacting with pro-
teins in the cAMP pathway and with proteins
involved in cell proliferation and metastatic
processes.

In conclusion, we demonstrated that THOC2
was significantly up-regulated in melanoma.
THOC2 suppression reduced the proliferation of
invasion by melanoma cells in vitro, at least partly
by regulating the cAMP pathway. These findings
suggested that THOC2 might could be used as a
new predictive biomarker and therapeutic target in
melanomapatients.

Figure 6. THOC2 network analysis in melanoma. (a) IPA expression network in melanoma. (b) IPA analysis of regulated proteins. (c)
STRING program was used to exporehe protein-protein interactions involving THOC2 and cAMP pathway-related genes.
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Highlights

● THOC2 is upregulated in melanoma.
● THOC2-cAMP pathway regulats melanoma

progression.
● THOC2 might serve as an important thera-

peutic target for melanoma treatment.
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