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ABSTRACT
Multifunctional SND1 (staphylococcal nuclease and tudor domain containing 1) protein is reportedly associated
with different types of RNA molecules, including mRNA, miRNA, pre-miRNA, and dsRNA. SND1 has been
implicated in a number of biological processes in eukaryotic cells, including cell cycle, DNA damage repair,
proliferation, and apoptosis. However, the specific molecular mechanism regarding the anti-apoptotic role of
SND1 in mammalian cells remains largely elusive. In this study, the analysis of the online HPA (human protein
atlas) and TCGA (the cancer genome atlas) databases showed the significantly high expression of SND1 in liver
cancer patients. We found that the downregulation or complete depletion of SND1 enhanced the apoptosis
levels of HepG2 and SMMC-7721 cells upon stimulation with 5-Fu (5-fluorouracil), a chemotherapeutic drug for
HCC (hepatocellular carcinoma). SND1 affected the 5-Fu-induced apoptosis levels of HCC cells by modulating
the expression of UCA1 (urothelial cancer associated 1), which is a lncRNA (long non-coding RNA). Moreover,
MYB (MYBproto-oncogene, transcription factor)may be involved in the regulation of SND1 inUCA1 expression.
In summary, our study identified SND1 as an anti-apoptotic factor in hepatocellular carcinoma cells via the
modulation of lncRNA UCA1, which sheds new light on the relationship between SND1 protein and lncRNA.
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Introduction

Human SND1 (staphylococcal nuclease and tudor domain con-
taining 1), also called p100, Tudor-SN (Tudor staphylococcal
nuclease), or TDRD11 (Tudor domain-containing protein 11),
is a highly conserved protein found in eukaryotic cells [1]. The
SND1 protein comprises an N-terminal SN (1 ~ 4) region with a
tandem repeat of staphylococcal nucleases-like domains and a
C-terminal TSN region with Tudor and SN5 domains [2–4]. As
a multifunctional regulator, SND1 protein is implicated in a
wide variety of cellular biological processes, including gene tran-
scription, pre-mRNA splicing, cell cycle, DNA damage repair,
proliferation, programmed cell death degradome, adipogenesis,
and carcinogenesis [5–11].

The SND1 protein has been reported to be related to certain
RNA molecules (e.g., mRNA, miRNA, and pre-miRNA) and
several clinical cancers, including breast cancer, prostate cancer,
and liver cancer [1,4]. It was previously reported that up-regula-
tion of SND1 and metadherin (MTDH) increased RNA-induced
silencing complex (RISC) activity and participated in the devel-
opment of hepatocellular carcinoma (HCC) [12]. SND1 protein
was also found to promote HCC tumorigenesis by inhibiting
monoglyceride lipase (MGLL) [13]. Additionally, SND1 protein
activated NF-κB and promoted the angiogenesis of HCC through

miR-221 [14]. At the same time, the expression of SND1 protein
in HCC cells was reported to be up-regulated under conditions of
endoplasmic reticulum stress [15]. Despite this, the mechanism
regarding the effect of SND1 in cellular apoptosis of HCC remains
largely unclear. Previously, we reported that SND1 promoted the
metastasis and proliferation of breast cancer cells by down-reg-
ulating miR-127 expression [16]. Herein, we are interested in
investigating the potential molecular mechanism underlying the
role of SND1-long non-coding RNA (lncRNA) association in the
HCC apoptosis mediated by chemotherapy drugs.

In the present study, we provide evidence regarding the
relationship between SND1 and lncRNA UCA1 (urothelial
cancer associated 1), which is also involved in the anti-apop-
totic mechanism of SND1 protein in the 5-Fu -induced apop-
tosis of HCC cells.

Results

SND1 expression and basic clinicopathological features of
liver cancer patients in online datasets

Based on the enrolled liver cancer patients found in online
datasets, we investigated the expression level of SND1 and its
clinical significance. We observed a high expression of SND1
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protein in HCC tissue samples, compared with normal liver
tissue, from the immunohistochemistry analysis data on the
HPA database (Figure 1(a)). The volcano plot results available
on the online TCGA database also showed that the SND1 gene
was significantly over-expressed (Figure 1(b)). We down-
loaded and processed the expression and clinical information
data of 377 liver cancer patients within the TCGA-LIHC
project. Six patients were excluded because of the lack of
SND1 expression data. In the remaining 371 liver cancer
patients, 50 patients contained the SND1 expression data in
the tumor and adjacent non-tumor tissues. The significant
difference between the two groups (Figure 1(c), P < 0.001)
was detected by an independent-sample Student’s t-test.
Similar positive result (Figure 1(d), P < 0.001) was observed,
when comparing the non-tumor tissues (n = 50) and all
tumor tissues in TCGA-LIHC (n = 371).

The 371 patients were divided into high-expression and low-
expression groups. Then, we performed a Chi-square (χ2) test to
investigate the correlation between SND1 expression and the
basic clinicopathological features. As shown in Supplementary
Table 1, we found no positive correlation (all P > 0.05) between
SND1 expression and the basic characteristics of liver cancer
patients, including gender, age, race, and ethnicity. We also
performed univariate/multivariate Cox regression and Log-rank
tests to analyze the difference in the overall survival curve of liver
cancer patients between SND1 high-expression and low-expres-
sion groups. The results of univariate/multivariate Cox regres-
sion suggested that the SND1 expression status did not
statistically affect the overall survival rate of liver cancer patients
(Supplementary Table 2, P = 0.284 for univariate Cox regression;

P = 0.355 for multivariate Cox regression). Furthermore, we
performed a series of Kaplan-Meier survival curve analyzes,
stratified by age, ethnicity, gender, and race (Supplementary
Figure 1, all P value in Log-rank test > 0.05). We failed to
observe a positive correlation between SND1 expression and
the neoplasm histologic grade (G1 ~ 4), pathologic T (T1, T2,
T3, T4, TX)/M (M0, M1, MX)/N (N0, N1, NX) stages and
pathologic stage (I~ IV) (Supplementary Figure 2(a-c), all
P > 0.05). Negative results were also obtained in the Kaplan-
Meier survival curve analyzes that followed (Supplementary
Figure 2(e-f), all P > 0.05), only apart from the MX
(Supplementary Figure 2(e), P < 0.001) and NX
(Supplementary Figure 2(e), P = 0.018) stages. Based on the
available information from the HPA and TCGA datasets, our
results suggest that SND1 is indeed highly expressed in tumor
tissue, compared with normal tissue. However, the degree of
high expression of SND1 does not seem to be closely related to
the basic and clinicopathological features of liver cancer patients,
and still needs support from more updated clinical evidence.

SND1 affects the 5-Fu-induced apoptosis level of HCC
cells

Previously, we identified SND1 as a stress granule (SG)-spe-
cific protein that regulates the aggregation dynamics of SG
under heat shock or oxidative stress conditions [10,17]. Very
recently, we also reported that SND1 acts as a novel regulator
of a DNA damage response (DDR) and is important for cell
survival during DNA-damaging stress [11]. Given the func-
tion link of SND1 with stress, SND1 may be involved in the

Figure 1. Expression of SND1 in the liver cancer patients from online datasets. (a) Immunohistochemistry analysis data for SND1 expression in normal liver tissue and
hepatocellular carcinoma tissue from the HPA database. Bar value, 50 μm. (b) Volcano plot of SND1 expression in liver cancer patients from the TCGA project. (c)
SND1 expression level in non-tumor (number, n = 50) and adjacent tumor tissues (n = 50) from liver cancer patients from the TCGA database. (d) SND1 expression
level in non-tumor (n = 50) and all tumor tissues (n = 371) of liver cancer patients from the TCGA database. An independent-sample Student’s t-test was performed
and significant differences were indicated: *** P < 0.001.
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regulation of radiotherapy or chemotherapy efficacy.
Nevertheless, during our TCGA database analysis, we failed
to extract enough data on the drug, ablation, or radiation
therapies for effective statistical analysis (data not shown).

The apoptosis of HCC cells is involved in the mechanisms
of chemotherapy [18]. Herein, for the first time, we focused on
the potential role of SND1 expression in the apoptosis level of
HCC cells in response to 5-Fu, a chemotherapeutic drug for
HCC. We constructed the HepG2 cell lines with a knockdown
of the SND1 gene (shSND1-#1 and shSND1-#2) and SMMC-
7721-SND1-KO (knockout) cell lines. As shown in Figure 2(a),
the expression of endogenous SND1 was significantly reduced
in HepG2 cells, compared to the sh-Vector control, but had no
effect on the abundance of β-actin. SND1 expression was also
completely depleted in the SMMC-7721-SND1-KO cells, but
not in SMMC-7721-SND1-WT cells (Figure 2(a)).

Under normal conditions, flow cytometry data indicated
that, compared with the control group, the downregulation of
SND1 in HepG2 cell lines did not statistically affect the
cellular apoptosis (Supplementary Figure 3(a), P > 0.05).
However, the complete depletion of SND1 enhanced the per-
centage of apoptotic SMMC-7721 cells (Supplementary
Figure 3(b), P < 0.05). When HepG2 or SMMC-7721 cells
were stimulated by treatment with 6 μg/mL 5-Fu, the expres-
sion of SND1 protein was not remarkably influenced
(Supplementary Figure 4). Nevertheless, both the downregu-
lation and complete depletion of SND1 efficiently increased
the apoptosis levels of HepG2 and SMMC-7721 cells upon
stimulation with 5-Fu (Figure 2(b)). Additionally, we
observed similar results in the apoptosis assay on treatment
with 5 μg/mL cisplatin (Supplementary Figure 5), suggesting
that the potential anti-apoptotic role of SND1 may be similar
under stimulation with different chemotherapeutic drugs.

Moreover, we selected the Bax/Bcl-2 ratio to reflect the
apoptosis level of cells under treatment with 5-Fu. Western
blotting assays were performed to detect the expression of
pro-apoptotic Bax and anti-apoptotic Bcl-2 proteins. As
shown in Figure 2(c), an increased Bax/Bcl-2 ratio value was
observed, when SND1 expression was knocked down or out.
Consistently, there is a positive correlation between SND1
expression and the 5-Fu-mediated chemosensitivity of HCC
cells.

LncRNA UCA1 is involved in the association between
SND1 and 5-Fu-induced HCC apoptosis

To further investigate the potential molecular mechanism
underlying the role of SND1 in 5-Fu-induced HCC apoptosis,
we performed an RNA microarray analysis upon treatment
with 5-Fu, when SND1 expression in HepG2 cells was down-
regulated or not. As shown in Figure 3(a), a total of 2,180 up-
regulated (bright red signal) and 1,228 down-regulated (bright
green signal) genes were detected. We performed a quantita-
tive real-time PCR (qPCR) assay (Figure 3(b)) to confirm the
down-regulation of several potential cellular survival or apop-
tosis-associated genes, including matrix metallopeptidase 1
(MMP1), lectin, galactoside-binding, soluble, 4 (LGALS4),
carboxypeptidase A4 (CPA4), tetraspanin 1 (TSPAN1), and
lncRNA urothelial cancer associated 1 (UCA1) in shSND1-#1

HepG2 cells, but not sh-Vector HepG2 cells. Here, we are
interested in lncRNA UCA1, due to the lack of reports regard-
ing SND1 and lncRNA. We further confirmed that the expres-
sion of lncRNA UCA1 was significantly decreased when
SND1 expression was either down-regulated in HepG2 cells
or completely depleted in SMMC-7721 cells, under 5-Fu
treatment (Figure 3(c)). In addition, we constructed the stable
UCA1 knockdown of HepG2 and SMMC-7721 cell lines
(Figure 3(d)). The down-regulation of lncRNA UCA1 failed
to affect the expression of SND1 (Figure 3(e)).

We found that, under normal conditions, the downregula-
tion of UCA1 slightly affected the apoptosis levels of HepG2
cells (Supplementary Figure 6(a), P < 0.05), but not SMMC-
7721 cells (Supplementary Figure 6(b), P > 0.05). Cellular
stimulation of 6 μg/mL 5-Fu led to enhanced expression of
UCA1 (Supplementary Figure 7) in HepG2 and SMMC-7721
cells, and a slightly increased cytoplasmic fraction of UCA1
within HepG2 cells (Supplementary Figure 8). Under treatment
with 5-Fu, an increased apoptosis level was detected in both
HepG2 and SMMC-7721 cells with shUCA1-#1 and shUCA1-
#2 compared with the sh-Vector control (Figure 3(f)).

In order to study whether lncRNA UCA1 is involved in the
effect of SND1 expression on the apoptosis levels of HCC
cells, we performed a rescue assay. As shown in Figure 4(a),
the reduced expression levels of UCA1 in the HepG2 shSND1-
#1 and shSND1-#2 cell lines, and in the SMMC-7721-SND1-
KO cell lines were rescued by the ectopic expression of UCA1.
We found that ectopic expression of UCA1 did not influence
the expression of SND1 in either HepG2 or SMMC-7721 cells
(Figure 4(b)). Nevertheless, we observed that the rescued
expression of lncRNA UCA1 in the shSND1-#1 and
shSND1-#2 HepG2 cell lines or in the SMMC-7721-SND1-
KO cells led to a decreased percentage of apoptotic cells upon
stimulation with 5-Fu (Figure 4(c)).

In addition, we performed a nude mouse subcutaneous
xenograft tumor experiment in vivo (n = 6) using constructed
HepG2 sh-Vector, shSND1-#1, shSND1-#1+ UCA1, and
shUCA1-#1 stable cell lines. As shown in Figure 5(a), cells
were inoculated subcutaneously into nude mice and injected
intraperitoneally with 30 mg/Kg 5-Fu twice. Tumor size
(mm3) and tumor weight (g) in mice were measured. The
mice were sacrificed 15 days after the second injection and the
tumor was removed for testing. We observed that the tumors
in mice with knock-down of SND1 (Figure 5(a), b) or UCA1
(d) were significantly smaller than those in mice with the sh-
Vector control (a). Ectopically expressed lncRNA UCA1
(Figure 5(a), c) restored the reduced tumor size caused by
depletion of SND1 (b). Specific measurement data are shown
in Figure 5(b-d). All the above data suggest that SND1 affects
the 5-Fu-induced apoptosis levels of HCC cells by regulating
the expression of lncRNA UCA1.

SND1 may regulate UCA1 expression via a transcriptional
activator MYB

Next, we investigated the regulation mechanism between
SND1 and lncRNA UCA1. As shown in Figure 6(a), we
constructed plasmids of the GLuc-UCA1 promoter of
either full-length [FL, −2000 bp ~ TSS (transcription
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Figure 2. Effect of SND1 expression on the 5-Fu-induced apoptosis of HCC cell lines. (a) HepG2 cell lines with knockdown of SND1 gene (shSND1-#1 and shSND1-#2)
and SMMC-7721-SND1 KO (knockout) cell lines were constructed. HepG2 sh-Vector and SMMC-7721-SND1 WT (wild-type) cell lines were used as controls. The cell
lysates were subjected to SDS-PAGE and then immuno-blotted with anti-SND1 antibody (upper panel), or anti-β-actin antibody as the control (lower panel). (b)
HepG2 sh-Vector, shSND1-#1, shSND1-#2 cell lines, and SMMC-7721-SND1 WT and KO cell lines were stimulated with 6 μg/mL 5-Fu. After 48 h, an apoptosis assay
was performed by Annexin V-FITC/propidium iodide staining and flow cytometry. The percentage of FITC-positive cells was analyzed using ANOVA-SNK test (HepG2,
**P < 0.01) or by independent sample Student’s t-test (SMMC-7721, **P < 0.01). (c) Expression of Bax and Bcl-2 proteins was detected by western blotting assays
using anti-Bax and anti-Bcl-2 antibodies. α-tubulin was loaded as the control. Band density was digitized by Image J 2X software and the Bax/Bcl-2 ratio was
calculated. The value of sh-vector or WT group was set to 1.
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start site)] or different truncations (#1 of −1500 bp ~ TSS,
#2 of −1000 bp ~ TSS, #3 of −500 bp ~ TSS, #4 of −2000
~-500 bp) and performed GLuc-ON Promoter Reporter
assays. As shown in Figure 6(b), the high expression of
SND1 by means of the transfection of the Flag-SND1
plasmid resulted in an increased relative Gluc activity of
GLuc-UCA1 promoter full-length. The results of the
GLuc-ON Promoter Reporter assay in Figure 6(c) show
that over-expression of SND1 could result in an increased
relative Gluc activity of all truncations of the lncRNA
UCA1 promoter. The data in Figure 4(a) also show that

both the downregulation and the complete depletion of
SND1 can decrease the expression level of UCA1. This
suggests that SND1 protein is capable of regulating the
expression of lncRNA UCA1.

Promoter transcription factor predictive analysis (data not
shown) suggested that the MYB protein, reported to bind
SND1 protein in vitro [19], may function as a transcription
factor for lncRNA UCA1. We performed a co-immunopreci-
pitation (Co-IP) assay to confirm the in vivo binding relation-
ship in HepG2 cells (Figure 6(d)). We also found that over-
expression of MYB enhanced the expression of UCA1 in both

Figure 3. Downregulation of lncRNA UCA1 enhanced 5-Fu-induced apoptosis of HCC cell lines. (a) HepG2 sh-Vector and shSND1-#1 cell lines were treated with 6 μg/
mL 5-Fu. After 48 h, a microarray analysis was performed. The hierarchical cluster analysis of significantly differentially expressed genes is presented: bright red, high
expression; black, no significant change; bright green, low expression. (b) A few genes changed in microarray analysis, including SND1, MMP1, LGALS4, CPA4, TSPAN1,
and lncRNA UCA1, were measured by qPCR assays. (c) Expression of UCA1 was detected in HepG2 sh-Vector, shSND1-#1, and shSND1-#2 cell lines, and SMMC-7721-
SND1 WT and KO cell lines on treatment with 6 μg/mL 5-Fu by qPCR assay. ANOVA-SNK test (HepG2, **P < 0.01) and independent-sample Student’s t-test (SMMC-
7721, **P < 0.01) were performed. (d) HepG2 or SMMC-7721 cell lines with sh-Vector, shUCA1-#1 and shUCA1-#2 were constructed. The expression of UCA1 was
detected by qPCR assay and analyzed by ANOVA-SNK test (**P < 0.01). (e) Expression of SND1 protein was also measured by western blotting assays. α-tubulin was
loaded as the control. (f) After stimulation with 6 μg/mL 5-Fu, apoptosis assay was performed by Annexin V-FITC/propidium iodide staining and flow cytometry. The
percentage of FITC-positive cells shown were analyzed by ANOVA-SNK test (*P < 0.05).
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HepG2 and SMMC-7721 cell lines (Supplementary Figure 9),
and led to an increase in the relative Gluc activity of the FL or
different truncation regions of the lncRNA UCA1 promoter,
especially the ‘-500 bp ~ TSS’ region (#3, lane 7–8) (Figure 6
(e)). After the predictive analysis of JASPAR, a database of
transcription factor binding profiles (data not shown), two
potential regions of ‘-111~-102’ bp and ‘-231~-222’ bp within
‘-500 bp ~ TSS’ region, were obtained. We therefore per-
formed an EMSA assay using anti-MYB antibody and bioti-
nylated/unlabeled probes targeting these two specific regions.
As shown in Supplementary Figure 10(a), for the probe
‘-231~-222’, we observed the signal for a DNA-protein com-
plex in lane 2–4, but not lane 1, and a supershift band with
strong signal in lane 4. Nevertheless, no signal was detected
for the probe ‘-111~-102’ as shown in Supplementary
Figure 10(b). These results suggest a potential in vitro binding
relationship between the MYB protein and the ‘-231~-222’ bp
region within the promoter of UCA1.

In addition, we found that the down-regulated expression
of SND1 significantly reduced the MYB-induced Gluc activ-
ity enhancement of the UCA1 full-length promoter (Figure 6
(f)). To further study the association between the SND1 and

UCA1 promoter, we performed a chromatin immunopreci-
pitation assay (ChIP) using either anti-SND1 or anti-IgG as
negative controls (NC). As shown in Figure 6(g), targeting
the ‘-231~-222’ bp region was detectable in the anti-SND1
group, but not IgG group. No difference for the negative
control region was observed in either the anti-SND1 or IgG
group (Figure 6(g)). Furthermore, down-regulation of SND1
reduced the binding of the ‘-231~-222’ bp region in the MYB
protein (Figure 6(h)). These results suggest that SND1 reg-
ulates the expression of lncRNA UCA1 through MYB.

Discussion

LncRNA UCA1 was first identified as a potential biomarker of
human bladder cancer [20]. Later studies supported the idea
that UCA1 is aberrantly expressed in many clinical tumors,
such as pancreatic cancer, ovarian cancer, lung cancer, gastric
cancer, liver cancer, melanoma, and osteosarcoma, and has
effects on a series of biological processes, including in tumor-
igenesis in terms of the proliferation, apoptosis, and metasta-
sis of tumor cells [21–24]. For example, UCA1 promotes the
progression of bladder carcinoma cells through the up-

Figure 4. Ectopically expressed lncRNA UCA1 restores the increased apoptosis of HCC cell lines by depletion of SND1 in response to 5-Fu. (a) HepG2 sh-Vector,
shSND1-#1, shSND1-#2 cell lines, and SMMC-7721-SND1 WT and KO cell lines were infected with Lenti-virus of UCA1 to establish cell lines with ectopic expression of
UCA1. The expression of UCA1 was detected by qPCR and statistically analyzed by ANOVA-SNK test (**P < 0.01). (b) The expression of SND1 protein was detected by
western blotting assays. α-tubulin was loaded as the control. (c) After stimulation with 6 μg/mL 5-Fu, the apoptosis assay was performed by Annexin V-FITC/
propidium iodide staining and flow cytometry. The percentage of FITC-positive cells were shown and analyzed by ANOVA-SNK test (*P < 0.05, **P < 0.01).

RNA BIOLOGY 1369



regulation of the cAMP response element-binding protein
(CREB) expression and phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT) pathway [25], or lung cancer by mod-
ulating the miR-193a/high mobility group box 1 (HMGB1)
axis [26]. Additionally, UCA1 may be implicated in the cis-
platin resistance of bladder cancer cells in a wingless-type
MMTV integration site family member 6 (Wnt 6)-dependent
manner [27], in human ovarian cancer cells by modulating
expression of SRSF protein kinase 1 (SRPK1) gene [28], or in
pancreatic cancer by regulating the expression of miR-96 and
forkhead box O3 (FOXO3) gene [29]. In this study, we
focused on the correlation between UCA1 and chemosensitiv-
ity of liver cancer.

Surgery, chemotherapy, and radiation therapy are currently
the main approaches for the clinical treatment of HCC, the
most common type of liver cancer [30]. The decreased sensi-
tivity of HCC to systemic chemotherapy is the main reason
for the poor efficacy of chemotherapy during clinical HCC
treatment [31]. UCA1 is reported to be associated with the
progression of HCC by modulating the fibroblast growth
factor receptor 1 (FGFR1)/extracellular regulated protein
kinases (ERK) signaling pathway and the expression of miR-
216b [32]. However, the specific role of UCA1 in the sensi-
tivity of HCC chemotherapy remains elusive. Herein, we
investigated whether SND1-UCA1 is associated with the che-
mosensitivity of HCC cells for the first time. Our data
revealed that, in response to the chemotherapy agent 5-Fu,
the expression of lncRNA UCA1 was closely linked to the
apoptosis status of both HepG2 and SMMC-7721 cells, also
involving the regulation effect of SND1-MYB.

SND1 protein interacts with and acts as the transcriptional
coactivator of interleukin-4 (IL-4)-induced signal transducer

and as the activator of transcription 6 (STAT6) [33], but not
as the signal transducer and activator of transcription 1
(STAT1) [34]. SND1 protein also functions as a co-activator
of e2f transcription factor 1 (E2F1) to regulate the G1/S
transition of the cell cycle [9]. In this study, we illustrated
that the MYB transcription factor may contribute to the
regulatory effects of SND1 on the expression of lncRNA
UCA1. The multifunctional MYB transcription factor in
eukaryotic cells is known to modulate the expression of tar-
geting genes by binding to certain specific DNA sequences
[35,36]. In this report, the ‘-231~-222’ bp region, rather than
the ‘-111~-102’ bp region, within the promoter of UCA1 in
HCC cells served as the main binding site for the MYB
transcription factor. Previously, the SND1 protein was
reported to enhance MYB activity cooperating with Pim-1
kinase in hematopoietic cells [37]. In this study, the associa-
tion between the ‘-231~-222’ bp transcription factor binding
sites and MYB in HCC cells was decreased by down-regula-
tion of the expression of the co-activator protein SND1. It is
possible that SND1 could up-regulate the expression of
lncRNA UCA1 by acting as the co-activator of MYB.

In our GLuc-ON promoter reporter assay, we observed the
distinct effects of an over-expressed SND1 or MYB on the
different lncRNA UCA1 promoter truncations. When compar-
ing to Flag-Vector control group, a relatively higher relative
Gluc activity was still detected in the ‘-2000 bp ~-500bp’
truncation. In addition, it should be noted that the MYB
protein is not highly expressed in the HCC cell line. Besides
MYB, other transcription factors, such as CCAAT/enhancer
binding protein alpha (C/EBPα), ETS proto-oncogene 2 (Ets-
2), or hypoxia inducible factor 1 alpha (HIF-1α), was also
predicted. Therefore, we were unable to rule out the regulatory

Figure 5. Effect of SND1 and lncRNAUCA1 expression on the in vivo tumor formation ability of nude mice under the stimulation of 5-Fu. (a) HepG2 sh-Vector, shSND1-
#1, shSND1-#1+ UCA1, and shUCA1-#1 cell lines were inoculated subcutaneously into nude mice. After 10 days, 30 mg/kg 5-Fu was injected intraperitoneally once
every 15 days. A schematic diagram of the xenograft is shown (n = 6 per group). The tumors from each group were arranged from large to small, and the largest four
tumors are shown (b ~ d). Tumor size (mm3) and tumor weight (g) were measured.
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role of other SND1-associated transcription factors in the
expression of lncRNA UCA1. More data are needed to inves-
tigate and elucidate this issue.

A previous study reported that SND1 protein interacted
with MTDH and inhibited the oncogene-induced apoptotic
response in breast cancer cells [38]. The SND1 protein was
also reported to be a substrate of metacaspase mcII-Pa in
plants, which can be cleaved by caspase-3 during apoptosis
in mammals, thereby influencing the regulation activity of
SND1 in the pre-mRNA splicing process [39]. The silencing
of the SND1 gene could lead to an increased apoptosis level of

non-small cell lung cancer (NSCLC) cells under treatment
with cisplatin [40]. Here, we further reported that SND1 is
capable of curbing the apoptosis levels of HCC cells by mod-
ulating the expression of lncRNA UCA1 in response to 5-Fu
stimulation. It is possible that highly expressed SND1 drives
the chemoresistance of HCC to various chemotherapy agents
to a certain extent. It is worthwhile to analyze the role of the
SND1-MYB-UCA1 axis in drug resistance during chemother-
apy in hepatocellular carcinoma patients. Perhaps SND1
enhances the chemoresistance of hepatocellular carcinoma
by regulating MYB-UCA1. The SND1-MYB-UCA1 axis may

Figure 6. SND1 regulates the expression of UCA1 through MYB. (a) Plasmids of the GLuc-UCA1 promoter of either full-length (FL, −2000 bp ~ TSS) or different
truncations (#1 of −1500 bp ~ TSS, #2 of −1000 bp ~ TSS, #3 of −500 bp ~ TSS, #4 of −2000 ~-500 bp) were constructed. (b) HepG2 cells were co-transfected with
the GLuc-UCA1 promoter FL and different doses of Flag-SND1 plasmid. The relative GLuc activity was detected and analyzed using the ANOVA-SNK test (*P < 0.05).
(c, e) SMMC-7721 cells were co-transfected with either Flag-MYB, Flag-SND1, or Flag-Vector plasmid, together with GLuc-UCA1 promoter FL or different truncations
(#1~#4). An independent-sample Student’s t-test was performed, and significant differences were indicated: ** P < 0.01. (d) The total cell lysate of HepG2 cells was
immuno-precipitated with either mouse anti-SND1 antibody or mouse IgG antibody as the negative control. The precipitated proteins were subjected to SDS-PAGE
and blotted with anti-MYB antibody (upper panel). The same filter was stripped and re-blotted with anti-SND1 antibody (lower panel). (f) Cells were co-transfected
with Flag-MYB, GLuc-UCA1 promoter FL, together with shSND1 #1, shSND1 #2, or sh-Vector plasmids. The relative GLuc activity was measured and analyzed by
ANOVA-SNK test (**P < 0.01). (g) A ChIP assay was performed with anti-SND1 or anti-IgG antibodies. The primers of ‘-231 ~ −222’ bp and negative control(NC) were
used for the PCR assay. (h) HepG2-Flag-MYB cell lines were transfected with sh-Vector, shSND1-#1 or shSND1-#2 plasmids. A ChIP assay was performed with anti-Flag
antibody. The primers of ‘-231~-222’ bp and NC were also used for the PCR assay. An ANOVA-SNK test was performed and significant differences were indicated: **
P < 0.01.
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be a potential prognostic molecular marker or therapeutic
target for hepatocellular carcinoma patients with drug
resistance.

Very recently, we found that, upon ionizing irradiation, the
SND1 protein could be accumulated at sites of DNA damage
and help in chromatin relaxation via the recruitment of the
SWI/SNF-related matrix-associated actin-dependent regulator
of chromatin A5 (SMARCA5), an ATP-dependent chromatin
remodeler, and the histone acetyltransferase GCN5. Cell sur-
vival was consequently promoted by the activation role of
SND1 in ATM kinase and downstream DNA repair signaling
pathways [11]. The regulation role of SND1 in chromatin
relaxation and DNA repair processes may also partly contri-
bute to the complicated anti-apoptotic mechanism of SND1-
MYB-UCA1, which requires further evidence.

Taken together, this study provides new insights into the
functional link between SND1 and lncRNA. SND1 affects the
5-Fu-induced apoptosis levels of HCC cells by regulating the
expression of lncRNA UCA1. Furthermore, the effect of the
SND1-MYB complex on the modulation of UCA1 expression
may also be involved in the anti-apoptotic role of SND1 in
hepatocellular carcinoma cells.

Materials and methods

Cell culture and transfection

Human embryonic kidney 293t (HEK 293t) cell line and hepa-
tocellular carcinoma (HCC) cell line HepG2 were purchased
from American Type Culture Collection (ATCC, Manassas,
VA, USA) and cultured according to the manufacturer’s instruc-
tions. HCC cell line SMMC-7721, provided by Dr. Zhi Yao, was
grown in Dulbecco’s modified Eagle’s medium (DMEM,
06-1055-57-1ACS, Gibco) with 10% fetal bovine serum (FBS,
Gibco). The cells were transfected using Lipofectamine 2000
transfection reagent (11668-027, Invitrogen), according to the
manufacturer’s protocol.

Plasmids and stable cell construction

Two shRNAs targeting the SND1 gene cloned into a TRC2-pLKO-
Puro vector (shSND1-#1 and shSND1-#2) were purchased from
Sigma-Aldrich (TRCN0000245142 and TRCN0000245144). Two
published shRNAs againstUCA1 (Supplementary Table 3) [41,42]
were cloned into the TRC2-pLKO-Puro vector with AgeI and
EcoRI sites to obtain two plasmids, namely shUCA1-#1 and
shUCA1-#2.

GLuc-ONTM Promoter Reporter Clones (pEZX-PG04,
GeneCopoeia) were generously gifted by Dr. Li Zhao
(Tianjin Medical University, Tianjin). Full-length and differ-
ent truncations of the UCA1 promoter were cloned into a
pEZX-PG04 vector with SpeI and AgeI sites.

A pLVX-IRES-Puro vector (632183, Clontech) was gener-
ously gifted by Dr. Lei Shi (Tianjin Medical University,
Tianjin). For the pLVX-IRES-Puro-UCA1 plasmid, full-length
UCA1 cDNA (NR_015379.2) was cloned into the pLVX-IRES-
Puro vector with EcoRI and BamHI sites. The cDNA
sequence of the SND1 gene (NM_014390.3) was cloned into
the pLVX-IRES-Puro vector with a Flag sequence at the 5ʹ end

with EcoRI and BamHI sites to obtain a pLVX-IRES-Puro-
Flag-SND1 plasmid. The coding sequence of MYB cDNA
(NM_001130173.1) was cloned into the pLVX-IRES-Puro
vector with a Flag sequence at the 5ʹ end with XhoI and
NotI sites to obtain a pLVX-IRES-Puro-Flag-MYB plasmid.

Lenti-virus particles were produced from the cell culture
supernatant after co-transfection of the above lentiviral
expression plasmid and two envelope expressing plasmids in
HEK293t cells. HepG2 or SMMC-7721 cells were infected
with lenti-virus for 48 h and treated with 2 μg/mL puromycin
for seven days. Thus, positive stable cell lines were obtained.
In addition, a SMMC-7721-SND1-knockout (KO) stable cell
line was generated via a modified CRISPR/Cas9 double-nick-
ing gene editing system [43–45].

Database analysis

Immunohistochemistry analysis data on the expression of SND1
in normal liver tissue and hepatocellular carcinoma tissue were
obtained from the online HPA database (https://www.proteina
tlas.org/pathology). A volcano plot of SND1 expression in liver
hepatocellular carcinoma patients was obtained from the TCGA
database (https://cancergenome.nih.gov/). Data of liver cancer
patients within the TCGA-LIHC project from TCGA database
were downloaded using the GDC (NCI’s genomic data commons)
data transfer tool, and processed by ActivePerl 5.24.2 (http://www.
perl.org/) and R software version 3.4.3 (https://www.r-project.org/
). The edgeR package was used to normalize the expression of
SND1 gene, based on the raw count data. Then, logarithm base 10
(log10) was utilized to transform the data for the following ana-
lyzes. The liver cancer patients were divided into high-expression
and low-expression groups, according to the median value of
SND1 expression. Based on the available vital and other informa-
tion (e.g. age, ethnicity, gender, race, neoplasm histologic grades,
pathologic T/M/N stages, pathologic stages I~ IV, drug, ablation,
or radiation therapy) of the liver cancer patients, IBM SPSS
Statistics 20 Software was used to perform the Kaplan-Meier over-
all survival curves analysis.

Quantitative real-time PCR assay (qPCR)

Total RNA was isolated from cells using TRIzol (15596-026,
Invitrogen). Primerswere synthesized by theGENEWIZ company
(China). The synthetization of cDNA was achieved using the
RevertAid First Strand cDNA Synthesis Kit (K1622, Thermo
Fisher Scientific). PCRs were performed using the FastStart
Universal SYBR Green Master Mix (Roche Diagnostics) on a
StepOne Real-Time PCR System (Applied Biosystems), as
described previously [8]. The detailed primer sequence informa-
tion is listed in Supplementary Table 3.

Western blotting assay

A western blotting assay was performed as previously described
[9]. The following antibodies were used: anti-α-tubulin (1:5000,
T5168, Sigma-Aldrich), anti-β-actin (1:5000, A5441, Sigma-
Aldrich), anti-Bax (1:2000, 50599-2-Ig, Proteintech Group,
Inc.), anti-Bcl-2 (1:1000, 12789-1-AP, Proteintech Group), anti-
MYB (1:500, 17800-1-AP, Proteintech Group). Mouse
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monoclonal anti-SND1 antibody was used as described pre-
viously [10,43]. Image J 2X software (NIMH, Bethesda, MD,
USA) was used to digitize the band density.

Apoptosis assay

Cells were harvested and stimulated using either 6 μg/mL 5-
Fu (F100149, Aladdin) or 5 μg/mL cisplatin (P4394, Sigma-
Aldrich). An Annexin-V FITC Apoptosis Detection Kit
(AD10, Dojindo Laboratories) was then used to stain the
cells, according to the manufacturer’s protocol. The percen-
tage of FITC-positive apoptotic cells was analyzed by flow
cytometry (BD Biosciences FACSVerse, Becton Dickinson).

RNA microarray detection

HepG2 stable cell lines of shSND1-#1 and pLKO-Vector were
treated with 6 μg/mL 5-Fu. Then, 48 h after treatment, we
extracted and purified total RNA using TRIzol reagent (Life
Technologies) and RNeasy mini kit (Qiagen). Next, we synthe-
sized the cDNA using an Ambion WT Expression Kit
(Affymetrix), and obtained the cRNA by using a GeneChip
WT Terminal Labeling and Controls Kit (Affymetrix, Inc.).
Affymetrix Human Transcriptome Array 2.0 was then utilized
to hybridize the fragmented cRNA product. After washing and
staining in the GeneChip Fluidics Station 450, we used the
Affymetrix® GeneChip Command Console (AGCC) and robust
multichip analysis (RMA) algorithms to scan the arrays and
analyze the data, under the Affymetrix default settings and
normalization procedures (global scaling). The log2 RMA signal
intensity data was obtained. Student’s t test was utilized for the
identification of differentially expressed genes between the
shSND1-#1 and sh-Vector groups. The threshold of significant
P value less than 0.05 and fold change (FC) larger than 1.2 was
applied. After the submission of our data, we obtained a gene
expression omnibus (GEO) accession number, ‘GSE114447’,
from the national center for biotechnology information (NCBI).

Co-immunoprecipitation (Co-IP) assay

A Co-IP assay was performed as previously described [10].
Briefly, total cell lysates were extracted with RIPA lysis
buffer (50mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate) supplemented with phe-
nylmethanesulfonylfluoride fluoride (PMSF) and protease
inhibitor cocktails (PIC, 04693124001, Roche Applied
Science). Then, 500 μg of total cell lysates were incubated
with a mouse anti-SND1 antibody, mouse anti-IgG antibody
(sc-2025, Santa Cruz Biotechnology), as a negative control,
followed by incubation with Pierce Protein A/G agarose
(20422, Thermo Fisher Scientific). The bound proteins
were analyzed by SDS-PAGE and blotted with anti-MYB
antibody (Proteintech Group).

Electrophoretic mobility shift assay (EMSA)

Cells treated with 5-Fu were harvested and ruptured with CP
buffer (10 mM Tris-HCl, pH 8.0, 10 mM KCl, 1.5 mM MgCl2,
1 mM DTT, 1% Nonidet P-40) supplemented with PMSF and

PIC. After maintaining on ice for 10 min, centrifugation was
performed to select the nuclear precipitates, which were sus-
pended in NE buffer (20 mM Tris-HCl, pH 8.0, 200 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 5%
glycerol) and supplemented with PMSF and PIC. The nuclear
lysates were obtained through sonication and centrifugation.
Biotinylated probes and unlabeled probes were synthesized by
the GENEWIZ company. Supplementary Table 3 shows the
detailed probe information. Anti-MYB antibody (1 μL,
Proteintech Group) was used. EMSA experiments were per-
formed using a Chemiluminescent EMSA Kit (GS009,
Beyotime), according to the manufacturer’s protocol.

GLuc-ON promoter reporter assay

Cells were co-transfected with the plasmids of the GLuc-UCA1
promoter (full-length or different truncations), Flag-SND1 or
Flag-MYB. GLuc-UCA1 promoter Full-length was co-transfected
with plasmids of Flag-MYB and pLKO-shSND1 (#1 or #2). The
gaussia luciferase (GLuc) and secreted alkaline phosphatase
(SEAP) assays were performed using a Secrete-Pair Dual
Luminescence Assay Kit (SPDA-D010, GeneCopoeia), according
to the manufacturer’s protocols. The relative GLuc activity was
normalized to SEAP activity. The sequence information is shown
in Supplementary Table 3.

Chromatin immunoprecipitation assay (ChlP)

A ChIP assay was performed as described previously [8]. Cell
nuclear lysates (100 μg) were incubated with antibodies and
Magna ChIP Protein A + G Magnetic Beads (16–663,
Millipore) or with anti-Flag M2 Affinity Gel (A2220, Sigma-
Aldrich). The purified immunoprecipitated DNA samples
were obtained with a QIAquick PCR Purification Kit (28104,
Qiagen) and measured by qPCR assay with specific primers
(shown in supplementary Table 3).

Tumor implantation and treatment in nude mice

Six-week-old male athymic pathogen-free nude mice were
used. To establish xenografts, 5 × 106 cells (in 150 μL PBS)
of HepG2 pLKO-Vector, shSND1-#1, shSND1-#1+ UCA1,
or shUCA1-#1 stable cell lines were separately subcuta-
neously injected into the right flank area of the mice. Ten
days after injection, 5-Fu (30 mg/kg) was administered by
intraperitoneal injection twice every 15 days. All mice were
monitored for activity, body weight, and tumor growth. At
the end of the experiments, mice were sacrificed, and the
weight and size of the xenograft tumors were measured. All
mouse procedures were approved by the committee on the
use and care of animals of Tianjin Medical University.

Nuclear-cytoplasmic distribution analysis

Cytoplasmic and nuclear RNAs in HepG2 with or without
5-Fu treatment were isolated and purified using a PARIS
kit (AM1921, Life Technology), according to the manufac-
turer’s protocol. The RNAs were reverse-transcribed, and
the expression level of the UCA1 gene was measured by
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qPCR assay. The glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) gene was used as the cytoplasmic control and
U6 RNA was used as the nuclear control. The detailed
primer sequence information is shown in Supplementary
Table 3.

Statistical analysis

Student’s t test and one-way analysis of variance (ANOVA)
followed by a multiple mean comparisons Student-Newman-
Keuls (SNK) test were performed to compare the difference
between the experimental groups. Univariate/multivariate Cox
regression and Log-rank test were performed for survival analy-
sis. A Chi-square (χ2) test was performed to analyze the correla-
tion between SND1 expression and the clinicopathological
features of the liver cancer patients in the TCGA database. A P
value lower than 0.05 was indicative of a statistically significant
difference. IBM SPSS Statistics 20 Software was utilized for the
above statistical analysis.
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