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Metastasis is the deadliest and most poorly understood fea-
ture of malignant diseases. Recent work has shown that Metad-
herin (MTDH) is overexpressed in over 40% of breast cancer
patients and promotes metastasis and chemoresistance in
experimental models of breast cancer progression. Here we
applied mass spectrometry-based screen to identify staphylo-
coccal nuclease domain-containing 1 (SND1) as a candidate
MTDH-interacting protein. After confirming the interaction
between SND1 and MTDH, we tested the role of SND1 in breast
cancer and found that it strongly promotes lung metastasis.
SND1 was further shown to promote resistance to apoptosis and
to regulate the expression of genes associated with metastasis
and chemoresistance. Analyses of breast cancer clinical mi-
croarray data indicated that high expression of SND1 in primary
tumors is strongly associated with reduced metastasis-free sur-
vival in multiple large scale data sets. Thus, we have uncovered
SND1 as a novel MTDH-interacting protein and shown that it is
a functionally and clinically significant mediator of metastasis.

Metastasis is responsible for the majority of cancer-related
deaths (1). An increasing number of genes have been implicated
in mediating different steps of metastasis, but relatively few are
mechanistically well characterized (2). One recently verified
mediator of distant metastasis is Metadherin (MTDH?; also
called Lyric and AEG1 (3-5)). MTDH has been shown to be a
key functional target of the 8q22 genomic gain that is frequently
observed in poor prognosis breast cancer patients (6). Beyond
promoting experimental lung metastasis (3, 6), multiple studies
have implicated MTDH as a mediator of several cancer-related
processes, such as oncogenesis and angiogenesis (7, 8), invasion
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(9), chemoresistance (6, 10—12), apoptosis resistance (13), and
autophagy (14). Despite the abundance of MTDH phenotypes,
a consensus understanding of its underlying molecular mecha-
nisms has not yet been reached. MTDH has been shown to
influence several oncogenic signaling pathways and transcrip-
tion factors, such as Ha-Ras (15), PI3K/AKT (13), ERK, Wnt/3-
catenin (8), NF-«B (16), c-Myc (15), and FOXO1/FOXO3a (17,
18). However, MTDH regulation of signaling pathways appears
to be context-dependent with affected pathways varying by
tumor type and cell line (19, 20). Furthermore, prior work on
MTDH molecular mechanisms has largely focused on hypoth-
esis-driven investigations into the ability of MTDH to influence
classical oncogenic pathways with little exploration to date on
protein-level interactions (16, 21).

In this study, we aimed to expand the knowledge of MTDH
molecular functionality and also uncover novel genes involved
in promoting distant metastasis. Our approach utilized an
unbiased, mass spectrometry-based screen for MTDH-inter-
acting partners. We identified and characterized the interac-
tion between MTDH and one such protein, SND1. SND1 is a
multifunctional protein with reported roles in transcriptional
activation (22), RNA editing (23, 24), formation of the RNA-
induced silencing complex (25), and regulation of spliceosome
activity (26) and the apoptotic cascade (27). However, its func-
tional role in tumorigenesis or metastasis has not yet been eval-
uated. Here we report experimental and clinical data indicating
that, in addition to interacting with MTDH, SND1 is in its own
right a powerful novel mediator of breast cancer lung
metastasis.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—SCP28 and LM2 cells were
derived from the parental cell line MDA-MB-231 (American
Type Culture Collection) (28, 29). These sublines, their genet-
ically modified variants, the retroviral packaging cell line H29,
and 293T cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, Fungi-
zone, and antibiotics. H29 cells were cultured with doxycycline
when not actively producing virus.

Construction of MTDH and SNDI Expression Constructs—
Either full-length or deletion mutant human SNDI coding
sequences were inserted into the pCMV5-N-HA expression
plasmid using the restriction sites 5 BamHI and 3" Xbal. For
deletion mutants, the N-terminal staphylococcal nuclease (SN)
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repeat domain (amino acids 1-639) and the C-terminal
Tudor-SN domain (amino acids 640-885) were used. For
MTDH expression constructs, either full-length or deletion
mutant human MTDH coding sequences were inserted into the
pCMV-N-Myc expression plasmid using the restriction sites 5
Sall and 3’ BamHI. N-terminal MTDH deletions mutants
ND1-ND?5 consisted of MTDH amino acids 95-582, 146 —582,
260-582, 364-582, and 471-582, respectively. C-terminal
MTDH deletion mutants CD1-CD5 consisted of MTDH
amino acids 1-470, 1-363, 1-259, 1-145, and 1-94, respec-
tively. A C-terminally eGFP-tagged MTDH expression plasmid
was constructed by inserting the MTDH coding sequence in-
frame to the N terminus of eGFP in the pEGFP-N1 expression
plasmid (Clontech) using 5" EcoRI and 3" Xhol restriction sites.
The MTDH-eGFP sequence was also subcloned into the retro-
viral pMSCVpuro vector (Clontech) using 5’ EcoRI and 3’
Xhol restriction sites.

Mass Spectrometry Analysis—Affinity purification of
MTDH-GEFP and subsequent mass spectrometry analysis were
performed as described previously (30-32). LC-MS/MS-based
identification of proteins isolated from bands sliced from silver-
stained SDS-PAGE gels was performed by ProtTech, Inc. (Nor-
ristown, PA).

Immunoprecipitation, Western Blot, and Immunofluores-
cence Analyses—For immunoprecipitation (IP) experiments,
80% confluent cells from 15-cm dishes were washed in cold PBS
and lysed in 800 ul of lysis buffer (same as used for mass spec-
trometry protein preparation) (30) with an EDTA-free protease
inhibitor mixture (Roche Applied Science) and PMSEF. Cell
lysates were then sonicated and centrifuged. For IP bead prep-
aration, 10 ul of protein A/G beads (Santa Cruz Biotechnology)
were washed with PBS, incubated with 10 ul of antibodies for
1 h at room temperature, washed again, and then cross-linked
with 20 mm dimethyl pimelimidate dihydrochloride prior to
addition to 800 wl of cell lysate for IP. IPs were carried out for
4-12hat4 °C. Beads were subsequently boiled for 5 min in SDS
protein loading buffer to elute bound protein.

For Western blot analysis, either IP or whole cell lysate sam-
ples were subjected to SDS-PAGE and subsequently transferred
to nitrocellulose membranes (Bio-Rad). Membranes were
blocked in milk prior to primary antibody incubation (all anti-
bodies were diluted 1:1,000 in milk).

For immunofluorescence, cells were grown on ethanol-ster-
ilized glass coverslips in 24-well plates, washed with PBS, and
fixed in 4% paraformaldehyde. 0.2% Triton X-100 was used for
membrane permeabilization. Primary antibodies used for IPs,
Western blots, and immunofluorescence were as follows: anti-
SND1 (AbCam ab70422), anti-Metadherin (Zymed Laborato-
ries Inc., Invitrogen), anti-B-actin (AbCam ab6726), anti-Myc
9E10 (Santa Cruz Biotechnology Inc. sc-40), and anti-HA
(Santa Cruz Biotechnology Inc. sc-7392).

Generation of Stable Cell Lines—Stable short hairpin RNA
(shRNA)-mediated knockdown was achieved with the
pSuper-Retro system (OligoEngine) targeting the sequences
5'-AAGGAGCGATCTGCTAGCTAC-3' (KD1) and 5'-GGA-
ACGGTTCACATACTA-3" (KD2) for SNDI. Stable overex-
pression of MTDH-eGFP was achieved using pMSCVpuro
retroviruses. Retroviral vectors were transfected into the pack-

JUNE 3,2011+VOLUME 286+NUMBER 22

aging cell line H29. After 48 h, viruses were collected, filtered, and
used to infect target cells in the presence of 5 ug/ml Polybrene.
The infected cells were selected with 0.8 ug/ml puromycin.

Reverse Transcription and Quantitative PCR—Total RNA
was isolated using the RNeasy kit (Qiagen) and reverse tran-
scribed with the Superscript III kit (Invitrogen) following the
manufacturer’s instructions. Quantitative PCR was performed
using the SYBR Green PCR Master Mix (Applied Biosystems)
with the ABI Prism 7900HT thermocycler (Applied Biosys-
tems). Primers used for quantitative PCR were as follows:
human SNDI, 5'-GTGGACAGCGTAGTTCGGGA-3' (for-
ward) and 5'-CCCACGAGACATTTCCACACAC-3" (re-
verse); human KiSSI, 5'-CACTTTGGGGAGCCATTAGA-3’
(forward) and 5'-CAGTAGCAGCTGGCTTCCTC-3" (re-
verse); and human GAPDH, 5'-GAAGGTGAAGGTCGGA-
GTC-3' (forward) and 5'-GAAGATGGTGATGGGATTTC-3’
(reverse). SNDI and KiSSI mRNA levels were normalized to
GAPDH levels.

Microarray Analysis—To identify genes regulated by SNDI
knockdown, RNA samples of SCP28 control and SND1-KD
cells were analyzed with Agilent Whole Human Genome 4x44K
microarrays. RNA samples were labeled with Cy5 using the
Agilent Low RNA Input Linear Amplification kit and hybrid-
ized with the Cy3-labeled Human Universal Reference RNA
(Stratagene). Duplicate arrays were performed for each sample.
Arrays were scanned with an Agilent G2565BA scanner and
analyzed initially with Agilent Feature Extraction v9.5 software
and subsequently with GeneSpring GX. The Cy5/Cy3 ratios
were calculated using the feature medium signal and normal-
ized by the array median. Probes with an average of >2.0-fold
changes were identified as SNDI-regulated genes.

Tumor Xenografts and Bioluminescence Analyses—All ani-
mal work was performed in accordance with the guidelines of
the Institutional Animal Care and Use Committee of Princeton
University under approved protocols. 2 X 10° cells were
washed in PBS and injected intravenously into female athymic
Ncr-nu/nu mice to study lung metastasis activity as described
previously (29). To study primary tumor growth, cancer cells
harvested from culture were resuspended in PBS at a concen-
tration of 1 X 107 cells/ml. An incision was made in the abdo-
men, and the skin was recessed to locate the number 4 mam-
mary fat pad into which 1 X 10° cells (10 wl) were injected.
Noninvasive bioluminescence imaging was performed to quan-
tify the metastasis burden using an IVIS 200 Imaging System
(Caliper Life Sciences). Analysis was performed with Living
Image software (Xenogen) by measuring photon flux of the
region of interest. Data were normalized to the signal obtained
immediately after injection (day 1).

Histological Analysis—Mice were sacrificed, and lungs were
harvested followed by fixation in 10% neutral buffered formalin
for 24 h, washing with PBS, and dehydration in 70% ethanol.
Lungs were then paraffin-embedded, sectioned, and subjected
to hematoxylin and eosin (H&E) staining.

In Vitro Growth Curve and Invasion Assays—To establish
growth curves, 1 X 10° cells were seeded into 10-cm dishes in
triplicate at each time point and counted every 3 days over the
course of 12 days. For invasion assays, 1 X 10° cells suspended
in serum-free DMEM were seeded in triplicate into the upper
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chambers of the insert membranes with 8-um pore size (BD
Biosciences) in a 24-well plate. The upper chambers were
coated with 40 ul of 1.0 mg/ml Matrigel (BD Biosciences) and
incubated to allow the Matrigel to solidify for 1 h before adding
cells. Serum-containing growth medium was used in the bot-
tom chamber as an attractant. After 24 h in culture, medium
was aspirated from the top and bottom chambers, and the bot-
tom chambers were washed with PBS prior to addition of 300 ul
of trypsin. After full trypsinization, cells were collected from the
bottom chamber and counted.

M30 CytoDEATH Assays—Cells were grown to 70% conflu-
ence and treated with either 0.1 um Adriamycin or ethanol for
24 h. Conditioned medium was collected, and cells were
trypsinized and then added back to their respective conditioned
medium. Cells were washed with PBS and then either fixed with
methanol for 30 min at —20 °C (experimental samples) or incu-
bated unfixed in PBS at 4 °C (negative control samples). All
samples were then washed with PBS-Tween 20, blocked for 1 h
with PBS-Tween 20 plus 1% BSA, and incubated with either
M30 CytoDEATH or M30 CytoDEATH fluorescein (Roche
Applied Science) at a 1:250 dilution in PBS-Tween 20. Cells
were then either incubated with rhodamine red-conjugated
secondary antibody or analyzed directly (if using M30 Cyto-
DEATH fluorescein). For flow cytometry, the background sig-
nal was determined using unfixed (non-permeabilized) samples
and used to set gating thresholds.

Transfection and Reporter Assays—For reporter assays, 90%
confluent LM2 or 293T cells in 12-well plates were transfected
with KiSSI1-luciferase (a gift from Dr. Marc Montminy), a
Renilla luciferase expression plasmid, and (for 293T cells)
either HA-SND1-pCMV5 or pCMV5. Lipofectamine 2000 was
used for transfections at concentrations designated by the man-
ufacturer’s instructions. 24 h post-transfection cells were lysed,
and both firefly and Renilla luciferase activity was measured.
All firefly luciferase readings were normalized to their corre-
sponding Renilla luciferase readings. All experiments were per-
formed in triplicate and repeated at least once for a minimum
sample size of six wells per experimental group.

Gene Set Enrichment Analysis and Gene Ontology Enrich-
ment Analysis—Gene Set Enrichment Analysis (GSEA) v2.0
(33, 34) was used to analyze normalized microarray data of con-
troland SND1-KD SCP28 cells. Multiple probe matches for the
same gene were collapsed into one value, using the highest
probe reading in each case. Only probes with matches to gene
symbols were used. Genes were ranked using the provided sig-
nal-to-noise ranking statisticc and GSEA was run using a
weighted statistic and evaluated for statistical significance by
comparison with results obtained using 1,000 random permu-
tations of each gene set. For all other GSEA parameters, default
settings were used. Gene sets tested for enrichment consisted of
all gene sets from the C2 collection provided in the Molecular
Signatures Database v3.0 as well as several gene sets collected
manually from published microarray studies.

For gene ontology enrichment analysis, the signature of
SNDI-regulated genes was loaded into the DAVID v6.7 (35, 36)
website and submitted to the functional annotation tool. Ontol-
ogies from the “cellular component” database were considered
in enrichment analyses.
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Clinical Data Set Analyses—Microarray and patient survival
data from the MSK-82 data set were downloaded from the on-
line supplemental data provided in the Minn et al. (29) study.
For Kaplan-Meier Plotter database (37) analysis, distant metas-
tasis-free survival was assessed in lymph node-positive patients
stratified by median SNDI expression. All other parameters
were left at default settings.

Statistical Analyses—Results were reported as average = S.E.
Two-sided independent Student’s ¢ tests without equal vari-
ance assumption or nonparametric Mann-Whitney U tests
were performed to analyze the data with p < 0.05 considered as
statistically significant. Multiple hypothesis testing was con-
trolled as indicated using either Bonferroni-corrected p values
or by considering the false discovery rate in addition to p values.
Kaplan-Meier analyses were performed using Intercooled Stata
7.0 and evaluated for statistical significance using log rank tests.

RESULTS

Identification of SND1 as an MTDH-interacting Protein—To
search for novel proteins in MTDH-associated signaling path-
ways, we used two approaches to identify candidate MTDH-
interacting proteins. In the first method, an MTDH-eGFP
fusion protein was created and stably overexpressed in LM2
cells. Whole cell lysates of LM2-MTDH-eGFP were subjected
to immunoprecipitation with a highly specific anti-eGFP anti-
body (30) and separated by SDS-PAGE. Coomassie-stained
bands (Fig. 14) were subjected to MALDI-TOF MS/MS, and
multiple candidate MTDH-interacting proteins were deter-
mined, including the 100-kDa staphylococcal nuclease and
Tudor domain-containing protein 1 (p100/SND1/TSN), recep-
tor of activated protein kinase C (RACK1), and several DEAD
box-containing proteins (Fig. 1, A and B). In the second
approach, to more specifically determine candidate MTDH-
interacting partners, whole cell lysates of either constitutive
MTDH knockdown (KD) or vector control LM2 cells (an
aggressively lung-metastatic subline of MDA-MD-231) (29)
were subjected to anti-MTDH immunoprecipitation followed
by SDS-PAGE separation. Silver staining of the SDS-PAGE gel
revealed two bands clearly present in the vector control IP but
absentin the MTDH-KD IP, suggesting that their pulldown was
specific to the presence of MTDH (Fig. 1C). These two bands
were cut, digested, and subjected to LC-MS/MS analysis for
protein identification. One of the proteins was again deter-
mined to be SNDI.

To confirm the interaction between MTDH and SNDI,
we performed co-immunoprecipitation experiments. Anti-
MTDH IPs of either MTDH-KD or control LM2 cells were
immunoblotted with anti-SND1, and SND1 was detected only
in the IPs of control (MTDH-expressing) cells (Fig. 1D). To
perform the reciprocal co-IP experiment, HA-SND1 and Myc-
MTDH overexpression constructs were transiently transfected
in 293T cells and subjected to anti-HA IP for SND1 pulldown.
Anti-Myc immunoblotting for MTDH indicated that Myc-
MTDH was pulled down along with HA-SND1 but not with
eGFP-transfected control IPs (Fig. 1E).

MTDH has no predicted conserved structural domains and
does not have significant homology to any known proteins.
Thus, an unbiased series of 10 Myc-tagged MTDH deletion
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FIGURE 1. Identification of SND1 as MTDH-interacting partner. A, lysates from LM2-MTDH-eGFP cells were immunoprecipitated with anti-eGFP and
subjected to SDS-PAGE and Coomassie staining. Bands were sequenced by MALDI MS, and the indicated proteins were confirmed by MS/MS. B, MS/MS
confirmation of an SND1 peptide. C, lysates from control or MTDH-KD LM2 cells (top) were immunoprecipitated with anti-MTDH and subjected to SDS-PAGE
and silver staining (bottom). Bands specific to control cells (arrows) were identified by LC-MS/MS. D, lysates from control or MTDH-KD LM2 cells were immu-
noprecipitated with anti-MTDH and immunoblotted with the indicated antibodies. £, 293T cells were transfected with Myc-MTDH and either HA-SND1 or eGFP,
and lysates were immunoprecipitated with anti-HA and immunoblotted with the indicated antibodies. WCL, whole cell lysate; RACK, receptor of activated

protein kinase C; M, molecular mass standards.

mutant constructs was created and used for domain mapping
experiments (Fig. 24). 293T cells were co-transfected with
HA-SND1 and either a Myc-MTDH construct (full length or
deletion mutant) or eGFP (negative control) and immunopre-
cipitated with anti-Myc. HA-SND1 was observed to co-immu-
noprecipitate with full-length Myc-MTDH, with N-terminal
MTDH deletion mutants 1-4 (Fig. 2B, upper panel), and with
the first C-terminal MTDH deletion mutant (Fig. 2B, lower
panel). Thus, the region required for interaction of MTDH and
SND1 maps to a 107-amino acid stretch (amino acids 364 —470)
in the middle of the MTDH coding sequence (Fig. 24, indicated
by the red box).

SND1 is a multifunctional protein that contains four N-ter-
minal SN domain repeats and a C-terminal Tudor-SN hybrid
domain. The SN domains are suggested to have nuclease activ-
ity (38), whereas the Tudor-SN domain is suggested to bind
methylated protein substrates (39). To test whether MTDH
could interact with the SN domains, Tudor-SN domain, or
both, two HA-tagged SND1 deletion mutant constructs were
created, one containing the four SN repeat domains and the
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other containing the Tudor-SN domain. 293T cells co-trans-
fected with Myc-MTDH and either an HA-SND1 construct
(full length or deletion mutant) or eGFP were immunoprecipi-
tated with anti-HA and immunoblotted with anti-Myc. Myc-
MTDH was found to co-immunoprecipitate with full-length
HA-SND1 as well as with both major domains (SN repeat and
Tudor-SN) of HA-SND1 (Fig. 2C).

To further explore the potential interaction between MTDH
and SND1, their subcellular localizations were investigated.
MTDH has been localized most commonly to the endoplasmic
reticulum/perinuclear region but has also been observed in the
nucleus, nucleolus, and plasma membrane (19, 20). SND1 has
been localized to both the nucleus and the endoplasmic reticu-
lum (22, 23, 25-27). Using immunofluorescence analyses in
LM2 cells, endogenous MTDH and SND1 were each observed
to abundantly localize to the endoplasmic reticulum region
with a more diffuse signal observed in the cytoplasm (Fig. 2D).
For co-localization analyses, HA-SND1 and either MTDH-
eGFP or eGFP were co-transfected into LM2 cells and imaged.
Significant co-localization was observed for HA-SND1 and

JOURNAL OF BIOLOGICAL CHEMISTRY 19985



SND1 Is an MTDH-interacting Protein That Promotes Metastasis

SND1 B
TMD NLS1 NLS3  NLS3 binding ! wcCL = IP - Myc ‘
[ m—— o m 582 FL + o T
951 m m 582 ND1 + T NE'{ Lllllo LIl
146 T m m 582 ND2 + ENDZ__+______+____
260C———— W —m 582 ND3 + S ND3 - epmm Tl
364 o m 582 ND4 + g
471——m 582 ND5 - END4""+"""+"
1w 1470 cD1 + ND5 - === =4 = === ==
o s 1363 cp2 - HA-SND1+++++++ ++ 4+ ++
1w 259 cD3 -
1 CCm—1145 cp4 -
1 C—m 94 CD5 =~
Myc-MTDH
C WCL IP - Myc
HASND1 ' &+ - . . 4 o o .7
N-terminus = + = = - 4+ = = _
C-terminus - - * - - -+ - HA-SND1
Myc-MTDH + + + + + + + +
— 1
HA-SND1 —— . - FL +--= == =
= ——— Tl cDl----- -
E CD2 - -+----
Myc-MTDH s ‘!' =l CD3 - - -+ - - -
— 2| CD4 - - - - +- -
CD5 - -- -~
HA-SND1 + + + + +++ +++ + + + +
Myc-MTDH
MTDH-eGFP | HA-SND1
MTDH eGFP HA-SND1 Merge

FIGURE 2. Mapping of MTDH and SND1 domains of interaction. A, schematic of MTDH deletion mutant coding sequences and region required for MTDH-

SND1 interaction (red box). +/—

indicate whether the denoted sequence interacts with SND1. The locations of the transmembrane domain (TMD; amino acids

52-74) and three putative nuclear localization signals (NLS7-3; amino acids 79-91 for NLS1, amino acids 432-451 for NLS2, and amino acids 561-580 for NLS3)
are marked by yellow and blue boxes, respectively. B, 293T cells were transfected with HA-SND1 and the indicated full-length (FL) or deletion mutant Myc-MTDH
construct. Lysates were immunoprecipitated with anti-Myc and immunoblotted with the indicated antibodies. * indicates nonspecific bands. C, 293T cells were
transfected with Myc-MTDH and the indicated full-length or deletion mutant HA-SND1 construct. Lysates were immunoprecipitated with anti-HA and immu-
noblotted with the indicated antibodies. D, LM2 cells were subjected to immunofluorescence analyses with the indicated antibodies to detect endogenous
MTDH or SND1. E, for co-localization, LM2 cells were co-transfected with HA-SND1 and either eGFP-MTDH (top row) or eGFP (bottom row) and subjected to

anti-HA immunofluorescence. Scale barin D and E, 10 um. WCL, whole cell lysate.

MTDH-eGFP with the overexpressed proteins localizing in
punctate patterns to the endoplasmic reticulum/cytoplasm
(Fig. 2E).

SND1 Globally Regulates Metastatic and Oncogenic Gene
Signatures—SND] has been reported to have several different
molecular roles. To explore the potential functionality of SND1
in the current context as a novel MTDH-interacting protein in
breast cancer, we sought to manipulate SND1 expression and
then perform transcriptomics analysis. SND1 was stably
knocked down by two different shRNAs in the MDA-MB-
231 sublines LM2 and SCP28 (Fig. 3, A and B). Microarray
analyses were performed on RNA from control and SND1-
KD1 SCP28 cell lines in duplicate. Widespread transcrip-
tional changes were observed in SND1-KD cells with 132
unique genes showing a greater than 2-fold average change
in expression (Fig. 3C).

As the expression of a large number of genes was affected by
SND1 silencing, we next investigated which functional classes
of genes were overrepresented in the SND1-KD signature.
Gene ontology category enrichment analyses indicated that the
dominant functional classes of genes on the signature were
those pertaining to secretion, extracellular matrix functional-
ity, and growth (data not shown). To more robustly investigate
potential signaling activities affected by SND1 knockdown, we
performed GSEA to test groups of functionally related genes for
their degrees of global up- or down-regulation following SND1

19986 JOURNAL OF BIOLOGICAL CHEMISTRY

knockdown. Gene sets tested for enrichment included all sets
from the C2 collection of the GSEA Molecular Signatures Data-
base v3.0 as well as several gene sets added manually that were
derived from published microarray signatures. The Molecular
Signatures Database C2 collection includes a total of 3,272 gene
sets, 2,484 of which passed size filtering criteria and were tested
for enrichment. These gene sets are a combination of curated
and canonical signaling pathways as well as microarray signa-
tures obtained from experiments involving chemical and
genetic perturbations. The list of gene sets globally enriched in
SND1-expressing control cells versus SND1-KD cells was strik-
ingly dominated by those involving genes up-regulated in some
component of metastatic or oncogenic signaling. Specifically,
of the 55 gene sets significantly enriched (i.e. down-regulated in
SND1-KD) at p < 0.01 and a false discovery rate <0.25, almost
one-third (n = 17) fit this category, including four of the top five
most enriched gene sets overall (Table 1). Most notably, the
most highly enriched gene set overall (normalized enrichment
score, 2.25) was the 48-gene lung metastasis signature of genes
most overexpressed in the process of breast-to-lung metastasis
(29) (Fig. 3D). Conversely, genes that are underexpressed in
lung metastasis were enriched in SND1-KD cells (Fig. 3E).
Investigation of the “enrichment core” (Table 2) of the lung
metastasis gene set revealed several known mediators of lung
metastasis and/or chemoresistance that are part of the greater
SND1-KD signature. For example, ANGPTL4, IDI1, and EREG
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FIGURE 3. SND1 globally regulates metastatic and oncogenic signaling transcriptomic programs. A and B, SND1 was stably knocked down via shRNA in
SCP28 and LM2 cells. The efficiency of SND1-KD was assessed at the RNA level via quantitative RT-PCR (A) and at the protein level via anti-SND1immunoblotting
(B). G, RNA harvested from vector or SND1-KD SCP28 cells was used for microarray analyses. Differentially expressed genes (n = 132) were used for hierarchical
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enrichment score. Data represent average = S.E.

TABLE 1

SND1 global regulation of metastatic and oncogenic signaling programs
GSEA of control versus SND1-KD microarray analysis indicated 55 gene sets signif-
icantly down-regulated in the SND1-KD condition (p < 0.01 and false discovery rate
(FDR) <0.25). Significantly down-regulated gene sets pertinent to metastasis
and/or oncogenic signaling (n = 17) are shown. Gene sets tested for enrichment
were obtained from the C2 collection provided in the Molecular Signatures Data-
base v3.0 of the Broad Institute GSEA server. Nom, nominal; NES, normalized

TABLE 2

Enrichment core of SND1-regulated lung metastasis signature genes
The lung metastasis signature gene set (29) is highly enriched in the control versus
SND1-KD microarray GSEA-ranked list. Shown are the “core enrichment” genes for
this GSEA plot (defined as those genes ranked at or higher than the gene at which
the enrichment score peaks).

Gene symbol Rank in gene list Rank metric score

enrichment score; DMOG, dimethyloxalyl glycine. Cl0orf116 13 2.79
ANGPTL4 67 2.04
Nom FDR

Gene set Size NES valuf valueq ?;ggSAl }gg igg
Minn lung metastasis up-regulated genes 43 225 <0.001 0.006 KYNU 204 1.53
Amit EGF response 40 HeLa 38 2.14 <0.001 0.015 EREG 207 1.53
Amit serum response 40 MCF10A 28 2.13  <0.001 0.013 JAGI 256 1.46
Bild HRas oncogenic signature 220 197 <0.001 0.076 EMPI 286 1'41
Amit EGF response 120 MCF10A 39 1.83  <0.001 0.117 ETVI 495 1.18

Nagashima EGF signature up 52 1.82 <0.001 0.116 ’
Elvidge hypoxia by DMOG up 114 177 <0001 0.156 PTGS2 690 1.06
Tomlins prostate cancer up 34 1.77  <0.001 0.151 LAPTMS 927 0.95
Mense hypoxia up 80 177 <0.001 0.149 ID1 1,236 0.86
Elvidge hypoxia up 147 172 <0.001 0.162 SLCO4A1 1,297 0.85
Farmer breast cancer cluster 7 19 172 0.005 0.160 SOX4 1,425 0.82
Wang Barrett esophagus cancer up 25 1.70  0.005 0.179 QPCT 1,997 0.70
Winter hypoxia metagene 215  1.67 <0.001 0.191 PTPRN2 2,864 0.58
Croonquist NRas vs. stromal stimulationup 33 1.64 0.006 0.211 APOBEC3G 3,372 0.53
Rickman head and neck cancer 78 1.64 0.003 0.213 KRTS81 3,836 0.49
Winter hypoxia up 81 1.1 <0.001 0.235 ILI3RA2 4,477 0.44
Wu cell migration 166 159 <0.001 0.244 NR2F1 4,552 0.44

have been shown previously to promote breast cancer metasta-
sis to the lungs specifically (40—-42), and ALDH3AI has been
shown to be regulated by MTDH and functional in promoting
MTDH-mediated chemoresistance (6). Altogether, transcrip-
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tomics analyses suggested that knockdown of SND1 leads to
broad down-regulation of various transcriptional programs
that may promote oncogenesis and metastasis in general and
lung metastasis in particular.
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FIGURE 4. SND1 promotes lung metastasis in vivo. A and B, control and
SND1-KD LM2 (A) and SCP28 (B) cells were xenografted into nude mice for
experimental lung metastasis assays. Metastatic (met) burden was quantified
by weekly whole body bioluminescence imaging. Representative images of
mice from initial and late time points are displayed (lower panels). *, p < 0.05.
C, whole lungs of mice used in LM2 experimental lung metastasis assays (top)
and H&E staining of lung nodules (bottom). D, control and SND1-KD LM2 cells
were used for mammary fat pad injections in nude mice, and primary tumor
progression was measured over time via bioluminescence imaging and nor-
malized to the signals at the start of the analysis. Scale bar in C, 500 wm. Data
represent average * S.E.

SNDI1 Promotes Experimental Lung Metastasis in Vivo—
Given the bioinformatics prediction of the role of SND1 in
organ-specific metastasis to lung, we thus decided to evaluate
the role of SND1 in breast cancer lung metastasis. To this end,
we performed experimental lung metastasis assays in nude
mice using the LM2 cell line, a highly lung-metastatic subline of
MDA-MB-231 (29). Two knockdown cell lines with different
targeting shRNA sequences were used along with control cells.
Following tail vein injections of tumor cells prelabeled with a
luciferase-expressing construct, metastatic progression in the
lungs was followed via quantitative bioluminescence imaging
over the course of 5 weeks. SND1-KD cell lines had moderately
to dramatically reduced metastatic burdens at 1 week postin-
jection, and these differences were maintained throughout the
experiment (Fig. 4, A and C). LM2-SND1-KD-1 showed a dra-
matic reduction (>10-fold) in metastatic burden that was
highly significant (p < 0.01, Mann-Whitney U test) at all time
points. LM2-SND1-KD-2 also showed a decreased metastatic
burden, although the reduction was intermediate between
LM2-KD-1 and LM2-control with the difference being signifi-
cant at two of four time points. Notably, quantitative RT-PCR
and Western blot data (Fig. 3, A and B) indicated that SND1-
targeting shRNA 1 was significantly more efficient than sShRNA
2 in LM2 cells; thus, the magnitude of the loss of metastasis
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phenotype correlated with the efficiency of SND1 knockdown.
To test whether SND1 knockdown could affect lung metastasis
in a different cell line, experimental metastasis assays were
repeated in SCP28 cells, which effectively colonize the lung
albeit less aggressively than LM2 cells (43). Here again,
SND1-KD led to a dramatic (>10-fold; p < 0.01, Mann-
Whitney U test) reduction in metastatic burden at all time
points over the course of 6 weeks (Fig. 4B).

To test whether SND1-KD affected primary tumor growth,
control and knockdown LM2 cell lines that were stably labeled
with a luciferase gene were injected into the mammary fat pads
of nude mice and subjected to bioluminescence imaging over
the course of 6 weeks. Marginal reductions in primary tumor
burden were observed in SND1-KD cells as compared with
control cells; however, these differences did not reach statistical
significance at any time points (Fig. 4D).

SND1 Functions to Oppose Apoptosis and Regulate Metasta-
sis and Chemoresistance Genes—As a novel metastasis gene,
SNDI could be promoting this phenotype in several possible
ways. We first tested whether SND1 could affect proliferation
or invasion by performing in vitro proliferation assays and
modified Boyden chamber invasion assays. No significant dif-
ferences were observed between control and SND1-KD cells in
either assay in LM2 or SCP28 cells (Fig. 5, A and B). After ruling
out proliferation and invasion as mechanisms that could
explain the observed phenotypes, we next investigated the role
of SND1 in apoptosis. MTDH has been shown in multiple stud-
ies to promote chemoresistance (6, 10 —-12) and apoptosis (13),
and SND1 has been shown previously to be a substrate of
caspase 3 with SND1 cleavage moderately sensitizing cells to
apoptosis (27). To test whether SND1 could be playing a
protective role in LM2 or SCP28 cells, we assessed basal and
chemotherapeutic drug-induced rates of apoptosis via flow
cytometry-mediated M30 CytoDEATH assays in control and
SND1-KD1 SCP28 and LM2 cells. We found that silencing of
SND1 led to significant sensitization of cells to apoptosis. In
both cell lines, SND1 knockdown led to a robust 2—3-fold
increase in apoptosis rates as compared with control both in
basal and drug-induced states (Fig. 5, C-E).

To identify potential mediators of SND1 phenotypes, we
assessed the SND1-KD microarray profile data for the most
relevant genes that could be under SND1 regulation. In the
GSEA enrichment core of lung metastasis signature genes most
strongly affected by SND1-KD, we observed one gene that has
also been reported to be involved in promoting MTDH-medi-
ated chemoresistance: ALDH3A1. To confirm SND1 regulation
of ALDH3A1I expression, we performed quantitative RT-PCR
for ALDH3A1 expression in SND1-KD lines. The ALDH3A 1
expression level was decreased by roughly 2-fold in both
SND1-KD lines as compared with control LM2 cells (Fig. 5F),
highlighting its potential as a candidate mediator of the SND1
and MTDH prosurvival, prometastasis phenotypes. In addition
to the global enrichment of the lung metastasis gene set in
SND1-expressing cells, microarray data also revealed that the
metastasis suppressor gene KiSSI (44—47) was more than
6-fold overexpressed in SCP28-SND1-KD cells, making it the
third most highly up-regulated gene in SND1-KD cells as com-
pared with control cells. To confirm more rigorously the nega-
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tive regulation of KiSS1 expression by SND1, we first validated
microarray results via quantitative RT-PCR. KiSS1 expression
was clearly shown to be up-regulated in both SND1-KD LM2
cell lines, albeit to differing extents depending on the efficiency
of SND1-KD (Fig. 5F). To directly test regulation of the KiSS1
promoter by SND1, we performed KiSSI promoter-luciferase
reporter assays in both SND1-KD and overexpression condi-
tions. SND1-KD led to a roughly 2-fold increase in KiSSI pro-
moter activity in LM2 cells (Fig. 5G), and transient transfection
of SNDI into 293T cells led to a modest, but significant,
decrease in KiSSI reporter activity (Fig. 5H).

SND1 Expression Is Associated with Lung Metastasis and
Reduced Metastasis-free Survival in Multiple Clinical Data Sets—
To investigate whether SND1 could be involved in promoting
breast-to-lung metastasis in cases of clinical human breast can-
cer, we sought to investigate the expression patterns of SND1 in
microarray data of primary tumors of breast cancer patients
with known metastatic outcome. We first chose the previously
published MSK-82 (29) data set for analysis as it is the only data
set we were able to obtain that contains clinical, organ-specific
metastasis data. In this data set, SND1I expression was found to
be only slightly (and non-significantly) increased in expression
when considering all patients who suffered metastatic relapse
as compared with those who remained disease-free (Fig. 6A).
However, mean SND expression was significantly higher (p <
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0.01, Student’s ¢ test) in patients who developed metastasis spe-
cifically to the lungs (i.e. either lung metastasis only or lung and
other organ metastasis). Furthermore, mean SND1 expression
was higher still in patients who developed metastasis to the
lungs only (without concomitant metastases at other sites) (p <
0.001, Student’s ¢ test) (Fig. 6A). In contrast, there was no
increase in mean SNDI expression in patients who developed
bone metastases as compared with those with no metastasis. To
test whether SND1 was relevant to overall metastasis-free sur-
vival, we stratified patients by either the median or upper quar-
tile level of SNDI expression and determined the correlation
with metastasis-free survival by Kaplan-Meier curve analysis.
Patients with greater than median expression of SND1 had sig-
nificantly shorter overall metastasis-free survival (p < 0.05, log
rank test) (Fig. 6B, upper panel), and patients with upper quar-
tile SND1 expression had more dramatically and highly signif-
icant reduced metastasis-free survival as compared with all oth-
ers (p <0.01,log rank test) (Fig. 6B, lower panel). To investigate
the correlation between SNDI expression and survival in an
independent data set, we used the Kaplan-Meier Plotter data-
base (37), which is a meta-analysis of many clinical data sets and
includes microarray data from primary tumors of 1,908 breast
cancer patients. In lymph node-positive patients, above median
SNDI expression was significantly correlated with reduced dis-
tant metastasis-free survival (p = 0.042, log rank test) (Fig. 6C).
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Taken together, these data suggest that SND1 expression is rel-
evant to breast cancer metastasis, particularly to the lungs, in
both the clinical as well as the experimental setting.

DISCUSSION

MTDH/AEGI has generated high levels of interest in recent
years as it has been shown to promote experimental lung
metastasis as well as other oncogenic phenotypes of interest
through incompletely understood mechanisms (19, 48). To
date, investigations of how MTDH promotes such powerful
phenotypes have generally focused on MTDH signaling in the
context of classical oncogenic pathways, such as Ha-Ras (15),
PI3K/AKT (13), ERK, and Wnt/B-catenin (8), and NF-«kB (49).
However, comparatively fewer protein-level data have been
obtained regarding functional MTDH-interacting partners.
Three MTDH-interacting proteins have been previously veri-
fied. MTDH was first shown to physically interact with the
NF-kB subunit p65 (49) with the region of interaction later
being mapped to MTDH amino acids 101-205 (16). Separate
yeast two-hybrid-based approaches identified the transcrip-
tional repressor PLZF (21) and the tumor suppressor BCCIP«
(50) as additional MTDH-interacting proteins. The MTDH-
BCCIP« interaction was mapped to MTDH amino acids
72-169, whereas PLZF was shown to interact with two regions
of MTDH, amino acids 1-285 and 487-582. Additionally,
MTDH interaction was shown to augment the transcriptional
activity of NF-«B, oppose the transcriptional repression of
PLZF, and target BCCIP« for proteosomal degradation. In a
different approach, using an in vivo phage display method,
Brown and Ruoslahti (3) identified an MTDH fragment, amino
acids 378 —440, as a mediator of attachment to the lung endo-
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thelium. This “lung-homing domain” was suggested to mediate
interaction between surface-bound MTDH and a receptor pro-
tein expressed in the lung endothelium. However, the putative
MTDH receptor has not yet been identified. Here we used unbi-
ased screening and mass spectrometry-based approaches to
identify SND1 as an MTDH-interacting protein. We have
mapped the region of interaction to amino acids 364 —470 of
the MTDH coding sequence, which is very similar to the pro-
posed MTDH lung-homing domain, highlighting this region as
crucial for MTDH interactions and functionality. Through
functional, in vivo analyses, we have further demonstrated that
SNDI is in its own right a novel metastasis gene. Mechanisti-
cally, we have shown that SND1 functions to oppose apoptosis
and also regulate the expression of genes associated with metas-
tasis and chemoresistance.

SND1 was first identified as a transcriptional co-activator
that could interact with EBNA-2 and help facilitate its tran-
scriptional activity (51). Subsequent studies investigated the
role of SND1 as a co-activator in other transcriptional pro-
grams, finding that it could enhance transcriptional activity of
¢-Myb (52), STATS5 (53), and STAT6. In contrast, several stud-
ies have also described SND1 as a mediator of multiple post-
transcriptional processes via interactions with RNA and RNA-
associated proteins. SND1 has been shown to associate with the
U5 small nuclear ribonucleoprotein component of the spliceo-
some (39) and enhance spliceosome assembly and activity (26).
A different approach identified SND1 as a component of the
RNA-induced silencing complex and further determined SND1
to harbor broad scale (RNA and DNA) nuclease activity (25).
Interestingly, SND1 was also shown to bind and degrade certain
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edited (adenosine to inosine) double-stranded RNA molecules
after the editing-induced failure of Drosha recognition and
processing (23, 24). Other molecular roles for cytoplasmic
SND1 have been reported. Biochemical approaches demon-
strated that SND1 is a cleavage substrate for caspase 3 and that
inhibition of this cleavage reduces the overall efficiency of the
programmed cell death process (27). Further implicating SND1
in cellular stress response programs, it was recently shown that
SND1 interacts with the stress granule marker G3BP and that
the two proteins strongly co-localize to stress granules upon
induction of various cellular stresses (54).

Our current study provides several lines of evidence to link
SND1 with lung metastasis and chemoresistance of breast can-
cer. First, GSEA analysis of the SND1-KD signature indicated
very strong enrichment of lung metastasis signature genes, sug-
gesting the possibility of global SND1 regulation of this tran-
scriptional program. Specifically, several genes validated to
promote different aspects of lung metastasis resided in the
enrichment core of lung metastasis genes with the most signif-
icant elevation of expression in SND1-expressing control cells
as compared with SND1-KD cells. For example, TGF-B-in-
duced ANGPTL4 has been shown to enhance extravasation of
breast cancer cells in lung metastasis (41), EREG has been
shown to promote extravasation and lung colonization (42),
and Id1 functions to promote the tumor initiation stage of lung
metastasis colonization (40). KiSS1, although not part of the
lung metastasis signature, has nonetheless been reported to
repress metastasis (to the lung and other organs) in many
tumor types. It has been suggested that KiSS1 antimetastasis
functionality is rooted in suppression of motility and invasion
(55). In addition to the potentially concerted regulation of such
pro-lung metastasis genes, SND1 also promotes evasion of apo-
ptosis. Apoptotic resistance is crucial for distant metastasis as
breast cancer cells must survive for extended periods of time in
the circulatory system to reach distant organs, such as the lung,
a condition in which they are exposed to high risk of anoikis
(56). A particularly interesting gene in the SND1-regulated lung
metastasis enrichment core is ALDH3A1, which has been
shown to promote resistance to various chemotherapeutic
agents and other cell death-inducing toxins (57-59). Impor-
tantly, ALDH3A1 was also shown previously to promote
MTDH-mediated resistance to chemotherapy-induced apo-
ptosis (6). Thus, we envision the possibility that SND1 exerts its
overall prometastatic phenotype via a combinatorial mecha-
nism: antiapoptosis activity and gene regulation may allow
survival in the circulation and resistance to chemotherapy,
whereas regulation of multiple genes involved in both general
and lung-specific seeding, extravasation, and colonization may
allow directed metastasis to the lungs.

It is not known how SNDI, in possible cooperation with
MTDH, achieves this concerted regulation of prometastatic
and antiapoptotic genes. However, likely possibilities are via
transcriptional co-activation or post-transcriptional modula-
tion of RNAs. Both SND1 and MTDH have been previously
reported to possess a context-dependent transcriptional co-ac-
tivation ability, and here we show via reporter assays that SND1
can activate the KiSS1 promoter. Thus, it is possible that SND1
and MTDH may be components of transcriptional complexes
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that regulate genes relevant to metastasis, apoptosis, and
chemoresistance. Alternatively, SND1 has also been shown to
be involved in RNA-induced silencing complex activity and
degradation of edited double-stranded RNA molecules. Fur-
thermore, MTDH was reported to post-transcriptionally regu-
late translation of the multidrug resistance protein 1 (MDR1)
(11). Therefore, cytoplasmic interactions between MTDH and
SND1 may regulate RNA silencing and/or editing machinery to
modulate RNA stability, translation, or functionality. Future
studies will be required to test these possibilities and further
explore the molecular cooperation between SND1 and MTDH
in promoting lung metastasis and chemoresistance.
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