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Abstract

Emerging evidence has linked photoreceptor cell-specific nuclear receptor (PNR/NR2E3), an
orphan nuclear hormone receptor, to human breast cancer. PNR was shown to be a transcriptional
activator of estrogen receptor-a (ERa) in ERa-positive breast cancer cell lines and high-level
expression of PNR correlates with favorable response of ERa-positive breast cancer patients to
tamoxifen. Interestingly, gene expression microarray study shows that PNR regulates distinct
genes from those regulated by ERa, suggesting that PNR could have ERa-independent functions.
Herein, we investigated the function of PNR in ERa-negative breast cancer cells. Our results
showed that PNR-induced cell migration and metastasis of ERa-negative breast cancer cells both
invitro and in vivo, and the effect was attributed to the upregulation of interleukin (IL)-13Ra2, a
high-affinity receptor for IL-13 that regulates tumor growth, invasion and metastasis of various
human cancers. Mechanistically, PNR activated transcription of IL-13Ra2 through direct
recruitment to IL-13Ra2 promoter. Upon stimulation with 1L-13, IL-13Ra2 increased the
extracellular signal-regulated kinases 1 and 2 phosphorylation, which led to breast cancer
migration and metastasis. The IL-13 triggered signal cascade was specific to IL-13Ra2, as the
closely related IL-13Ral was not regulated by PNR. IL-13Ra2 is a novel tumor antigen that is
overexpressed in a variety of solid tumor types. This study presents the first evidence that PNR
could promote ERa-negative breast cancer metastasis through activation of IL-13Ra2-mediated
signaling pathway.

INTRODUCTION

Photoreceptor cell-specific nuclear receptor (PNR), an orphan nuclear receptor, is highly
expressed in retinal cells and has crucial roles in photoreceptor development, differentiation
and survival.1=3 Emerging evidence implicate roles of PNR in breast cancer.*® Breast
cancers are biochemically classified into three subtypes: estrogen receptor-a (ERa)-positive,
Her2-positive and triple-negative breast cancers that lack the expression of ERa,
progesterone receptor and Her2. In ERa-positive breast cancer cell lines, PNR directly binds
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to the promoter region of ERa and increases ERa, expression.* By knocking down PNR or
ERa individually in MCF7 cells, gene networks shared between PNR and ERa were
identified using DNA microarray analysis.* Although 525 target genes were shared between
PNR and ERa in MCF7 cells, 1847 target genes were solely regulated by PNR independent
of ERa, indicating that PNR may have functions regardless of ERa expression (for example,
in ERa-negative breast cancer).* In another study, the expression of all human nuclear
receptors was examined in 116 human breast samples containing both normal and neoplastic
breast tumors. PNR was found expressed in ERa-negative breast cancer.® Thus far, the role
of PNR in ERa-negative breast cancer has not been investigated.

Interleukin-13 (IL-13), a TH2 cytokine, has crucial roles not only in cancers but also in the
autoimmune diseases.®7 IL-13 interacts with two membrane receptors, a heterodimeric
receptor composed of IL-4Ra and IL-13Ral and monomeric IL-13Ra2 receptor. IL-13Ral
reacts with both IL-4 and IL-13 and signals through activation of insulin receptor substrate-
phosphatidylinositol 3 kinase-AKT and signal transducer and activator of transcription 6
pathways in macrophages.8 1L-13Ra2, on the other hand, only reacts with IL-13 at high
affinity. IL-13 has been shown to enhance extracellular signal-regulated kinases 1 and 2
(ERK1/2), activator protein 1 (AP-1) and matrix metalloproteinase (MMP) activities though
IL-13Raz2 in ovarian cancer cells and regulate invasion and metastasis.®1! IL-13Ra2 has
also been shown to mediate invasion and metastasis in pancreaticl? and colorectal® cancers.
Depending on cell types, the activation of IL-13Ra2 by IL-13 induced various downstream
signaling pathways including ERK/AP-1, transforming growth factor-p1,
phosphatidylinositol 3 kinase, AKT and Src activation.”-%-11 AP-1 complex and signal
transducer and activator of transcription 6 were reported as upstream transcriptional factors
for IL-13Raz2 in glioma and keratinocytes, respectively.1213 [L-13Raz2 is highly expressed
in various solid tumors and regarded as a novel tumor antigen.14 Minn et al.15 reported a
positive correlation between IL-13Ra2 expression and breast cancer metastasis to lung.
However, the function and regulation of IL-13Ra2 in breast cancer have not been fully
elucidated.

In this study, we attempted to elucidate the role of PNR in ERa-negative breast cancer and
unexpectedly discovered a novel functional crosstalk between PNR and I1L-13/IL-13RaZ2 in
regulating tumor migration and metastasis. Although PNR did not affect cell proliferation in
vitro, it enhanced migration and metastasis of ERa-negative cells invitro and in vivo. PNR
transcriptionally activated IL-13Ra2 by binding to the proximal promoter region of
IL-13Ra2, which led to upregulation of IL-13Ra?2 and activation of ERK1/2. Both PNR
overexpression and IL-13 treatment increased cell migration, which could be abrogated by
IL-13Ra2 knockdown. Moreover, IL-13 expression level inversely correlated with the
overall survival of human breast cancer patients. Collectively, we have demonstrated that
IL-13/IL-13Ra2 signaling has a pivotal role in breast cancer migration and metastasis, and
this pathway is significantly enhanced by PNR in ERa-negative cells. Our results suggest
that targeting IL-13 signaling in combination with inhibiting the activity of PNR may
impose synergistic beneficial effects on triple-negative breast cancer patients.
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PNR enhances the migration and colony formation ability of LM2 cells

To investigate the function of PNR in ERa-negative breast cancer cells, we stably expressed
either full-length PNR or FLAG-tagged full-length PNR (FLAG-PNR) in ERa-negative
MDA-MB-231 and LM2 cell lines (Figure 1a). LM2 cell line was derived from MDA-
MB-231 by in vivo bioluminescence selection with high tendency for lung metastasis.1> As
controls, we also generated ERa-positive MCF7 and T47D cell lines stably expressing PNR
(Supplementary Figure S1A). FLAG-PNR exhibited nuclear localization by immuno-
fluorescence using an a-FLAG antibody, in conforming to its role as a transcriptional factor
(Figure 1b).416-19 Fyrther, we found that PNR overexpression did not alter the cell
morphology of MDA-MB-231 and LM2 cell lines (Figure 1c), nor did it significantly affect
cell proliferation in vitro (Figure 1d).

In order to examine the effect of PNR on cell migration, wound-healing assay was
performed and quantified. Although PNR overexpression had no effect on migration of
MCF7, T47D (Supplementary Figure S1B) and MDA-MB-231 cells (Figure 2a), it induced
rapid wound closure in LM2 cells (Figure 2a). To quantitatively measure the increase of
migration, Boyden chamber transwell assay was used where PNR overexpression was
shown to increase migration of LM2 cells by ~1.6-fold (Figure 2b). Conversely, knocking
down PNR by small interfering RNA reduced the endogenous PNR expression by 60% and
decreased migration of LM2 cells (Figure 2c¢). Overexpression of PNR also increased the
colony formation ability of LM2 cells under low-density seeding (Figure 2d), whereas it did
not seem to alter cell adhesion as no obvious difference could be detected between green
fluorescent protein (GFP) control cells and PNR-overexpressing cells with regards to their
binding to fibronectin, laminin or collagen in the adhesion assay (Figure 2e). Collectively,
PNR increased the migration and colony formation ability of LM2 cells, two parameters
often measured in vitro that are indicative of metastatic potential in vivo.20-22

PNR promotes metastasis in the xenograft mouse models

As PNR enhanced migration of LM2 cells, we further investigated the role of PNR in
tumorigenesis using the mammary fat pad xenograft mouse model. LM2 cells were
retrovirally infected with GFP or PNR and injected into the inguinal mammary fat pads of
nude mice. The tumor growth was measured with digital caliper over the course of
experiment for 40 days. The mice injected with PNR-overexpressing LM2 cells developed
tumors at a greater rate than the non-PNR-expressing control (Figures 3a and b). To verify
that PNR remained to be expressed in tumors at the end of the study, the
immunohistochemistry staining of PNR was performed. The strong nuclear staining of PNR
remained to be detected after 40 days of in vivo tumor growth (Figure 3c). Pre-incubation of
blocking peptides with anti-PNR antibody markedly diminished the nuclear staining,
demonstrating that PNR antibody is target specific (Figure 3c). When the mice were
dissected for histologically analysis, lung metastasis was detected in the PNR-
overexpressing group (20%) but not in the GFP control group (0%). Hematoxylin and eosin
staining showed that, in contrast to the GFP control group with no infiltrated tumor cells,
lung of PNR group was heavily infiltrated with tumor cells (Figure 3d). To exclude the
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possibility of inflammation, we performed immunohistochemistry using antibodies against
human Ki67 and firefly luciferase because LM2 cells stably express firefly luciferase when
they were selected in vivo.1® The nuclear staining of human Ki67 confirmed the human
origin of the cells and the cytoplasmic staining of firefly luciferase verified the identity of
LM2 cells® (Figure 3d).

IL-13Ra.2 mediates PNR-induced migration of LM2 cells

The primary tumor outgrowths of breast cancer and lung metastasis are a multiple gene-
regulated event.23.24 The LM2 cell line was originally isolated from a lung metastasis of the
parental MDA-MB-231 cell line and is known for its high tendency to metastasize to lung.1>
This prompted us to investigate whether PNR regulates genes involved in lung metastasis
that may account for PNR-mediated migration and metastasis of LM2 cells. We first
examined whether the expression of lung metastasis-related genes!® was altered by
overexpressing PNR. Among the 10 reported metastasis genes being examined, IL-13Ra2
mMRNA level was strongly increased by PNR overexpression in MDA-MB-231 and LM2
cells (Figure 4). The upregulation of the expression of IL-13Ra2 mRNA by PNR was also
observed in two additional triple-negative breast cancer cell lines, MDA-MB-468 and
BT549 (data not shown). Although several other genes such as MMP1 and EFEMP-1 were
also upregulated by PNR overexpression in LM2 cells (Figure 4b), the fold of activation was
not as significant as IL-13Ra?2 and the upregulation was only found in LM2 but not in the
parental MDA-MB-231 cells.

As PNR overexpression increases IL-13Ra2 mRNA level in cell lines, we next investigated
whether the expression of PNR and IL-13Ra2 positively correlates with each other in
human breast tumors. First, a positive correlation between PNR and IL-13Ra2 mRNA levels
(r = 0.24, P<0.0001; Figure 5a) was observed using the bc-GenExMiner database with a
collection of 3161 breast cancer patients.2> The correlation coefficient is comparable to that
of PNR and ERa (n = 2872, r = 0.26, P<0.0001) (Supplementary Figure S2A), which has
been shown to have positive correlation.# I1L-13 signals through two membrane-bound
receptors, IL-13Ral and IL-13Ra2.8:26:27 |L-13Ra1, only upon heterodimerization with
IL-4Ra, binds to 1L-13 with relatively high affinity,28-30 whereas 1L-13Ra2 binds to IL-13
with ~ 50-fold higher affinity than 1L-13Ra1.3132 No correlation at the mMRNA levels could
be found between PNR and IL-13Ral or with IL-4R (Supplementary Figure S2B).
Consistently, IL-13Ral mRNA was found not regulated by PNR (Supplementary Figure
S2C). Interestingly, positive correlation could be observed between PNR and IL-13 at the
mMRNA level (Supplementary Figure S2B). When the endogenous PNR was knocked down
by small interfering RNA (Figure 2c), IL-13Ra2 mRNA level was decreased by ~ 60%,
whereas IL-13Ral mRNA was not affected (Figure 5b). Notably, MMP1 mRNA level was
also decreased by knocking down PNR (Figure 5b). This was most likely due to a secondary
effect resulted from the decrease of IL-13Ra2 mRNA because IL-13Ra2 was shown to
affect MMP family gene expression!! and knockdown of IL-13Ra2 also caused the
reduction of MMP1 mRNA levels (data not shown). Next, the role of IL-13Ra?2 in
regulating migration of breast cancer cells was analyzed. IL-13Ra2 was knocked down by
two short hairpin RNAs expressing lentivirus specific for IL-13Ra2, A1l and E4, in LM2
cells. These short hairpin RNAs could effectively knockdown IL-13Ra?2 as detected at both
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mRNA and protein levels (Figure 5c¢), while not affecting IL-13Ral mRNA level
(Supplementary Figure S2D). Although silencing of IL-13Ra2 in LM2 cells has no effect on
cell proliferation (Figure 5d), it decreased migration as shown in the transwell assay (Figure
5e), which is opposite to the effect of PNR overexpression. Finally, to demonstrate whether
PNR-induced cell migration is mediated through IL-13Ra2, we overexpressed PNR in LM2
cells, while simultaneously silencing IL-13Ra2. Knockdown of IL-13Ra2 abrogated the
PNR-enhanced cell migration (Figure 5f). Together, these results suggest that PNR promotes
the migration of LM2 cells via activation of IL-13Ra2 signaling.

IL-13 enhances ERK1/2 phosphorylation and regulates migration of LM2 cells in IL-13Ra.2-
dependent manner

IL-13 is a high-affinity ligand for IL-13Ra2 and IL-13 signaling has been implicated in
tumor malignancy of pancreatic, ovarian and colorectal cancers.®:9-11 To examine whether
IL-13 regulates breast cancer cell migration and metastasis, we treated the control and PNR-
overexpressing LM2 cells with 1L-13 and performed transwell migration assay. Figure 6a
showed that IL-13 treatment alone enhanced the migration ability of LM2 cells, to a level
equivalent to PNR overexpression. Treatment of IL-13 on PNR overexpressed cells only had
slight additive effects, probably due to the saturation of migrated cells in this system (Figure
6a). Next, we measured ERK1/2 phosphorylation to indicate the downstream activation of
IL-13Ra2. The results showed that IL-13 could stimulate ERK1/2 phosphorylation
(Supplementary Figure S3A) and this effect was mediated by IL-13Ra2 because the
increase of ERK1/2 phosphorylation was abrogated by IL-13Ra2 knockdown (Figure 6b).
U0126, the specific MEK1/2 inhibitor similarly abolished the migration of both control and
PNR-overexpressing LM2 cells (Figure 6¢). Correspondingly, knockdown of IL-13Ra2
decreased (Figure 6b), whereas overexpression of PNR increased phosphorylation of
ERKZ1/2 level (Figure 6). These results collectively suggest that both IL-13 and PNR
induced the migration of LM2 in an IL-13Ra2-dependent manner and that ERK activation
was downstream of PNR and IL-13Ra2-mediated migration of breast cancer cells.

PNR directly regulates IL-13Ra2 gene expression

As a nuclear receptor, PNR regulates gene expression by directly binding to the promoter
region of target genes including cyclin D1 and TBX2 in Y79 retinoblastoma cell linel® and
ERa in MCF7 and T47D breast cancer cell lines, respectively.* As IL-13Ra2 mRNA is
increased by PNR overexpression, we hypothesized that PNR may regulate IL-13Ra2
MRNA stability or regulate IL-13Ra?2 gene expression by direct association with the
IL-13Ra2 promoter. Our result that PNR overexpression did not affect IL-13Ra2 transcript
stability after actinomycin D treatment excluded the first probability (Supplementary Figure
S3B). We went on to predict the potential binding sites of PNR on IL-13Ra2 promoter using
the Matlnspector software (Matlnspector, Genomatix, Miinchen, Germany).33 The PNR-
binding sites were predicted not at the distal promoter but at the proximal promoter (data not
shown). IL-13 had been reported to increase IL-13Ra2 gene expression by regulating the
distal promoter.13 However, the regulation of distal promoter does not seem to be the main
mechanism in breast cancer cells because 1L-13 treatment alone failed to increase IL-13Ra?2
MRNA level in both MDA-MB-231 and LM2 cells (Supplementary Figure S3C). This
notion was further supported by the IL-13Ra2 distal promoter-driven luciferase reporter
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assay where PNR was unable to increase the luciferase activity (data not shown). To
examine whether PNR influenced the proximal promoter of IL-13Ra2, we performed the
luciferase reporter assay by generating the reporters driven by the terminally deleted
IL-13Ra2 promoter constructs in HEK293T cells (Figure 7a). Two regions of IL-13Ra?2
promoter were highly regulated in transcriptional activation assay (Figure 7a). The first
region from -209 to the transcriptional start site contains an AP-1-binding site. A previous
study had shown that AP-1 is a transcriptional factor of IL-13Ra2.12 The second region
from —1200 to —545 contains a putative PNR-binding site shown in Figure 7d as predicted
by the Matlnspector software and this also agrees with the formerly identified PNR
consensus sequence.134 PNR expression could further enhance the transcriptional activation
of the full-length promoter reporter construct (-1690 to +229) but not the truncated one
(—209 to +229) (Figure 7b). Mutations of PNR in the conserved DNA binding domain were
previously observed in enhanced S-cone syndrome3°:38 and affect its homodimerization,
interaction with cofactors and DNA binding.3” Thus, we tested whether PNR mutations
would affect the activation of IL-13Ra2 promoter. The two mutations, R76W and G88W in
the DNA binding domain abolished the activation (Figure 7¢), suggesting that the physical
interaction of PNR with IL-13Ra2 promoter is required for IL-13Ra2 activation. In keeping
with this finding, mutation of the consensus PNR-binding site on IL-13Ra2 promoter also
abolished the activation (Figure 7d).

Further, we designed specific primers encompassing these two regions for chromatin
immunoprecipitation (ChlP) assay. The ChIP results showed that PNR was indeed
associated with IL-13Ra2 promoter (—834 to —323 bp), which was consistent with the result
of luciferase reporter assay, whereas no PNR could be detected at the AP-1-binding site
(—249 to +229 bp) (Figure 8a). c-Jun is a member of the AP-1 family.38 Using a-c-Jun
antibody for ChlP, we confirmed c-Jun binding at the AP-1 site but not at the PNR-binding
site (Figure 8a). The co-immunoprecipitation experiment revealed no direct interaction
between PNR and c-Jun (data not shown). To further validate that IL-13Ra2 is
transcriptionally activated by PNR, we examined RNA Pol I1 binding, the acetyl-histone H3
level and H3K4me3 level, which are indicators of transcriptionally active genes3® at
IL-13Ra2 promoter region. The results showed that acetyl-histone H3 levels are elevated
throughout the entire region (P1-P3) and Pol Il binding and H3K4me3 level were elevated
by overexpressing PNR at PNR-binding site, which coincide with the activation of
IL-13Ra2 gene (Figures 8b and d). Taken together, our results indicate that PNR regulates
transcription of IL-13Ra2 by direct association with the promoter. Figure 9 summarizes our
findings that PNR directly regulates IL-13Ra2 gene expression to enhance the 1L-13Ra2-
mediated downstream ERK activation. The IL-13/IL--13Ra2-mediated signal transduction
has critical roles in migration and metastasis of ERa-negative cells. The IL-13 stimulation
also has an important role in breast cancer cell migration and metastasis based on our in
vitro functional assays, which is supported by the positive correlation between high IL-13
mMRNA level with the poor overall survival of breast cancer (Supplementary Figure S4).

DISCUSSION

Emerging evidence suggest that PNR has a role in breast cancer, in particular in ERa-
positive breast cancer. In ERa-positive cells, PNR activates ERa target gene expression and
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increases the proliferation rate of MCF7 and T47D cells. We found that in ERa-negative
cells, PNR activates IL-13Ra2 gene expression (Figures 4 and 5) that leads to the increase
of migration and metastasis of LM2 cells (Figures 2 and 3). Interestingly, PNR does not
regulate the expression of IL-13Ral, nor a positive correlation could be detected between
the expression of PNR and IL-13Ral in primary human breast cancer (Supplementary
Figure S2). These pieces of evidence suggest that PNR regulation of 1L-13 signaling is
specified through the membrane-bound IL-13Ra2 that activates downstream ERK1/2
signaling cascades to promote metastasis. Thus inhibiting PNR activity would represent a
significant means to inhibit metastasis in breast cancer cells.

Existing literatures reported controversial roles of IL-13Ra2 in breast cancer. One study
showed that overexpression of IL-13Ra2 inhibits growth of human breast and pancreatic
tumors in the immunodefficient mice but has no effect on cell growth in vitro.40 The anti-
tumorigenic activity of IL-13Ra2 may not recapitulate the bona fide function of IL-13Ra?2
because of overexpression and variability derived from single clones. In another study, Dr
Massagué’s group demonstrated that IL-13Ra2 did not affect the primary tumor outgrowth
but served as a biomarker and potent mediator of breast cancer lung metastasis.1%:23.24.41 |n
concordance with previous study that IL-13Ra?2 behaves as a signaling receptor rather than a
decoy receptor to intercept IL-13,7 our study underscores the significance of 1L-13/
IL-13Ra2-mediated signaling in potentiating breast cancer cell migration (Figure 6) and the
PNR-induced gene activation (Figures 4 and 7). It is believed that the expression level of
IL-13Ra2 affects the receptor distribution and 1L-13 signaling.*2 Interestingly, despite LM2
was derived from MDA-MB-231 cells, PNR only increased migration of LM2 cells but not
of MDA-MB-231 cells (Figure 2). The difference could be attributed to activation of
additional metastasis-related genes other than IL-13Ra?2 in LM2 cells but not in MDA-
MB-231 cells (Figure 4). This result also implicated that IL-13Ra2 expression level alone
was insufficient to determine the invasiveness potential of MDA-MB-231 cells. Notably, we
found that IL-13Ra2 and IL-13Ral were reversely expressed in LM2 and MDA-MB-231
cells (Supplementary Figure S5). Although IL-13Ra2 was much highly expressed in LM2
cells as compared with MDA-MB-231 cell, IL-13Ral showed the opposite trend. Hence, the
two IL-13 receptors may form a negative regulatory loop and the ratio of IL-13Ra2 to
IL-13Ral may be indicative of metastasis potential of cancer cells. A previous study®
showed that the lung metastasis frequency of a subclone (4175) of LM2 cells in the nude
mice was 7/13 when injecting into the mammary fat pad and surgically removed the tumors
when the size reached 300 mm3. Our results showed a much lower incidence of lung
metastasis. The discrepancy may be due to the difference in experimental procedures and
cell population. In our experiment, the tumors were allowed to grow but not surgically
removed. Moreover, the LM2 cell line we used was a pool of different clones. Although
some studies used tail vein injection as a model to monitor lung metastasis, we chose to use
orthotropic xenograft model because this model better recapitulates the multi-step
metastasis. Importantly, we could observe significant difference with regards to the tendency
for lung metastasis of LM2 cells overexpressing PNR vs the control group.

PNR does not affect cell proliferation in vitro (Figure 1d), while promoting tumor growth in
vivo (Figure 3). A key difference between these two systems is the tumor microenvironment
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that may display features of Th2 inflammation,*3 which promotes tumor development.
Studies have shown that thymic stromal lymphopoietin, an inflammatory cytokine either
expressed by breast cancer cells or cancer-associated fibroblasts of prostate cancer, lead to
the production of 1L-13 by Th2 cells to promote tumor growth.#3-4% Although multiple lines
of evidence have implicated the role of IL-13 signaling in breast cancer development, the
mechanism by which IL-13 promotes breast tumor growth remains elusive. Here we showed
that I1L-13 stimulates tumor growth and migration via IL-13Ra2 and the effect was
potentiated by PNR. Interestingly, overexpression of PNR strongly enhances thymic stromal
lymphopoietin expression upon stimulation by PMA and ionomycin (Supplementary Figure
S6), suggesting that PNR may be the central regulator of IL-13-1L-13Ra2 signaling in vivo
via regulating both 1L-13 secretion and IL-13Ra2 expression. This model could explain that
IL-13 regulates breast tumor growth by activating IL-13Ra?2 and this effect could be
amplified by PNR. The regulation of thymic stromal lymphopoietin by PNR adds another
layer of complexity, indicating that the communication between cancer cells and immune
cells in the tumor microenvironment may have important roles in tumor metastasis in vivo.

Signal transducer and activator of transcription 6 and AP-1 complex were known to regulate
IL-13Ra2 transcription by binding to the distal and proximal promoters on IL-13Ra21213 in
keratinocytes and glioma cells, respectively. However, how IL-13Ra?2 is transcriptionally
regulated in breast cancer remains unknown. Our study suggests that PNR and c-Jun may
have independent or synergistic effects on IL-13Ra?2 regulation. PNR could either activate
or repress gene expression.*® In this study, PNR acts as a transcriptional activator probably
by binding to the unidentified physiological agonists, leading to the recruitment of cofactors
such as NRL, CRX, Reverba and PIAS3.34:16.18:47 The recently resolved crystal structure
of PNR supports that PNR could accommodate 13-cis retinoic acid as an agonist.*8 The
molecular mechanism by which PNR regulates IL-13Ra2 gene expression warrants further
investigations.

It is well known that nuclear receptor and epithelial cell growth factor could have functional
crosstalk that has clinical implication in breast cancer.4® We have demonstrated that PNR,
an orphan nuclear receptor, transcriptionally activates IL-13Ra2, and further transduces
downstream signals via the mitogen-activated protein kinase pathways (Figure 6), leading to
breast cancer migration and metastasis. The cell-based observation needs to be validated in
human tumor and serum samples. Secreted IL-13 protein levels in serum should also be
measured to provide basis for evaluation whether IL-13 signaling contributes to the crosstalk
between tumor cells and microenvironment. Although the physiological ligands of PNR
have not been identified, numerous efforts have been made to identify small molecule
agonist of PNR for treatment of retinal-related disease.%%-53 As PNR activates ERa in ERa-
positive breast cancer cells* and regulates 1L-13Ra2 in ERa-negative cells to promote
tumor metastasis, we believe that small molecule inhibitors of PNR may exert clinical
benefit to breast cancer patients. The crystal structure of PNR ligand-binding domain has
recently been resolved,*8 which provides structural basis for in silico screening of small
molecules that either activate PNR for the treatment of retinal-related diseases or inhibit
PNR for the treatment of breast cancer. Given that IL-13Ra2 is overexpressed in various
solid tumor tissues and recently shown to be a novel tumor antigen that could be targeted for
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immunotherapy,1# a recombinant fusion IL-13 cytotoxin termed IL-13-PE38QQR has been
developed and elicited potent anti-tumor activity in various human tumor graft murine
models and several phase I/11 clinical trials1454:55 to treat patients with malignant brain
tumors.14 This cytotoxin, however, has not yet applied to human breast cancer. On the basis
of our finding that PNR regulates tumor metastasis via activation of IL-13Ra?2 pathway,
modulating the activity of PNR in conjunction with inhibiting the IL-13Ra2-mediated
signaling pathway may elicit synergistic therapeutic effects on breast cancer, in particular on
ERa-negative breast cancers whose current treatment is limited to chemotherapy.

MATERIALS AND METHODS

Cell culture

LM2 cell line!® is a kind gift from Dr Joan Massagué. All of the other cell lines were
purchased from the American Type Culture Collection (Rockville, MD, USA). HEK293T,
MCF7, MDA-MB-231 and LM2 breast cancer cell lines were maintained in Dulbecco’s
modified Eagle’s medium (Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal
bovine serum (Gibco) at 37° with 5% CO,. T47D cell line and BT549 cell line were
maintained in Dulbecco’s modified Eagle’s medium/F12 (Gibco) and RPMI-1640 (Gibco)
supplemented with 10% fetal bovine serum, respectively. Cell counting was performed as
previously described.>® For PNR knockdown, 50 nM negative control or PNR small
interfering RNA (Invitrogen, Carlsbad, CA, USA) was transfected using Lipofectamine
2000 (Life Technologies, Grand Island, NY, USA) for 72 h before harvesting the cells.

Virus packaging, infection and stable cell line generation

Retroviruses and lentiviruses were packaged as previously described.51:56 Cells were
selected with 800 pg/ml G418 (RPI, Mount Prospect, IL, USA) for PNR overexpression or 2
pg/ml puromycin (RPI) for IL-13Ra2 knockdown for a week to generate stable cell lines.

Immunofluorescence

Immunofluorescence was performed as previously described.%8

Western blot analysis

Western blot analysis was performed as previously described.®! Anti-PNR (Genemed
Synthesis, San Antonio, TX, USA),?! IL-13Ra2 (R&D Systems, Minneapolis, MN, USA),
FLAG (Sigma, St Louis, MO, USA), ERK1/2 (Cell Signaling Technology, Danvers, MA,
USA), phosphor-ERK1/2 (Cell Signaling Technology) and Hsp90 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) antibodies were used for western Blot.

Wound-healing migration assay

Wound-healing assay was performed as previously described.>”

Transwell migration assay

Transwell assay was performed as previously described.>® For IL-13 stimulation
experiment, cells were pre-treated with I1L-13 (20 ng/ml) (Cell Signaling Technology) for 10
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h. For the ERK1/2 inhibition experiment, cells were pre-treated with U0126 mitogen-
activated protein kinase inhibitor (10 uM) (Tocris Bioscience, Ellisville, MO, USA) for 1 h
before plating onto the transwell inserts.

Two-dimensional colony formation assay

Colony formation assay was performed as previously described.>8

Adhesion assay

The adhesion assay was performed as previously described.5°

Animal study

All animal work was performed in accordance with protocols approved by the Animal Care
and Use Committee of the University of Wisconsin-Madison, Madison, WI, USA. LM2
cells were infected with retroviruses expressing GFP or PNR. In all, 1 x 10° cells were
injected bilaterally into the inguinal mammary fat pads of 5- to 6-week-old ovariectomized
athymic nude-Foxnlnu mice (n =5 per group). Tumor size was determined using caliper
measurement and the tumor volume was calculated using the formula volume = /6 x L x
W2.

Immunohistochemistry

Lung tissues were subjected to hematoxylin and eosin staining and immunohistochemistry
as previously described.89 Staining for tumor and lung tissues was performed on paraffin-
embedded sections. In all, 1 pg/ml blocking peptides for anti-PNR antibody (GeneMed
Synthesis) were pre-incubated with anti-PNR antibody for 1 h. The sequences of the
blocking peptides are: CLSQHSKAHHPSQP and CPETRGLKDPEH-VEALQD. Rabbit
anti-PNR (GeneMed Synthesis), mouse anti-rabbit human Ki67 (Biocare Medical, Concord,
CA, USA) and anti-mouse firefly luciferase (Invitrogen) primary antibodies were used.

Quantitative real-time-PCR

Quantitative real-time—PCR was performed as previously described.> Primers sequences
(IDT, Coralville, IA, USA) used in this study were listed in Supplementary Table S1.

ChlIP assay

ChIP assay was performed as previously described.%® The sequences of the primers used for
PCR are listed in Supplementary Table S1. Anti-FLAG (Sigma), c-Jun (Santa Cruz
Biotechnology), acetyl-histone H3 (Millipore, Billerica, MA, USA), Pol 1l (Millipore) and
H3K4me3 (Diagenode, Denville, NJ, USA) antibodies were used in ChIP assays.

Luciferase reporter assay

Luciferase assays were performed as previously described.>!
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Statistical analysis

All the results are representative of at least three independent experiments. Statistical
significance was calculated using a two-sided Student t-test. *P<0.05; **P<0.01;
***P<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Generation of PNR-overexpressing MDA-MB-231 and LM2 cells. MDA-MB-231 and LM2
cells were infected with retroviruses expressing GFP, PNR or FLAG-PNR. (a) Western blot
analysis of PNR expression using anti-PNR antibody. Hsp90 was used as loading control.
(b) FLAG-PNR protein is localized to nucleus in MDA-MB-231 and LM2 cells by
immunofluorescence using anti-FLAG antibody. Objective magnification, x 20. (c) PNR
overexpression did not alter cell morphology as detected under the bright field. (d) PNR
overexpression did not affect the cell proliferation rate of MDA-MB-231 and its derivative
clone LM2. The error bars represent £s.d. values of three independent measurements.
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Figure 2.
PNR overexpression increased migration and colony formation of LM2 cells. MDA-

MB-231 and LM2 cells were infected with retroviruses expressing GFP, PNR or FLAG-
PNR. (a) Cells were subjected to the wound-healing assay and representative photos were
taken at x 10 magnification immediately after the scratch and after 18 and 24 h. PNR was
either overexpressed (b) or knocked down (c) in LM2 cells and subjected to transwell
migration assay. After fixation and staining, images were captured at x 10 magnification.
Quantification was the average of five independent fields. (d) Two-dimensional colony
formation assay of 100 cells for 2 weeks. (€) Cell adhesion assay performed on plates coated
with fibronectin, laminin, collagen-I or bovine serum albumin (BSA) as negative control for
normalization. The error bars represent +s.d. values of three independent measurements.
**P<0.01; ***P<0.001; NS, not significant.
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Figure 3.
Overexpressing of PNR promotes primary tumor growth and lung metastasis in xenograft

mouse models. (a) Overexpressing of PNR increases the growth rate of primary tumors and
tumor volume. GFP or PNR-overexpressing LM2 cells were bilaterally injected into the
inguinal mammary fat pads. Data are the mean +s.e.m. of five mice in each group. (b)
Representative photograph of tumors from GFP or PNR-overexpressing LM2 xenograft.
Scale bar, 1 cm. (c) Immunohistochemistry (IHC) staining of PNR in GFP or PNR-
overexpressing tumor grafts. Immunoglobulin G (IgG) serves as the negative control for
PNR IHC. Blocking peptides (1 ug/ml) were used to assess the specificity of the anti-PNR
antibody. (d) The lung tissues were stained with hematoxylin and eosin, human Ki67 and
firefly luciferase. Scale bar, 50 pm.
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Figure4.
Overexpressing of PNR increased IL-13Ra2 mRNA level. Total RNA from GFP or PNR

overexpressed MDA-MB-231 (a) and LM2 (b) cells were collected for quantitative real-
time (QRT)-PCR to examine the relative expression of metastasis-related gene changes. The
error bars represent £s.d. values. **P<0.01; ***P<0.001.
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Figure5.

The PNR-induced cell migration is dependent on IL-13Ra2. (a) The Pearson’s pairwise
correlation plot depicts the positive correlation of PNR and IL-13Ra2 mRNA expression in
human breast tumor datasets collected in bc-GenExMiner Database. (b) The mRNA levels
of the indicated genes were examined by quantitative real-time (QRT)-PCR after 72 h of
PNR knockdown by siRNA. (c) Two short hairpin RNA (shRNAs), A1l and E4, could
effectively knockdown IL-13Ra2 in LM2 cells as determined at RNA and protein levels
using quantitative—-PCR and western blot, respectively. (d) The proliferation of LM2 cells
was not affected by IL-13Ra2 knockdown. (€) Knockdown of IL-13Ra2 in LM2 cells
decreased cell migration shown by the transwell migration assay. Representative images of
the migrated cells in lower chamber (top) and the quantification of migrated cells (bottom)
are shown. (f) PNR-induced migration increase depends on IL-13Ra2. PNR was
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overexpressed in the control or IL-13Ra2 knocked down LM2 cells followed by transwell
migration assay. *P<0.05.
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Figure®6.

ERK phosphorylation and cell migration stimulated by IL-13 depend on IL-13Ra2. (a) LM2
cells overexpressing GFP control or F-PNR were pre-treated with 1L-13 (20 ng/ml) for 10 h
in Dulbecco’s modified Eagle’s medium (DMEM) plus 0.5% fetal bovine serum (FBS) and
then subjected to the transwell migration assay. (b) LM2 cells were treated with IL-13 (20
ng/ml) in the normal media for 2 h. Cell lysates were harvested for western blot to detect
phospho-ERK1/2 and total ERK1/2 levels. Hsp90 was used as loading control. (¢) Mitogen-
activated protein kinase (MAPK) inhibitor U0126 blocks cell migration and ERK1/2
phosphorylation in LM2 cells overexpressing F-PNR. GFP or F-PNR-overexpressing cells
were pre-treated with U0126 (10 pM) for 1 h in DMEM plus 0.5% FBS and then subjected
to the transwell migration assay. PNR, phospho-ERK1/2 and total ERK1/2 in cell lysates
were detected by western blot with Hsp90 as loading control. *P<0.05; **P<0.01.
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Figure?7.

PNR activates transcription of IL-13Ra?2 in the luciferase reporter assays. (a) The truncated
constructs of IL-13Ra2 promoter were transfected into HEK293T cells for luciferase
reporter assay. (b) Vector control (VT) or HA-PNR was co-transfected with IL-13Ra2
promoters (-1690 to +299 or —209 to +229) for luciferase reporter assay. (c) Wild-type PNR
but not DNA-binding mutants activates IL-13Ra2 promoter in reporter assay. (d) Mutation
of the consensus PNR-binding site in IL-13Ra2 promoter results in abrogation of IL-13Ra2
in the reporter assay. **P<0.01; ***P<0.001.
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Figure8.
PNR activates the transcription of IL-13Ra?2 via direct association with IL-13Ra2 promoter.

(a) PNR and c-Jun were detected at discrete sites on the IL-13Ra2 promoter by ChIP assay
in MDA-MB-231 cells overexpressing FLAG-PNR. ChIP assays were performed with anti-
FLAG or anti-c-Jun antibodies with anti-lIgG as a negative control. PCR amplified products
were shown on agarose gel (bottom). Increased acetylation of histone H3 (b) in the entire
transcription factor-binding region (P1-P3), Pol Il binding (c) and H3K4me3 (d) to P3 were
detected on the IL-13Ra2 promoter by ChIP assay using indicated antibodies. P1, P2 and P3
correspond to (-249 to +229), (545 to —119) and (-834 to —232) on IL-13Ra2 promoter,
respectively.

Oncogene. Author manuscript; available in PMC 2015 March 20.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhao et al.

Page 24

IL-13Ra2

cytoplasm

cell migration and metastasis

Figure9.
The proposed mechanism of PNR-induced, IL-13Ra2-mediated breast cancer cell migration

and metastasis. PNR directly binds to the promoter region of IL-13Ra2 to activate its
transcription. The increase of IL-13Ra2 protein level in conjunction with IL-13 treatment
activate downstream mitogen-activated protein kinase (MAPK)-ERK pathway, which leads
to breast cancer cell migration and metastasis.
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