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Background: Staphylococcal nuclease domain-containing 1 (SND1) is overexpressed in human hepatocellular carcinoma
(HCC).
Results: SND1 augments tumor angiogenesis by activating NF-�B, resulting in the induction of miR-221, which subsequently
induces angiogenin and CXCL16.
Conclusion: A novel pathway activated by SND1 is identified as contributing to tumor angiogenesis.
Significance: SND1 promotes hepatocarcinogenesis by multiple ways indicating that small molecule inhibitors of SND1might
be effective therapies for HCC.

Staphylococcal nuclease domain-containing 1 (SND1) is a
multifunctional protein that is overexpressed in multiple can-
cers, including hepatocellular carcinoma (HCC). Stable overex-
pression of SND1 in Hep3B cells expressing a low level of SND1
augments, whereas stable knockdown of SND1 in QGY-7703
cells expressing a high level of SND1 inhibits establishment of
xenografts in nude mice, indicating that SND1 promotes an
aggressive tumorigenic phenotype. In this studywe analyzed the
role of SND1 in regulating tumor angiogenesis, a hallmark of
cancer. Conditioned medium from Hep3B-SND1 cells stably
overexpressing SND1 augmented, whereas that from QGY-
SND1si cells stably overexpressing SND1 siRNA significantly
inhibited angiogenesis, as analyzed by a chicken chorioallantoic
membrane assay and a human umbilical vein endothelial cell
differentiation assay. We unraveled a linear pathway in which
SND1-induced activation of NF-�B resulted in induction of
miR-221 and subsequent induction of angiogenic factorsAngio-
genin and CXCL16. Inhibition of either of these components
resulted in significant inhibition of SND1-induced angiogene-
sis, thus highlighting the importance of this molecular cascade
in regulating SND1 function. Because SND1 regulates NF-�B
and miR-221, two important determinants of HCC controlling

the aggressive phenotype, SND1 inhibitionmight be an effective
strategy to counteract this fatal malady.

Staphylococcal nuclease domain-containing 1 (SND1), a
multifunctional nuclease containing four staphylococcal
nuclease domains and a tudor domain, regulates a variety of
cellular functions (1). As a coactivator it facilitates transcrip-
tional activity of STAT5, STAT6, and c-Myb (2–4). SND1
interacts with spliceosomal small nuclear ribonucleoproteins
via its tudor domain and accelerates the kinetics of spliceosome
assembly and splicing activity, thereby facilitating pre-mRNA
splicing (5). SND1 is a component of the RNA-induced silenc-
ing complex (RISC)4 and, consequently, regulates RNAi-medi-
ated gene silencing (6). It is also involved in stabilizing specific
mRNA, leading to increased translation (7). SND1 is cleaved by
caspases during drug-induced apoptosis (8). A non-cleavable
SND1 mutant increased cell viability, and knocking down
SND1 promoted drug-induced apoptosis (8). It was demon-
strated that enzymatic activity of SND1 is required for its anti-
apoptotic activity.
Although SND1 is known to regulate cell viability, its role in

the carcinogenic process is not well understood. Antisense
inhibition of SND1 in B lymphoblasts results in cell death (9).
Proteomic profiling identified high SND1 expression in meta-
static breast cancer cells and also in tumor samples of meta-
static breast cancer patients (10). SND1 is overexpressed in
human colon cancers, and overexpression of SND1 in rat intes-
tinal epithelial cells resulted in loss of contact inhibition and
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promoted cell proliferation via activation of the Wnt signaling
pathway (11). SND1 overexpression has been detected in pros-
tate cancer, and siRNA inhibition of SND1 inhibited viability of
prostate cancer cells (12). Our recent studies document that
SND1 interacts with the oncogene astrocyte-elevated gene 1
(AEG-1) in RISC and that SND1 is overexpressed in human
hepatocellular carcinoma (HCC) (13). The overexpression of
both AEG-1 and SND1 in human HCC cells confers increased
RISC activity that facilitates degradation of tumor suppressor
mRNAs by oncogenic miRNAs such as miR-221, thereby pro-
moting the hepatocarcinogenic process (13). Stable overex-
pression of SND1 inHep3B cells expressing a low level of SND1
augments, whereas stable knockdown of SND1 in QGY-7703
cells expressing a high level of SND1 inhibits establishment of
xenografts in nude mice, indicating that SND1 promotes an
aggressive tumorigenic phenotype (13). Breast cancer cells
overexpress SND1,which interactswithAEG-1, and the impor-
tance of SND1 in breast cancer metastasis has been delineated
recently (14).
Tumor angiogenesis plays a critical role in the development

and progression of HCC (15). HCC is one of the most vascular
solid cancers, associated with a high propensity for vascular
invasion, and its growth relies on the formation of new blood
vessels by diverse angiogenic factors (16). The chemokine
CXCL16 is overexpressed in a diverse array of cancers and pro-
motes invasion, angiogenesis, and metastasis (17). Soluble
CXCL16 binds with its cognate receptor CXCR6 and activates
multiple signal transduction pathways, includingAkt/mamma-
lian target of rapamycin (mTOR) and NF-�B (17). Angiogenin,
originally discovered in a human colon cancer cell line, is a
liver-derived polypeptide that shows strong angiogenic activity
in vivo and regulates angiogenesis under both physiological and
pathological conditions (18). Angiogenin is highly expressed in
tumor tissue, and elevated serum Angiogenin concentration is
observed in patients with various malignancies, suggesting its
involvement in neovascularization (19–21). In human HCC,
overexpression of angiogenin correlates with increased vascu-
larity (22).
In this study, we document that SND1 promotes angiogene-

sis by augmenting the production of angiogenin and CXCL16.
SND1 activates NF-�B, resulting in increased expression of
miR-221, a known onco-miRNA for human HCC (23). We
demonstrate that SND1-induced miR-221 is involved in regu-
lating increased expression of angiogenin and CXCL16. Thus,
we unravel a previously unknown angiogenic pathway depend-
ent on SND1 that might be critical in regulating progression
and metastasis of HCC.

MATERIALS AND METHODS

Cell Lines, Culture Conditions, and Adenovirus—The gener-
ation of the Hep3B-Con, Hep3B-SND1–17, QGY-Consi, and
QGY-SND1si-12 clones was described (13). Hep3B cells were
obtained from the ATCC and were cultured as recommended.
The human HCC cell line QGY-7703 was developed at Fudan
University, Shanghai, obtained from Dr. Zhao-zhong Su, and
cultured as described (13). Human vascular endothelial cells
(HUVEC)were obtained fromLonza andwere cultured accord-

ing to the provided protocol. Ad.vec and Ad.I�B�mt32 con-
struction and transduction were described (24).
Plasmids, siRNAs, Transfection, and Luciferase Assay—The

construction of miR-221 expression plasmid was described
(25). The anti-miR-221 expression plasmid was obtained from
GeneCopoeia. 3�B-Luc, containing three tandemNF-�B bind-
ing sites upstream of the luciferase gene, was described (24).
Control siRNA and siRNAs for angiogenin and CXCL16 were
obtained from Santa Cruz Biotechnology. All constructs were
transfected intoHCC cells using Lipofectamine 2000 according
to the manufacturer’s protocol. For the luciferase assay, cells
were treated with TNF-� (10 ng/ml) for 12 h, and luciferase
activity was measured as described (24).
Immunohistochemistry—Immunohistochemistry in forma-

lin-fixed paraffin-embedded tumor sections was performed as
described (13). The primary antibodies were anti-SND1 (rabbit
polyclonal, 1:100, Prestige antibodies� powered by Atlas anti-
bodies from Sigma) and anti-CD31 (1:200, mouse monoclonal
antibodies,Dako). The signalswere developed by avidin-biotin-
peroxidase complexes with a diaminobenzidine (DAB) sub-
strate solution (Vector Laboratories). Images were analyzed
using an Olympus microscope.
CAM Assay—Cells were seeded on the CAM surface of

9-day-old chick embryos according to established protocols
(26). Oneweek after inoculation, the neovasculature was exam-
ined and photographed. Angiogenesis was quantified by count-
ing the blood vessel branch points under a stereo microscope.
The angiogenic indexwas calculated by subtracting the number
of branch points from the branching in the control group.
Capillary-like Tube Formation Assay—Tube formation by

HUVECs was performed using a Cultrex basement membrane
extract (R&D Systems) as described (27). HUVECswere seeded
in 96-wells plates at 5 � 104 cells/well, treated with the condi-
tioned medium collected from SND1-overexpressing and
SND1 knockdownHCC cells, and incubated at 37 °C overnight.
Images were captured using an inverted microscope (Nikon),
and the degree of network formation was quantified using an
image analyzer (National Institutes of Health Image).
Human Angiogenesis Array—The expression levels of 55

angiogenesis-associated proteins were analyzed using condi-
tioned media from cells cultured in serum-free condition with
the human angiogenesis antibody array kit (R&D Systems,
Proteome ProfilerTM) according to the manufacturer’s
instructions.
ELISA—The expression of CXCL16 and Angiogenin was

analyzed in supernatants of cells cultured in serum-free condi-
tion using ELISA kits (R&D Systems, QuantakineR) according
to the manufacturer’s instructions.
Preparation of Nuclear Fractions and Western Blot

Analysis—Nuclear fractions were prepared as described (24).
Western blot analysis was performed using primary antibodies,
anti-p65 (rabbit polyclonal antibody, 1:200, Santa Cruz Bio-
technologies), anti-nucleolin (mouse monoclonal antibody,
1:200, Santa Cruz Biotechnology), anti-phospho-I�B� (rabbit
polyclonal antibody, 1:1000, Cell Signaling Technology), anti-
I�B� (rabbit polyclonal antibody, 1:1000, Cell Signaling Tech-
nology), anti-phospho-IKK� (rabbit polyclonal antibody,
1:1000, Cell SignalingTechnology), and anti-IKK� (rabbit poly-
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clonal antibody, 1:1000, Cell Signaling Technology) as
described (28).
Total RNAExtraction andReal-time PCRAssay—Total RNA

was extracted using the miRNAeasy mini kit (Qiagen). Real-
time PCR was performed using an ABI 7900 fast real-time PCR
system andTaqmanmiRNA expression assays according to the
manufacturer’s protocol (Applied Biosystems).
NudeMiceXenograft Studies—QGY-7703 cells were infected

with Ad.vec or Ad.I�B�mt32 ex vivo at a multiplicity of infec-
tion of 1000 viral particle (vp)/cell, and after 18 h, subcutaneous
xenografts were established in the flanks of athymic nude mice
using 1 � 106 cells (13). Tumor volume was measured twice
weekly with a caliper and calculated using the formula �/6 �
larger diameter � (smaller diameter)2. The animals were sacri-
ficed after 4 weeks. The experiments were performed twice
with six mice per group in each experiment.
Statistical Analysis—Data were represented as the mean �

S.E. and analyzed for statistical significance using one-way anal-
ysis of variance followed by a Newman-Keuls test as a post-hoc
test. A p value of � 0.05 was considered significant.

RESULTS

SND Induces Angiogenesis—We have documented recently
that Hep3B and QGY-7703 cells express low and high levels of
SND1, respectively (13). Stable overexpression of SND1 in
Hep3B cells significantly augments, whereas stable knockdown
of SND1 in QGY-7703 cells significantly inhibits formation of
subcutaneous xenografts in athymic nude mice (13). These
findings were observed in multiple clones of SND1-overex-
pressing Hep3B cells as well as SND1 knockdown QGY-7703
cells, and these clones have been characterized in detail (13).
Because angiogenesis is an integral component of aggressive
tumors, we analyzed the role of SND1 in facilitating tumor
angiogenesis. Immunohistochemical analysis revealed signifi-
cantly high levels of CD31, a marker for microvessels denoting
increased angiogenesis, in tumors from the Hep3B-SND1–17
clone compared with that from the control Hep3B clone
(Hep3B-Con) (Fig. 1A). As a corollary, a significant decrease in
CD31 expression was observed in tumors from the QGY-
SND1si-12 clone compared with that from the QGY-Consi
clone, expressing control scrambled siRNA (Fig. 1A). The
proangiogenic property of SND1 was characterized further
using a CAM assay by implanting SND1-overexpressing and
SND1 knockdown clones in 9-day-old chick embryos. After 1
week, neovascularization was examined, photographed, and
quantified. Significantly marked outgrowth of new blood ves-
sels from the tumor core region was observed in the Hep3B-
SND1–17 and QGY-Consi clones when compared with the
Hep3B-Con andQGY-SND1si-12 clones, respectively (Fig. 1, B
and C). These findings were extended further by endothelial
cell tube formation assays. HUVECs, cultured on basement
membrane extract, rapidly align, extend processes into the
matrix, and finally form capillary-like structures surrounding a
central lumen. Conditioned medium (CM) from the Hep3B-
SND1–17 andQGY-Consi clonesmarkedly enhanced tube for-
mation when compared with the CM from theHep3B-Con and
QGY-SND1si-12 clones, respectively (Fig. 1, D and E). These
findings confirm that SND1 is a potent inducer of angiogenesis.

SND1 Induces Angiogenesis by Up-regulating Angiogenin and
CXCL16—To identify the angiogenic factors induced by SND1,
we screened a human angiogenesis array using CM from the
Hep3B-Con, Hep3B-SND1–17, QGY-Consi, and QGY-
SND1si-12 clones.Markedly increased levels of angiogenin and
CXCL16 andmoderate increases in VEGFwere observed in the
Hep3B-SND1–17 andQGY-Consi clones when comparedwith
the Hep3B-Con and QGY-SND1si-12 clones, respectively (Fig.
2A and supplemental Fig. S1). In addition, insulin-like growth
factor binding protein-3 (IGFBP3) and PAI-1 (SERPINE1) also
showed induction by SND1, albeit at a lower level. Because the
most robust changes were observed for angiogenin and
CXCL16, we further interrogated the roles of these molecules
in SND1-induced angiogenesis. The induction of angiogenin
andCXCL16 by SND1was confirmed by ELISA usingCM from
the cells. Indeed, both angiogenin and CXCL16 levels were sig-
nificantly higher in the Hep3B-SND1–17 and QGY-Consi
clones when compared with the Hep3B-Con and QGY-
SND1si-12 clones, respectively (Fig. 2, B and C).
We confirmed the role of CXCL16 and angiogenin in the

process of angiogenesis. CAMwas treated with either CXCL16

FIGURE 1. SND1 induces angiogenesis. A, tumor sections from subcutane-
ous xenografts established in nude mice by Hep3B-Con, Hep3B-SND1–17,
QGY-Consi, and QGY-SND1si-12 cells were stained for CD31 (upper panel) and
SND1 (lower panel). B, the indicated cells were implanted in CAM, and neovas-
cularization was photographed. C, graphical representation of new blood
vessel formation in CAM when the indicated cells were implanted. The exper-
iments were performed twice using eight eggs per group. Data represent
mean � S.E. *, p � 0.05. D, HUVECs were treated with conditioned media from
the indicated cells, and tube formation was photographed. E, graphical rep-
resentation of tube formation by HUVECs treated with conditioned media
from the indicated cells. The experiments were performed twice using tripli-
cates per group. Data represent mean � S.E. *, p � 0.05.
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or angiogenin to induce angiogenesis, and then the effects of
these factors were blocked by corresponding neutralizing anti-
body. Inhibition of CXCL16 or angiogenin by its respective
antibody profoundly inhibited neovascularization inCAM (Fig.
3A). Similarly, treatment of HUVECs with CXCL16 or angio-
genin significantly augmented tube formation that was mark-
edly inhibited by the corresponding neutralizing antibody (Fig.
3B), confirming that bothCXCL16 andAngiogenin play critical
roles in regulating tumor angiogenesis. An isotype control anti-
body did not affect HUVEC tube formation, and angiogenin
antibody did not affect CXCL16-induced tube formation and
vice versa (supplemental Fig. S2). Next, we analyzed the
involvement of angiogenin and CXCL16 in mediating SND1-
induced angiogenesis. Hep3B-SND1–17 and QGY-7703 cells
were transfected with either control siRNA or with angiogenin
siRNA, and the CMwas evaluated in CAM and HUVEC differ-
entiation assays. Comparedwith the control, scrambled siRNA,
angiogenin siRNA markedly inhibited neovascularization in
CAM and HUVEC tube formation by the CM (Fig. 3, C and D,
respectively). Similar findings were also obtained using
CXCL16 siRNA (Fig. 3, E and F), confirming the key roles of
angiogenin and CXCL16 in SND1-induced angiogenesis. A
combination of angiogenin and CXCL16 siRNA further inhib-
ited tube formation when compared with either siRNA alone
(supplemental Fig. S3).
SND1-induced Angiogenesis Involves miR-221—In our previ-

ous studieswe documented that as a component of RISC, SND1
facilitates miRNA-mediated gene regulation, especially the
expression of genes that are regulated bymiR-221 (13). Because
both SND1 and miR-221 are overexpressed in HCC and
because they complement each other (13, 23), we determined
whether miR-221 plays any role in mediating SND1-induced
angiogenesis. Comparedwith theHep3B-Con clone therewas a
significant increase in the mature miR-221 level in the Hep3B-
SND1–17 clone (Fig. 4A). Similarly, the miR-221 level in QGY-
SND1si-12 was significantly less than that in the QGY-Consi
clone (Fig. 4A). As a corollary, the pri-miR-221 level was higher
in the Hep3B-SND1–17 and QGY-Consi clones when com-
paredwith that in theHep3B-Con andQGY-SND1si-12 clones,

respectively, demonstrating that SND1 induces miR-221 at the
transcriptional level (Fig. 4B). Because angiogenin andCXCL16
are major mediators of SND1-induced angiogenesis, we
checked the role of miR-221 in regulating angiogenin and
CXCL16 expression. Overexpression of miR-221 in the

FIGURE 2. SND1 induces Angiogenin and CXCL16. A, a human angiogenesis
array was screened using CM from the indicated cells. Representative expres-
sion levels of angiogenin, CXCL16, and VEGF are shown. The experiment was
performed twice. Angiogenin (B) and CXCL16 (C) levels in the conditioned
media of the indicated cells are as determined by ELISA. The cytokine levels
were adjusted to per mg of total cellular protein. The experiments were per-
formed twice using triplicates per group. Data represent mean � S.E. *, p �
0.05.

FIGURE 3. Angiogenin and CXCL16 are required for SND1-induced angio-
genesis. A, CAM was treated either with CXCL16 or angiogenin with or with-
out corresponding neutralizing antibody, and neovascularization was quan-
tified. The experiments were performed twice with eight eggs per group. B,
HUVECs were treated either with CXCL16 or angiogenin with or without cor-
responding neutralizing antibody, and tube formation was quantified. The
experiments were performed twice using triplicates per group. Hep3B-
SND1–17 and QGY-7703 cells were transfected either with control siRNA or
angiogenin siRNA, and the CM was subjected to CAM assay (C) and tube
formation assay (D). Hep3B-SND1–17 and QGY-7703 cells were transfected
either with control siRNA or CXCL16 siRNA, and the CM was subjected to CAM
assay (E) and tube formation assay (F). The experiments were performed twice
using triplicates per group. Data represent mean � S.E. *, p � 0.05.

FIGURE 4. SND1-induced miRNA-221 regulates angiogenin and CXCL16
expression. A and B, analysis of miRNA-221 (A) and pri-miR-221 (B) expression
in the indicated cells. C, Hep3B-Con and QGY-SND1si-12 cells were trans-
fected with either control empty vector or miR-221 expression constructs,
whereas Hep3B-SND1–17 and QGY-Consi cells were transfected with either
empty vector or anti-miR-221 expression construct, and the angiogenin level
was measured in the culture supernatant after 48 h by ELISA. D, the treatment
was performed as in C, and CXCL16 level was measured in the culture super-
natant after 48 h by ELISA. The experiments were performed twice using
triplicates per group. Data represent mean � S.E. *, p � 0.05.
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Hep3B-Con and QGY-SND1si-12 clones significantly
increased, whereas knockdown of miR-221 by anti-miR-221
in the Hep3B-SND1–17 and QGY-Consi clones significantly
decreased both angiogenin and CXCL16 levels (Fig. 4C& 4D)
indicating that miR-221 regulates the expression of these
angiogenic factors. Indeed, knockdown of miR-221 by anti-
miR-221 in the Hep3B-SND1–17 and QGY-7703 cells signifi-
cantly inhibited neovascularization in CAM and HUVEC dif-
ferentiation by the CM from the treated cells (Fig. 5, A and B).
SND1 Activates NF-�B to Induce miR-221—Because the

miR-221 level has been shown to be regulated by NF-�B (29),
which is also a major proangiogenic factor, we checked the
involvement of NF-�B in SND1-mediated miR-221 induction,
leading to angiogenesis. To check NF-�B activity, Hep3B-Con,
Hep3B-SND1–17, QGY-Consi, and QGY-SND1si-12 cells
were transfected with a reporter vector, 3�B-Luc, containing
three tandem NF-�B binding sites upstream of the luciferase
gene along with a Renilla luciferase expression construct,
treated with TNF-�, a known activator of NF-�B, and then
luciferase activity was determined (28). Firefly luciferase activ-
ity was corrected byRenilla luciferase activity. The basal NF-�B
activity was significantly higher inHep3B-SND1–17 andQGY-
Consi cells compared with that in Hep3B-Con and QGY-
SND1si-12 cells, respectively (Fig. 5C). However, upon treat-
ment with TNF-�, NF-�B activity was markedly increased in
Hep3B-SND1–17 and QGY-Consi cells compared with that in
Hep3B-Con and QGY-SND1si-12 cells (Fig. 5C), indicating
that SND1 significantly potentiates NF-�B activity. In nuclear
fractions of Hep3B-SND1–17 andQGY-Consi cells, the level of
the p65 subunit of NF-�B was significantly higher compared
with that in Hep3B-Con and QGY-SND1si-12 cells, respec-

tively, and this phenomenon was further accentuated upon
treatment with TNF-� (Fig. 5D). Increased phosphorylation of
IKK� and I�B� was observed in the Hep3B-SND1–17 clone
compared with the Hep3B-Con clone, and a corresponding
decrease was observed in the QGY-SND1si-12 clone when
compared with the QGY-Consi clone, indicating that SND1
augments a canonical pathway of NF-�B activation (supple-
mental Fig. S4).
The role of NF-�B in SND1-induced angiogenesis was ana-

lyzed using an adenovirus expressing the mt32I�B� superre-
pressor (I�B�mt32), Ad.I�B�mt32, which inhibits I�B� degra-
dation and subsequent NF-�B nuclear translocation (30).
Inhibition of NF-�B significantly abrogated angiogenin and
CXCL16 generation by Hep3B-SND1–17 and QGY-7703 cells
(Fig. 6, A and B). CM of Hep3B-SND1–17 and QGY-7703 cells
infected with Ad.I�B�mt32 induced significantly less neovas-
cularization in CAM and HUVEC tube formation compared
with CM of cells infected with control empty adenovirus
(Ad.vec) (Fig. 6, C and D). Compared with Ad.vec,
Ad.I�B�mt32 significantly inhibited miR-221 levels in Hep3B-
SND1–17 and QGY-7703 cells, demonstrating the transcrip-
tional regulation of miR-221 by NF-�B (Fig. 6E). The role of
NF-�B in regulating tumor growth was confirmed by in vivo
assays. QGY-7703 cells were treated with either Ad.vec or
Ad.I�B�mt32 and were subcutaneously implanted into athy-
mic nude mice 18 h later before induction of any in vitro cyto-
pathic effect. In a 4-week assay, tumor growth was markedly
inhibited upon treatment with Ad.I�B�mt32 versus Ad.vec
(Fig. 7, A--C). Histological analysis of the tumors show mitotic
cells and radiating blood vessels in the Ad.vec-treated group,
whereas Ad.I�B�mt32-treated tumors were significantly hypo-
cellular with areas of necrosis (Fig. 7D).

FIGURE 5. SND1 activates NF-�B to induce miR-221 expression. Hep3B-
SND1–17 and QGY-7703 cells were transfected with either empty vector or
anti-miR-221 expression construct, and the CM was subjected to CAM assay
(A) and tube formation assay (B). C, the indicated cells were transfected with
either the empty pGL3-basic vector or 3�B-Luc along with the Renilla lucifer-
ase construct and treated with TNF-� (10 ng/ml) for 12 h. Firefly luciferase
activity was normalized by Renilla luciferase activity and further by activity of
the pGL3-basic vector. Data represent mean � S.E. *, p � 0.05. D, nuclear
fractions from the indicated cells, treated or not treated with TNF-� for 12 h,
were subjected to Western blot analysis for the p65 subunit of NF-�B and
nucleolin as a loading control.

FIGURE 6. Inhibition of NF-�B blocks SND1-induced angiogenesis. Hep3B-
SND1–17 and QGY-7703 cells were infected with either Ad.vec or
Ad.I�B�mt32, and angiogenin (A) and CXCL16 (B) levels were measured in
culture supernatants by ELISA. Conditioned media were collected after simi-
lar treatment as in A and subjected to CAM assay (C) and tube formation assay
(D). Data represent mean � S.E. *, p � 0.05. E, Hep3B-SND1–17 and QGY-7703
cells were treated as in A, and the miR-221 level was determined by real-time
PCR. F, schematic representation of the molecular pathway involved in SND1-
induced angiogenesis.
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DISCUSSION

We now unravel a previously uncharacterized pathway
involving SND1, NF-�B, miR-221, and angiogenic factors
CXCL16 and angiogenin-regulating tumor angiogenesis in
HCC (Fig. 6F). All of these components are overexpressed in
diverse cancers, and we presently link them together in a
defined end point of angiogenesis. The key players identified in
this study extensively cross-talk with each other. CXCL16 can
be induced by TNF-� treatment via NF-�B activation, and both
CXCL16 and angiogenin activate NF-�B, thus establishing a
positive feedback regulation (31–33). Both CXCL16 and angio-
genin activate Akt/mTOR signaling, which in turn is involved
in CXCL16 and angiogenin expression and secretion (34, 35).
On the other hand, miR-221 targets phosphatase and tensin
homolog (PTEN) and DDIT4, inhibitors of the Akt/mTOR
pathway (23). Thus, an expansive protumorigenic signaling
network lies downstream of SND1. Compared with normal
liver, SND1 expression is markedly elevated in human HCC,
and its expression increases with disease progression (13).
SND1might be an important determinant ofHCCprogression,
and targeted inhibition of SND1 could be an effective way to
counteract this disease. The observation that SND1 lies
upstream of major contributors of HCC, such as NF-�B and
miR-221, further strengthens the rationale of SND1 inhibition
as a means of treating HCC. 3�, 5�-deoxythymidine bisphos-
phate is a known inhibitor of SND1 enzymatic activity (6).

However, it works at a high micromolar concentration, pre-
cluding its use clinically. Thus, there is an important need to
develop clinically relevant small-molecule inhibitors of SND1
as potential anti-cancer therapeutics.
Our findings raise several important questions that need to

be addressed in follow-up studies. First, what is the underlying
mechanism of SND1-induced NF-�B activation? SND1 func-
tions as a coactivator for several transcription factors (2–4).
Does SND1 interact with NF-�B and increases its transactiva-
tion function? AEG-1, the interacting partner of SND1 (13),
interacts with NF-�B and CBP/p300 to augment NF-�B func-
tion (28). Upon treatment with TNF-�, AEG-1 translocates
into the nucleus where it interacts with NF-�B (9). Although
AEG-1/SND1 interaction in the RISC is observed in the cyto-
plasm (13), it might be possible that upon stimulation, such as
by TNF-�, the AEG-1�SND1 complex translocates to the
nucleus to interact with NF-�B. However, a coimmunoprecipi-
tation experiment did not detect potential interaction between
SND1 and p65 subunit of NF-�B (data not shown), and we
observed phosphorylation of IKK� and I�B� upon SND1 over-
expression, suggesting activation of a canonical NF-�B signal-
ing pathway by SND1. The mechanism by which SND1 acti-
vates IKK� remains to be determined.
Second, how does miR-221 induce CXCL16 and angiogenin

production? Is there a commonnegative regulator of both these
factors that is a target of miR-221? CXCL16 exists as a trans-
membrane (TM-CXCL16) form and as a soluble form
(sCXCL16), and it is sCXCL16 that promotes angiogenesis and
metastasis via interaction with CXCR6 (17). TM-CXCL16
needs to be cleaved by disintegrin-like metalloproteinases
ADAM10 and ADAM17 to generate sCXCL16 (17, 31). Tissue
inhibitor of metalloproteinase 3 (TIMP3) is an endogenous
inhibitor of both ADAM10 and ADAM17 (36). More impor-
tantly, TIMP3 is also a target of miR-221 (37). Thus, miR-221
might increase sCXCL16 production by down-regulating
TIMP3 and augmenting ADAM10 and ADAM17 activity.
Angiogenin is the most up-regulated gene in a transgenic
mouse with prostate-specific overexpression of Akt (38).
Because miR-221 targets PTEN, leading to the activation of the
Akt pathway, this might be a potential mechanism by which
miR-221 induces angiogenin expression.
In summary, our previous and current observations from in

vivo and in vitro studies established SND1 as a major nodal
point in the carcinogenic network. Its overexpression in diverse
cancer indications, its ability to regulate various protumori-
genic signaling cascades and molecular events, and the pres-
ence of a potential druggable enzymatic domain strongly advo-
cates SND1 as a promising target for anti-cancer therapy.
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