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Background: Induction of the iodide transporter in cancer cells confers targeted cytotoxicity with radioiodide.
Results: Isoforms of p38 MAPK were identified that specifically promote iodide uptake in breast cancer cells.
Conclusion: p38 isoform-specific stimulation may induce iodide uptake sufficient for radioiodide therapy in breast cancer.
Significance: Study of p38 isoform-specific signaling improves understanding of cancer cell differentiation and identifies novel
therapeutic targets.

Activation of p38MAPK is a key pathway for cell proliferation
and differentiation in breast cancer and thyroid cells. The sodi-
um/iodide symporter (NIS) concentrates iodide in the thyroid
and lactating breast. All-trans-retinoic acid (tRA) markedly
induces NIS activity in some breast cancer cell lines and pro-
motes uptake of �-emitting radioiodide 131I sufficient for tar-
geted cytotoxicity. To identify a signal transduction pathway
that selectively stimulates NIS expression, we investigated reg-
ulation by theRac1-p38 signaling pathway inMCF-7 breast can-
cer cells and compared it with regulation in FRTL-5 rat thyroid
cells. Loss of function experiments with pharmacologic inhibi-
tors and small interfering RNA, as well as RT-PCR analysis of
p38 isoforms, demonstrated the requirement of Rac1, MAPK
kinase 3B, and p38� for the full expression of NIS in MCF-7
cells. In contrast, p38�was critical forNIS expression in FRTL-5
cells. Treatmentwith tRAoroverexpressionofRac1 induced the
phosphorylation of p38 isoforms, including p38�. A dominant
negative mutant of Rac1 abolished tRA-induced phosphoryla-
tion in MCF-7 cells. Overexpression of p38� or Rac1 signifi-
cantly enhanced (1.9- and 3.9-fold, respectively), the tRA-stim-
ulated NIS expression in MCF-7 cells. This study demonstrates
differential regulation of NIS by distinct p38 isoforms in breast
cancer cells and thyroid cells. Targeting isoform-selective acti-
vation of p38 may enhance NIS induction, resulting in higher
efficacy of 131I concentration and treatment of breast cancer.

p38 kinase, a member of the MAPK family, is a key regulator
of intracellular signal pathways influencing cell proliferation,
differentiation, cell survival, andmigration. The catalytic activ-

ity of p38 requires dual phosphorylation of a conserved motif,
Thr-Gly-Tyr. Because p38 is activated in many types of cancer,
including breast cancer and thyroid cancer, p38 has been pro-
posed as a therapeutic target to modulate cell growth and dif-
ferentiation (1). A range of stimuli, including cytokines, growth
factors, hormones, and cell stress, stimulate p38 activity
through selective MAPK kinases (MKKs), MKK3 and/or
MKK6. Activation of p38 by small GTPases, such as Rac1 and
Rho, contributes to cell differentiation and transformation.
The sodium iodide symporter (NIS,3 or solute carrier family

5, member 5 (SLC5A5)) is expressed predominantly in the thy-
roid gland and lactating breast and mediates accumulation of
iodide from the blood stream to these tissues (2). In themajority
of differentiated thyroid cancer, after stimulation with high
levels of thyroid-stimulating hormone (TSH), NIS is induced
sufficiently to ablate residual tumor with �-emitting radio-
iodide-131 (131I). Recent studies ofNIS gene therapy have dem-
onstrated that NIS expression sufficient for tumor shrinkage
with 131I can be achieved in several types of non-thyroidal can-
cer (3–6).
Approximately 70% of breast cancer expresses endogenous

NIS (7, 8) and has been considered as a potential target of radio-
iodide therapy for breast cancer (9, 10). The native expression
level of NIS, however, is insufficient to deliver an effective dose
of 131I. Extensive experience with 131I therapy in thyroid cancer
indicates the importance of maximizing the magnitude of
iodide uptake specifically in the tumor.
All-trans-retinoic acid (tRA) is the most potent NIS inducer

in breast cancer models, including MCF-7 cells (11–15). NIS
expression sufficient for iodide uptake and cytotoxicity with
131I has been demonstrated in several in vitro breast cancer
models (11, 14).Our studywith in vivobreast cancermodels has
shown that iodide uptake can be achieved but that a large dose
of tRA is required. Elucidation of signaling pathways involved
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in the NIS induction by tRA may lead to more effective induc-
tion of NIS in some breast cancer.
The induction of NIS by tRA is primarily mediated by the

heterodimer of retinoic acid receptor (RAR)-� and retinoid X
receptor (RXR)-� (14, 16). tRA-stimulated RAR-RXR has been
shown to up-regulate NIS expression in MCF-7 cells (16, 17).
Although RAR-RXR can act as a transcription factor and
directly stimulate gene expression, it can also activate signaling
pathways, such as phosphoinositide 3-kinase and p38 (16, 18).
NIS gene expression is differentially regulated in thyroid and

breast tissues. In thyroid cells, stimulation with TSH, followed
by cAMP accumulation, is critical for NIS expression (15, 19).
In contrast, cAMP does not influence NIS expression in breast
cancer cells (11). tRA, the NIS inducer in breast cancer cells,
reduces NIS expression in FRTL-5 rat thyroid cells (11, 20).
Stimulation of p38MAPK activity is required for TSH-induced
NIS expression in thyroid cells (21) as well as tRA-inducedNIS
expression in MCF-7 cells (17). The Rac1-p38 pathway is up-
regulated by TSH-cAMP stimulation in thyroid cells (21) and
by tRA treatment in MCF-7 breast cancer cells (18). We
hypothesized that the Rac1-p38 pathway was a common path-
way for NIS induction in breast cancer cells and thyroid cells.
Four isoforms of p38, �, �, �, and �, have been reported in

mammalian cells. There are isoform differences in tissue distri-
bution and substrate specificity (22–24), which may confer dif-
ferential activation of downstream signaling pathways. We
therefore determined the role of each p38 isoform in the regu-
lation ofNIS inMCF-7 breast cancer cells and compared it with
the role in FRTL-5 rat thyroid cells. We identified a p38MAPK
cascade that selectively regulates NIS expression in MCF-7
cells. The effect of tRA treatment on the NIS-selective p38 sig-
nal transduction pathway was also investigated.

EXPERIMENTAL PROCEDURES

Materials—Signal transduction inhibitors were purchased
from EMD Biosciences (La Jolla, CA). tRA and other chem-
icals were purchased from Sigma, unless otherwise noted.
pCMV6-Myc/FLAG-p38� and pCMV6-Entry vector were
obtained from Origene (Rockville, MD). Rac1 constructs,
pcDNA3.1–3xHA-Rac1 G12V and pcDNA3.1–3xHA-Rac1
T17N, were obtained from Missouri S&T cDNA Resource
Center (Rolla, MO). pcDNA3.1� vector was purchased from
Invitrogen. Anti-p38� antibodies (Abs), P38-11A5 and
C28C2, were purchased from Zymed Laboratories (San
Francisco, CA) and Cell Signaling Technology (Danvers,
MA), respectively. Anti-phospho-p38 (rabbit polyclonal Ab
and rabbit monoclonal Ab, D3F9), anti-DYKDDDDK
(FLAG) tag, anti-HA tag (C29F4), and anti-MKK3B Abs
were purchased from Cell Signaling Technology.
Cell Culture—MCF-7 cells (lot F15100 and 205623 from the

ATTC, Manassas, VA), MBA-MD-231 cells, and FRTL-5 cells
were maintained as described previously (11, 25, 26). BT-474
cells were grown in Dulbecco’s modified Eagle’s medium
(ATCC) with 10% fetal bovine serum (ATCC).When cells were
treated with tRA and/or signal transduction inhibitors, they
were maintained with 0.1% DMSO vehicle and fed with fresh
media with the agents every 24 h.

Transfection of siRNA—Reverse transfection of RNAi duplex
was performed with Lipofectamine RNAiMAX (Invitrogen), as
recommended. Briefly, MCF-7 cells (2 � 105 cells/well),
digested with 2.5 g/liter trypsin (Invitrogen), were incubated
with RNAi duplex-Lipofectamine RNAiMAX complexes, con-
taining 20 nmol of SMARTpool siRNA (Dharmacon, Lafayette,
CO) or Stealth RNAi (Invitrogen), in 6-well plates for 48 h. Cells
were then fed with freshmedia and treated with or without tRA
for 12 h starting 60 h after the beginning of transfection.
Transfection of Plasmid—In transient expression experi-

ments, 2 �g of plasmid was transfected into �106 MCF-7 cells
with the Nucleofector system (Lonza, Gaithersburg, MD), as
recommended by the manufacturer. For stable expression
experiments, the transfected cells were selected in 400 mg/liter
G418 (Invitrogen) for 3–4 weeks.
Iodide Uptake—The iodide uptake assay was performed as

described previously (27) with minor modifications. Briefly,
cells were grown in 12-well dishes, washed with Hanks’ bal-
anced salt solution, and incubated for 1 h at 37 °Cwith 500�l of
Hanks’ balanced salt solution containing �0.1 �Ci of carrier-
free Na125I (MP Biomedicals, Solon, OH) and 10 �M NaI. The
specific activity under these conditions was 20 mCi/mmol. In
some experiments, 30 �M KClO4, the specific inhibitor of NIS,
was added to the Hanks’ balanced salt solution to measure
iodide uptake independent of NIS. After incubation, the cells
were washed once with ice-cold PBS and scraped from each
well, and radioactivity was measured in a �-counter. Cell num-
ber was determined by counting in a hemocytometer. The
radioactivity was normalized to the cell number at the time of
the assay. In the signal transduction inhibitor dose-response
experiments, iodide uptake was normalized to the amount of
cellular protein. Cells were incubated with Na125I and then
lysed with the addition of 200 �l of passive lysis buffer (Pro-
mega) to eachwell. The radioactivity in the cell lysatewas deter-
mined by a �-counter, and the protein content was determined
by the Bio-Rad protein assay (Bio-Rad).
Analysis of mRNA Expression—Two-step quantitative RT-

PCR was performed, as described previously (14, 26). Primers
for human NIS, GAPDH, and rat Gapdh were designed, as
described (14, 26). Quantitative PCR of isoforms of human and
rat p38 cDNAwas performedwith theQuantiTect primer assay
(Qiagen). Quantitative RT-PCR of human MKK3A (NM_
002756) and MKK3B (NM_145109) was carried out with cus-
tom primers (Invitrogen), 5�-GTTCTCAGTTGGCCCGT-
GTG/5�-CCAAGTCATCAGCCTCCACCTC and 5�-CCA-
CTTGCAGCATGGAGTCG/5�-CCACTTGCAGCATGGA-
GTCG, respectively. Standard curves representing 6-point
serial dilution of the corresponding control group were ana-
lyzed in each assay and used for calculation of relative expres-
sion values. The sample quantifications were normalized by the
internal control GAPDH mRNA.
Western Blot Analysis—Cells grown in 10-cm Petri dishes

were rinsed, scraped with PBS containing phosphatase inhibi-
tor mixture 2 (Sigma), spun down by centrifugation, and lysed
in cell lysis buffer (Sigma), containing 50 mM Tris-HCl, pH 7.4,
150mMNaCl, 1mMEDTA, 1%TritonX-100, protease inhibitor
mixture (Sigma), and phosphatase inhibitor mixture 2 (Sigma).
The cell extracts were clarified by centrifugation, and protein
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concentrations were determined by using a protein assay rea-
gent (Bio-Rad). In some experiments, cells grown in 6-well
plates were directly lysed in a culture dish with SDS sample
buffer, containing 62.5 mM, Tris-HCl (pH 6.8), 2% SDS, 10%
glycerol, 50 mM DTT, 0.01% bromphenol blue, protease inhib-
itor mixture (Sigma), and phosphatase inhibitor mixture 2
(Sigma). Aliquots of protein were resolved by SDS-PAGE and
transferred to polyvinylidene difluoridemembranes (Millipore,
Bedford, MA) by using standard procedures. The membranes
were then subjected to Western blotting, and the blots were
developed with the advanced ECL Western blot detection kit
(GE Healthcare).
Immunoprecipitation—Exogenous FLAG-tagged p38� exp-

ressed in MCF-7 cells was immunoprecipitated with the FLAG
immunoprecipitation kit (Sigma), as recommended. Briefly, clari-
fied cell lysate in the cell lysis buffer with protease inhibitor mix-
ture (Sigma) and phosphatase inhibitor mixture 2 (Sigma) was
incubatedwith anti-FLAGM2agarose gel (Sigma) at 4 °C for 16 h.
The fraction eluted with SDS sample buffer (Sigma) and the cell
lysate before the immunoprecipitation were applied to Western
blot analysis.
Statistical Analysis—Unless otherwise noted, statistical sig-

nificance, at a p value of �0.05, was determined by conducting
a paired Student’s t test. Mann-Whitney U test was performed
for data that were not normally distributed.

RESULTS

Effects of MAPK Cascade Inhibitors on Iodide Uptake in
MCF-7 Cells—The potent p38 inhibitor, ML3403, significantly
reduces tRA-induced NIS mRNA expression in MCF-7 cells
(17).We tested the specificity of p38 inhibition on tRA-induced
iodide uptake in MCF-7 cells with specific pharmacological
inhibitors to determine the pathways involved. The p38 inhib-
itors, SB203580 (30 �M), SB239063 (10 �M), and ML3403 (30
�M), significantly reduced tRA-stimulated iodide uptake (Fig.
1A). Inhibitors of the MEK/ERK signaling pathway, PD98059
(30 �M), U0126 (30 �M), or ERK inhibitor (30 �M) (Fig. 1B),
however, did not significantly influence tRA-stimulated iodide
uptake (Fig. 1A). The p38 inhibitors, SB203580 and SB239063,
inhibited iodide uptake in a dose-dependent fashion (Fig. 1C),
although the IC50 value of these inhibitors (5.32 � 0.72 and
7.73 � 0.69 �M, respectively), was higher than the usual
reported range in cell culture (�1 �M) (28). The marked tRA
induction of NISmRNA was significantly reduced by the addi-
tion of the p38 inhibitors, SB203580 (30 �M) and SB239063 (30
�M) (Fig. 1D), consistent with the effects of these inhibitors on
iodide uptake. The p38 inhibitors utilized for these studies tar-
get p38 � and � but not � and � (29–31). These data indicate
that p38 � and/or � play a major role in mediating tRA induc-
tion of NIS expression and iodide uptake in MCF-7 cells.
Differential Effects of p38 Inhibitors on Iodide Uptake in

MCF-7 Cells and FRTL-5 Cells—TSH receptor/cAMP signal-
ing, critical for the maintenance of NIS expression in thyroid
cells, up-regulates the p38MAPK cascade (15, 21). Inhibition of
p38, by SB203580 and ML3403, significantly reduced NIS
expression in FRTL-5 cells (17, 21). Because the IC50 for p38
inhibition of iodide uptake in MCF-7 cells was relatively high,
we compared the kinetics of the inhibitory effect of SB203580 in

MCF-7 cells with that in FRTL-5 rat thyroid cells. The IC50 in
FRTL-5 cells, 0.65 � 0.01 �M, was significantly lower than that
in MCF-7 cells, 5.17 � 0.12 �M (Fig. 2).
The IC50 of SB203580 required to inhibit p38� activity was

more than 10 times lower than that reported for p38� inhibi-
tion (29). We therefore determined if the difference in IC50 for
p38� inhibition between MCF-7 and FRTL-5 cells was due to
the differential expression of p38 isoforms. We evaluated the
endogenous expression profile of p38 isoforms in these cell
lines by quantitative RT-PCR. In MCF-7 cells, all p38 isoforms
were abundantly expressed with a relative ranking of � � � �

FIGURE 1. Effects of MAPK cascade inhibitors on tRA-induced iodide
uptake in MCF-7 cells. Cells were treated with or without tRA (1 �M) and the
indicated inhibitors for 24 h (A, C, and D) or the duration of time indicated (E),
and iodide uptake assay or RT-PCR of NIS was performed. A, effects of p38
kinase inhibitors SB203580 (10 �M), SB239063 (10 �M), and ML3403 (10 �M);
MEK inhibitors PD98059 (10 �M) and U0126 (10 �M); and the ERK inhibitor
(ERKi) (10 �M) on iodide uptake. B, pharmacological inhibitors of MAPK cas-
cades used in this study. C and D, dose-dependent inhibition of SB203580 (C)
and SB239063 (D) on the tRA-induced iodide uptake. E, time course of NIS
mRNA induction by tRA with or without SB203580 (10 �M) or SB239063 (10
�M), relative to GAPDH. The samples with only tRA at 12 h were used as
standards for quantification in the RT-PCR. Values are the mean � S.D. (error
bars) (n � 3). *, p � 0.01; **, p � 0.05, compared with the group with only tRA
(A, C, D, and E) at each time point (E).
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� � � (Table 1), consistent with a previous report (24). In
FRTL-5 cells, there was abundant expression of p38� and -�,
modest expression of p38�, and undetectable p38� mRNA
(Table 1). The expression of predominantly p38� and -� iso-
forms in FRTL5 cells is consistent with the pattern of expres-
sion reported in rat thyroid tissue (32). These data indicate that
p38� is most likely essential forNIS expression in FRTL-5 cells.
Effects of Selective siRNA Knockdown of p38 Isoforms on the

NIS mRNA Expression in MCF-7 Cells—Our analysis with
pharmacologic inhibitors indicate the importance of p38�
and/or p38� for NIS expression in MCF-7 cells. To determine
which isoform of p38 is critical, we utilized siRNA to knock
down the isoforms in MCF-7 cells. The transfection of p38�-
specific siRNA, but not p38� siRNA, significantly decreased
tRA-induced NIS mRNA expression in MCF-7 cells (�60%
reduction compared with non-targeting siRNA; Fig. 3A). The
siRNA knockdown of p38� also modestly decreased (�24%
reduction) the basal NIS expression before tRA treatment (Fig.
3A). Although the p38� protein sequence has �70% homology
with p38� (22), the isoform-selective siRNAs reduced expres-
sion of only the targeted isoform (Fig. 3B). These data demon-
strate that p38�, but not p38�, is required for full expression of
NIS in MCF-7 cells.
Overexpression of p38� Enhances NIS Expression in MCF-7

Cells—To investigate if a gain of p38� function influences NIS
expression, we established a stable transfectant of FLAG-
tagged p38� in MCF-7 cells with G418 as a selection marker
(Fig. 4A). The constitutive expression of p38� consistently
increased theNISmRNA expression in MCF-7 cells, both with
andwithout tRA treatment (�1.9- and�1.4-fold, respectively),
although the induction without tRA was not statistically signif-
icant (Fig. 4B). The sensitivity to tRA for the induction of iodide
uptake was significantly enhanced by overexpression of p38�;
the EC50 of tRAwas 9.58� 10	8 Mwith pCMV6-p38�, whereas
that with empty vector was 4.34 � 10	7 M (Fig. 4C). Iodide
uptake in the p38�-overexpressing cells, after treatment with
10	7 M tRA, was significantly higher than that in cells trans-
fected with the empty vector (Fig. 4D).

Rac1 Regulates NIS Expression in MCF-7 Cells—The activity
of the p38 MAPK cascade is regulated by tRA through Rac1
(18). To investigate if Rac1 plays an important role in NIS
expression in MCF-7 cells, we added a pharmacological Rac1
inhibitor, NSC23766. tRA-induced iodide uptake was signifi-
cantly decreased by NSC23766 (�66% reduction compared
with tRA only), and the inhibitory effect was enhanced by the
addition of the p38 inhibitor SB203580 (Fig. 5A). Induction of
NISmRNA by tRA was also significantly decreased by the Rac1
inhibitor NSC23766 (Fig. 5B) at every time point tested (76%
reduction after 12 h of treatment with tRA). A constitutively
activemutant of Rac1, Rac1 G12V, stably transfected inMCF-7
cells (Fig. 5C), significantly increased the tRA-induced NIS
mRNA expression (3.4-fold compared with empty vector; Fig.
5D). The sensitivity of iodide uptake induction to tRA was sig-
nificantly increased by Rac1 G12V. The EC50 of tRA (3.03 �
10	7 M) was significantly decreased to 9.57 � 10	8 M by the
Rac1 activation (Fig. 5E). The iodide uptake in Rac1-overex-
pressing cells, treated with 10	7 M tRA, was significantly higher
than that in cells transfected with the empty vector (Fig. 5F).
These data indicate a critical role of Rac1 in the tRA-induced
NIS expression in MCF-7 cells.

FIGURE 2. Comparison of dose-dependent effects of the p38 kinase inhib-
itor SB203580 on iodide uptake in MCF-7 cells with those in FRTL-5 cells.
MCF-7 cells were treated with tRA (1 �M) and the indicated concentration of
SB203580 for 24 h. FRTL-5 cells, maintained in the growth medium (with 10
�g/ml of bovine insulin and 1 milliunit/ml bovine TSH), were treated with the
indicated concentration of SB203580 for 24 h. Iodide uptake was normalized
by the cellular protein amount in each well. Data are shown as percentage of
control (iodide uptake without inhibitor was set at 100%). Values are the
mean � S.D. (error bars) (n � 3).

TABLE 1
mRNA expression of p38 isoforms in MCF-7 cells and FRTL-5 cells
MCF-7 cells were treated with or without tRA (1 �M) for 12 h. FRTL-5 cells were
maintained with TSH and insulin. For comparison among isoforms and cell lines,
expression of each gene was quantified with standard curves ofGAPDH in each cell
line and condition. Values shown are arbitrary units (measured p38 isoform relative
to GAPDH � 104), indicating the mean � S.D. (n � 3).

MCF-7
FRTL5Without tRA With tRA

p38� 57.9 � 3.36 46.9 � 7.15 122 � 34.5
p38� 1.31 � 0.04 1.66 � 0.05 Undetectable
p38� 4.98 � 0.53 4.34 � 0.28 0.07 � 0.01
p38� 18.0 � 0.50 8.19 � 0.37 110 � 4.08

FIGURE 3. Effects of siRNA targeting to each p38 isoform on the tRA-in-
duced NIS mRNA expression in MCF-7 cells. Cells were transfected with
SMARTpool siRNA targeted to p38� or p38� or non-targeting siRNA (NT),
grown in 6-well plates, and treated with or without tRA (1 �M) for 12 h. A,
results of quantitative RT-PCR of NIS. The samples with both non-targeting
siRNA and tRA were used as standards for quantification. The inset graph
shows results without tRA treatment. Values are the mean � S.D. (error bars)
(n � 3). *, p � 0.01, compared with the group with non-targeting siRNA and
tRA treatment. B, Western blot analysis of whole cell extracts with anti-p38�
Ab, anti-p38� Ab (P38-11A5), and anti-�-actin Ab. Cells were harvested 60 h
after transfection.
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MKK3B Is Important for NIS Expression in MCF-7 Cells—
p38 is a substrate of MKK3 and MKK6. To investigate which
MKK contributes toNIS expression, we evaluated the effects of
selective siRNA knockdown of MKKs on NIS mRNA expres-
sion inMCF-7 cells. The knockdown ofMKK3, but notMKK6,
significantly decreased tRA-induced NIS mRNA expression
(�74% reduction; Fig. 6A). NIS mRNA expression in MCF-7
cells without tRA treatment was also reduced byMKK3 siRNA
(�38% reduction), but the change was not significant, consist-
ent with the p38� siRNA (Fig. 3).

Two variants of MKK3, MKK3A and -B, have been reported
(33).MKK3B is an alternatively spliced formofMKK3Awith an
additional 29 amino acids fused to the N-terminal end of
MKK3A. MKK3A selectively activates p38�, whereas MKK3B
activates both p38� and -� (33). The siRNA used in our knock-
down studies targeted both MKK3A and -B. Our quantitative
RT-PCR indicated abundant expression of MKK3B as well as
modest expression of MKK3A in MCF-7 cells, both with and
without tRA treatment (Table 2). These data indicate that
among variants of MKK3 and MKK6, the MKK3B is most
important for NIS expression in MCF-7 cells.
tRA Induces Phosphorylation of p38� in MCF-7 Cells—tRA

induces the phosphorylation of p38 in MCF-7 cells (18). The
commercially available anti-phospho-p38 Abs recognize the
common activation site motif contained in all four p38 iso-
forms. Previous studies of phosphorylation of p38, therefore,
have not identified specific isoforms. We determined that
Western blot of cell extracts prepared from cell pellet identified
phosphorylated p38� as well as other isoforms. Only phospho-

p38� was detected when the lysis buffer was directly added to
monolayer cells (Fig. 7). Our study demonstrated that tRA
treatment (1 �M) stimulated phospho-p38� at 0.5 h, whereas
phosphorylation of other p38 isoforms was not induced by tRA
until 12 h or later (Fig. 8A).
p38� and -� migrate at �43 kDa, so we could not detect the

phosphorylation of each isoform individually in the Western
blot analysis using the pan-phospho-p38Ab. In our preliminary
experiments, the expression level of endogenous p38� in
MCF-7 cells was not sufficient to immunoprecipitate with anti-
p38� Ab (data not shown). We therefore transfected the
expression vector Myc/FLAG-tagged p38� into MCF-7 cells
and isolated the exogenous p38� by immunoprecipitation with
anti-FLAG tag Ab after tRA treatment. The phosphorylation of
exogenous p38� inMCF-7 cells was induced 6 h or longer after
treatment with tRA (1 �M) (Fig. 8B), consistent with theWest-

FIGURE 4. Effects of constitutive expression of p38� on NIS expression in
MCF-7 cells. Cells were transfected with pCMV6-Myc/FLAG-p38� (FLAG-
p38�) or pCMV6-Entry (Empty) and selected in G418 for 3 weeks. A, Western
blot analysis of whole cell extracts with anti-p38� Ab (C28C2), anti-FLAG tag
Ab, and anti-�-actin Ab. B, quantitative RT-PCR of NIS in the cells treated with
or without tRA (1 �M) for 24 h. The inset graph shows results without tRA
treatment. Values are the mean � S.D. (error bars) (n � 4). *, p � 0.05, com-
pared with the group with an empty vector. C and D, iodide uptake in the cells
treated with the indicated concentration of tRA for 60 h. Radioactivity of intra-
cellular 125I was normalized by cellular protein amount in each well. Data are
shown as percentage of control in C (iodide uptake with 10	6

M tRA was set at
100%). In D, iodide uptake in cells treated with 10	7

M tRA is shown. Values are
the mean � S.D. (n � 3). *, p � 0.05.

FIGURE 5. Regulation of NIS expression by Rac1 in MCF-7 cells. A and B,
effects of a Rac1 inhibitor, NSC23766, on NIS expression. A, iodide uptake in
cells treated with tRA (1 �M), NSC23766 (50 �M), and/or p38 kinase inhibitor
SB203580 (10 �M) for 24 h. *, p � 0.01, compared with the group with only tRA
(n � 3). B, quantitative RT-PCR of NIS in tRA-stimulated MCF-7 cells treated
with or without NSC23766 (50 �M) for the indicated time. *, p � 0.01, com-
pared with the group without NSC23766 at each time point. C–E, effects of
exogenous expression of constitutively active Rac1 on the NIS expression in
MCF-7 cells. Cells were transfected with pcDNA3.1–3xHA-Rac1 G12V or
pcDNA3.1� (Empty) and selected in G418 for 3 weeks. C, Western blot analysis
of whole cell lysates with anti-HA tag Ab and anti-�-actin Ab. D, quantitative
RT-PCR of NIS in the cells treated with or without tRA (1 �M) for 24 h. *, p �
0.01, compared with the group of empty vector. E and F, iodide uptake in the
cells treated with the indicated concentration of tRA for 60 h. Radioactivity of
intracellular 125I was normalized by the cellular protein amount in each well.
Data are shown as percentage of control in E (iodide uptake with 10	6

M tRA
was set at 100%). In F, iodide uptake in cells treated with 10	7

M tRA is shown.
Values are the mean � S.D. (error bars) (n � 3). *, p � 0.03.

p38� Regulates Iodide Transporter in Breast Cancer Cells

3296 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 5 • JANUARY 27, 2012



ern blot analysis with the pan-phospho-p38Ab (Fig. 8A). These
data indicate induction of phosphorylated p38� by tRA,
although longer stimulation is required for the induction com-
pared with phosphorylated p38�.
Rac1 Regulates p38� in MCF-7 Cells—Our gain and loss of

function studies demonstrated critical roles for p38�, MKK3B,
and Rac1 in the induction of NIS expression in MCF-7 cells.
Although tRA stimulates phosphorylation of p38 through Rac1
inMCF-7 cells (18), selective regulation of p38�byRac1 has not
been reported. We therefore studied if the Rac1 signaling reg-
ulates p38� activity in MCF-7 cells.
Exogenous Rac1 G12V expression enhanced the expression

of phosphorylated p38 isoforms, probably including p38�, in
the absence of tRA (Fig. 9A, lanes 1 and 3). The tRA-induced
phosphorylation of p38 isoforms was also enhanced (Fig. 9,
lanes 2 and 4). A dominant negative mutant of Rac1, Rac1
T17N, abolished the induction of phosphorylated p38 isoforms
by tRA (Fig. 9A, lanes 2 and 6). The inhibitory effects of Rac1
T17N were confirmed with the exogenous FLAG-tagged p38�
(Fig. 9B, lanes 5 and 6 compared with lanes 1 and 2, respec-
tively). The stimulatory effect of Rac1 G12V on the FLAG-

tagged p38� phosphorylation was observed without tRA treat-
ment (Fig. 9B, lanes 1 and 3) whereas the enhancement by Rac1
G12V of tRA-stimulated p38� phosphorylation was not
observed (Fig. 9B, lanes 2 and 4).
Our loss of function studies identified a requirement of

MKK3B for NIS gene regulation. Although activation of p38�
by MKK3B has been reported, physical interaction between
these kinases has not been studied inMCF-7 cells.We therefore
investigated if MKK3B was co-immunoprecipitated with p38�.
Endogenous MKK3B was co-immunoprecipitated by anti-
FLAG Ab with FLAG-tagged p38� expressed in MCF-7 cells
(Fig. 9B). The constitutively active Rac1 G12V or tRA treat-
ment, however, did not clearly increase the amount of co-im-
munoprecipitated MKK3B, whereas the inhibitory effects by
Rac1T17N were still reproduced (Fig. 9B, lanes 5 and 6). These
data indicate that MKK3B physically interacts with p38� in
MCF-7 cells. The amount of co-immunoprecipitated MKK3B,
however, did not change with tRA treatment, Rac1 activator, or
Rac1 inhibitor.

DISCUSSION

In this study, we demonstrated the importance of Rac1,
MKK3B, and p38� for NIS expression in MCF-7 breast cancer
cells. tRA up-regulated p38� phosphorylation through Rac1
andMKK3B. The induction ofNIS by tRAwas, at least partially,
through the Rac1-MKK3B-p38� pathway. NIS in thyroid cells
was also regulated by p38 signaling; however, p38�, and not
p38�, was critical for the expression of thyroid NIS.

In thyroid cells, several signaling pathways downstream of
cAMP, such as PKA-CREB, Ref1-PAX8, and Rac1-p38, con-
tribute to maintenance of differentiated function of thyroid,
such as iodide uptake byNIS (15). cAMP signaling activates p38
(21) and its downstream effector, CCAAT/enhancer-binding
protein-homologous protein (CHOP) (34), through Rac1,
MKK3, and/or MKK6 (21). Overexpression of CHOP tran-
scriptionally enhancesNIS expression in FRTL-5 cells (34). Our
pharmacologic and gene expression analysis demonstrated the
importance of p38� for expression of NIS in thyroid. The sig-
naling pathway of cAMP-Rac1-MKK3/6-p38�-CHOP, there-
fore, contributes to NIS expression in thyroid cells (Fig. 10).
We demonstrated thatNIS expression in MCF-7 breast can-

cer cells was dependent on p38� but not p38�. MKK6 activates
theNIS-inducible CHOP in thyroid cells (34), whereasMKK3B,
but notMKK6,was critical forNIS expression inMCF-7.More-
over, our preliminary study showed that overexpression of
CHOP did not significantly increase NIS expression in MCF-7
cells.4 Although the Rac1-p38 pathway stimulates NIS expres-
sion in both thyroid cells (21, 34) and MCF-7 breast cancer
cells, the Rac1 signals diverge into at least two pathways
through distinct isoforms of p38, probably resulting in differ-
ential regulation of NIS in these cell types (Fig. 10).
Our previous pharmacological study has demonstrated var-

ious regulatory mechanisms for NIS expression involving sev-
eral signaling pathways in MCF-7 cells (17). A phosphoinosit-
ide 3-kinase inhibitor, LY294002, significantly reduces tRA-
induced NIS expression, but not basal expression, in MCF-7

4 T. Kogai and G. A. Brent, unpublished observation.

FIGURE 6. Effects of siRNA knockdown of MKK3 and MKK6 mRNA on NIS
expression in MCF-7 cells. Cells were transfected with Stealth RNAi to MKK3
or MKK6 or non-targeting siRNA (NT), grown in 6-well plates, and treated with
or without tRA (1 �M) for 12 h. A, results of quantitative RT-PCR of NIS. The
samples with both tRA and non-targeting siRNA were used as standards for
quantification. The inset graph shows results without tRA treatment. *, p �
0.01, compared with the group with both non-targeting siRNA and tRA treat-
ment (n � 3). B and C, quantitative RT-PCR of MKK3 (B) and MKK6 (C) in the cells
60 h after the beginning of transfection. *, p � 0.01, compared with the group
of non-targeting siRNA (n � 3).

TABLE 2
mRNA expression of MKK3 variants in MCF-7 cells
Cells were treated with or without tRA (1 �M) for 12 h, and quantitative RT-PCR
was carried out. Expression ofMKK3 variants was quantified with standard curves
of GAPDH in each condition. Values shown are arbitrary units (measured MKK3
variants relative to GAPDH � 105), indicating the mean � S.D. (n � 3).

Without tRA With tRA

MKK3A 0.03 � 0.01 0.06 � 0.01
MKK3B 43.7 � 2.90 71.9 � 5.81
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cells (17). Retinoic acid stimulation ofNIS involved direct inter-
action of an RAR-RXR heterodimer with phosphoinositide
3-kinase (16). In contrast, inhibition of p38 reducesNIS at base
line and in tRA-stimulated MCF-7 cells (17). Loss-of-function
experiments of p38�, as well asMKK3B, demonstrate amodest
reduction of basal NIS expression in MCF-7 cells but very sig-
nificant reduction of tRA-inducedNIS expression.Overexpres-
sion of p38�, as well as Rac1, significantly enhanced tRA induc-
tion of NIS expression, consistent with the activation of Rac1
(18) and p38� by tRA. These results indicate that p38� proba-

FIGURE 9. Regulation of p38� by Rac1 in MCF-7 cells. A, Western blot anal-
ysis of whole cell extracts with anti-phosphorylated p38 Ab (D3F9), anti-p38�
Ab (C28C2), and anti-HA tag Ab. Cells were transfected with
pcDNA3.1–3xHA-Rac1 G12V, pcDNA3.1–3xHA-Rac1 T17N, or pcDNA3.1�
(Empty) and treated with or without tRA (1 �M) for 12 h. B, immunoprecipita-
tion assay of phosphorylated p38� in MCF-7 cells expressing exogenous Rac1
mutants. Cells were transfected with 2 �g/dish of pCMV-Myc/FLAG-p38� or
pCMV6-Entry in combination with 4 �g/dish of pcDNA3.1–3xHA-Rac1 G12V,
pcDNA3.1–3xHA-Rac1 T17N, or pcDNA3.1� (Empty) and treated with tRA (1
�M) for 12 h. Proteins immunoprecipitated with anti-FLAG Ab (IP), as well as
whole cell extracts (Input), were applied to Western blot analysis with the
indicated Abs.

FIGURE 7. Detection of phosphorylated p38� in Western blot analysis. The anti-phospho-p38 Abs (rabbit polyclonal Ab and rabbit monoclonal D3F9 Ab)
recognizes the sequence around phosphorylation sites of Thr-180/Tyr-182, the common activation site motif among four p38 isoforms. Expected molecular
masses of these isoforms are as follows: �, 40 kDa; � and �, 43 kDa; �, 46 kDa. A, detection of phosphorylated p38� and other isoforms in MCF-7 cells. Whole cell
extracts from MCF-7 cells treated with tRA (1 �M) for 24 h as well as control cell extracts of anisomycin-treated C6 cells (Cell Signaling Technology) were applied
to Western blot with the indicated Abs. C6 cells express abundant p38�, but not p38�. In tRA-treated MCF-7 cells, a broad band around 43– 46 kDa (denoted
by the asterisk), corresponding to p38�, -�, and -�, and a narrow band at 40 kDa, corresponding to p38�, were observed with the anti-phospho-p38 polyclonal
Ab. Blotting with anti-p38� Ab (P38-11A5) indicated the major band at 43 kDa, corresponding to the upper broad band of phosphorylated p38. B, differences
in the Western blot analysis with anti-phospho-p38 polyclonal Ab is dependent on the methods of cell extract preparation. Monolayer MCF-7 cells were directly
lysed in a culture dish with SDS sample buffer containing 2% SDS, as described under “Experimental Procedures.” The harvested cell pellet was lysed with the
lysis buffer containing 1% Triton X-100, as described under “Experimental Procedures.” The broad band of 43– 46 kDa (denoted by the asterisk), probably
including phospho-p38�, was not visualized with cell extracts directly prepared from monolayer cells. C, Western blot analysis of FLAG-tagged p38� expressed
in MCF-7 cells. Cells were transfected with Myc/FLAG-tagged p38�-expressing pCMV6 vector and treated with tRA (1 �M) for 24 h. Proteins immunoprecipi-
tated by anti-FLAG tag Ab (IP), or whole cell extracts before the immunoprecipitation (input), were applied to Western blot analysis with the indicated Abs.
Phospho-p38� with the Myc/FLAG tag migrated around 46 kDa (top), whereas endogenous p38� migrated around 43 kDa as a minor band (indicated by the
arrow) in the whole cell extracts (bottom). The predicted molecular mass of the Myc/FLAG tag is 3,620 Da. The result with anti-phospho-p38 Ab (D3F9), shown
here, was reproduced with the anti-phospho-p38 polyclonal Ab.

FIGURE 8. Phosphorylation of p38� in tRA-treated MCF-7 cells. Anti-phos-
phorylated p38 (P-p38) polyclonal Ab recognizes the common phosphoryla-
tion site motif among four p38 isoforms; anti-p38� Ab and anti-p38� Ab
(P38 –11A5) were used for Western blotting. A, Western blot analysis of whole
cell lysates from cells treated with tRA (1 �M) for the indicated time. The upper
broad band, at 12 and 24 h, consists of at least two closely migrating bands
corresponding to p38� and p38�/�. B, immunoprecipitation assay of phos-
phorylated p38� in MCF-7 cells. Cells were transfected with pCMV-Myc/
FLAG-p38� and treated with tRA (1 �M) for the indicated time. Immunopre-
cipitated proteins with anti-FLAG Ab (IP) as well as whole cell extracts (Input)
were applied to Western blot analysis with the indicated Abs.
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bly regulates NIS expression through both retinoic acid signal-
ing-dependent and -independent mechanisms.
Four isoforms of p38 are endogenously expressed in MCF-7

cells (24), confirmed by our RT-PCR. The size of p38�, �40
kDa, is smaller than those of other isoforms, 43–46 kDa.
Because activation of p38 is dependent on dual phosphoryla-
tion of the Thr-Gly-Tyrmotif in the T-loop (35), anti-phospho-
p38 Abs have been developed to recognize the Thr-Gly-Tyr
dual phosphorylation site, common among all p38 isoforms. A
previous study using such a pan-phospho-p38 Ab, however,
showed a single band for the phosphorylated p38 in MCF-7
cells (18), probably corresponding to p38�. Our Western blot
analysis, performedwithMCF-7 cell extracts prepared from the
cell pellet, showed multiple bands, corresponding to each iso-
form, with a polyclonal pan-phospho-p38 Ab, as well as a
monoclonal pan-phospho-p38 Ab. In contrast, experiments
with cell extracts prepared directly from monolayer cells pro-
duced a single band, corresponding to p38�, evenwith the same
polyclonal phospho-p38 Ab. To analyze the phosphorylated
p38 �-� in MCF-7 cells by Western blotting, cells need to be
pelleted before lysing. Caution is required in analysis of p38
phosphorylation with anti-phospho-p38 Ab, especially if the
cells express multiple p38 isoforms.
The treatment of MCF-7 cells with tRA followed by �-emit-

ting 131I results in significant cytotoxicity in vitro (11, 14, 36).
Our study with mouse breast cancer models, however, showed
that the dose of tRA for the maximum induction of NIS in the
tumors is probably higher than would be tolerated for human
treatment (13). Retinoic acid signaling regulates a wide variety
of physiological events by stimulating signal transduction path-
ways as well as transcription of a large number of target genes.
Indeed, tRA activated not only the NIS-inducing p38� but also
other isoforms of p38, which were not required for the full
induction of NIS. Targeted stimulation of signaling pathways
for NIS expression should promote more efficient induction of
radioiodide uptake, with less toxicity, in some breast cancer
tissues. The Rac1-MKK3B-p38� signaling is one such pathway,
as suggested by our overexpression experiments of Rac1 and
p38� in MCF-7 cells.

Most studies on p38 signaling have focused on the p38� iso-
form, especially its responses to stress and inflammation. p38�
is thought to be a minor pathway in immune system or stress
signaling (37). Deficiency of p38� in mice actually causes no
apparent phenotype, probably due to redundant functions
among the isoforms (37). Increasing evidence points to an asso-
ciation of p38� with cell proliferation, malignant transforma-
tion, and tumor invasion in cancer cells, whereas the role of
p38� in breast cancer is not established (1). Anumber of in vitro
studies, however, have demonstrated that each isoform of p38
activates different downstream effectors (22–24). We demon-
strate here that a retinoic acid-regulated p38� signal transduc-
tion pathway stimulates NIS expression, a promising target for
breast cancer therapy. Confirmation of this p38� isoform spec-
ificity in additional in vitro and in vivo breast cancermodels will
be important. Dissection of isoform-specific signaling path-
ways is a potential novel strategy for breast cancer treatment.
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