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ABSTRACT Transforming growth factor � (TGF-�)-induced migration of triple-
negative breast cancer (TNBC) cells is dependent on nuclear export of the or-
phan receptor NR4A1, which plays a role in proteasome-dependent degradation
of SMAD7. In this study, we show that TGF-� induces p38� (mitogen-activated
protein kinase 14 [MAPK14]), which in turn phosphorylates NR4A1, resulting in
nuclear export of the receptor. TGF-�/p38� and NR4A1 also play essential roles
in the induction of epithelial-to-mesenchymal transition (EMT) and induction of
�-catenin in TNBC cells, and these TGF-�-induced responses and nuclear export
of NR4A1 are blocked by NR4A1 antagonists, the p38 inhibitor SB202190, and
kinase-dead [p38(KD)] and dominant-negative [p38(DN)] forms of p38�. Inhibition
of NR4A1 nuclear export results in nuclear export of TGF-�-induced �-catenin, which
then undergoes proteasome-dependent degradation. TGF-�-induced �-catenin also reg-
ulates NR4A1 expression through formation of the �-catenin–TCF-3/TCF-4/LEF-1 complex
on the NR4A1 promoter. Thus, TGF-�-induced nuclear export of NR4A1 in TNBC cells
plays an essential role in cell migration, SMAD7 degradation, EMT, and induction of
�-catenin, and all of these pathways are inhibited by bis-indole-derived NR4A1 antago-
nists that inhibit nuclear export of the receptor and thereby block TGF-�-induced migra-
tion and EMT.
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Transforming growth factor � (TGF-�) signaling plays an important and complex role
in cancer and exhibits both tumor-promoting and tumor suppressor functions that

are dependent on the cancer cell context (1–3). For example, loss of TGF-� in an
immortalized but nontumorigenic MCF-10A cell subtype resulted in enhanced growth
due to a less differentiated phenotype, and this was accompanied by a decreased
population of early progenitor cells (4). In contrast, TGF-� stimulates later-stage cancer
cells to migrate and invade, and this is linked to induction of epithelial-to-mesenchymal
transition (EMT) and a more aggressive cancer cell phenotype (1, 5, 6). TGF-� signaling
is initiated by ligand-dependent TGF-� receptor activation, which results in formation
of an activated SMAD2/SMAD3-SMAD4 nuclear transcription factor complex (7). In
contrast, SMAD7 functions as an inhibitory SMAD by recruiting factors leading to
proteasome-dependent degradation of TGF-� receptor 1 (TGF-�R1) (8, 9).

Arkadia, RNF12, and axin2 also play key roles in activation of TGF-� signaling by
inducing polyubiquitination and degradation of inhibitory SMAD7 (9, 10), and a recent
study demonstrated that the orphan nuclear receptor NR4A1 (Nur77 or TR3) also has a
critical role in SMAD7 degradation (11). It was reported that NR4A1 induces axin2
expression, and NR4A1 directly interacts with axin2 and SMAD7 and is an obligatory
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factor for activation of SMAD7 degradation. This model was derived from studies on
inflammatory-cytokine-induced MDA-MB-231 breast cancer cell invasion and showed
that cytokine-induced NR4A1 was necessary for SMAD7 degradation and TGF-�-induced
migration/invasion.

Studies in our laboratory have investigated NR4A1-dependent prooncogenic path-
ways in breast and other cancer cell lines, and we have developed 1,1-bis(3-indolyl)-
1-(p-substituted phenyl) methane (C-DIM) NR4A1 ligands that act as NR4A1 antagonists
in cancer cell lines and tumors (12–19). In MDA-MB-231 breast cancer cells, we
demonstrated that basal migration/invasion are dependent on NR4A1-regulated ex-
pression of �1-integrin, which can be inhibited by C-DIM/NR4A1 antagonist (19). TGF-�
markedly enhances MDA-MB-231 cell migration/invasion, and as previously reported
(11), we observed that this response is NR4A1 dependent and could also be inhibited
by C-DIM/NR4A1 antagonists (12). Our studies demonstrated that the key inhibitory
effect of the NR4A1 antagonist is to block nuclear export of NR4A1 and thereby prevent
interactions with the cytosolic axin2/RNF12/Arkadia/SMAD7 complex.

In this study, we further investigated the critical and essential role of NR4A1 in
regulating TGF-�-induced migration/invasion, and we show that TGF-�-induced nu-
clear export of NR4A1 is dependent on activation of the p38 mitogen-activated protein
kinase (MAPK) pathway. We also show that TGF-� induces expression of both NR4A1
and �-catenin, and these responses are also p38 dependent. However, induction of
NR4A1 by TGF-� is dependent on �-catenin and its interactions with LEF1/TCF3 and
TCF4 bound to the NR4A1 promoter. These studies define a unique role for NR4A1 in
TGF-�-induced migration and EMT in estrogen receptor (ER)-negative breast cancer
cells and also demonstrate that NR4A1 antagonists block this response, indicating
potential clinical applications for treatment of both early and late stages of the disease.

RESULTS
TGF-�-dependent inhibition of migration is dependent on activation of p38-

mediated nuclear export of NRA41. It was initially reported that TGF-�-induced EMT
and migration/invasion were dependent on NR4A1, which formed an E3 ligase-axin2/
RNF12/Arkadia complex that degraded SMAD7 and thereby activated TGF-�R1 (11).
Subsequent studies in our laboratory indicated that a key step in this pathway involved
TGF-�-induced nuclear export of NR4A1 (19), and the mechanisms of TGF-�-NR4A1
cross talk were further investigated in ER-negative breast cancer cells. The results
shown in Fig. 1A demonstrate that among a series of kinase inhibitors, LY294002 and
PD98059 inhibited basal migration of MDA-MB-231 cells, but only the p38 MAPK
inhibitor SB202190 significantly inhibited TGF-�-induced migration of MDA-MB-231
cells. We also observed that the p38 inhibitor SB202190 also inhibited TGF-�-induced
migration in H5587T and SUM159 triple-negative breast cancer (TNBC) cells (Fig. 1A),
whereas LY294002 and PD98059 decreased basal but not TGF-�-induced migration, as
observed in MDA-MB-231 cells. TGF-� induces expression and nuclear export of NR4A1
(19), and we now show that this response is significantly inhibited in MDA-MB-231 cells
cotreated with the p38 inhibitor SB202190 (Fig. 1B). In contrast, SP600125, LY294002,
and PD98059 did not inhibit TGF-�-dependent nuclear export of NR4A1; however, the
last two inhibitors decreased induction of NR4A1 by TGF-� (Fig. 1B). These results
suggest that TGF-� induces activation of p38, and this was confirmed in MDA-MB-231
cells, where treatment with TGF-� enhanced phosphorylation of p38� (T180/Y182) and
also increased phospho-NR4A1 (p-NR4A1) (S355) expression (Fig. 1B). TGF-� also in-
duced NR4A1 expression and nuclear export in H5587T and SUM159 cells (Fig. 1C and
D), and this was inhibited by SB202190. SP600125, LY294002, and PD98059 did not
inhibit TGF-�-mediated nuclear export of NR4A1 but enhanced expression of the
receptor. TGF-� also induced phosphorylation of NR4A1 (S355) and p38 (T180/Y182) in
H5587T and SUM159 cells, and SB202190 inhibited this response (Fig. 1C and D),
confirming that the TGF-�-induced NR4A1 nuclear export was p38 dependent in the
three ER-negative breast cancer cell lines.

Hedrick and Safe Molecular and Cellular Biology

September 2017 Volume 37 Issue 18 e00306-17 mcb.asm.org 2

http://mcb.asm.org


The role of p38 in mediating TGF-�-induced nuclear export of NR4A1 was further
investigated using constructs expressing constitutively active [p38(CA)], kinase domain
inactive [p38(KD)], and dominant-negative [p38(DN)] p38 constructs in MDA-MB-231
cells, which were used as a model triple-negative breast cancer cell line for subsequent

FIG 1 TGF-�-induced migration and nuclear export of NR4A1 are p38 dependent. (A) Cells were treated with DMSO or 5
ng/ml TGF-� for 5 h in the presence or absence of several kinase inhibitors, and migration was determined as outlined in
Materials and Methods. The results are means and standard errors (SE) for at least 3 replicate experiments, and significantly
(*, P � 0.05) induced (TGF-� versus DMSO) results are indicated. (B to D) MDA-MB-231 (B), H5587T (C), or SUM159 (D) cells
were treated with DMSO or 5 ng/ml TGF-� for 5 h in the presence of several kinase inhibitors, and nuclear and cytosolic
or whole-cell lysates were analyzed by Western blotting. �-Actin, p84 and GAPDH served as loading controls for whole-cell
lysates, nuclear extracts, and cytosolic extracts, respectively, for all studies.
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studies. p38(KD) and p38(DN) slightly increased expression of nuclear NR4A1 but did
not induce nuclear export of the receptor, whereas both p38(CA) and TGF-� induced
expression and nuclear export of NR4A1 protein (Fig. 2A). Figure 2B shows that p38(CA)
alone and in combination with TGF-� induced nuclear export of NR4A1, whereas
p38(KD) and p38(DN) alone and in combination with TGF-� did not induce nuclear
export of the receptor, demonstrating that TGF-� did not rescue/enhance nuclear
export of NR4A1 in cells expressing p38(KD) or p38(DN). Previous studies showed that
the nuclear export inhibitor leptomycin B (LMB) and NR4A1 antagonists CDIM8 [1,1-
bis(3=-indolyl)-1-(p-hydroxyphenyl)methane (DIM-C-pPhOH)] and CDIM14 [1,1-bis(3=-
indolyl)-1-(p-carboxymethylphenyl)methane (DIM-C-pPhCO2Me)] block TGF-�-induced
nuclear export of NR4A1 (19). In this study, the same treatments plus LMB/TGF-� also
inhibited p38(CA)-dependent nuclear export of NR4A1 (Fig. 2C). Transfection of MDA-
MB-231 cells with p38(CA) alone or treatment with 5 ng/ml TGF-� alone and in
combination induced cell migration after treatment for 5 and 12 h, and the combina-
tion of p38 and TGF-� did not induce cell migration greater than that observed for each
treatment alone (Fig. 2D). Both p38(KD) and p38(DN) alone did not induce MDA-MB-

FIG 2 Correlation between nuclear export of NR4A1 and TGF-�-induced cell migration. (A to C) MDA-MB-231 cells were
treated with DMSO or 5 ng/ml TGF-� and transfected with p38(CA), p38(KD), or p38(DN) (A) or the same p38 constructs
with or without TGF-� (B) or transfected with p38(CA) with or without TGF-�, LMB, and CDIM8/CDIM14 (C), and nuclear
and cyctosolic extracts were obtained and analyzed by Western blotting. (D and E) MDA-MB-231 cells were transfected
with p38(CA), p38(DN), or p38(KC) alone and in combination with TGF-� (5 and 12 h of treatment) (D) or transfected with
p38(CA) with or without TGF-�, LMB, CDIM8/CDIM14, or SB202190 (E), and cell migration was determined as outlined in
Materials and Methods. The error bars indicate SE.
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231 cell migration, and in combination with TGF-�, this inhibitory effect was not
rescued, indicating that both kinases inhibited TGF-�-induced migration. The results
shown in Fig. 2E demonstrate that TGF-� or p38(CA) (transfected) alone or in combi-
nation enhanced MDA-MB-231 cell invasion, and TGF-� cotreatment with agents that
inhibit nuclear export of NR4A1 (LMB, CDIM8, CDIM14, and SB202190) (Fig. 1B and 2C)
also inhibited of p38/TGF-�-induced invasion (Fig. 2F). We also used immunostaining
and confocal microscopy to investigate treatment-related cytosolic and nuclear local-
ization of NR4A1 (Fig. 3). p38CA and TGF-� treatment of MDA-MB-231 cells induced
nuclear export of NR4A1, and immunostaining for the receptor showed that nuclear
export was significantly abrogated by pretreatment with SB202190, leptomycin B,
CDIM8, and CDIM14. Both p38(KD) and p38(DN) alone did not induce NR4A1 nuclear
export, and supplementation with TGF-� did not rescue this effect, corroborating the
results illustrated in Fig. 2A and B.

NR4A1 interactions with axin2, NRF12, Arkadia, and SMAD7. It was previously
reported that NR4A1 played a role in axin2-RNF12/Arkadia-induced SMAD7 degrada-
tion (11), and in this study, we investigated the interactions of NR4A1 with these

FIG 3 Confocal microscopy analysis. MDA-MB-231 cells were transfected and treated with the various
agents, and nuclear export of NR4A1 was determined by immunostaining and confocal microscopy
analysis as outlined in Materials and Methods.
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proteins. MDA-MB-231 cells were treated with 5 ng/ml TGF-� for 4 h, and cell protein
lysates were immunoprecipitated with NR4A1 antibodies. Western blots of the immu-
noprecipitated proteins showed that NR4A1 was associated with axin2, Arkadia, RNF12,
and SMAD7 (Fig. 4A). NR4A1 interactions with this cytosolic protein complex were

FIG 4 Interactions of NR4A1 with E3 ligase proteins. (A) MDA-MB-231 cells were treated with DMSO, 5 ng/ml TGF-�, CDIM8, and CDIM14 alone
or in combination, and LMB plus TGF-� for 5 h. Whole-cell lysates were immunoprecipitated with NR4A1 antibodies, and the immunoprecipitate
was analyzed on a Western blot. IB, immunoblotting. (B to G) MDA-MB-231 cells were transfected with FLAG-NR4A1(C-F) (B), FLAG-NR4A1(A-B)
(C), FLAG-NR4A1(A-B) (D), FLAG-NR4A1 (E), FLAG-NR4A1(C-F) (F), and FLAG-NR4A1(C-F) (G), and after various treatments, whole-cell lysates were
precipitated with FLAG antibodies. The solubilized precipitates were analyzed by Western blotting as outlined in Materials and Methods.
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abrogated after treatment with the NR4A1 ligands CDIM8, CDIM14, and LMB alone and
in combination with TGF-� (Fig. 4A). These treatments maintained NR4A1 in the
nucleus (19), suggesting that NR4A1 interacts with these proteins in the cytosol. We
also examined interactions of the C- and N-terminal regions of N4RA1 with the
axin2/RNF12/Arkadia/SMAD7 complex by transfecting cells with FLAG-NR4A1(C-F) or
FLAG-NR4A1(A-B) and immunoprecipitated protein lysates with FLAG antibodies (Fig.
4B and C). The C-terminal ligand binding domain [FLAG-NR4A1(C-F)] interacted with
axin2 and Arkadia and, to a lesser extent, RNF12 (Fig. 4B), whereas TGF-� induced
interactions of the N-terminal domain of NR4A1 [FLAG-NR4A1(A-B)] with axin2 and
SMAD7 (Fig. 4C and D). These interactions were abrogated by leptomycin B, CDIM8,
CDIM14, and SB202190 (Fig. 4D). Moreover, association of NR4A1 with the complex was
not observed after treatment with p38KD or p38DN alone or in combination with
TGF-�. We also observed in MDA-MB-231 cells transfected with FLAG-NR4A1(full
length) that FLAG antibodies coimmunoprecipitated axin2, Arkadia, RNF12, and SMAD7
(Fig. 4E) only in cells transfected with p38(CA) but not p38(KD) or p38(DN) and that
these interactions were similar to those observed in TGF-�-treated cells using antibod-
ies against constitutive NR4A1 (Fig. 4A). Transfection of MDA-MB-231 cells with FLAG-
NR4A1(LBD) and overexpression of p38(CA) (with or without TGF-�), followed by
immunoprecipitation with FLAG antibodies, demonstrated that the C-terminal domain
of NR4A1 interacts with axin2, Arkadia, RNF12, and SMAD7 (Fig. 4F), whereas p38(KD)
or p38(DN) with or without TGF-� did not induce interactions of NR4A1 with these
proteins (Fig. 4F), indicating that both p38 mutants inhibited the TGF-�-induced
response. These results demonstrate that NR4A1 export is important for interactions
with the ubiquitination complex proteins and that the C-terminal domain of NR4A1 is
necessary for interactions with all the members of this complex. The C-DIM/NR4A1
antagonists and the p38 inhibitor block NR4A1 nuclear export and interactions with the
ubiquitination complex proteins.

SMAD7 as a target of TGF-�-induced NR4A1 nuclear export. The E3 ubiquitin
ligase complex and NR4A1 are required for TGF-�-induced activation of TGF-�RI
through SMAD7 degradation, and this is confirmed in Fig. 5A, which shows that
TGF-�-induced migration of MDA-MB-231 cells is significantly decreased by knockdown
of axin2, RNF12, and Arkadia. The specificity of the knockdown (Fig. 5A) also shows that
loss of RNF12 knockdown results in decreased expression of both RNF12 and Arkadia.
Since NR4A1 is an integral part of the E3 ubiquitin ligase complex and is required for
its function, we further investigated the roles of NR4A1 and NR4A1 nuclear export in
mediating SMAD7 degradation. SMAD7 is highly expressed in MDA-MB-231 cells (Fig.
5B), and treatment with TGF-� decreased SMAD7. However, treatment with TGF-� plus
agents that inhibit NR4A1 export (LMB, CDIM8, and CDIM14) or p38 activity (SB202190)
blocked proteasome-dependent downregulation of SMAD7, and the proteasome in-
hibitor MG132 also blocked the TGF-�-induced response. Moreover, TGF-� and p38(CA)
alone or in combination also decreased SMAD7 protein, and this was blocked by
MG132, whereas p38(KD) and p38(DN) alone or in combination with TGF-� did not
affect SMAD7 expression (Fig. 5C). Thus, treatment with TGF-� did not overcome or
rescue the cells from the effects of p38(KD) or p38(DN). These results show that TGF-�-
and p38-induced nuclear export of NR4A1 is necessary to activate the E3 ubiquitin
ligase complex (Arkadia, NR4A1, RNF12, and axin2) and for proteasome-dependent
degradation of SMAD7. This was also confirmed by examination of SMAD7 ubiquitina-
tion. Inhibitors that blocked nuclear export of NR4A1 (Fig. 5D) and inactivation of p38
(Fig. 5E and F) all inhibited TGF-�-induced ubiquitination of SMAD7, which appears as
a streaking band in the gel, which is typical of blots containing multiple polyubiquiti-
nated proteins. In addition, we also show that TGF-�-induced ubiquitination is partially
blocked by axin2 knockdown and completely inhibited by knockdown of Arkadia and
RNF12 (Fig. 5G). The results demonstrate the importance of members of the ubiquitin
ligase complex in mediating ubiquitination and subsequent degradation of SMAD7 and
the inhibition of SMAD7 degradation by NR4A1 antagonists and inhibition of p38.
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FIG 5 Roles of NR4A1 and E3 ligase proteins in SMAD7 degradation. (A) MDA-MB-231 cells were treated with DMSO or 5 ng/ml TGF-� in the
presence or absence of knockdown of E2 ligase proteins, SMAD3, or SMAD7 by RNA interference, and migration was determined as outlined in
Materials and Methods. The error bars indicate SE (*, P � 0.05). Cells were transfected with siCtl (control) or oligonucleotides targeting E2 ligase
proteins treated with 5 ng/ml TGF-� for 5 h, and whole-cell lysates were analyzed in a Western blot. (B and C) Cells were treated and/or transfected
with various constructs, and the effects of the proteasome inhibitor MG132 on SMAD7 expression was determined in Western blots. (D to G) Cells
were treated with various compounds and/or transfected with p38-derived constructs, whole-cell lysates were immunoprecipitated with SMAD7
antibodies, and the immunoprecipitates were solubilized and analyzed for ubiquitinated SMAD7 species by Western blotting.
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Does NR4A1 play a role in TGF-�-induced �-catenin expression and EMT? It has
previously been reported that p38 induces expression of �-catenin (20), and the results
illustrated in Fig. 6A show that low levels of �-catenin are expressed in MDA-MB-231
cells. However, treatment with TGF-� for 5 h induced �-catenin protein expression in
MDA-MB-231 cells, and this response was decreased after cotreatment with the p38
inhibitor SB202190. TGF-� also induced expression of several EMT marker proteins,
including Slug, Snail, ZEB-1, N-cadherin, and vimentin; cotreatment with SB202190
inhibited these responses, and this was accompanied by increased expression of the
epithelial marker ZO-1. Surprisingly, cotreatment of MDA-MB-231 cells with TGF-� plus
LMB or the C-DIM/NR4A1 antagonists also inhibited expression of the �-catenin-
regulated protein markers of EMT (Slug, Snail, ZEB-1, and N-cadherin but not vimentin);
however, the induced levels of �-catenin were not decreased. As a positive control, we
also observed the TGF-�-induced Slug and Snail mRNA levels (Fig. 6B). The results
shown in Fig. 6C demonstrate that low levels of �-catenin are expressed in MDA-MB-
231 cells, TGF-� induces nuclear �-catenin, and cotreatment with SB202190 inhibits this
response; however, cotreatment with LMB resulted in both nuclear and cytosolic
�-catenin, whereas �-catenin is primarily cytosolic after cotreatment with TGF-� plus
the C-DIM/NR4A1 antagonists. Transfection of p38� also induced expression of
�-catenin and EMT markers, where C-DIM/NR4A1 antagonists, LMB, and SB202190
inhibited �-catenin nuclear localization (Fig. 6D) and inhibited p38-mediated induction
of EMT markers (Fig. 6E). The induction of �-catenin was abrogated by SB202190 (Fig.
6D and E), indicating the necessity for p38 in induction of �-catenin, and this was
confirmed in studies in which p38 and p38 upstream kinases (TAK1, MKK3, and MKK6)
were knocked down by RNA interference (RNAi) (Fig. 6F). The partial nuclear export of
�-catenin observed in cells cotreated with TGF-� plus LMB (an exportin-1 inhibitor) may
be due, in part, to an equilibrium between nuclear and cytosolic �-catenin, and this
is currently being investigated. In cells transfected with p38�(CA), p38�(KD), and
p38�(DN) alone or in combination with TGF-� (Fig. 6G), the induced [by p38�(CA) with
or without TGF-�] �-catenin was nuclear and consistent with activation of the EMT
�-catenin, Slug, Snail, ZEB1, N-cadherin, and vimentin genes; however, in the other
treatment groups, �-catenin expression in the nucleus or cytosol was minimal to
nondetectable, and induction of EMT gene expression was minimal (Fig. 6H). Therefore,
the difference in �-catenin expression observed in Fig. 6E and F may be partially due
to the duration of the treatment (5 and 12 h, respectively), and the time-dependent
effects were further investigated (see below).

We also used immunostaining and confocal microscopy analysis to investigate
treatment-related cytosolic and nuclear localization of �-catenin (Fig. 7). The results
demonstrate that TGF-� treatment induced expression and nuclear localization of
�-catenin; however, �-catenin was sequestered in the cytosol when cells were co-
treated with TGF-� plus SB202190, leptomycin B, CDIM8, and CDIM14. In cells trans-
fected with p38(CA), �-catenin was induced and localized in the nucleus, whereas after
cotreatment with LMB, CDIM8, CDIM14, or SB202190, �-catenin was sequestered in the
cytosol. Both p38(KD) and p38(DN) alone also resulted in cytosolic �-catenin, and
cotreatment with TGF-� did not rescue this effect, corroborating results obtained
previously showing that TGF-� cannot rescue cells expressing p38(KD) or p38(DN).

Does NR4A1 play a role in regulation of TGF-�-induced �-catenin expression?
TGF-�-induced �-catenin was primarily nuclear after treatment for 5 h; however, after
cotreatment with NR4A1 antagonists, �-catenin was cytosolic, and levels were de-
creased, suggesting a role for NR4A1 in regulating �-catenin expression (Fig. 6C). This
was confirmed in RNAi studies, where knockdown of NR4A1 resulted in low to nonde-
tectable levels of TGF-�-induced �-catenin or EMT genes in whole-cell lysates, whereas
the epithelial marker ZO-1 was expressed after NR4A1 knockdown (Fig. 8A). �-Catenin
levels in MDA-MB-231 cells are low (Fig. 5A and C); however, after treatment with TGF-�
or transfection with p38(CA), �-catenin levels were induced and persisted for up to 24
h in the nucleus (Fig. 8B and C). In a parallel study, after treatment with the NR4A1
antagonist CDIM8, TGF-�- and p38(CA)-induced nuclear �-catenin was exported to the
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FIG 6 TGF-�/p38-induced �-catenin/EMT genes are affected by NR4A1 antagonists. (A) MDA-MB-231 cells were treated with various agents for
5 h, and �-catenin and EMT genes associated with mesenchymal (�-catenin, Slug, Snail, ZEB1, N-cadherin and vimentin) and epithelial (ZO1) cells
were determined by Western blot analysis of whole-cell lysates. (B) MDA-MB-231 cells were treated with DMSO or 5 ng/ml TGF-� for 5 h, and
changes in Slug and Snail mRNA levels (compared to DMSO) were determined by real-time PCR as outlined in Materials and Methods. The results
are means and SE for at least 3 separate determinations, and significant (*, P � 0.05) induction is indicated. (C and D) Cells were treated with
various compounds and their combinations for 5 h, and nuclear and cytosolic extracts were separated and analyzed by Western blotting. (E and
F) The cells were transfected with p38(CA) and treated with various compounds (E) or with 5 ng/ml TGF-� (F) and transfected with different
oligonucleotides in RNAi experiments, and whole-cell lysates were analyzed by Western blotting as outlined in Materials and Methods. (G and H)
Cells were transfected with p38-derived expression plasmids alone or in combination with 5 ng/ml TGF-�, and nuclear and cytosolic (G) or
whole-cell (H) lysates were analyzed by Western blotting. (I) Cells were transfected with different siRNAs, and whole-cell lysates were analyzed
by Western blotting.
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cytosol (Fig. 8D and E), as observed in Fig. 6C (5-h treatment with CDIM8); however,
after treatment with CDIM8 for 24 h, the levels of �-catenin were undetectable. Since
cytosolic �-catenin is subject to proteasome-dependent degradation, we repeated the
studies outlined in Fig. 8D and E, but in the absence or presence of the proteasome
inhibitor MG132. The results show that MG132 blocked the loss of �-catenin in cells
treated with TGF-� or transfected with p38(CA) plus the NR4A1 antagonist CDIM8
(Fig. 8F and G). The mechanism of NR4A1 regulation of �-catenin is currently being
investigated; however, our results demonstrate that NR4A1 antagonists that inhibit
TGF-�-induced nuclear export of NR4A1 induce nuclear export of �-catenin. These
results demonstrate that NR4A1 antagonists directly or indirectly inhibit accumulation
of TGF-�-induced �-catenin in the nucleus, resulting in inhibition of EMT in breast
cancer cells, and the mechanisms of NR4A1 ligands on the nuclear-cytosolic trafficking
of NR4A1 and �-catenin are currently being investigated.

Roles of p38 and �-catenin in regulation of NR4A1 expression and subcellular
localization. TGF-� and p38 induce both �-catenin and NR4A1 expression and regulate
their intracellular location in the nucleus and cytosol, respectively, and Fig. 9A illustrates

FIG 7 Analysis of �-catenin location by confocal microscopy. MDA-MB-231 cells were treated with DMSO
or 5 ng/ml TGF-� or transfected with p38(CA), and after various treatments (5 h), the cells were fixed,
immunostained, and analyzed by confocal microscopy as outlined in Materials and Methods.
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that NR4A1 was nuclear after knockdown of �-catenin, p38, and upstream kinases
(TAK1, MKK3, and MKK6) in MDA-MB-231 cells. The treatments decreased nuclear
expression of NR4A1, but cytosolic NR4A1 levels were minimal and �-catenin was
undetectable in either the nucleus or cytosol. TGF-� induced NR4A1 and its export to

FIG 8 NR4A1 regulation of �-catenin expression and degradation. (A) MDA-MB-231 cells were transfected with siCtl or siNR4A1, and whole-cell
lysates were analyzed by Western blotting as outlined in Materials and Methods. (B to E) Cells were treated with TGF-� (B), transfected with
p38(CA) (C) alone or in combination with the NR4A1 antagonist CDIM8 (D and E, respectively), and cytosolic and nuclear extracts were isolated
and analyzed by Western blotting. (F and G) Cells were treated with CDIM8/TGF-� (F) or transfected with p38(CA)/CDIM8 (G) in the presence or
absence of the proteasome inhibitor MG132, and whole-cell lysates were analyzed by Western blotting as outlined in Materials and Methods.
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FIG 9 �-Catenin regulates expression of NR4A1. (A and B) Cells were transfected with siCtl and various oligonucleotides targeting �-catenin
or kinases alone (A) or after treatment with 5 ng/ml TGF-� (B), and nuclear and cytosolic extracts were isolated and analyzed by Western
blotting. (C) Cells were treated with DMSO or 5 ng/ml TGF-�, and mRNA levels were determined by real-time PCR. The results are means
and SE for at least 3 replicates per treatment group, and a significant (*, P � 0.05) decrease in TGF-�-induced NR4A1 mRNA levels (compared
to DMSO) is indicated. (D) Cells were treated with DMSO or 5 ng/ml TGF-� and transfected with various oligonucleotides, and migration
was determined as outlined in Materials and Methods. The results are means and SE of 3 replicate determinations, and a significant (*, P �
0.05) decrease in migration is indicated. (E) Schematic illustration of TCF/LEF sites on the NR4A1 promoter and primers used for ChIP
analysis. (F and G) Cells were treated with 5 ng/ml TGF-� transfected with various oligonucleotides for knockdown by RNAi, and NR4A1
mRNA (F) and protein (G) levels were determined by real-time PCR and Western blotting, respectively. The results (F) are expressed as means
and SE for 3 replicate determinations, and significant (*, P � 0.05) decreases are indicated. (H) Cells were treated with 5 ng/ml TGF-� or
transfected with p38 variants alone or in combination with other agents, and interactions of various factors with the TCF/LEF region of the
NR4A1 promoter were determined in a ChiP assay.
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the cytosol, and this was accompanied by induction of nuclear �-catenin (Fig. 9B);
knockdown of �-catenin, p38, and upstream kinases decreased expression of both
NR4A1 and �-catenin and inhibited nuclear export of NR4A1. TGF-�-induced NR4A1
mRNA expression and induction were also inhibited in cells after knockdown of
�-catenin, p38, and upstream kinases (Fig. 9C). Moreover, using the same treatment
protocol, TGF-�-induced migration in MDA-MB-231 was also inhibited by knockdown of
�-catenin, p38, and upstream kinases (Fig. 9D), and this correlated with the effects of
these treatments as inhibitors of induction of �-catenin and inhibition of nuclear export
of NR4A1 (Fig. 9B).

�-Catenin is a nuclear transcription factor that regulates gene expression through
interactions with DNA-bound TCF/LEF sites, and the NR4A1 promoter contains two of
these cis elements at �346 to �328 and �191 to �170 (Fig. 9E). The potential role of
�-catenin/TCF/LEF in regulating �-NR4A1 expression was investigated by RNAi, and
knockdown of �-catenin, TCF3 (siTCF3), TCF4 (siTCF4), and LEF1 (siLEF1) decreased
TGF-�-induced NR4A1 mRNA (Fig. 9F) and protein (Fig. 9G) levels. siTCF1 only partially
decreased NR4A1 mRNA, but not protein, levels. Further confirmation that �-catenin
regulates NR4A1 gene expression was investigated in a chromatin immunoprecipita-
tion (ChIP) assay on the NR4A1 promoter, which showed that treatment with TGF-�,
TGF-� plus LMB, p38(CA), and p38(CA) plus TGF-� induced RNA polymerase II (Pol II)
and enhanced TCF3, TCF4, and LEF1 binding to the region of the NR4A1 promoter
containing the TCF/LEF motifs. In contrast, these promoter interactions were not
observed in cells treated/transfected with p38(KD) and p38(DN) alone or in combina-
tion with TGF-� or with TGF-� plus the NR4A1 antagonists CDIM8 and CDIM14 (Fig. 9H).
These data are consistent with results showing that �-catenin regulates TGF-�-induced
NR4A1 expression (Fig. 9F and D) and that �-catenin acts as a nuclear cofactor, along
with TCF3, TCF4, and LEF1. Figure 10 summarizes the role of NR4A1 in TGF-�/p38�-
dependent MDA-MB-231 cell migration and EMT as determined in this study. TGF-�-
inducible migration is dependent on activation of p38 and p38-dependent nuclear
export of NR4A1 and its subsequent interactions with the Arkadia, axin2, RNF12 E3
ubiquitin ligase complex that targets SMAD7 for proteasome-dependent degradation.
This process is NR4A1 and also p38 dependent and can be inhibited by SB202190 and
C-DIM/NR4A1 antagonists. TGF-�-induced p38 is also critical for induction of �-catenin
and EMT genes and for �-catenin–NR4A1 mutual coregulation, where �-catenin acts as
a trans-acting transcription factor to induce NR4A1 gene expression. NR4A1 antagonists
also regulate NR4A1–�-catenin interactions, and this includes facilitating �-catenin
nuclear export and its subsequent proteasome-dependent degradation (Fig. 10).

DISCUSSION

NR4A1 is a member of the NR4A orphan receptor subfamily, and although NR4A1
plays a role in multiple physiological and pathophysiological processes, the endoge-
nous ligand for the receptor has not been identified (21, 22). Several studies have now
characterized ligands that bind NR4A1 (18, 23–26), and research in our laboratory has
investigated the binding of several C-DIM analogs to the receptor (18). NR4A1 is
prooncogenic in most solid tumors, and both CDIM8 and CDIM14 act as receptor
antagonists and inhibit nuclear NR4A1-dependent gene expression, resulting in de-
creased tumor growth, survival, and migration/invasion of breast and other cancer cells
(12–19). Zhou and coworkers demonstrated that NR4A1 plays a key role in cytokine-
and TGF-�-induced invasion and EMT in breast cancer by interacting with the axin2,
RNF12, and Arkadia E3 ubiquitin ligase complex, which degrades SMAD7 (11). Studies
in our laboratory demonstrated that NR4A1 regulation of �1-integrin gene expression
is primarily responsible for basal migration of MDA-MB-231 cells. We also observed that
TGF-�-induced MDA-MB-231 cell migration is dependent on nuclear export of NR4A1,
which is inhibited by the NR4A1 ligands CDIM8 and CDIM14 (19). Thus, the C-DIM/
NR4A1 antagonists effectively block TGF-�-induced migration of breast cancer cells,
and this study was focused on delineating the mechanisms of TGF-�–NR4A1 interac-
tions.
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TGF-� induces multiple kinases, including p38 (1–3, 27–34), and based on initial
kinase inhibitor studies in three triple-negative breast cancer cell lines (H5587T, MDA-
MB-231, and SUM159), we identified p38 as the principal kinase required for nuclear
export of NR4A1. Moreover, p38(CA), but not p38(KD) or p38(DN), overexpression
induced nuclear export of NR4A1, and subsequent studies with MDA-MB-231 cells
showed that TGF-�- and p38-induced migration were inhibited by C-DIM/NR4A1
antagonists and LMB (Fig. 2A) (19). Interestingly, we also observed in these initial
experiments that TGF-� and p38(CA) alone or in combination induced the same
magnitude of cell migration and other responses, and the lack of activity observed for
p38(DN) and p38(KD) was not rescued by cotreatment with TGF-� for any response
examined in our studies.

Immunoprecipitation studies with NR4A1 antibodies confirmed that full-length
NR4A1 interacted with axin2, Arkadia, RNF12, and SMAD7, and the C-terminal (axin2,
Arkadia, and RNF12) and N-terminal (axin2 and SMAD7) domains of NR4A1 differentially
interacted with members of this complex (Fig. 4). Although the functional E3 ubiquitin
ligase complex containing NR4A1 is responsible for degradation of SMAD7 (a cytosolic
protein) (11), we observed that, like NR4A1, Arkadia was also a nuclear protein that
underwent TGF-�/p38-dependent nuclear export (data not shown). The ultimate target

FIG 10 Model for the role of NR4A1 in mediating TGF-�/p38 induction of migration, �-catenin and EMT, and �-catenin
regulation of NR4A1 gene expression and inhibitory effects of CDIM/NR4A1 antagonists. Ub, ubiquitin.

TGF-�-Induced Cancer Cell Migration Is NR4A1 Dependent Molecular and Cellular Biology

September 2017 Volume 37 Issue 18 e00306-17 mcb.asm.org 15

http://mcb.asm.org


of the E3 ubiquitin ligase complex is SMAD7 (11), and we also observed that TGF-�/p38
induced proteasome-dependent SMAD7 ubiquitination and subsequent degradation.
Moreover, inhibitors of NR4A1 (and Arkadia) nuclear export or knockdown of one or
more members of this complex also decreased SMAD7 ubiquitination (Fig. 5), and these
observations are consistent with studies showing the importance of the complex for
SMAD7 degradation (11).

Previous studies showed that TGF-� induces cancer cell migration and EMT, and
activation of the latter pathway may also involve increased expression of �-catenin
(35–38). In addition, it has also been reported that �-catenin not only interacts with
NR4A1, but there is evidence for mutual functional responses and interprotein regu-
latory pathways (39–43). Knockdown or overexpression of NR4A1 in colon cancer cells
decreases or increases �-catenin expression, respectively, and knockdown or overex-
pression of �-catenin decreases or increases NR4A1 expression (39–41). Hypoxia also
enhances �-catenin/NR4A1-mediated invasion of colon cancer cells; however, the
mechanism of this response and the intracellular location of NR4A1 are unclear (41).
The role of NR4A1 in TGF-�-induced expression of �-catenin and downstream EMT
genes in MDA-MB-231 cells is unique. Both TGF-� and p38(CA) induced expression
of �-catenin and downstream genes in MDA-MB-231 cells, and this response was
inhibited not only by p38(DN), p38(KD), and knockdown of kinases upstream from
p38 but also by the NR4A1 antagonists CDIM8 and CDIM14 (Fig. 6 and 7). Treatment
with TGF-� resulted in induced �-catenin expression in the nucleus and nuclear
export of NR4A1, and the effects of NR4A1 antagonists (5-h treatment) reversed the
subcellular location of both proteins, suggesting nuclear (antagonist) ligand-bound
NR4A1 either directly or indirectly enhanced nuclear export of �-catenin. Moreover,
CDIM8- and CDIM14-induced nuclear export of �-catenin ultimately resulted in
proteasome-dependent degradation of the protein within 24 h after initial treat-
ment (Fig. 8). Knockdown of NR4A1 by RNA also decreased �-catenin expression
(Fig. 5A), suggesting that the loss or inactivation of NR4A1-regulated genes/
pathways contributed to nuclear export of �-catenin and its subsequent degrada-
tion, and the mechanisms of liganded NR4A1-induced nuclear export of �-catenin
are currently being investigated.

�-Catenin overexpression or induction in colon cancer cells induces NR4A1 expres-
sion, and this has been linked to activation of AP1 and subsequent interactions with
AP1 cis elements in the proximal region (�200 to �2) of the NR4A1 gene promoter (40).
In contrast, TGF-� induced �-catenin, and �-catenin-dependent induction of NR4A1
was due to nuclear �-catenin interactions with TCF3/TCF4 (but not TCF1) and LEF cis
elements (�346 to �328 and �190 to �170) in the proximal region of the NR4A1 gene
promoter (Fig. 9E). These interactions were TGF-� dependent and illustrate a unique
cross talk between NR4A1 and �-catenin, which are critical elements in late-stage
TGF-�-induced breast cancer cell migration/invasion.

Thus, the results of this study demonstrate that TGF-�-induced responses,
including cell migration, induction of EMT, �-catenin, and NR4A1, are dependent on
induction of p38 and genomic regulation of NR4A1 expression by cis-acting
�-catenin/TCF/LEF complexes (Fig. 10). In contrast, TGF-�/p38-dependent induction
of �-catenin results in nuclear accumulation of �-catenin and activation of down-
stream EMT genes. The precise role of NR4A1 in mediating TGF-�/p38-dependent
induction of �-catenin is unknown; however, NR4A1 antagonists that retain NR4A1
in the nucleus also induce �-catenin nuclear export and degradation, demonstrat-
ing a novel pathway for inhibiting EMT in triple-negative breast cancer cells with
NR4A1 ligands. These results demonstrate a pivotal role for NR4A1 in orchestrating
TGF-�-induced triple-negative breast cancer cell migration and EMT (Fig. 10). Thus,
NR4A1 antagonists, such as C-DIMs, represent a novel class of mechanism-based
drugs for treating the relatively high percentage of breast cancer patients who
overexpress this receptor (11), and this study now shows that these C-DIM/NR4A1
compounds may be particularly effective against TGF-�-induced migration/invasion
in patients with late-stage tumors.
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MATERIALS AND METHODS
Cell lines, reagents, and antibodies. Breast cancer cells (MDA-MB-231, Hs587T, and SUM159) were

purchased from the American Type Culture Collection (Manassas, VA). The cells were maintained at 37°C in
the presence of 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)–Ham’s F-12 medium with 10% fetal
bovine serum with antibiotic. NR4A1, Arkadia, and RNF12 antibodies were purchased from Novus Biologicals
(Littleton, CO). TGF-� was purchased from BD Biosystems (Bedford, MA). �-Actin antibody, Dulbecco’s
modified Eagle’s medium, M2 Flag antibody, MG132, and 36% formaldehyde were purchased from Sigma-
Aldrich (St. Louis, MO). Hematoxylin was purchased from Vector Laboratories (Burlingame, CA). �-Catenin,
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), p38, p-p38, p-NR4A1, axin2, anti-rabbit IgG Fab2–
Alexa Fluor 488, or anti-mouse IgG Fab2–Alexa Fluor, phalloidin (Alexa Fluor 555-phalloidin), Hoechst 33342,
leptomycin B, SP600125, SB202190, LY294002, PD98059, and NR4A1 immunofluorescent antibody were
purchased from Cell Signaling Technologies (Manassas, VA). SMAD 6/7 and ubiquitin antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and p84 antibody from GeneTex (Irvine, CA).

Plasmids. FLAG-NR4A1, FLAG-NR4A1-(A-B), and FLAG-NR4A1-(C-F) were synthesized in the labora-
tory using site-directed mutagenesis. DDK-Myc-p38CA-(D176A; F327S), DDK-Myc-p38KD-(K53A), DDK-
Myc-p38DN-(T180A;Y182F), DDK-Myc-arkadia, DDK-Myc-arkadia-(Δ405–989), DDK-Myc-arkadia-(Δ1– 404),
DDK-Myc-arkadia-(241– 404), and DDK-Myc-arkadia (C937A) were purchased from Origene Technologies
(Rockville, MD). The plasmids were transfected as described previously (19); medium was removed, and
then the cells were treated with the respective compound.

Boyden chamber assay. MDA-MB-231, SUM159, and H5587T TNBC cells (3.0 � 105 per well) were
seeded in Dulbecco’s modified Eagle’s medium–Ham’s F-12 medium supplemented with 2.5% charcoal-
stripped fetal bovine serum and allowed to attach for 24 h. The cells were seeded and subsequently treated
with various concentrations of DIM-C-pPhOH or DIM-C-pPhCO2Me for 24 h or 1 h prior (with or without TGF-�
[5 ng/ml]; 4-h cotreatment) or with 100 nM siAxin2, siArkadia, siRNF12, si�-catenin, siTAK1, siMKK3, siMKK6,
or sip38� for 48 h. The cells were trypsinized, counted, placed in 24-well 8.0-�m-pore-size ThinCerts from BD
Biosciences (Bedford, MA), allowed to migrate for 24 h, fixed with formaldehyde, and then stained with
hematoxylin. Cells that migrated through the pores were counted as described previously (19).

RT-PCR. RNA was isolated using a Zymo Research (Irvine, CA) Quick-RNA MiniPrep kit. Quantification
of mRNA (Slug, Snail, and NR4A1) was performed using a Bio-Rad (Richmond, CA) iTaq Universal SYBER
Green 1-step kit according to the manufacturer’s protocol with real-time PCR. TATA binding protein (TBP)
mRNA was used as a control to determine relative mRNA expression.

Immunoprecipitation. MDA-MB-231 cancer cells (3.0 � 105 per well) were seeded in Dulbecco’s
modified Eagle’s medium–Ham’s F-12 medium supplemented with 2.5% charcoal-stripped fetal bovine serum
and allowed to attach for 24 h. The medium was then changed to DMEM–Ham’s F-12 medium containing
2.5% charcoal-stripped fetal bovine serum, and either dimethyl sulfoxide (DMSO) or TGF-� (5 ng/ml) was
added for 4 h (after pretreatment or not with leptomycin B [20 nM] for 24 h or pretreatment or not with or
without DIM-C-pPhOH [20 �M], DIM-C-pPhCO2Me [15 �M], or SB202190 [30 �M] for 1 h) or transfection of
DDK-Myc-p38CA, DDK-Myc-p38KD, DDK-Myc-p38DN, D-NR4A1, FLAG-NR4A1-(A-B), FLAG-NR4A1-(C-F), DDK-
Myc-arkadia, DDK-Myc-arkadia (Δ405–989), DDK-Myc-arkadia (Δ1–404), DDK-Myc-arkadia (241–404), and
DDK-Myc-arkadia (C937A) plasmids 6 h posttransfection. Protein A Dynabeads were prepared, and binding of
antibody with protein and protein-protein interactions were isolated with a Life Technologies (Grand Island,
NY) Immunoprecipitation kit using Dynabeads coated with protein A, following the manufacturer’s protocol.
Protein-protein interactions of interest were determined using Western blotting.

Chromatin immunoprecipitation. The ChIP assay was performed using a ChIP-IT Express magnetic
chromatin immunoprecipitation kit (Active Motif, Carlsbad, CA) according to the manufacturer’s protocol.
MDA-MB-231 cells were treated with DMSO or TGF-� (5 ng/ml) for 4 h (after pretreatment or not with
leptomycin B [20 nM] for 24 h or pretreatment or not with or without DIM-C-pPhOH [20 �M],
DIM-C-pPhCO2Me [15 �M], SB202190 [30 �M] for 1 h or transfection of p38CA, p38KD, or p38DN
plasmids 6 h posttransfection). The cells were then fixed with 1% formaldehyde, and the cross-linking
reaction was stopped by addition of 0.125 M glycine. After washing twice with phosphate-buffered
saline, the cells were scraped and pelleted. The collected cells were hypotonically lysed, and nuclei were
collected. The nuclei were then sonicated to the desired chromatin length (�200 to 1,500 bp). The
sonicated chromatin was immunoprecipitated with normal IgG, p300 (Santa Cruz), siSp1 (Abcam), NR4A1
(Novus Biologicals), or Pol II (Active Motif) antibody and protein A-conjugated magnetic beads at 4°C
overnight. After the magnetic beads were extensively washed, protein-DNA cross-links were reversed
and eluted. DNA was prepared by proteinase K digestion, followed by PCR amplification. The primers for
detection of the NR4A1 promoter region were 5=-CGAGGAGCCTATTTATAG-3= (sense) and 5=-TCGACGT
TTGGCCATACAAGG-3= (antisense). PCR products were resolved on a 2% agarose gel in the presence of
RGB-4103 GelRed nucleic acid stain.

Nuclear/cytosolic extraction. MDA-MB-231 cancer cells (3.0 � 105 per well) were seeded onto
Dulbecco’s modified Eagle’s medium–Ham’s F-12 medium supplemented with 2.5% charcoal-stripped
fetal bovine serum and allowed to attach for 24 h. The medium was then changed to DMEM–Ham’s F-12
medium containing 2.5% charcoal-stripped fetal bovine serum, and either DMSO or TGF-� (5 ng/ml) was
added for 4 h [(after pretreatment or not with leptomycin B [20 nM) for 24 h or with or without
DIM-C-pPhOH [20 �M], DIM-C-pPhCO2Me [15 �M], SP600125 [30 �M], SB202190 [30 �M], LY294002 [30
�M], or PD98095 [30 �M] for 1 h or transfection of p38CA, p38KD, or p38DN plasmid 6 h posttransfec-
tion). Nuclear and cytosolic fractions were then isolated using a Thermo Scientific (Rockford, IL) NE-PER
nuclear and cytoplasmic extraction kit according to the manufacturer’s protocol. The fractions were then
analyzed by Western blotting. GAPDH and p84 were used as cytoplasmic and nuclear positive controls,
respectively.
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Immunofluorescence. MDA-MB-231 cells (1.0 � 105 per well) were seeded in 2-well Nunc Lab-Tek
chambered B number 1.0 borosilicate coverglass slides from Thermo Scientific and were allowed to
attach for 24 h. The medium was then changed to DMEM–Ham’s F-12 medium containing 2.5%
charcoal-stripped fetal bovine serum, and either DMSO or TGF-� (5 ng/ml) was added for 4 h (after
pretreatment or not with leptomycin B [20 nM] for 24 h or pretreatment or not with or without
DIM-C-pPhOH [20 �M], DIM-C-pPhCO2Me [15 �M], or SB202190 [30 �M] for 1 h or transfection of
DDK-Myc-p38CA, DDK-Myc-p38K,D or DDK-Myc-p38DN plasmid 6 h posttransfection). The cells were
then fixed with 37% formalin, blocked, and treated with fluorescent NR4A1 primary antibody (Nur77
[D63C5] XP) or �-catenin primary antibody for 24 h. The cells were then washed with PBS and treated
with anti-rabbit IgG Fab2–Alexa Fluor 488 secondary antibody for 3 h. The cells were then treated with
Hoechst (Hoechst 33342) stain and phalloidin (Alexa Fluor 555–phalloidin) for 15 min in the dark
following the manufacturer’s protocol. After washing with ice-cold PBS, the cells were visualized by
confocal microscopy (LSM 780 confocal microscope; Zeiss, Peabody, MA; 405 nm, 488 nm, and 561 nm
for excitation; 458 nm [blue], 514 nm [green], and 633 nm [red] for emission,). NR4A1 or �-catenin
localization was determined by green fluorescence (green). Hoechst 33342 was used to stain the nucleus
(blue), and phalloidin stained �-actin (red).

Western blot analysis. MDA-MB-231, SUM159, and H5587T cancer cells (3.0 � 105 per well) were
seeded in Dulbecco’s modified Eagle’s medium–Ham’s F-12 medium supplemented with 2.5% charcoal-
stripped fetal bovine serum and allowed to attach for 24 h. The cells were transfected with 100 nM
siAxin2, siArkadia, siRNF12, si�-catenin, siTAK1, siMKK3, siMKK6, sip38�, siTCF1, siTCF3, siTCF4, or siLEF1
for 72 h or treated under various conditions as described above. The cells were analyzed by Western
blotting as described previously (19).

siRNA interference assay. Small interfering RNA (siRNA) experiments were conducted as described
previously (19). The siRNA complexes used in the study were as follows: siGL2-5=, CGUACGCGGAAUAC
UUCGA; siNR4A1, SASI_Hs02_00333289; siAxin2, SASI_Hs01_00110148; siArkadia, SASI_Hs01_00064840;
siRNF12, SASI_Hs01_00238255; siTAK1, SASI_Hs02_00335227; siMKK3, SASI_Hs01_00228024; siMKK6,
SASI_Hs01_00162806; sip38�, SASI_Hs01_00018467; si�-catenin, SASI_Hs02_00318698; siTCF1, SASI_
Hs01_00018982; siTCF3, SASI_Hs01_00214771; siTCF4, SASI_Hs02_00317381; siLEF1, SASI_Hs02_
00349169.

TNBC orthotopic xenograft studies. Female BALB/c nude mice (6 to 8 weeks old) were obtained
(Charles River Laboratory, Wilmington, MA), maintained, and treated as previously described (16). The
mice were housed in the Laboratory Animal Resources and Research Facility approved by the Institu-
tional Animal Care and Use Committee (IACUC) at Texas A&M University, College Station, TX. The animals
were handled in accordance with the IACUC guidelines under an approved animal use protocol. Tumor
volumes and tumor weights were determined, and tumor lysates were obtained and analyzed by
Western blottings.

Statistical analysis. The statistical significance of differences between the treatment groups was
determined as previously described (19).
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