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Despite advancement in breast cancer treatment, 30% of patients with early breast cancers experience relapse with distant
metastasis. It is a challenge to identify patients at risk for relapse; therefore, the identification of markers and therapeutic
targets for metastatic breast cancers is imperative. Here, we identified DP103 as a biomarker and metastasis-driving oncogene
in human breast cancers and determined that DP103 elevates matrix metallopeptidase 9 (MMP9) levels, which are associated
with metastasis and invasion through activation of NF-kB. In turn, NF-kB signaling positively activated DP103 expression.
Furthermore, DP103 enhanced TGF-f-activated kinase-1 (TAK1) phosphorylation of NF-kB-activating IkB kinase 2 (IKK2),
leading to increased NF-kB activity. Reduction of DP103 expression in invasive breast cancer cells reduced phosphorylation of
IKK2, abrogated NF-kB-mediated MMP9 expression, and impeded metastasis in a murine xenograft model. In breast cancer
patient tissues, elevated levels of DP103 correlated with enhanced MMP3, reduced overall survival, and reduced survival after
relapse. Together, these data indicate that a positive DP103/NF-kB feedback loop promotes constitutive NF-kB activation in
invasive breast cancers and activation of this pathway is linked to cancer progression and the acquisition of chemotherapy
resistance. Furthermore, our results suggest that DP103 has potential as a therapeutic target for breast cancer treatment.

Introduction

Breast carcinoma is one of the most common malignancies in
women around the world. Mortality from breast cancer is almost
entirely the result of invasion and metastasis of neoplastic cells
from the primary tumors to distant organ sites (1-8); therefore,
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identifying genes involved in breast cancer metastasis is impor-
tant. Since it is not possible to accurately predict the risk of metas-
tasis in individual patients, at the present time, more than 80% of
them receive adjuvant chemotherapy, but approximately 40% of
the patients suffer relapse and ultimately die of metastatic disease.
Cancer metastasis is a multistage process by which cancer spreads
from the place at which it first arose as a primary tumor to distant
locations in the body. These stages are interconnected through a
series of adhesive interactions and invasive processes, includ-
ing tumor angiogenesis, invasion, and colonization (9-15). Due
to its heterogeneity and nature, mechanisms involving metastasis
remain poorly understood. Degradation of the extracellular matrix
(ECM) by matrix metalloproteinases (MMPs) (16, 17) is essential
for almost every step in metastasis (18, 19). It is now accepted that
the strong and direct causal association of MMPs in breast can-
cers makes the inhibition of these enzymes a worthwhile strategy
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for impeding tumor metastasis. However, due to the multiplicity
of MMPs and the widespread effects of their actions, inhibitors
of MMPs have not been successful as anticancer agents. Indeed,
there is a significant unmet need for identifying novel mechanisms
to inhibit selective MMP functions in invading tumor cells.

DP103 belongs to the family of DExD/H-box proteins, named
after the signature Asp-Glu-Ala-Asp/His motif within the helicase
domain (20-26). The 824-aa DEAD-box protein, DP103 (Gemin3,
DDX20), was originally cloned and characterized as a component
of the splicing machinery in concert with SMN, Sm, and other
Gemin proteins (27-30). DP103 is a transcriptional repressor for
Egr2 in hind brain development (31) and forms a repressor com-
plex with METS-PE-1 to silence transcription of Ets target genes
involved in Ras-dependent macrophage proliferation and differ-
entiation (26). We have previously shown that DP103 transcrip-
tionally represses the nuclear receptor SF-1in a SUMO-dependent
manner (23). SUMOylation of SF-1 is mediated by PIASy, an E3
SUMO ligase, and this reaction is catalyzed in the presence of
DP103 as a cofactor. However, the role of DP103 as a cofactor
in SUMOgylation or other covalent modifications of cellular sub-
strates and its involvement in cancer initiation or metastasis have
never been explored.

The NF-kB family of transcription factors comprises 5 structur-
ally related proteins that form homo- and heterodimers through
their highly conserved DNA binding/dimerization Rel homology
domain (32). Binding of NF-«B to IkB proteins maintains NF-kB in
an inactive state (33). Activation of NF-kB in normal cells is induc-
ible and is a tightly controlled event. Upon stimulation, IkBs are
phosphorylated by the IxB kinase (IKK) complex (consisting of
IKK1, IKK2, and NEMO proteins) (34-37). IkB phosphorylation
leads to its rapid proteolysis, thereby allowing NF-kB to function
as a transcription factor. Temporally, IkBa is one of the first target
genes that NF-kB activates very rapidly, and hence, this forms a
feedback loop that shuts off the activity of NF-kB under normal
circumstances. In many malignancies, including that of the breast,
however, NF-kB is found to be constitutively activated (38-49).
Yet the molecular mechanism for such constitutive activation
of NF-«B signaling in solid tumors is not clear. TGF-B-activated
kinase-1 (TAK1), a member of the MAPK family, is a key regula-
tor of signal transduction cascades, leading to the activation of the
transcription factor NF-kB. Stimulation of cells with cytokines and
microbial pathogens results in the activation of TAK1, which subse-
quently activates the IKK complex and MAPKs, culminating in the
activation of NF-kB and AP-1, respectively (39, 40, 50-54). TAK1
is recruited to the TNF-a receptor complex in an RIP-dependent
manner following the stimulation of TNF-a receptor 1 and serves
as a pivotal intermediate for IKK activation (39, 40, 44). Apart from
its critical role in immunity (55), wherein TAK1 is mostly activated
by membrane or cytoplasmic cues, TAK1is also essential for NF-kB
activation in response to DNA damage, which is initiated from the
nucleus (46, 56). Although hypothesized, overexpression of mole-
cules such as IKK2 and TAKI1 as likely causes of constitutive NF-kB
apparent in most malignancies has not been documented, despite
sequencing of several cancer genomes.

In a search for markers of metastasis, we uncovered a mol-
ecule whose levels are upregulated in metastatic human breast
cancers. Depletion of endogenous DP103 in invasive breast can-
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cer cells led to decreased expression of matrix metallopeptidase
9 (MMP9) and impeded cell migration and invasion. Conversely,
forced expression of DP103 in mammary carcinoma and non-
malignant cells both in vitro and in vivo increased oncogenicity
and the cells’ capacity to invade. Mechanistic studies showed
that DP103 is a critical cofactor for TAKl-mediated activation
of IKK2, the key NF-«kB-activating kinase in its activation loop.
Hence, the observed effects of DP103 are mostly due its abil-
ity to activate NF-kB, an oncogenic transcription factor. Since a
body of research indicates that TAK1-dependent NF-«B activa-
tion has a direct role in various aspects of cancer (39, 56), our
identification of DP103 as the rate-limiting factor that mediates
TAK1 signaling adds an important previously unidentified regu-
lator that could be used as a drug target, since its levels specifi-
cally increase in cancer cells. Interestingly, NF-«B signaling also
positively activates DP103 expression. Since levels of DP103 are
limiting in normal cells, the existence of a tonic DP103-NF-kB-
positive feedback loop in cancer cells could also explain how con-
stitutive NF-«xB activation is documented in most human cancers
despite the absence of amplification of TAK1 or IKK2.

Results

Expression of DP103 is significantly upregulated in basal subtype
human breast cancers. Recently, a study showed increased expres-
sion of DP103 in a protein microarray done on tissues from man-
tle-cell lymphoma patients (57). This prompted us to explore the
role of DP103 in breast cancer. Tissue microarray (TMA) slides
consisting of invasive ductal carcinoma (IDC) cases from 399
patients and normal nonmalignant ductal tissues from 61 wom-
en were obtained from the Department of Pathology, Singapore
General Hospital. Clinicopathological features are shown in
Supplemental Table 1A (supplemental material available online
with this article; doi:10.1172/JCI73451DS1). Typical DP103 stain-
ing in normal versus tumor samples is shown in Figure 1, A and
B, respectively. Based on DP103 staining, the cut-off value for
low or high expression of DP103 was scored as O and 1+ versus
2+ and 3+. As aresult of tissue loss during immunohistochemical
processing, 330 cases of IDC and 38 cases of normal nonmalig-
nant ductal tissues could be evaluated. As shown in Supplemen-
tal Table 1B, all 38 normal tissues showed low DP103 expression,
while a significantly higher proportion (267 out of 330 patients)
of specimens showed high DP103 expression in the tumor cores
(P < 0.001). These findings were further extended using another
cohort from the Montreal University Health Centre (Supple-
mental Figure 1, A and B, and Supplemental Table 1C). Clinico-
pathological features are shown in Supplemental Table 1D. Taken
together, these data sets reveal that expression of DP103 is sig-
nificantly higher in tumors (across ethnic groups and regardless
of the source of patient material).

To further delineate the expression profile of DP103 in vari-
ous subtypes of breast cancer, 11 cohorts containing 1,325 breast
tumors were collected and compiled from the NCBI's Gene
Expression Omnibus (GEO) (see Methods). These 1,325 tumors
were then classified using Single-Sample Gene Set Enrichment
Analysis (ssGSEA) (58) and breast cancer subtype signature from
Prat et al. (59). As shown in Figure 1C, DP103 expression is signifi-
cantly higherin basal subtype (Mann-Whitney test, P=4.88 x10™).
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Figure 1. DP103 levels correlate with invasiveness and malignancy. DP103 staining of (A) normal ductal tissue and (B) an IDC. (C) Gene expression value of
DP103 (y axis) plotted for each breast cancer subtype, namely basal, claudin-low, luminal-A, luminal-B, ERBB2 (HER2+), and normal-like. (D) Kaplan-Meier
curves showing DP103 expression in relation to patients’ 0S. Cases that have not experienced a positive event are censored at the date of last follow-up
(small vertical lines on the line plots). (E) Kaplan-Meier curves showing DP103 expression in relation to SAR. Cases that have not experienced a positive
event are censored at the date of last follow-up (small vertical lines on the line plots). (F) Breast cancer progression model showing isogenic cell lines with
increasing invasive potential. (G) Western blotting with DP103 antibody in lysates from the isogenic cell lines (F). (H) gPCR with DP103 mRNA expression in
RNA from the isogenic cell lines (F). (I) Gene expression of DP103 correlates with breast metastasis activity by Spearman correlation (64). Red dotted line
is curve fitted by linear regression. (J) Primary breast tissues from patients with benign disease, no lymph node metastases (Non-Met), and lymph node
metastases (Met) collected and analyzed for DP103 mRNA expression **P < 0.01; ***P < 0.001. (K) RNA from breast cell lines and gPCR performed with
DP103 primers. (L) Protein from breast cell lines extracted and levels of DP103 protein evaluated. Fold difference in protein expression indicated in G and L.

No significant difference in DP103 expression in claudin-low and  tent findings were seen on a validation data set (GEO GSE3494)
luminal B were seen, while luminal A, ERBB2, and normal-like  not included in the 11 meta-analysis cohorts, where basal sub-
subtypes showed significantly lower expression (Mann-Whitney  type had significantly higher DPI03 expression when compared
test, P = 4.5 x 1075 P = 0.0048; P = 0.0281, respectively). Consis-  against other subtypes (Mann-Whitney test, P = 1.09 x 10%; see
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Figure 2. DP103 regulates invasive abilities of cancer cells. (A) MDA-
MB-231 cells transfected with control siRNA (ctsi) and 2 different siRNAs
against DP103. Scratch wound healing assay is shown. (B) MDA-MB-231
cells represented in percentage of siDP103 or ctsi cell movement after
scratching. *P < 0.05. (€) MDA-MB-231 and BT549 cells transfected with
control siRNA (ctsi) and 2 different siRNAs against DP103 in Transwell
assays. Inset shows representative photograph. (D) Quantification of
MDA-MB-231 cells invaded through Transwell invasion chambers from C.
*P < 0.05. (E) Quantification of BT549 cells invaded through the Transwell
invasion chambers from C. *P < 0.05. (F) MCF10A cells transfected with
control pcDNA3 vector (EV) and pcDNA3-FLAG-DP103 (DP103). Cell
extracts immunoblotted with anti-DP103 and anti-B-actin antibodies. (G)
MCF10A cells transfected as in F and analyzed in an invasion assay as in
C. (H) MCF10A cells that invaded through the chambers quantified and
represented. *P < 0.05. (I) Pulmonary and liver metastases from primary
tumors evaluated by bioluminescence imaging. Color scale depicts photon
flux (p/s) emitted from the organs. (J) Left: DP103 expression in primary
tumor injected with empty vector-transfected MDA-MB-231 cells (MDA-
MB-231-EV). Right: DP103 expression in mouse mammary fat pad injected
with DP103-transfected cells (MDA-MB-231-DP103). (K) Distal metastasis
to lung tissues quantified by mRNA levels of human GAPDH. *P = 0.05.
(L) Metastasis to liver tissues quantified by mRNA levels of human
GAPDH. *P = 0.05. Fold difference in protein expression indicated in F.
Original magnification, x10; x40 (insets).

Supplemental Figure 1C). Since protein expression levels provide
a more reliable quantification for function compared with mRNA
quantification, as shown in Figure 1C and Supplemental Figure
1C, we then assessed protein expression of DP103 in the same 2
cohorts by immunohistochemistry (IHC). In agreement with our
microarray results, the highest protein expression of DP103 cor-
related with the basal subtypes (Supplemental Figure 1, D-H;
Supplemental Table 2A, Singapore cohort; Supplemental Figure 1,
I-M; and Supplemental Table 2B, Canada cohort).

DP103 expression levels correlate with malignancy and with
patient survival. We then analyzed DP103 expression in breast
tumors using a multi-institutional “microarray meta-analysis
cohort” with a sample size of 669 primary breast cancer cases and
found levels of DP103 to be significantly elevated in poorly differ-
entiated grade 3 tumors compared with those in well-differentiat-
ed grade 1 or 2 tumors (1 = 669, P = 0.008) (Supplemental Figure
1N). We also validated the microarray data in Supplemental Figure
1N by analyzing DP103 protein expression by IHC. Corroborating
our microarray results was the finding that DP103 protein is sig-
nificantly higher in high-grade IDC compared with low-grade IDC
(Supplemental Figure 2, A-D; Supplemental Table 2C, Singapore
cohort; Supplemental Figure 2, E-G; and Supplemental Table 2D,
Canada cohort).

Kaplan-Meier analysis using the cohort consisting of 399
patients (Supplemental Table 1A) revealed that high DP103 pro-
tein levels correlated with reduced survival. Patients with high
DP103 expression (mean overall survival [OS], 132 months; n =
61) had significantly shorter survival (P = 0.010) compared with
those with low DP103 expression (mean OS, 149 months) (Figure
1D). In addition, analysis of survival after relapse (SAR) revealed
that patients with high DP103 expression (mean SAR, 63 months;
n = 61) had significantly shorter survival (P = 0.009) compared
with those with low DP103 expression (mean, 116 months) (Figure
1E). To investigate whether a meaningful functional correlation
between DP103 expression levels and increasing tumor malignan-
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cy does exist, we determined basal DP103 expression in an isogen-
ic cell xenograft-derived MCF10 breast cancer progression model
system (60-62) that included the immortalized breast epithelial
cell line MCF10A (10Al), the premalignant MCF10AT (AT1Kk),
low-grade MCF10CA1h (CA1h), and high-metastatic grade MCF-
10CA1aCl.1 (CAla) cell lines (Figure 1F). We found that DP103
protein (Figure 1G) and mRNA (Figure 1H) levels directly corre-
lated with increasing invasive potential of these cell lines, with the
highest levels of DP103 expression observed in the most metastat-
ic CAla cells (Figure 1, G and H).

DP103 expression correlates with metastasis gene signatures and
breast cancer metastasis. A recent US patent application on the
use of compounds that block cancer metastasis showed DP103
(DDX20) as the only DEAD-box helicase member listed in the
microarray data (publication number: US 2010/0004190 Al; ref.
63), thereby encouraging us to determine whether expression
of DP103 correlates to the metastatic potential of tumor cells.
Using breast cancer metastasis signature from Zucchi et al. (64),
we employed ssGSEA to estimate the degree of cancer metastasis
for breast tumors. Figure 1I shows a strong positive correlation in
the meta-analysis cohort for breast cancer metastasis with DP103
expression (Spearman p = 0.21, P=7 x 107), suggesting that DP103
may have a role in breast cancer metastasis. From this metastasis
gene signature list (64), the association of the 2 most positively
correlated metastasis genes, HMGBI and H2AFZ, to expression of
DP103 was then validated by quantitative PCR (qPCR) in a cohort
of 63 breast cancer and 22 benign breast tissue samples derived
from 85 patients who underwent surgery at the First Affiliated Hos-
pital of Anhui Medical University, Hefei, China (Supplemental Fig-
ure 2, H and I). Clinicopathological status of this cohort is provided
in Supplemental Table 3A. In this cohort, we then assessed whether
expression of DP103 alone is predictive for lymph node metastasis.
This analysis mirrored our gene expression analysis from above in
that DP103 expression was lower in primary breast tissues that did
not develop lymph node metastasis, while increased DP103 levels
were observed in primary breast cancer tissues of patients who
developed lymph node metastasis (Figure 1]). Benign breast tis-
sue samples that were used as a reference demonstrated the least
DP103 expression levels (Figure 1]). The role of DP103 in metasta-
sis gained further credence by its listing in microarray data done
on colorectal cancer (CRC) patients’ tissues (z = 100), comparing
gene expression profile in primary tumors with and without dis-
tant metastasis. When retrieved (ArrayExpress E-GEOD-18105),
DP103 was found to be upregulated in CRC patients that devel-
oped distant metastasis (n = 100; P <1 x 107°). These results then
encouraged us to screen a panel of breast cancer cell lines for
DP103 expression. Interestingly, cell lines that are highly metastat-
ic, such as MDA-MB-231 and BT549, display high levels of DP103
mRNA (Figure 1K) and protein (Figure 1L). On the other hand, non-
invasive SKBr3, MCF7, and BT474 cells have much lower DP103
expression, while normal breast cells MCF10A and 184A1 have the
lowest DP103 expression.

Suppression of DP103 decreases migratory ability of breast cancer
cells. To evaluate the functional consequence of DP103 expression
in breast cancer metastasis, we assessed cells’ migratory behav-
ior following RNAi-mediated knockdown of DP103 in metastatic
MDA-MB-231 cells. To exclude off-target effects, we performed
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Table 1. Metastatic gqPCR array

Gene Gene name Fold change (+ SD)

MTA2 Metastasis associated gene 2 1173883 (+0.023156)
NMET Nucleoside diphosphate kinase A 0.935731(+0.022723)
PLAU Urokinase-type plasminogen activator 1.089051(£0.231132)
MET Hepatocyte growth factor receptor 1458452 (+0.040862)
PLAUR Urokinase-type plasminogen activator receptor 1154275 (+0.026637)
MMP1 Matrix metalloproteinase 1 1.88218 (+0.165944)

SERPINBS Serpin peptidase inhibitor, clade B member 5 1.040501 (+0.335911)
MMP2 Matrix metalloproteinase 2 0.80275 (+0.110911)

SERPINET Serpin peptidase inhibitor, clade E member 1 0.845209 (0.218096)
MMP9 Matrix Metalloproteinase 9 2.668643 (+0.000182)
TIMP1 Metallopeptidase inhibitor 1 1.535293 (+0.062558)
MTAT Metastasis associated gene 1 1.225943 (+0.067582)
TIMP3 Metallopeptidase inhibitor 3 1659162 (£0.224292)
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assay. siDP103 reduced cells’ invasiveness in 3D
collagen hydrogel; notably, the spread of green

Pvalue tracks (ctsi) surpassed that of red tracks (siDP103)
0.1418 (Supplemental Figure 4A). Cell speed of the knock-
0.8644 down cells was also averaged over each track and
0.2914 plotted into a histogram (Supplemental Figure
0.0036 4B). As an additional indicator of invasive poten-
0.0433 tial, MDA-MB-231 cells characteristically induce
0.0445 a branching morphogenesis. Interestingly, we
0.5561 . . .
observed a loss of this branching morphogenesis
0.6882 . .
el and reduction in cell spreading in cells depleted of
0'0 0% DP103 expression (Supplemental Figure 4C).
0'00 3 Ectopic expression of DP103 enhances cell inva-
0.0387 sion. Induction of tumor cell invasion is an impor-
0.0372 tant step in tumor metastasis and transition to a

3812

Effects of ectopic expression of DP103 in breast cancer cells. RNA from BT549 stably
transfected with either empty vector or DP103 was extracted and qPCR was performed with
various primers. Results are represented as fold change in mRNA levels in BT549-DP103 cells
relative to the control cells. Fold change values are representative of 3 independent mRNA
replicates. Values less than 1indicate decreased expression and more than 1indicate increased
expression of the specific mRNA. Values more than 2-fold changes are indicated in bold.

more malignant form of cancer at distant sites
(65). To further substantiate our findings, we then
evaluated whether ectopic expression of DP103
would result in altered invasion by noncancer
cells. Ectopic expression of DP103 alone had a
dramatic effect on the phenotypic conversion of

these assays using 2 independent siRNAs against DP103 (Supple-
mental Figure 3A) either singly or in combination. DP103 deple-
tion led to decreased migration (by 40%) when siDP103#1 and
siDP103#2 were used alone or (by 80%) when they were used
together (siDP103 #1+2) (Figure 2, A and B) in a classical wound-
healing assay. These observations were further confirmed by using
a 2D nonwound migration assay (Supplemental Figure 3B). The
2D track plots of the cells are depicted in Supplemental Figure 3C,
which shows reduction in cell motility, with the left panels showing
cells transfected with control siRNA and the right panels showing
cells transfected with siRNA against DP103. The top panels show
the entire tracks made by the 50 cells, while the bottom panels
show the ending points of each cell track (Supplemental Figure 3C).
The data of individual cell tracks from this assay were then ana-
lyzed for various cell migration parameters, as shown in Supple-
mental Figure 3D. Accumulated distance is an indicator of motil-
ity of individual cells, whereas Euclidean distance gives an idea
about the actual dispersion of the cells with respect to their starting
positions. Confinement ratio is an indicator of directionality of the
cells over time. In summary, we concur that suppression of DP103
affects the intracellular motility mechanisms in MDA-MB-231 cells
but not the directionality of motion (Supplemental Figure 3D).
Suppression of DP103 decreases invasive ability of breast cancer
cells. Given that DP103 is upregulated in invasive breast cancer
cells, we next explored effects of decreasing DP103 expression on
tumor cell invasion by the use of Matrigel-coated Transwell cham-
bers. In highly invasive MDA-MB-231 and BT549 cells, transient
knockdown of DP103 resulted in about 50% less invasion through
the Matrigel-coated inserts (Figure 2, C-E). The combined use of
siDP103 resulted in about an 80% decrease in invading cells (Fig-
ure 2, C-E). To mimic in vivo conditions as closely as possible, we
then monitored luciferase-expressing MDA-MB-231 cells with and
without suppression of DP103 expression using a 3D collagen gel
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the MCF10A normal human breast epithelial cell
line, increasing its invasion potential by 4-fold
(Figure 2, F-H). In addition, forced overexpression
of DP103 in MDA-MB-231 cells (Supplemental Figure 4, D-F) sig-
nificantly promoted cells’ invasive capacity. To validate these find-
ings in vivo, we injected luciferase-expressing MDA-MB-231 cells
stably transfected with either empty vector (MDA-MB-231-EV) or
DP103 plasmid (MDA-MB-231-DP103) in the mammary fat pads
of nude mice. Supplemental Table 3B compares the incidence of
pulmonary and liver metastases at necropsy from primary tumors
formed by the 2 breast cancer cell lines. Of 12 mice inoculated
with MDA-MB-231-EV, only one was found to have lung and liver
metastases by bioluminescence imaging. In contrast, 4 out of 11
mice injected with MDA-MB-231-DP103 cells developed distant
metastasis to lung and liver (Supplemental Table 3B). Figure 21
shows the ex vivo images of the lung and liver lobes from all mice
that developed distant metastasis. We validated differences in pro-
tein expression levels of DP103 in primary tumors of MDA-MB-
231-EV cells versus MDA-MB-231-DP103 cells by IHC (Figure 2]J).
In addition, we also quantified distal metastasis in lung and liver
tissues by qPCR (human GAPDH gene expression normalized to
mouse Gapdh gene expression). Our results show a 2-fold increase
in distal metastasis to lung (Figure 2K) and liver (Figure 2L) in the
MDA-MB-231-DP103 mouse group compared with the MDA-MB-
231-EV mouse group. Taken together, mice injected with MDA-
MB-231-DP103 had higher incidence of lung and liver metastases
than mice injected with MDA-MB-231-EV.

MMP?9 levels predict survival and strongly correlate with DP103
levels in breast cancer. Cell invasion requires the complex coregu-
lation of cytoskeletal reorganization and cell motility as well as
proteolysis and interaction with the ECM. Therefore, we measured
expressions of several such genes in a “metastasis qPCR array”
(Table 1). While ectopic expression of DP103 did not change the
expression of genes such as NMEI, PLAU, SERPINB5, or MTAI it
led to upregulation of several other genes, such as MMPI, TIMPI,
and TIMP3. Notably, MMP9 mRNA levels were increased signifi-
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cantly (Table 1). Since high MMP9 expression is closely associated
with poor prognosis in other cancer types (66-68), we stained tis-
sues from the same cohorts used in Supplemental Table 1, A and D,
for MMP?9 protein expression. Similarly to expression of DP103, we
observed high expression of MMP9 in breast tumor tissues com-
pared with normal breast tissues (Figure 3, A and B, and Supple-
mental Table 4A, Singapore cohort; Supplemental Figure 5, A and
B, and Supplemental Table 4B, Canada cohort). Kaplan-Meier
analysis showed that high MMP9 levels were correlated with high-
er tumor recurrence risk and reduced survival. Similarly to DP103,

MMP?9 status correlated with OS, with high expression (mean OS,
132 months; n = 69) showing significantly shorter survival duration
(P =0.002) compared with low MMP9 expression (mean OS, 150
months) (Figure 3C). Furthermore, cases with high MMP9 expres-
sion have shorter SAR (mean, 66 months; n = 69) and significantly
shorter survival (P = 0.028) compared with those with low MMP9
expression (mean, 118 months) (Figure 3D). Having observed
similar clinical significance for DP103 and MMP9, we then ana-
lyzed to determine whether there is a positive correlation between
these 2 markers. Supplemental Table 4, C and D, indeed showed
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a strong positive clinical correlation between expression of DP103
and MMP9 (P < 0.001 in both cohorts). To further substantiate
this finding, we next investigated whether a similar correlation
between DP103 and MMP9 expression existed in the cohort from

3814 jci.org

Volume 124  Number9  September 2014

Supplemental Table 3A. Importantly, much like DP103, the highest
levels of MMP9 were found in primary breast tumors that showed
metastasis compared with nonmetastatic or benign tumors (Fig-
ure 3E). Importantly, the correlation between DPI103 and MMP9
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expression was statistically significant (P < 0.001) (Supplemental
Figure 5C) a trend that was also observed (Supplemental Figure
5D) in data obtained from the same microarray consisting of the 11
meta-analysis cohort used above (Figure 1C).

Suppression of DP103 expression decreases MMP9 gene expres-
sion. We then screened for MMP9 expression in the panel of breast
cell lines used in Figure 1K. We found that, mirroring the expres-
sion of DP103, metastatic breast cancer cell lines MDA-MB-231
and BT549 displayed the highest levels of endogenous MMP9
mRNA expressions, while the nonmetastatic and normal breast
cell lines displayed relatively low levels (Figure 3F). In addition,
we observed that MMP9 mRNA expression positively correlated
with DPI03 mRNA expression across a panel of cell lines (Pear-
son coefficient = 0.913) (Supplemental Figure 5E). Given the
strong correlation observed between DP103 and MMP9 expres-
sion levels, we probed for a causal link between these enzymes.
Transient knockdown of DP103 resulted in a significant decrease
in MMP9 mRNA levels at 24 hours and 48 hours compared with
cells transfected with a scrambled siRNA (ctsi) in MDA-MB-231,
BT549 (Figure 3G), and Hs578t cells (Supplemental Figure 5F).
Decrease in MMP9 mRNA corroborated well with an observed
drop in MMP?9 protein levels (Figure 3H and Supplemental Figure
5G) and enzyme activities (Figure 3I) without affecting cell viabil-
ity (Supplemental Figure 5, H and I). Conversely, ectopic expres-
sion of DP103, much like what is seen in cancer tissues, resulted in
increased MMP9 expression in both malignant MDA-MD-231 and
nonmalignant MCF10A cells (Supplemental Figure 6A).

MMP9 mediates effects of DP103 in invasiveness. In order to
ascertain whether MMP9 is the primary molecular effector of
the observed effects mediated by DP103, we evaluated invasion
of MDA-MB-231 in a Transwell assay using a pan-MMP inhibitor
(GM6001), a MMP2/9 inhibitor (SB-3CT), and a selective inhibi-
tor of MMP9 (MMP9 inhibitor I). We found that inhibition by
either GM6001 or SB-3CT prevented invasion of MDA-MB-231
cells through the Matrigel matrix by 40% (Supplemental Figure
6, B and C). More importantly, we found that specific inhibition
of MMP9 activity alone was sufficient to significantly (~50%)
impede the invasion of MDA-MB-231 cells either with basal or
ectopic expression of DP103 (Supplemental Figure 6D), which
suggests MMP?9 is the key molecular effector mediating effects of
DP103 seen in our experiments and in clinical settings. MMPs are
known to play roles not only in metastatic progression, but also
in tumor initiation and formation (69), thereby suggesting that
DP103-mediated regulation of these enzymes may have wide-
spread implication in cancer initiation and progression. Indeed,
although there was no difference in tumor size between control
and DP103-overexpressing cells (Figure 2] and Supplemental
Table 3B), there were more tumors formed in DP103-expressing
mice compared with control and more mice developed tumors in
this group (data not shown).

DPI03 regulates NF-xB-dependent gene expression. Since an
increase in MMP9 mRNA levels correlated with an increase in
DP103levels,itwaslikely that DP103 could be controlling the tran-
scription of MMP9. Transcriptional regulation of MMP9 involves
arelatively large repertoire of transcriptional factors that includes
AP-1, AP-2, Ets, NF-xB, and SP-1, out of which AP-1 (70-72) and
NF-kB (73, 74) are considered the major regulators. Given that
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depletion of DP103 expression in 3 invasive cell lines decreased
MMP9 mRNA, we questioned whether this downregulation is due
to inhibition of NF-kB or AP-1 activity. Suppression of DP103 led
to downregulation of basal NF-kB activity, but had no effect on
AP-1 activity (Figure 4A). Interestingly, DP103 levels were found
to change in response to ecteinascidin 743 (ET-743), a genotoxic
stress inducer (75). Given that DP103 regulated MMP9 expres-
sion via activation of NF-kB, whose transcriptional activity is also
regulated by genotoxic chemotherapeutic agents (46, 76-78),
we then sought to investigate effects of DP103 in the presence
of known chemotherapeutic agents that induce NF-kB, namely
doxorubicin, etoposide (VP16), and camptothecin. Indeed, lucif-
erase assays with NF-kB- and AP-1-dependent reporters showed
that suppression of DP103 reduced drug-induced NF-«B reporter
activity in both MDA-MB-231 and BT549 cells (Figure 4, B-D,
and Supplemental Figure 7, A-C, respectively). Significantly,
drug-induced AP-1 activity was not affected by DP103 levels
(Supplemental Figure 7, D-F). EMSA analysis showed that siR-
NA-mediated reduction of DP103 reduced both basal and drug-
induced NF-«kB DNA-binding activity seen in both MDA-MB-231
and BT549 breast cancer cells (Figure 4E). AP-1 DNA-binding
in both MDA-MB-231 and BT549 cells remained unaffected
by DP103 levels and served as control (Figure 4E). Conversely,
ectopic expression of DP103, much like what is seen in tumors,
increased NF-kB DNA-binding ability (Figure 4F). siRNA to
DP103 also reduced nuclear accumulation of p65 while causing
it to accumulate in the cytoplasm (Supplemental Figure 7G). We
next evaluated whether DP103 could regulate other clinically
relevant NF-kB target genes in response to stress. Indeed, siRNA
to DP103 significantly reduced the levels of NF-kB target genes,
namely ICAM-1, MMP9, and CXCR4 (Figure 4G).

Activation of NF-kB is known to protect cells from cell death
induced by genotoxic agents. To evaluate whether reduction of
NF-«kB DNA binding (Figure 4, E and F, and Supplemental Fig-
ure 7G) and transcriptional activity (Figure 4, A-D, and Supple-
mental Figure 7, A-C) has functional significance, we treated
MDA-MB-231 cells with doxorubicin or CPT and measured cell
viability. Indeed, cells depleted of DP103 and hence with defec-
tive NF-«B activation were more sensitive to cell death induced
by these genotoxic agents (Supplemental Figure 7, H and I). In
addition, we found that silencing of DP103 led to decreased
NF-kB binding to the DP103 promoter (Supplemental Figure 7]),
suggesting that the DP103-NF-«kB-positive feedback loop likely
contributes to oncogenesis.

Activated NF-xB (p-p65-276) levels correlate with expression of
DPI03 and patient survival. Since our results indicated that DP103,
a key biomarker of cancer metastasis, functions via activation of
NF-«B, we next explored whether there is a clinical value for NF-«xB
activation per se by evaluating expression levels of phospho-p65
in patient tissues. IHC performed on clinical specimens from the
cohort shown in the Supplemental Table 1A revealed that, simi-
lar to expression of DP103, expression of phospho-p65 (Ser276),
which represents the activated form of NF-kB, the competent
form for chromatin remodeling, is significantly higher in breast
tumor tissues compared with normal breast tissues (P < 0.001)
(Figure 5, A and B, and Supplemental Table 5A). Analysis of
phospho-p65 protein expression mirrored that of DP103, with the
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highest expression observed in basal subtypes compared with oth-
er subtypes (P = 0.0141) (Figure 5, C-G, and Supplemental Table
5B) and closely associated with high-grade tumors (P < 0.001)
(Figure 5, H-K, and Supplemental Table 5C). Kaplan-Meier analy-
sis on the same cohort revealed that high phospho-p65 (Ser276)
expression (mean, 132 months; n = 62) correlated with reduced
0OS, (P = 0.002) compared with low phospho-p65 expression
(mean, 151 months) (Figure 5L). Furthermore high phospho-p65
(Ser276) expression (mean, 66 months; n = 62) predicted short-
er SAR (P = 0.011) compared with low phospho-p65 expression
(mean, 120 months) (Figure 5M). Most importantly, high expres-
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sion of phospho-p65 correlated positively with high expression of
DP103 in clinical specimens (P < 0.001) (Supplemental Table 5D).

DPI03 regulates NF-xB in response to multiple stimuli. NF-xB can
regulate gene expression in response to multiple stimuli (39, 40,
79). To test whether DP103 is an essential component of NF-kB
signaling, we determined whether DP103 can also regulate NF-xB
in response to a diverse array of well-known NF-kB-activating
agents such as TNF-q, IL-1, LPS, CPT, and Dox. These agents ini-
tiate NF-kB activation via very distinct cellular-signaling players
(40). However all the distinct signaling to NF-«B initiated by these
agents converges on the IKK complex. DP103 depletion impeded
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lanes 3 and 6. ()) Cells transfected either with siRNA control or siDP103. Lysates immunoprecipitated with NEMO antibody and kinase assay performed as
previously described (36). (K) BT549 cells transfected either with control siRNA or siDP103 as indicated and immunoblotted. Fold difference in protein DNA
binding indicated in EMSA for A-C and for protein expression changes in E, F, J, and K.
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NF-kB DNA binding in response to all the tested stimuli (Figure
6A). DP103 also affected kinetics of NF-kB binding in response to
membrane (TNF-o) and nuclear (CPT) activators of NF-«B (Fig-
ure 6, B and C). Furthermore, reduction of DP103 caused signifi-
cant reduction in TNF-a-induced NF-kB-dependent transcription
(Figure 6D). Based on the finding that DP103 promoter contains
kB sites (data not shown), we then evaluated whether DP103 itself
is a target of NF-kB-activating stimuli. De novo DP103 protein
was induced in response to both TNF-a and LPS (Figure 6E) and
DP103 induction by LPS can be strongly and specifically inhibited
by IKK2 inhibitor IV among other kinase inhibitors tested (Figure
6F), providing evidence that DP103 is an NF-kB target that could
form part of a positive feedback loop. Interestingly, we identi-
fied 3 putative NF-xB- binding sites within the promoter of the
DP103 gene (Figure 6G). By EMSA, we showed NF-kB binds to all
3 sites (data not shown). The specificity and identity of the NF-«xB
complexes could be ascertained using cold oligonucleotides and
supershift with anti-p65 or anti-p50 antibodies, respectively (Fig-
ure 6H). Furthermore, EMSA with NF-«xB consensus cold oligo-
nucleotides abrogated NF-«xB binding within the promoter of the
DP103 gene (Figure 6]). In addition, we also showed a feedback
loop following silencing of DP103 leading to decreased NF-«B
binding to the DP103 promoter (Supplemental Figure 7G), sug-
gesting that the DP103-NF-«kB-positive feedback loop likely con-
tributes to this oncogenic signaling arm in cancers. Members of
the helicase families, of which DP103 is a member, share several
conserved motifs, including the Walker A and B motifs, which are
involved in the binding of nucleoside triphosphates required for
its helicase activity (20). Changing the conserved GKT to GNT
has been shown to reduce ATP binding in RNA helicases by 98%
(80). Additionally, the helicase-dead mutant (GNT) also retained
its ability to induce invasion in MDA-MB-231 cells (Supplemental
Figure 8, A-C), demonstrating that the helicase activity of DP103
is not required for its role in the metastasis of breast cancer cells.
The helicase dead mutant of DP103 also interacts with TAK1 (Sup-
plemental Figure 8D).

Given that a helicase dead DP103 functions in activating inva-
sion and that DP103 can regulate signaling to NF-kB in response
to a wide array of stimuli that converge only on the key TAK1-IKK
complex, these results suggest that DP103 likely regulates a cen-
tral complex in NF-kB activation such as the TAK1 or IKK complex
independently of its role as a helicase. We tested kinase activity
of the IKK complex on phosphorylation of IkBa with or without
DP103 depletion in response to TNF-a as stimuli (Figure 6]). Phos-
phorylation of IkBa by the IKK complex was significantly impeded
upon DP103 depletion. Furthermore, kinetics of endogenous IKK
activation, as judged by phosphorylation of IKK1/2 in the activa-
tion loop at Ser180/Ser181 and its functional consequence, name-
ly phosphorylation of IkBa (Ser32/Ser36), was markedly reduced
when DP103 was depleted (Figure 6K), suggesting that DP103is a
key regulator of activating phosphorylations on the activation loop
of IKKs and hence of IKK function in the physiological context.

DPI03 enhances Takl-mediated IKK2 phosphorylation and
hence NF-kB activation. Several mitogen-activated protein kinas-
es, such as MEKK1, MEKK3, and TAK1, are suggested to regu-
late IKK activation. However, TAK1 is considered the immediate
upstream activator of IKK and an essential component of both
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nuclear and receptor-mediated NF-kB activation, which works by
phosphorylating the Ser180/Ser181 in the activation loop of IKKs
(39,40, 44). We first investigated whether endogenous DP103 and
TAK]1 interact. Indeed, DP103 and TAKI1 interacted in vivo, and
this interaction was specific to the cytoplasm, since TAK1 is cyto-
plasmic (Figure 7A). Covalent modification of adaptor proteins by
ubiquitin chains (termed as polyubiquitination) has been shown
to be critical for activation of IKKs downstream of many NF-xB-
activating stimuli. While there is much ongoing debate on the
exact nature of the ubiquitin chains, such as in the K-63, linear, or
K11 fashion, which is key for IKK activation, the ubiquitin-binding
proteins TAB2/3 and NEMO are essential regulatory subunits of
TAK1 and IKK complexes, respectively (81-83). Indeed, deubig-
uitination enzymes A20 and CYLD, which remove these chains
from adaptor proteins in NF-«B signaling, inhibit IKK and hence
NF-«B activation. They are also known to be lost in inflammatory
conditions and cancers, which explains the cause of hyperacti-
vation of the pathway that characterizes these conditions (84).
Indeed, we could see TAKI interacting proteins TAB2/3 inter-
acting with DP103 under endogenous conditions (Supplemen-
tal Figure 9, A and B). To further verify whether this is a direct
interaction, we purified GST-TAK1 and His-DP103 recombinant
proteins (Supplemental Figure 9C) and tested their interaction in
vitro (Figure 7B). Pull-down using Ni-NTA beads showed physical
interaction between the 2 purified molecules (Figure 7B), suggest-
ing that they indeed directly interact. To test the functionality of
this interaction, we evaluated whether DP103 regulates the abil-
ity of TAK1 to phosphorylate IKK2 on its activation loop (40, 44).
We purified the TAK1 phosphorylation site (residues 152-204)
on IKK2 (GST-IKK2-WT) and a protein with mutations in the
TAK1 phosphorylation domain (GST-IKK2-Mut) (Supplemental
Figure 9D) and included these in a kinase assay with purified
TAK1 and an increasing amount of DP103 (Figure 7C). Increas-
ing DP103 concentration caused an increase in TAKI-mediated
phosphorylation (hence activation) specifically of IKK2-WT but
not that of IKK2-Mut activation loops (Figure 7C). Importantly
overexpression of DP103, much like what is seen in cancers,
caused increased recruitment of IKK2 to TAK1 upon stimulation
(Supplemental Figure 9, E and F). These results further explain
the mechanism of constitutive IKK activation in cancers. Further-
more, given that the results in Figure 7C are derived using purified
proteins, they suggest that DP103 can directly bind to TAK1 and
function as a cofactor to enhance its kinase activity toward IKK2.
This reaction is specific, since TAK1 activity toward the GST-
IKK2-Mut protein remains unaltered. Indeed, if DP103 levels are
limiting in normal cells and overexpression of DP103 as seen in
cancers is the mechanistic basis of increased TAK1-mediated IKK
and hence NF-kB activation apparent in cancers, this hypothesis
could be tested. Next, we included the GST-IKK2-WT in a kinase
assay where endogenous TAK1 was immunoprecipitated (Figure
7D). DP103 depletion showed reduced phosphorylation on Ser181
of GST-IKK2 by TAK1 (Figure 7D). Using MDA-MB-231 cells, we
next evaluated whether DP103 levels influence the activation of
the IKK kinase complex and hence NF-«B activation. Mere ecto-
pic expression of DP103 increased activity of the IKK complex, as
seen by phosphorylation of IkBa (Figure 7E). Conversely, deple-
tion of endogenous DP103 expression led to reduced phosphory-
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Figure 7. DP103 is a positive cofactor of TAK1-mediated IKK2 activation in MDA-MB-231 cells. (A) Nuclear and cytoplasmic fractions immunoprecipitated
with TAK1 and IgG control antibodies and immunoprecipitate material and lysates analyzed by immunoblotting with the indicated antibodies. (B) GST-TAK1
and His-DP103 incubated either separately or together. Immunoprecipitates analyzed by immunoblotting with the indicated antibodies. (C) Kinase assay
performed using GST-TAK1 either with GST-IKK2-WT or GST-IKK2-Mut substrates with increasing input of His-DP103 protein. (D) Cells transfected either with
control siRNA or siDP103 and stimulated with TNF-o. Lysates were immunoprecipitated using anti-TAK1 antibody, and kinase assay was performed using
GST-IKK2 (amino acid residues 152-204) as substrate (top panel). (E) Cells transfected with DP103, siDP103, and respective control vectors. IKK complex immu-
noprecipitated with anti-NEMO antibody. IKK activity was determined using phosphorylation of IxBo. (F) Cells transfected either with control siRNA or siTAK1
and stimulated with TNF-c. Total RNA analyzed for mRNA expression of NF-«B target genes. *P < 0.05; ***P < 0.001. (G) Cells treated with IKK2 inhibitor

IV or TAK1 inhibitor (5Z)-7-oxozeaenol and stimulated with TNF-a. MMPS activity evaluated with zymography. (H) Cells treated with control siRNA (ctsi) or
siRNAs against TAK1 (siTAK1) and stimulated with TNF-o. MMP9 activity evaluated with zymography. (I) Cells transfected either with control siRNA or siRNAs
against TAK1. Invaded cells through Matrigel detached and lysed in assay buffer were presented as relative fluorescence units (RFU). ***P < 0.001. Fold differ-

ences in protein expression are indicated in C-E.
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lation of IkBo (Figure 7E), reiterating that endogenous DP103
levels regulate TAK1 activity toward IKK2. Indeed, TAK1 deple-
tion with siRNAs also showed downregulation of NF-«B target
gene transcription (Figure 7F). Furthermore, much like siDP103
(Figure 31), either TAK1 kinase activity inhibition or IKK2 inhi-
bition or depletion with siRNAs against TAK1 abrogated TNF-o~
induced MMP9 activation in MDA-MB-231 cels (Figure 7, G and
H). In contrast, MMP2 was not affected, which is in line with
the existing literature showing that MMP9 but not MMP?2 is the
bona fide NF-«B target. Finally, we tested functionality of these
observations in MDA-MB-231 cells. Compared with control siR-
NA-treated cells, invasion of TAKI-depleted cells was greatly
decreased in MDA-MB-231 cells (Figure 7I). We conclude that
DP103-mediated regulation of TAK1’s activity toward the major
NF-«B kinase IKK2 regulates MMP9 expression and invasion.

Discussion
Breast carcinoma is the most common malignancy in women, and its
treatment is possible with early diagnosis. Despite high survival rates
for early stage breast cancer, most such tumors often go unnoticed
without regular mammograms. While effective targeted therapeu-
tic modalities exist for women with hormone receptor-positive and
HER2-positive disease, chemotherapy is the only systemic therapy
available for women with triple-negative breast cancer. Increased
heterogeneity of tumors in a larger group of patients poses a huge
challenge in determining whether these drugs will show good effi-
cacy in the OS and disease-free survival as well as the extent of the
severity of side effects that these drugs will deliver. Strikingly, the
number of patients who develop resistance to these therapies as well
as patients who show relapse and metastasis is on the rise (85-87).
Metastasis is a multifactorial process requiring the concerted effort
of many players. As such, it is a highly complex process and therefore
unraveling key gene(s) whose expression levels could predict metas-
tasis or tumorigenesis is of immense therapeutic value (12-14).

In this study, we uncovered DP103 as a prognostic marker and
a therapeutic target for breast cancer metastasis. While members
of the DEAD-box family, p68/p72 and Ddx3, have been linked to
tumorigenesis, the potential role of DP103, a relatively new mem-
ber (28), in cancer, if any, is yet to be uncovered. Using 2 indepen-
dent cohorts, we found that a significant number of breast cancer
patients display high levels of DP103 in their invasive breast tumor
tissue, especially the basal subtype, compared with normal breast
tissue. The prognostic and clinical significance of DP103 expres-
sion is highlighted by the observation that patients with high
expression of DP103 have significantly shorter OS and SAR. Fur-
thermore, DPI103 levels were found to be upregulated in a statis-
tically significant proportion of grade 3 breast cancers according
to a multi-institutional mRNA microarray meta-analysis cohort
of primary breast cancer; this was validated by IHC for DP103
protein expression in 2 independent cohorts. In vitro and in vivo
analyses revealed that expression of DP103 strongly and positive-
ly correlates with the ability of breast cancer cells to metastasize.
Remarkably, heightened expression of DP103 (as seen in cancers)
in the normal epithelial breast cell line, MCF10A, which normally
displays very low levels of DP103 and is unable to invade, was suf-
ficient to confer a 4-fold increased ability to these cells to invade.
Overall, our study established that DP103 is not only a prognostic
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marker for breast cancer tumorigenesis and progression, but also a
new predictive biomarker for cancer metastasis.

Since MMP9 expression has a clinical expression profile simi-
lar to that of DP103 and its expression is highly correlative to
expression of DP103, both in clinical specimens and cell lines, we
homed on the expression of the MMP family of proteins as a puta-
tive mechanism for observed effects of DP103. Our analysis further
suggested that the ability of DP103 to regulate NF-«B but not AP1
activity may be crucial for its regulation of MMP9. Indeed, clini-
cal expression of phospho-p65 (active NF-kB) mirrors the expres-
sion of DP103, both in terms of expression profile and survival
outcomes, and most significantly, expression of phospho-p65 very
significantly associates with expression of DP103. These results
are significant because this study is the first, to our knowledge, to
establish a role for DP103-NF-kB-MMP?9 axis in breast metastasis.

How does DP103 regulate NF-kB-dependent transcription?
Interestingly, DP103’s helicase activity was notinvolved in the reg-
ulation of invasion. The only known helicase-independent activ-
ity of DP103 is its ability to affect PIASy-mediated SUMOylation
of SF1 to act as a corepressor (23, 24). However, the underlying
molecular mechanism in the above 2 studies remains unknown.
The known function of PIASy in the NF-«kB-signaling system
is limited to its ability to induce SUMOylation of NEMO in the
DNA damage-signaling pathway (76, 88). Indeed, DP103 could
also affect PIASy SUMOylation, but this did not have a functional
role in its regulation of MMP9 transcription (data not shown).
Our results convincingly show that DP103-induced NF-«B and
hence MMP9 activation is dependent on its ability to regulate
TAK1-mediated activation of IKK via the phosphorylation of IKK
activation loop. Knockdown and specific kinase inhibitors further
prove that DP103-TAK1 complex is a potent activator of IKK2, the
key NF-kB-activating kinase, and this induces MMP9 and hence
invasion. Thus, identification of DP103 as a new limiting factor in
TAK1-dependent NF-«B activation provides a significant mecha-
nistic insight into the mechanism of constitutive NF-«B activation
seen in tumors. It explains why, despite lack of overexpression of
the TAK1 and IKK kinases, hyperactivation of NF-kB is apparent
in the vast majority of cancers. It is due to the fact that DP103,
levels of which increase in invasive or high-grade cancer, pro-
vides a tonic activation of TAK1-mediated IKK2 and hence NF-«B
activity. Since levels of DP103 are transcriptionally controlled by
NF-«B itself in breast cancer cells, this feedback loop maintains
constitutive activation of NF-kB and hence chronic inflamma-
tion, another hallmark of human cancers (89). A model based on
our studies is depicted in Figure 8. Since it is well accepted that
constitutive NF-kB activity also imparts cancer cells the chemo-
resistant phenotype (48, 49), DP103 could also be a therapeutic
target in these cancers. Indeed, our data showed that reduction
of NF-kB signaling by downregulating DP103 sensitized breast
cancer cells to chemotherapy-induced cell death. DP103 on its
own may not be a very attractive therapeutic target based on
conventional targeting methods. Although small molecules and
staple peptides have been designed to target “nondruggable” tar-
gets and even transcription factors such as BCL6, our finding that
NF-«B itself can positively regulate DP103 expression provides
us with an opportunity to break the positive feed-forward loop,
the Achilles’ heel of metastatic breast cancer, by blocking NF-kB
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Figure 8. Schematic model based on our study showing a role for the RNA helicase DP103 in its ability to bind and stabilize TAK1 and thus activate

NF-kB signaling in cancers.

activation. However, while blocking NF-«kB by blocking IKK activ-
ity is successful in laboratory settings, this approach hasn’t been
successful in the clinic due to toxicity.

In summary, we describe a function of an RNA helicase
DP103 that depends on its ability to bind and stabilize TAK1 and
thus activate NF-«kB signaling. Although constitutive activation of
NF-«B is a well-documented phenomenon in cancer, increased
levels of enzymes such as TAKI that could maintain IKK2 and
hence NF-«kB in a constitutively active state are not seen in cancer
cells. Instead, our current study uncovered that it is the increase
in levels of DP103 that marks the switch from a nonmetastatic to
a metastatic state in breast cancer cells and possibly other can-
cer cell types. In addition, we also elucidated a plausible DP103-
NF-kB-positive feed-forward loop that could be involved in the
maintenance of this oncogenic signaling arm in cancers. Thus, we
suggest that DP103 is a novel biomarker as well as a worthwhile
therapeutic drug target.

Methods

Cell lines and reagents. MCF-7, MDA-MB-231, and BT549 human breast
cancer cells were grown in RPMI with 10% FBS, 2 mM L-glutamine,
and 0.05 mg/ml gentamicin. HEK293, BT474, and SKBr3 cells were
grown in DMEM, DMEM/F12, and McCoy'’s 5A, respectively, with the
same supplements as above. MCF10A and 184A1 cells were grown in

MEGM with 10% FBS, 2 mM L-glutamine, bovine pituitary extract,
and 0.05 mg/ml gentamicin. Xenograft-derived breast cancer cell
lines (MCF10A1, MCF10AT1KCl.2, MCF10CA1lh, and MCF10CAla-
Cl.1) were maintained in DMEM/F12 with 5% horse serum, 100 U/ml
penicillin/streptomycin, 10 ug/ml insulin, 20 ng/ml EGF (Millipore),
0.5 pg/ml hydrocortisone, and 100 ng/ml cholera toxin. All cell lines
except xenograft-derived were purchased from ATCC; media and
supplements were from Hyclone unless otherwise indicated. Doxoru-
bicin, VP16 (Etoposide), and camptothecin were purchased from Cal-
biochem. All other chemicals and reagents were from Sigma-Aldrich
unless otherwise indicated.

Other assays. Virus preparation and infection, transfections for
siRNA and plasmids, Western blot analysis, immunoprecipitation,
real-time PCR, GST-IkBa kinase, EMSA, cell viability, and luciferase
assays were performed as described previously (36) and are described
in detail in Supplemental Methods. Gel zymography (90) is described
in detail in Supplemental Methods. Primer sequences are available in
Supplemental Methods.

Metastatic qPCR array and microarray. Total RNA was extracted,
and relative expressions of various genes were then analyzed using
qPCR (ABI PRISM 7900; Applied Biosystems). Multiple gene mark-
ers distributed around the genome and 3 housekeeping genes were
used for real-time PCR analysis using the SYBR GreenER qPCR
SuperMix for ABI PRISM (Invitrogen), done in triplicate. Sequences

jci.org  Volume124 Number9  September 2014

3821



3822

RESEARCH ARTICLE

of primers used were described previously (91, 92). DP103 expres-
sion levels were analyzed in breast tumors using a multi-institutional
microarray meta-analysis cohort totaling 759 primary breast cancer
cases. The normalized microarray data set and associated clinical
annotations were described previously (93). Briefly, the microarray
meta-analysis cohort comprised data sets from 6 breast tumor profil-
ing studies. The data sets are accessible through MIAME-compliant
public databases. Three data sets are housed in GEO (94) (GSE1456,
ref. 95; GSE6532, ref. 96; and GSE9195, ref. 97); 1 data set is housed
in the NCI’s caArray database (mille-00271; ref; 98). All tumor sam-
ples were analyzed from frozen tissue collected at surgery and pro-
filed on an Affymetrix U133 series microarray according to standard
Affymetrix protocols (93). Raw data (CEL files) were normalized by
Robust Multichip Average (RMA) using the Bioconductor Affy Pack-
age (R) as previously described (99). Batch effects between cohorts
were corrected using the Partek Genomics Suite Batch Remover pro-
gram. Two Affymetrix probe sets (223331_s_at and 224315 _at) were
designed to detect DP103 expression. The log, signal intensities of
these 2 probe sets were well correlated in the breast tumor meta-
analysis cohort (r = 0.65, Pearson correlation).

Data preprocessing of Affymetrix microarray gene expression. Breast
cancer data sets were downloaded from GEO (94). Microarray data
on a U133Plus2 platform were utilized for analysis under the fol-
lowing GEO accession numbers: GSE12276 (n = 204), GSE19615
(n=115), GSE21653 (n=266), GSE23177 (n=116), GSE23593 (n=50),
GSE26639 (n =226), GSE3744 (n = 47), GSE5460 (n = 127), GSE5764
(n=10), GSE6532 (n = 87), and GSE9195 (1 = 77). For this study, we
included all publicly available data set in the U133Plus2 platform at the
time that the analysis was initiated in October 2011. RMA normaliza-
tion was performed on each data set. The normalized data were com-
piled and subsequently standardized using ComBat (100) to remove
batch effect. The standardized data yielded a data set of 1,325 breast
cancer tumors and 20 normal breast tissue samples. The expression
values of the DPI03 gene were log averaged from DP103 probes in
U133Plus2 platform: 223331_s at and 224315 at. Apart from the 1,345
samples we compiled, we downloaded GEO GSE3494 (n = 252), data
on both U133A and U133B platforms, and used it as validation data.
GEO GSE3493 data were processed and normalized using the same
method as described above.

sSGSEA. ssGSEA was originally described in a previous study (58).

Identification of breast cancer subtypes. Breast cancer subtype sig-
nature was obtained from Prat et al. (59). Subsequently, ssGSEA was
computed based on the breast cancer subtype signature for each sam-
ple. Each sample was then assigned to be the subtype with the maxi-
mum ssGSEA score (59).

2D migrational assay, in vitro and 3D invasion assay, wound heal-
ing assay. 2D migrational assay, in vitro and 3D invasion assay, and
wound healing assay were performed as per standard protocols and
are described in Supplemental Methods.

The Journal of Clinical Investigation

Statistics. Statistical analyses were performed using the SPSS
package (version 15.0 for Windows; SPSS Inc.), with significance set
at the 5% level. Statistical significance evaluation by Mann-Whitney
test and Spearman correlation test were computed using MATLAB.
Dot plot was done using Graphpad Prism. Two-tailed Student’s
t tests were performed using the software Origin Pro, and results
are represented as mean * SD. Associations among DP103, MMP9,
and phospho-p65 immunohistochemical staining data and clinico-
pathological parameters were determined using Fisher’s exact and
Kendall tau tests. A P value below 0.05 was considered statistically
significant. Survival curves were plotted using the Kaplan-Meier
method and compared using the log-rank test.

Study approval. All animal studies were reviewed and approved by
the SingHealth Institutional Animal Care and Use Committee, Sing-
Health Office of Research, Singapore, and are described in Supple-
mental Methods. Ethics approval for the study using clinical material
from Singapore was obtained from the Institutional Review Board,
Singapore General Hospital. Protocol for the use of clinical material
from China was approved by the Institutional Review Board of Anhui
Medical University, while the use of clinical material from Canada
was approved by the Institutional Review Board, Montreal Univer-
sity Health Centre, in 2005, with a renewal in 2010. Details on clini-
cal materials and immunohistochemical procedures are described in
Supplemental Experimental Procedures.
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