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Staphylococcal nuclease domain-containing protein 1 (SND1) has been reported as an oncoprotein in a
variety of cancers involving multiple processes, including proliferation, angiogenesis, and metastasis. However, the
mechanisms underlying metastasis remain largely unknown. Herein, by using the ovarian cancer cell line SKOV3,
which has high metastasis ability, we showed that loss-of-function of SND1 dramatically suppressed the invasion
and migration of SKOV3 cells. We then performed gene expression profiles and further verified (by use of quantitative PCR and Western blot analysis) that loss-of-function of SND1 resulted in up-regulation of epithelial
markers, such as epithelial cadherin and claudin 1, and down-regulation of mesenchymal markers, including neural
cadherin and vimentin. Moreover, we illustrated that SLUG, a key transcription factor implicated in epithelial–
mesenchymal transition and metastasis, acts as an essential effector of the SND1-promoted epithelial–mesenchymal
transition process via regulating N-CAD and VIM expression (or E-CAD and CLDN1). The underlying molecular
mechanisms illustrated that SND1 regulates the gene transcriptional activation of SLUG by increasing chromatin
accessibility through the recruitment of the acetyltransferases GCN5 and CBP/p300 to the SLUG promoter proximal
region. Overall, SND1 was identified as a novel upstream regulator of SLUG, which plays important roles in
regulating the E-CAD/N-CAD expression switch.—Xin, L., Zhao, R., Lei, J., Song, J., Yu, L., Gao, R., Ha, C., Ren, Y.,
Liu, X., Liu, Y., Yao, Z., Yang, J. SND1 acts upstream of SLUG to regulate the epithelial-mesenchymal transition
(EMT) in SKOV3 cells. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Metastasis is a complicated process mediated by multiple
layers of regulation. It is known that tumor cells first undergo morphologic and molecular changes to become
mesenchymal cells and gain migratory and invasive capabilities; this process is called the epithelial–mesenchymal
transition (EMT) (1–3). In addition, tumor cells then revert
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through the mesenchymal–epithelial transition (MET) to
seed onto the new site. In other words, cancer cells are able
to undergo both EMT and MET (3, 4). The process of EMT
involves several different levels of regulation, which can be
classified into inducers, regulators, and effectors (5). Inducers are the upstream growth factors and receptors that
initiate the transition signal; inducers include TGF-b (6, 7),
epidermal growth factor (8), and hepatocyte growth factor.
The regulators are the transcription factors or drivers of the
process; for example, SNAI1 (SNAIL), SNAI2 (SLUG),
ZEB1, and ZEB2 suppress the gene transcription of epithelial cadherin (E-CAD) (2). Effectors are the proteins involved in changing cell–cell or cell–extracellular matrix
adhesions; effectors include cadherin switches from ECAD to neural cadherin (N-CAD), representing the EMT
process (4, 9). Tumor EMT is a series of interrelated and
overlapping events that can be variable. Considering the
heterogeneity and unstable genetic background of tumor
cells, it is not surprising that various EMT mediators can
differ among tumor cell types and EMT pathways.
Staphylococcal nuclease domain-containing protein 1
(SND1; also named p100 or Tudor-SN) is a multifunctional
1
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protein that has been identified as an oncoprotein that
promotes tumorigenesis through diverse mechanisms in
different cancers. For example, in hepatocellular carcinoma cells, SND1 promotes angiogenesis by activating a
linear pathway involving NF-kB, microRNA-221, angiogenin, and CXCL16, and it promotes EMT via stabilizing
AT1R mRNA and facilitating RNA-induced silencing
complex activity to degrade tumor suppressor mRNAs
(10–13). In colon cancer cells, SND1 promotes tumorigenesis by activating the Wnt/b-catenin pathway (14).
SND1 also promotes alternative splicing by recruiting
SAM68 and spliceosomal components to increase prostate
cancer cell motility and invasiveness (15). In addition, in a
breast cancer model, SND1 is required for the expansion
and activity of tumor-initiating cells (16). We also reported earlier that SND1 can form a loop with SMAD family members and reciprocally regulate the promotion
of breast cancer metastasis through a TGF-b–signaling
pathway (17–19). As a multifunctional protein, it is likely
that SND1 regulates diverse signal pathways involved in
proliferation and metastasis in different cancers (20, 21).
In the present study, we show that SND1 acts as an
upstream regulator of SLUG, which is a key transcription
factor that regulates the expression of the E-CAD/N-CAD
switch in the ovarian cancer cells SKOV3.

MATERIALS AND METHODS
Cell culture
The human SKOV3 cell line was purchased from China Infrastructure of Cell Line Resources (Beijing, China) and cultured
in McCoy’s 5A medium (M4892; MilliporeSigma, Burlington,
MA, USA) with 10% fetal bovine serum. HEK 293T cells were
maintained in DMEM with 10% fetal bovine serum. Both cell
lines were cultured at a temperature of 37°C under 5% CO2.

Lentiviral plasmids and stably expressing
cell construction
Lentivirus plasmids expressing SND1 short hairpin RNA
(shRNA) and the vector plasmid pLKO were purchased from
MilliporeSigma (SHCLNG-NM_014390). The target sequences of
shSND1 are shown in Table 1. For exogenous SND1 and SLUG
expression, full-length SND1, with a FLAG-tag, and SLUG, with
an HA-tag, were inserted into the lentiviral vector pLV-IRESHyg (632185; Clontech Laboratories, Mountain View, CA, USA).
Puromycin (P8230; Solabio, Le Havre, France) or hygromycin B

(10843555001; Roche, Basel, Switzerland) was used to select the
stably expressing cells.
Western blot and antibodies
Total cell lysates were collected in RIPA lysis buffer (R0010;
Solabio) supplemented with proteinase inhibitor cocktail
(4693159001; Roche). Equal cell lysates were separated in 8% SDSPAGE gel and immunoblotted by using specific antibodies:
anti–E-CAD (3195; Cell Signaling Technology, Danvers, MA,
USA), anti-CLND1 (13255; Cell Signaling Technology), antivimentin (VIM) (5741; Cell Signaling Technology), anti–N-CAD
(13116; Cell Signaling Technology), anti-SLUG (9585; Cell Signaling Technology), anti-HA (5017; Cell Signaling Technology),
anti-FLAG (8146; Cell Signaling Technology), anti–b-actin
(A1978; MilliporeSigma), anti-[3H] (4499; Cell Signaling Technology), anti-H3K9ac (9649; Cell Signaling Technology), antiH3K14ac (7627; Cell Signaling Technology), anti-H3K18ac (13998;
Cell Signaling Technology), and anti-H3K27ac (8173; Cell Signaling Technology). The mouse monoclonal anti-SND1 antibody
was generated against the SN4 domain (amino acids 507–674) of
SND1 by the Institute of Medical Technology, University of
Tampere, Tampere, Finland (22).
RNA extraction and quantitative PCR
Total RNA was isolated by using Trizol reagent (15596026;
Ambon), and reverse transcription was performed with a Revert
Aid First Strand cDNA Synthesis Kit (F-479L; Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturers’
protocols. All of the primer sequences are described in Table 2.
SYBR Green Master Mix (4913850001; Roche) was used for
quantitative PCR (qPCR) detection. The fold-changes were calculated by using the DDCt method. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a reference gene.
Transwell and wound-healing assays
For transwell assays, transwell chambers (8 mm, PIEP12R48;
MilliporeSigma) were precoated with Matrigel (356230; Corning,
Corning, NY, USA). Briefly, 1 3 104 cells were seeded into the
upper chambers in serum-free medium, and the lower chambers
were filled with medium supplemented with 10% fetal bovine
serum. After incubation for 12 h at 37°C with 5% CO2, the invasive cells were captured by microscope. ImageJ software
(National Institutes of Health, Bethesda, MD, USA) was used to
count the number of invasive cells. For wound-healing assays,
cells were seeded into 6-well plates to achieve nearly 95% confluence. Each well had 2 vertical wounds and was washed twice
with PBS; the cells were then cultured in serum-free medium. The
migrated cells were observed at 0 and 24 or 72 h after wounding
and were photographed.

TABLE 1. Lentiviral shRNA sequences
shRNA-SND1

sh0,
sh1,
sh2,
sh3,
sh4,

region:
region:
region:
region:
region:

CDS
CDS
CDS
CDS
39UTR

Primer sequence, 59–39

Target region

CCGGGAAGGCATGAGAGCTAATAATCTCGAGATTATTAGCTCTCATGCCTTCTTTTTG
CCGGTGTGGCTCCCACAGCTAATTTCTCGAGAAATTAGCTGTGGGAGCCACATTTTTG
CCGGTCTCGTCTCAAACTCTATTTGCTCGAGCAAATAGAGTTTGAGACGAGATTTTTG
CCGGGCTGATGATGCAGACGAATTTCTCGAGAAATTCGTCTGCATCATCAGCTTTTTG
CCGGTAGTGGAGGGAGTAATCCTAACTCGAGTTAGGATTACTCCCTCCACTATTTTTG

NM_014390.2-635s21
NM_014390.2-1213s21
NM_014390.2-1838s21
NM_014390.2-2924s21
NM_014390.2-3278s21

Sequences: TRCN000024514 (MilliporeSigma). CDS, coding sequence. Underlined letters indicate the targeting sequence against SND1.
Target region: NM_014390.2-635s21 indicates the shRNA binding sequence has 21 nt and starts at 635th nucleotide of SND1 mRNA (NM_
014390.2).
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TABLE 2. qPCR primers
Primer sequence, 59–39
Gene

GAPDH
SND1
E-CAD
N-CAD
VIM
CLDN1
SLUG
ZEB2
TWIST
SNAI
CTNNB
OCCLUDIN
TJP2
TJP3
ITGAV
EPCAM
MARVELD2
ITGB4
CDH13
EMP2
THBS1
TGFB1
TGFB1R
TGFB2
TGFB2R
TGFB1I1
EDN1
EDNRa
ESR1
NOV
LAMB1
SFRP1
WNT5A
WNT7A
WNT7B
WNT10A
14-3-3j
TCF7I1
RUNX2
ERBB2
DKK1
DKK3
DNMT3B

Forward

Reverse

TGCACCACCAACTGCTTAGC
CCCACGAGACATTTCCACACAC
TGGAGG AATTCTTGCTTTGC
CCTGCAGATTTTAAGGTGGAT
CCAGAGGGAGTGAATCCAGATTA
GCCAGGTACGAATTTGGTCAG
CCATGCCTGTCATACCACAA
AATGCACAGAGTGTGGCAAGGC
TGAGCAAGATTCAGACCCTCA
GCTGCAGGACTCTAATCCAGA
CATCTACACAGTTTGATGCTGCT
GACTTCAGGCAGCCTCGTTAC
GGGAAGGTCGCTGCTATTGT
GCTTTGGCATTGCGATCTCTG
GCTGTCGGAGATTTCAATGGT
TGATCCTGACTGCGATGAGAG
GGACCCCGAATGGGATAAGC
CTCCACCGAGTCAGCCTTC
AGTGTTCCATATCAATCAGCCAG
GTGCTTCTTGCTTTCATCATCG
AGACTCCGCATCGCAAAGG
CAATTCCTGGCGATACCTCAG
CACAGAGTGGGAACAAAAAGGT
CCCCGGAGGTGATTTCCATC
AAGATGACCGCTCTGACATCA
TACAGCACGGTATGCAAGCC
AGAGTGTGTCTACTTCTGCCA
TCGGGTTCTATTTCTGTATGCCC
GGGAAGTATGGCTATGGAATCTG
AACTGCATTGAACAGACCACA
TGACTTTCAAGACATTCCGTCC
ACGTGGGCTACAAGAAGATGG
GCCAGTATCAATTCCGACATCG
CTGTGGCTGCGACAAAGAGAA
GAAGCAGGGCTACTACAACCA
AGATCGCCATCCACGAATGC
TGATCCCCAATGCTTCACAAG
CTCTCCAACGGACCCCTGT
CCCAGTATGAGAGTAGGTGTCC
TGTGACTGCCTGTCCCTACAA
CCTTGAACTCGGTTCTCAATTCC
ATGTGTGCAAGCCGACCTT
ACCTCGTGTGGGGAAAGATCA

GGCATGGACTGTGGTCATGAG
GCTGAACCTGTGGCGCTATG
CGCTCTCCTCCGAAGAAAC
TTACTGCCACTTGCCACTTTTC
GAACGCCAGATGCGTGAAATG
TTGGTGTTGGGTAAGAGGTTGT
ACAGTGATGGGGCTGTATGC
CTGCTGATGTGCGAACTGTAGG
ATCCTCCAGACCGAGAAGG
ATCTCCGGAGGTGGGATG
GCAGTTTTGTCAGTTCAGGGA
GCCAGTTGTGTAGTCTGTCTCA
CTCTCGCTGTAGCCACTCC
GATGTGGTCGCCTGTCTGTAG
TCTGCTCGCCAGTAAAATTGT
CTTGTCTGTTCTTCTGACCCC
AACGGTGGTTTGGTCTTGCT
CGGGTAGTCCTGTGTCCTGTA
CCTTACAGTCACTGAAGGTCAAG
TGCAATTCGTGTTGTTGGTACA
TCACCACGTTGTTGTCAAGGG
GCACAACTCCGGTGACATCAA
CCAATGGAACATCGTCGAGCA
GGGCGGCATGTCTATTTTGTAAA
CTTATAGACCTCAGCAAAGCGAC
GCAACCGATCTAGCTCACAGAG
CTTCCAAGTCCATACGGAACAA
TGTTTTTGCCACTTCTCGACG
TGGCTGGACACATATAGTCGTT
ATTGACGGTTCCTATTGGTGAC
AGGCGAAGTATCTATACACACCC
CAGCGACACGGGTAGATGG
TCACCGCGTATGTGAAGGC
GCCGTGGCACTTACATTCC
CGGCCTCATTGTTATGCAGGT
ATCTTGTTGCGAGTCTCCAGG
GCCAAGTAACGGTAGTAATCTCC
TGACCTCGTGTCCTTGACTGT
GGGTAAGACTGGTCATAGGACC
CCAGACCATAGCACACTCGG
CAATGGTCTGGTACTTATTCCCG
CCTCAGCGCCATCTCTTCA
CCATCGCCAAACCACTGGA

Immunofluorescence
Cells were placed in 48-well plates, fixed in 4% formaldehyde,
and permeabilized with 0.1% TritonX-100. The cells were then
blocked in 5% bovine serum albumin for 30 min at 4°C. The cells
were stained with specific primary antibodies at 4°C overnight.
The cells were then washed with PBS and incubated with secondary antibodies at 4°C for 6 h. Subsequently, the cells were
stained with DAPI solution to visualize the nuclei. Images were
captured by using a confocal fluorescence microscope (FV1200;
Olympus, Tokyo, Japan).

vortexed 3 times. After centrifugation for 10 min at 500 g and 4°C,
the pellet was washed with cold PBS and resuspended in 500 ml
of nuclear extraction lysis buffer (20 mM TrisCl, 400 mM NaCl,
1.5 mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 5% glycerol) and
rotated at 4°C for 1 h. The lysates were then centrifuged for 10 min
at 10,000 g and 4°C. Equal amounts of nuclear lysate were incubated with a specific antibody or negative antibody at 4°C
overnight. The beads were centrifuged at 2000 rpm and 4°C; they
were then washed with cold PBST 5 times and separated by using
SDS-PAGE, followed by immunoblotting.

Luciferase reporter assay
Coimmunoprecipitation
Antibodies (2 mg) were previously incubated with protein A/G
beads at 4°C for 8 h. SKOV3 cells in 1 ml of cytoplasmic protein lysis
buffer (10 mM TrisCl, 10 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 1%
NP-40) per dish were scratched, incubated 10 min on ice, and
SND1 PROMOTES EMT VIA REGULATING SLUG IN SKOV3 CELLS

The human SLUG promoter region was amplified from the SKOV3
genome with the following primers: forward, 59-GCTCGAGGGGTTCTTAAAACTT-39; reverse, 59-CGGATCCCGTTGAAATGCTTCT-39. The PCR products were digested and cloned into the
Gaussia luciferase reporter plasmid (GLuc; pEZX-LvPG04). The
3
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cells were then cotransfected with GLuc and the pCMV-FLAGSND1 plasmid with Lipofectamine 3000 (L3000008; Thermo Fisher
Scientific). After 48 h of transfection, the supernatant was collected.
Secreted alkaline phosphatase and GLuc activities were determined by using the Secrete-Pair Dual Luminescence Assay Kit
(SPDA-D010; GeneCopoeia, Rockville, MD, USA) according to the
manufacturer’s protocol.
Chromatin-immunoprecipitation
Antibodies (2 mg) were previously incubated with Magna
ChIP Protein A+G Magnetic Beads (16663; MilliporeSigma) at
4°C for 8 h. Cells were grown to nearly 90% confluence in
10 cm dishes and washed twice with PBS before cross-linking
with a 1% formaldehyde solution (F8775; MilliporeSigma) at
room temperature for 10 min. After that, a 1.375 M glycine
solution was added to the dishes to stop the cross-linking. The
cells were then rinsed twice with cold PBS, and 1 ml of cell lysis
buffer (5 mM PIPES, 85 mM KCl, 0.5% NP-40) was added to
each dish for 10 min; the dishes were kept on ice and vortexed
every 5 min. The cells were subsequently centrifuged for
10 min at 500 g and 4°C, and suspended in 500 ml of nuclei lysis
buffer (50 mM TrisCl, 10 mM EDTA, 1% SDS). Sonication was
performed for 8 rounds of 15 s each at the 45% output setting.
After centrifugation for 10 min at 10,000 g and 4°C, the supernatant was incubated with different antibody beads at 4°C
overnight. The next day, the beads were sequentially washed
for 5 min each with buffer I (0.1% SDS, 1% TritonX-100, 2 mM
EDTA, 20 mM TrisCl, 150 mM NaCl), buffer II (0.1% SDS, 1%
TritonX-100, 2 mM EDTA, 20 mM TrisCl, 500 mM NaCl),
buffer III (250 mM LiCl, 1% NP-40, 1% Na-deoxycholate), and
TE buffer (10 mM TrisCl, 1 mM EDTA). The beads were then
resuspended in 200 ml of elution buffer (20 mM TrisCl, 5 mM
EDTA, 50 mM NaCl, 1% SDS) and treated with RNase at 37°C
for 1 h and proteinase K at 65°C for 2 h. The DNA fragments
were next purified with a QIAquick PCR Purification kit
(28104; Qiagen, Germantown, MD, USA). The chromatin
immunoprecipitation (ChIP) relative enrichment was determined by using qPCR. The primers used for the SLUG
promoter are described in Table 3.
Animal experiments
All mouse procedures were approved by the Committee on the
Use and Care of Animals of Tianjin Medical University. Sixweek-old female BALB/c nude mice were used for the animal
studies. To create ovarian cancer cell metastasis in vivo, SKOV3
cells expressing firefly luciferase were injected into the abdominal
cavity of each mouse. After 4 wk, the mice were anesthetized and
injected intraperitoneally with D-luciferin (7903; BioVision, Milpitas, CA, USA). Images were captured by using an IVIS imaging
system (Xenogen, Alameda, CA, USA) with an exposure time of
1 min and then analyzed. Six weeks after injection, the mice were
killed, and the tumors were isolated for comparison of their
weights.

Clustered regularly interspaced short palindromic
repeats/CRISPR-associated protein 9
A pair of single guide RNAs (sgRNAs) binding to coding sequence of SLUG were designed by using the website http://crispr.
mit.edu/. The forward is 59-CACCGCGGTAGTCCACACAGTGAT-39 (sgRNA-A), and the reverse is 59-CACCGTTCCACGCCCAGCTACCCAA-39 (sgRNA-B). sgRNAs were synthesized
by Sangon Biotech (Shanghai, China) and cloned into PX462
plasmid, then cotransfected with px462-sgRNA-A and PX462sgRNA-B in SKOV3 cells by Lipofectamine 3000. Puromycin
was used for screening positive cells after 48 h transfection. Finally, single clonal cells were separated and identified by using
DNA sequencing and Western blot analysis. Two strains that
present a frameshift mutation and do not express any SLUG in
protein level (SLUG2/21 and SLUG2/22) were used for this
study.
Statistical analysis
All data are presented as the means 6 SD, and each experiment
was conducted independently at least 3 times. Values of P , 0.05
were considered to indicate statistical significance.

RESULTS
Loss-of-function of SND1 inhibits the
metastasis of SKOV3 cells
This study used the ovarian cancer cell line SKOV3, which
has a high expression level of SND1 and metastasis ability,
to investigate the underlying molecular mechanisms of
SND1 in the metastasis. We first constructed 5 stable cell
strains, named sh0–sh4, with SND1 knocked down via 5
SND1 MISSION shRNAs (MilliporeSigma); pLKO was
used as a control. The first 4 shRNAs bound to the coding
sequence of SND1, whereas sh4 bound to the 39UTR of
SND1; sh1 and sh2 were selected for further experiments
(Fig. 1A). A wound-healing assay revealed that the loss-offunction of SND1 in both sh1 and sh2 cells significantly
reduced the migration ability (Fig. 1B). Consistently, the
transwell assay revealed that the invasion ability was also
decreased in both cell strains (Fig. 1C).
We also performed optical imaging experiments to investigate the in vivo metastasis of SND1-knockdown
SKOV3 cells. For this purpose, SKOV3 cells that were
engineered to stably express firefly luciferase (SKOV3LUC) were coinfected with lentiviruses carrying pLKO
(LUC-pLKO) or SND1 shRNA (LUC-sh2). These cells
were then intraperitoneally implanted into 6-wk-old female BALB/c nude mice (n = 6) to measure the seeding

TABLE 3. ChIP primers targeting the SLUG promoter
Primer sequence, 59–39
SLUG promoter

Primer
Primer
Primer
Primer
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2
3
4

Forward

Reverse

AAAGACCCATACAACCCT
GCGGAAGCCCTGAGTAGC
CTTCTCCTGGCGGACACT
TTCGTAAAGGAGCCGGGTGA

CTGTCATTTGGAACCACC
GGGAAGCGGGAAGACAAA
AGGTAACCTCGCTCGGTG
ACGGCGGTCCCTACAGCATC
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metastasis. The growth/dissemination of the tumor was
monitored by using bioluminescence imaging with an
IVIS imaging system (Xenogen). Tumor metastasis was
measured by quantitative bioluminescence imaging at
4 wk for the implanted groups. A metastatic event was
defined as any detectable luciferase signal above background. According to the results, LUC-sh2 cells led to a
significant suppression of intraperitoneal seeding metastasis (Fig. 1D). The mice were killed at 6 wk to dissect the
tumor seeding locations and measure their sizes. As
shown in Fig. 1E, SND1 knockdown led to a dramatic
decrease in metastasis in the peritoneal cavity, peri-ovary,
mesenterium, peri-liver, and diaphragm, as well as lower
tumor weights (Fig. 1F). Collectively, these data further
indicate that SND1 promotes the metastasis of SKOV3
cells both in vitro and in vivo.

SND1 promotes EMT in SKOV3 cells
To illustrate the effect of SND1 on metastasis, we first
detected the cell morphology of SKOV3 cells with lossof-function of SND1; these cells lost their spindle-like
fibroblastic appearance, which was replaced by a
cobblestone-like morphology (Fig. 2A). We then performed a
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gene expression profiling analysis (GSE115784) to discover
the potential molecular mechanisms. Among the differentially expressed genes, 781 genes were down-regulated, and
657 genes were up-regulated, in the SND1-knockdown
SKOV3 cells; these genes included a subset of genes associated with cell–cell junctions, the TGF-b pathway, and some
essential EMT-related genes, such as E-CAD, CLDN1,
N-CAD, and VIM (Fig. 2B). To verify some of the relevant
gene expression profiling data, qPCR was performed (Fig. 2C,
up-regulated genes; Fig. 2D, down-regulated genes; Fig. 2E,
EMT-related genes). We observed that the loss-of-function of
SND1 in SKOV3 cells resulted in up-regulation of epithelial
markers, such as E-CAD and CLDN1, and down-regulation
of mesenchymal markers, including N-CAD and VIM. Consistent with the qPCR findings, Western blot analyses
revealed increased protein levels of E-CAD and claudin 1
(CLDN1) and reduced levels of N-CAD and VIM (Fig. 2F).
Furthermore, immunofluorescence assays illustrated that
E-CAD was enriched in the cell membranes of sh1 and sh2
cells, suggesting strengthened cell–cell junctions due to the
loss-of-function of SND1 (Fig. 2G).
To further determine the involvement of SND1 in the
EMT process, we rescued SND1 in sh4 cells. Although sh4
had the least knockdown effect, sh4 binds to the 39UTR,
whereas other shRNAs bind to the coding sequence. As

Figure 1. SND1 depletion inhibits the metastasis of SKOV3 cells. A) SKOV3 cells were infected with lentivirus carrying control
shRNA (pLKO) or 5 shRNAs targeting SND1 (sh0–sh4). B, C) The knockdown efﬁciencies of SND1 were veriﬁed by using
Western blot analysis. Cell migration and invasion abilities are shown by wound-healing (B) and transwell (C ) assays after SND1
knockdown. Each bar represents the mean 6 SD for triplicate experiments. **P , 0.01. D) SKOV3 cells stably expressing
luciferase were transfected with shSND1 (LUC-sh2) or control (LUC-pLKO) lentivirus and then intraperitoneally implanted into
6-wk-old female BALB/c nude mice (n = 6). Primary tumors were quantiﬁed by using bioluminescence imaging with an IVIS
imaging system at 4 wk after implantation. Representative images are shown. E ) Metastases in the abdominal cavity, peri-ovary,
mesenterium, peri-liver, and diaphragm of the mice (white arrows) are shown. F ) Tumors obtained from the mice were weighed
6 wk after implantation. Error bars indicate the means 6 SD. **P , 0.01.
SND1 PROMOTES EMT VIA REGULATING SLUG IN SKOV3 CELLS
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Figure 2. SND1 knockdown suppressed EMT. A) Morphologies of control and SND1-knockdown SKOV3 cells. Scale bar, 100 mm.
B) Heat map of the adherence-related gene expression proﬁle in pLKO vs. sh2 cells. C–E) The expression proﬁle was conﬁrmed
by qPCR; up-regulated genes (C ), down-regulated genes (D), and adhesion-related genes (E ). F ) The protein levels of
representative EMT markers were tested by using Western blot analysis. G) The locations of E-CAD (green) and N-CAD (red)
were visualized by immunoﬂuorescence. Nuclei were stained with DAPI solution (blue). Scale bar, 20 mm.

the endogenous SND1 mRNA has UTR and coding sequence, while the exogenous SND1 mRNA only has
coding sequence without UTR. Therefore, sh4 only binds
and degrades endogenous but not exogenous SND1
mRNA. SND1 expression level was detected by using
Western blotting, and IRES was used as a control. Consistent with previous results, the epithelial markers E-CAD
and CLDN1 were significantly decreased in SND1-restored
cells (Fig. 3A). By contrast, the expression level of the mesenchymal markers N-CAD and VIM was relatively increased. The immunofluorescence data were in line with
the aforementioned results (Fig. 3B). These data indicate
that SND1 positively regulates the expression of the mesenchymal markers N-CAD and VIM and negatively regulates the expression of the epithelial markers E-CAD and
CLDN1.
Wound-healing and transwell assays were then performed to determine the migration and invasion abilities
of SND1-rescued cells. As shown in Fig. 3C, D, rescuing
SND1 expression in sh4 cells recovered the cell migration
and invasion abilities. All of these data strongly support
the idea that SND1 plays a remarkable role in promoting
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EMT and, most importantly, that the loss-of-function of
SND1 in SKOV3 cells promotes MET.
SLUG promotes EMT in SKOV3 cells
SLUG is a key suppressor of E-CAD and plays an essential role in regulating EMT (23, 24). Notably,
our gene expression profiles showed that SLUG was
down-regulated in SND1-knockdown SKOV3 cells.
We therefore explored the role of SLUG in SKOV3 cells.
As shown in Fig. 4A, with ectopic overexpression of
SLUG via lentivirus, the expression level of epithelial markers was reduced while the expression level
of mesenchymal markers was increased. On the contrary, the cells with loss-of-function of SLUG via clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas 9) resulted in enhanced expression of epithelial markers but
decreased expression of mesenchymal markers (Fig.
4B). Morphologically, the parental SKOV3 cells maintained a spindle-like fibroblastic morphology; however, the cells with loss-of-function of SLUG exhibited
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Figure 3. Rescued SND1 reverses the SND1 knockdown phenotype. A) SND1 knockdown cells (sh4) were transfected with
lentiviruses carrying FLAG-SND1, and the expression levels of EMT markers were measured by using Western blot analysis. B)
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Each bar represents the mean 6 SD for triplicate experiments. *P , 0.05, **P , 0.01.

a cobblestone-like appearance and organized cell–cell
adhesion and cell polarity (Fig. 4C), which are the
characteristic morphologic changes of MET.
Wound-healing and transwell assays were conducted
to investigate the effects of SLUG on the migration and
invasion abilities of SKOV3 cells. The overexpression of
SLUG in SKOV3 cells presented enhanced migratory and
invasive abilities (Fig. 4D, E), while dramatically reducing
loss-of-function of SLUG in SKOV3 cells (Fig. 4F, G). Collectively, these data support the notion that SLUG plays an
SND1 PROMOTES EMT VIA REGULATING SLUG IN SKOV3 CELLS

important role in regulating the EMT process and metastasis in SKOV3 cells.
SLUG expression is correlated with SND1
in SKOV3 cells
To determine the relevance between SND1 and
SLUG, qPCR and Western blot assays were performed to detect the expression of SLUG in SKOV3
cells with the loss-of-function or gain-of-function of
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SND1. We found that in SND1-knockdown SKOV3
cells, both the mRNA (Fig. 5A) and protein (Fig. 5B)
levels of SLUG were considerably decreased. Moreover, the expression levels of SLUG and SND1 were
correlated whether SND1 was ectopically overexpressed in parental SKOV3 cells or SND1 expression
was rescued in SKOV3-sh4 cells (Fig. 5C, D). These
data indicate that SLUG is a potential downstream
effector of SND1.
To verify the potential hypothesis, we first rescued
the expression of HA-tagged SLUG in SKOV3 cells with
loss-of-function of SND1 and then investigated the expression levels of epithelial/mesenchymal markers. As
shown in Fig. 5E, the protein level of the epithelial
markers E-CAD and CLDN1 was decreased, whereas it
was increased in that of the mesenchymal markers NCAD and VIM. Consistently, the wound-healing and
transwell assays exhibited enhanced migratory and
invasive capacities (Fig. 5F, G). Conversely, depleting
SLUG in the SND1 overexpression cells resulted in
8
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increased expression levels of epithelial markers and
decreased expression levels of mesenchymal markers
(Fig. 5H). In addition, the wound-healing and transwell
assays revealed correlated reductions in migratory and
invasive abilities (Fig. 5I, J). Collectively, these data illustrate that it is through SLUG that SND1 plays an
important role in controlling EMT in SKOV3 cells.

SND1 activates SLUG transcription by
increasing chromatin accessibility
In support of our data, Arretxe et al. (25) showed that SND1
was potentially able to recognize the promoter region of
SLUG through ChIP-on-chip assays. In our previous study,
we likewise found that SLUG is a target promoter of SND1 by
ChIP-guided ligation and selection assay (17). We therefore
performed experiments to discover the potential role of SND1
in regulating the gene transcriptional activation of SLUG,
which further affects the expression of epithelial markers. The
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SLUG promoter (21200 ; +1) was cloned into the Gluc reporter plasmid (GeneCopoeia). As shown in Fig. 6A, the ectopic overexpression of SND1 robustly enhanced the gene
transcriptional activation of GLuc driven by the SLUG promoter. In addition, ChIP assays further verified the observation. Four primers of the SLUG promoter, which were utilized
for the GLuc reporter assay, were designed for ChIP. As
shown in Fig. 6B, SND1 was enriched in the regions of primer
1, primer 2, and primer 4 but not primer 3. These data suggest
that SND1 acts at the gene transcriptional level of SLUG by
recognizing the proximal promoter region of SLUG.
In our previous study, we showed that SND1 can recruit the histone acetyltransferases (HATs) GCN5 and
CBP/p300 to transcription complexes and facilitate histone acetylation, leading to an increase in the chromatin
accessibility for gene transcription (20, 26). We therefore
detected the physical association of SND1 and HATs
(GCN5 and p300) by coimmunoprecipitation in SKOV3
cells. As shown in Fig. 6C, endogenous SND1 interacted
with GCN5 and p300. Because GCN5 and p300 are mainly
responsible for the acetylation of H3K9, H3K14, and
H3K18, co-immunoprecipitation assays were performed

A
Relative fold change

40

SKOV3-wt
SKOV3-GLUC
SKOV3-GLUC+FLAG-SND1

to detect the binding between SND1 and these modified
histones but not acetylate H3K27 (Fig. 6D). In addition,
quantitative ChIP experiments indicated that the loss-offunction of SND1 resulted in the reduced recruitment of
GCN5 and p300 to the promoter regions of SLUG (Fig. 6E;
primer 2, upper panel; primer 4, lower panel). Consistently, the enrichment of H3K9ac, H3K14ac, and H3K18ac
was considerably reduced at the SLUG promoter with
SND1 loss-of-function. Collectively, SND1 is likely to
regulate the gene transcriptional activation of SLUG by
accelerating the chromatin accessibility via recruitment of
GCN5 and p300 to the proximal promoter of SLUG.

DISCUSSION
An increasing number of studies have reported that the switch
from E-CAD to N-CAD is the key feature of EMT/MET in
various tumor metastases (27, 28). In the present study, we
showed that SND1 plays an essential role in the cadherin
switch via regulating the gene transcriptional activation of
SLUG, which is a master regulator of EMT in SKOV3 cells.
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Figure 6. SND1 activates SLUG transcription by increasing chromatin accessibility. A) SND1 overexpression promotes SLUG
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We first observed that loss-of-function of SND1 in
SKOV3 cells sharply switched the expression of cadherins
from N-CAD to E-CAD; conversely, rescuing the expression
of SND1 dramatically restored the expression of N-CAD but
reduced the expression of E-CAD. These observations show
that SND1 is required for the cadherin switch and is vital for
the successful transcriptional activity of several genes involved in the EMT/MET switch in SKOV3 cells.
SLUG is a key transcription factor implicated in EMT
and activated in tumors through different pathways
(24, 29); however, the molecular mechanism at the gene
transcription level of SLUG is not entirely illustrated.
Chromatin remodeling and histone modifications, both
methylation and acetylation, have been recognized as
major mechanisms controlling gene transcription (30, 31).
A recent study showed that NatD acetylates histone H4
serine 1 (S1), which blocks CK2a-mediated S1 phosphorylation, and allows H4R3 methylation and H4K5 acetylation to activate SLUG gene expression, which promotes
EMT to increases cancer cell invasion and metastasis (32).
Our findings deciphered the molecular mechanism of
SND1 used as a novel coactivator for SLUG. As a transcriptional activator, SND1 is essential to initiate the gene
transcriptional activation by recruitment of HATs. In support of this mechanism: 1) we revealed the physical association of SND1 and HATs (GCN5/p300) in the SKOV3
cells; 2) we showed that the abundance of HATs (GCN5/
p300) was recruited at the SLUG promoter region in the
parental SKOV3 cells but greatly decreased in the SKOV3
cells with loss-of-function of SND1; and 3) consistently, the
accumulation of modified histones at the SLUG promoter
region is correlative with the expression of SND1.
EMT constitutes a recognized mechanism for initiating
the invasion and metastasis of various cancers cells (2, 4).
After mesenchymal-like cells detach from primary sites
and diffuse to a distal site, they must undergo MET to
revert to the epithelial phenotype to colonize their new
destination, which allows them to respond to paracrine
growth factors and sustain fast growth (4, 33). In the present study, we observed that the EMT/MET switch involved by SND1 is due to the regulation of the gene
transcriptional activation of SLUG. Supportively, we
SND1 PROMOTES EMT VIA REGULATING SLUG IN SKOV3 CELLS

illustrated that loss-of-function of SND1 in SKOV3 cells
resulted in reduction of SLUG expression, and at a cellular
level (in vitro), rescuing the expression of SLUG in the
SKOV3 cells with loss-of-function of SND1 (Fig. 5E) could
switch the expression of epithelial/mesenchymal markers
from higher level of E-CAD and CLDN1 to N-CAD and
VIM, as well as reduce the migration and invasion ability of
the cells. In the animal experiments (in vivo), the tumorimplanted nude mice exhibited dramatically decreased
metastasis in the peritoneal cavity, peri-ovary, mesenterium, peri-liver, and diaphragm. These observations
support the idea that SND1 is involved in the EMT process
via regulating the expression of SLUG in the SKOV3 cells.
In summary (Fig. 7), we identified SLUG as a novel
downstream target of SND1 in the SKOV3 cell line. SND1
regulates the gene transcriptional activation of SLUG by
recruiting CBP/p300 and GCN5 for acetylation of histone,
thus influencing chromatin remodeling, and consequently
promotes the metastatic ability of SKOV3 cells via a SLUGmediated EMT process.
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