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Signaling of transforming growth factor � (TGF-�) is redirected in cancer to promote malignancy, but how TGF-� function is
altered in a transformed cell is not fully understood. We investigated TGF-� signaling by profiling proteins that differentially
bound to type I TGF-� receptor (T�RI) in nontransformed, HER2-transformed, and HER2-negative breast cancer cells using
immunoprecipitation followed by protein identification. Interestingly, several nuclear proteins implicated in posttranscrip-
tional RNA processing were uniquely identified in the T�RI coprecipitates from HER2-transformed cells. Ligand-inducible nu-
clear translocation of T�RI was observed only in transformed cells, and the translocation required importin �1, nucleolin, and
Smad2/3. This trafficking was dependent on the high Ran GTPase activity resulting from oncogenic transformation. In the nu-
cleus, T�RI associated with purine-rich RNA sequences in a synergistic manner with the RNA-binding factor hnRNP A1. We
further found that nuclear translocation of T�RI specifically induced epidermal growth factor receptor (EGFR) transcript iso-
form c, which encodes a soluble EGFR protein, through alternative splicing or 3=-end processing. Our study confirms a cancer-
specific nuclear translocation of T�RI and demonstrates its potential function in regulating nuclear RNA processing, as well as a
novel gain-of-function mechanism of TGF-� signaling in cancer.

Signaling initiated by transforming growth factor � (TGF-�)
and the corresponding physiological consequences are highly

context dependent, resulting in different or even opposite TGF-�
functions in cancerous and normal cells. TGF-� family members
signal through heteromeric complex of transmembrane serine/
threonine kinases, the type I and type II receptors (T�RI and
T�RII), which subsequently phosphorylate receptor-regulated
Smad proteins (R-Smads). R-Smads usually translocate to the nu-
cleus together with common mediator Smad4, where they regu-
late gene transcription via binding the promoter of target genes
(17, 28). Smad-independent pathways, including phosphatidyl-
inositol-3 kinase (PI3K), extracellular signal-regulated kinase
(ERK; mitogen-activated protein kinase [MAPK]), c-Jun NH2-
terminal kinase (JNK), p38MAPK, and Rho GTPases, have also
been implicated in TGF-� action (12, 14). TGF-� acts as a tumor
suppressor in normal epithelia by inhibiting cell proliferation and
inducing apoptosis, but it accelerates progression of established
cancers by autocrine and paracrine mechanisms (11, 13, 14). We
and others have previously reported that transforming oncogenes
such as HER2 (ERBB2; Neu, the rat/mouse homologue of HER2),
a proto-oncogene frequently activated by gene amplification or
overexpression in human breast cancer, contribute to the transi-
tion of TGF-� function during cellular transformation and cancer
progression (7). In transformed cells, signaling of TGF-� loses its
tumor-suppressive effects observed in normal cells and begins to
function as a cancer-promoting agent that synergizes with trans-
forming oncogenes (29).

As a well-studied example of context-dependent TGF-� ac-
tion, synergy between TGF-� and HER2 has been initially dem-
onstrated in crossbred mice simultaneously expressing Neu and
T�RIT204D (a constitutively active mutant of T�RI) or TGF-

�1S223/225 (a constitutively active mutant of TGF�1) in the mam-
mary glands (31, 32, 37). In both bitransgenic models, overexpres-
sion of activated TGF-� receptor or ligand accelerates metastasis
of Neu-driven mammary tumors. Compared to tumors that only
express Neu, the Neu/T�RIT204D and Neu/TGF-�1S223/225 bigenic
tumors exhibit less apoptosis and are more locally invasive and
display higher histological grades (31, 32). Conversely, mice ex-
pressing a dominant negative T�RII exhibit delayed formation of
Neu-driven mammary tumors and reduced metastasis (37). These
data suggest that TGF-� can accelerate metastasis of Neu-induced
mammary tumors and that Neu, in turn, requires TGF-� signal-
ing to maximally drive cancer progression.

The functional synergy between TGF-� and HER2 has been
investigated using the MCF10A nontransformed human mam-
mary epithelial cell model. A genetic modifier screen in MCF10A
cells stably overexpressing transfected HER2 (MCF10A/HER2)
showed that TGF-�1 and TGF-�3 cDNAs cooperate with HER2 in
inducing cell motility and invasion (36). Subsequent studies from
several groups, including ours, revealed that the cross talk between
TGF-� and HER2 occurs at multiple levels and includes suppres-
sion of Smad-dependent transcriptional regulation and induction
of ErbB ligands through a Smad-independent mechanism (7). A
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gene expression signature induced by TGF-� activation is fre-
quently found in primary human breast tumors with a HER2-
positive or basal-like molecular profile and is associated with
shorter survival in a cohort of 295 breast cancer patients (48). In
addition, TGF-� is also implicated in resistance to trastuzumab, a
HER2-targeted therapeutic agent, by inducing heterodimeriza-
tion of HER2 and ErbB3 (48). These previous works prelude the
understanding of context-dependent TGF-� signaling and its
clinical relevance to cancer.

In the present study, we set out to interrogate context-depen-
dent TGF-� signaling by profiling proteins that differentially
bound to activated T�RI in MCF10A, MCF10A/HER2, and the
HER2-negative MDA-MB-231 breast cancer cells. T�RI immu-
noprecipitation (IP) coupled with liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) revealed proteins that asso-
ciated with T�RI only in a transformed cellular context
(MCF10A/HER2 and MDA-MB-231) and not in MCF10A cells.
Interestingly, a number of nuclear proteins that are implicated in
RNA posttranscriptional regulation were discovered. We further
found that in transformed cells, T�RI translocated to the nucleus
upon activation by TGF-� and bound to a purine-rich consensus
RNA sequence present in transcripts of multiple genes, including
EGFR, to exert posttranscriptional regulation. Although the nu-
clear translocation of several receptor tyrosine kinases, including
HER2, has been previously reported (6), our results demonstrated
the spatial regulation of full-length T�RI through a cancer-spe-
cific nuclear transporting mechanism that requires high Ran GT-
Pase activity. Unlike the reported function of nuclear HER2,
which associates with multiple DNA targets to stimulate gene
transcription (42), T�RI specifically recognized RNA targets and
regulated RNA processing in the nucleus. These novel findings
open a new avenue for studying TGF-� signaling mediated by its
RNA targets and elucidating the complex functional switch of
TGF-� function during cancer initiation and progression.

MATERIALS AND METHODS
Cell lines, plasmids, and viruses. MCF10A, BT474, and MDA-MB-231
cells were obtained from American Type Culture Collection (Manassas,
VA) and cultured in the recommended media in a humidified 5% CO2

incubator at 37°C. MCF10A/HER2 and MCF10A/vec (vector control)
cells were generated and grown as described previously (40). To generate
stably transduced cells, retroviruses expressing hemagglutinin (HA)-
tagged T�RI (wild type), T�RIT204D (48), or the empty pBMN-I-GFP
vector were produced by transfecting Ampho-Phoenix cells and then uti-
lized for transduction, followed by green fluorescent protein (GFP) selec-
tion. For GFP-fused T�RI constructs, full-length or truncated (1 to 287 or
1 to 205 amino acids [aa]) T�RI coding regions were subcloned from the
pBMN-T�RI plasmid to the EcoRI/SacII sites of pEGFP-N3 vector (Clon-
tech; Mountain View, CA). The ALK5(D266A)/HA and ALK5(3A)/HA
constructs were kindly provided by Peter ten Dijke (Leiden University
Medical Center, Netherlands) and are described elsewhere (23). The
Ran(WT), Ran(F35A), and Ran(T24N) constructs (25) were kindly pro-
vided by Richard Cerione (Cornell University). Recombinant human
TGF-�1 was purchased from R&D Systems (Minneapolis, MN). Lapa-
tinib ditosylate was purchased from LC Laboratories (Woburn, MA). The
type I/II TGF-� receptor inhibitor LY2109761 was provided by Eli Lilly
and Company (Indianapolis, IN).

RNA extraction, RT, and qPCR. RNA extraction, reverse transcrip-
tion (RT), and real-time quantitative PCR (qPCR) were performed as
described previously (49). Primer sequences used were as follows: 5=-CC
TGTTTCCTTGAGATCAGCTGC-3= and 5=-GTGAGGGAAGAAAGTT
GGGAGCG-3= for the Chr7-6 T�RI-binding site, 5=-CCCATAACCCCT

GAGGGTAG-3= and 5=-CTCAGGCGGCAGTCATAGA-3= for the Chr7-
193 T�RI-binding site, 5=-GAGCCGCGAGAAGTGCTAGCTCG-3= and
5=-CTGGAGCACTGTCTGCGCACACC-3= for the Chr6-6 T�RI-bind-
ing site, 5=-GGAAGTGTTGAAGGGAGGTGGCA-3= and 5=-CAAACCG
TGCCTGGAAGTCAACG-3= for the Chr11-110 T�RI-binding site, 5=-C
ACTGCAGCACTTGAAGGAGG-3= and 5=-TGAGGCAGAGGCTGCCA
TCTA-3= for the Chr15-7 T�RI-binding site, 5=-TGGAGCCTCTTACAC
CCAGT-3= and 5=-GCTTTCGGAGATGTTGCTTC-3= for human
epidermal growth factor receptor (EGFR) isoform a, 5=-AACAACACCC
TGGTCTGGAA-3= and 5=-TGAAGCAAAGGGAGAAATTGA-3= for hu-
man EGFR isoform b, 5=-GGATATTCTGAAAACCGTAAAGGAAA-3=
and 5=-CGAAAAGTTCTCTCTAAAACACTGATT-3= for human EGFR
isoform c, 5=-CCAGTGTGCCCACTACATTG-3= and 5=-CGCTGCCAT
CATTACTTTGA-3= for human EGFR isoform d, 5=-GGCTCTGGAGGA
AAAGAAAG-3= and 5=-CAATGAGGACATAACCAGCCAC-3= for all
EGFR isoforms, 5=-GGCTCTGGAGGAAAAGAAAG-3= and 5=-AGAAC
GAAACGTCCCGTTCCTC-3= for primary EGFR transcripts, and 5=-AC
CACAGTCCATGCCATCAC-3= and 5=-TCCACCACCCTGTTGCTGT
A-3= for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(as a control). An annealing temperature of 55°C was used for all primers.

Fractionation, IP, Western blotting, and pulldown assays. Cell frac-
tionation, IP, and Western blotting were carried out as described previ-
ously (44, 46). To pull down GTP-bound (active) Ran GTPase, His-tagged
RanBP1 recombinant protein (Cytoskeleton Inc., Denver, CO) pre-
coupled to His Mag Sepharose Ni magnetic beads (GE Healthcare, Pisca-
taway, NJ) was utilized to pull down active Ran from the nuclear and
cytoplasmic fractions as described previously (3). Eluted Ran proteins
were detected by Western blotting. Pulldown assays using 5=-end biotin-
ylated RNA probes and MCF10A/HER2 nuclear extracts were carried out
as described previously using magnetic streptavidin beads (Promega,
Madison, WI) (47). Sequences of the RNA probes were as follows: Chr7-
6(wt), 5=-GGGCGGAGGAGGAGACGCGU-3=; Chr7-6(mt), 5=-GGGCG
UGCACGUCGACGCGU-3=; Chr7-193(wt), 5=-GGUAGAGGGAGGGG
ACAGGG-3=; and Chr7-193(mt), 5=-GGUAGCGUUAUCCGACAGG
G-3= (mutated nucleotides are underlined.). Primary antibodies used in
Western blots included HA tag, GAPDH, histone H3, importin �1,
nucleolin, nucleophosmin, Ran, His tag, Smad2/3 (Cell Signaling, Dan-
vers, MA), hnRNP A1, EGFR C-term (Santa Cruz Biotechnology, Santa
Cruz, CA), T�RI (Abcam, Cambridge, MA), and EGFR N-term (Abgent,
San Diego, CA).

SDS-PAGE, in-gel digestion, and LC-MS/MS analysis. The eluates
from HA antibody-conjugated agarose beads (Sigma-Aldrich, St. Louis,
MO) following IP of MCF10A/T�RIT204D, MCF10A/HER2/T�RIT204D,
or MDA-MB-231/T�RIT204D lysates were collected and electrophoresed
into a 4 to 12% bis-Tris gel and stained with colloidal blue (Invitrogen,
Carlsbad, CA). The protein bands were excised and subjected to in-gel
trypsin digestion using a standard protocol (19). Peptides were analyzed
using a Thermo Finnigan LTQ ion trap instrument equipped with a
Thermo MicroAS autosampler and Thermo Surveyor high-performance
liquid chromatography (HPLC) pump, nanospray source, and Xcalibur
2.0 SR2 instrument control. Tandem spectra were searched against the
Human IPI database (version 3.37) using the Myrimatch algorithm (ver-
sion 1.2.11) (39). The database was concatenated with the reverse se-
quences of all proteins in the database to allow for the determination of
false-positive rates. The IDPicker algorithm (version 2.1.5) was used to
filter the data using a false-positive identification threshold (default is 0.05
or 5% false positives) based on reverse sequence hits in the database (26,
50). Proteins with two or more peptide matches confidently identified
from the samples were determined to be T�RI associated and are listed in
Table S1 in the supplemental material.

IPA. The 62 proteins for which the association with T�RI was identi-
fied only in MCF10A/HER2 and MDA-MB-231 cells and not MCF10A
cells were examined for functional annotation by Ingenuity pathway anal-
ysis (IPA; Ingenuity Systems). IPA mapped these genes to their corre-
sponding gene objects in the Ingenuity Pathways Knowledge Base (IPKB).
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A P value was generated for each mapped network by comparing the
number of submitted genes that participated in a given network relative to
the total number of occurrences of those genes in all the possible network
permutations for all the objects in the IPKB. The network score was as-
sessed for statistical significance and the generated pathway maps exam-
ined for biological correlation.

Cell transfection with DNA and siRNAs. DNA transfection was per-
formed using Lipofectamine 2000 (Invitrogen) by following the manufac-
turer’s protocol, as described previously (43). The FlexiTube GeneSolu-
tion small interfering RNAs (siRNAs) for TGFBR1, KPNB1, NCL,
SMAD2, SMAD3, and HNRNPA1, as well as AllStars negative-control
siRNAs, were purchased from Qiagen (Valencia, CA) and transfected us-
ing DharmaFECT Duo transfection reagent (Dharmacon, Lafayette, CO)
according to the manufacturer’s procedures.

ChIP, RIP, and deep sequencing. Chromatin IP (ChIP) was per-
formed as previously described (47) in MCF10A and MCF10A/HER2 cells
stably expressing HA-tagged T�RIT204D. In brief, DNA-binding proteins
were cross-linked by formaldehyde, and nuclear fractions were purified,
sonicated to shear DNA, and subjected to IP with HA antibody. Normal
mouse IgG was used as a negative control. For RNA IP (RIP), the same
cross-linking and IP procedures were performed, followed by RNA puri-
fication from the eluate using TRIzol reagent (Invitrogen), treatment with
DNase I, and reverse transcription. The first-strand cDNA synthesis was
carried out using random primers and SuperScript II reverse transcriptase
(Invitrogen), and the second-strand cDNA was synthesized using the
mixture of RNase H, T4 DNA ligase, and DNA polymerase I (New Eng-
land BioLabs, Ipswich, MA). The T�RI-binding DNA fragments obtained
from ChIP and the cDNA products of the RNA fragments obtained from
RIP were subjected to Solexa deep sequencing at the City of Hope DNA
Sequencing Core. The DNA and cDNA ends were repaired using T4 poly-
nucleotide kinase and Klenow enzyme (New England BioLabs), followed
by treatment with Taq polymerase to generate a protruding 3= A base used
for adaptor ligation. Following ligation of a pair of Solexa adaptors to the
repaired ends, DNA and cDNA were amplified using the adaptor primers
for 18 cycles and fragments of �250 bp (mononucleosome plu adaptors)
were isolated from agarose gels. The purified DNA or cDNA was used
directly for cluster generation and sequencing analysis using the Illumina
Genome Analyzer II by following manufacturer protocols. Sequence
reads were mapped to whole human genome NCBI build 36.1 (ftp://ftp
.ncbi.nih.gov/genomes/H_sapiens/) using NovoAlign (22). The aligned
results were converted to browser extensible data (BED) format to iden-
tify sequences enriched in the ChIP/RIP-seq samples using a binding site
detection tool, Hypergeometric Optimization of Motif (HOMER) (21),
which uses the direction and density of the aligned reads and the average
length of sample fragments to identify the binding sites. The DNA or RNA
input purified prior to IP was used as a control for the calculation of fold
enrichment. The locations of the binding sites were summarized and an-
alyzed using the genome-wide binding portfolio. MEME (2) with default
parameters was used to identify statistically overrepresented consensus
motifs from all identified sense RNA sequences that coprecipitated with
T�RI. E values, the probabilities of finding equally well-conserved pat-
terns in random sequences, were calculated as previously described (2).
These analyses were carried out at the City of Hope Bioinformatics Core.

IFA. Indirect immunofluorescence assay (IFA) was carried out as de-
scribed previously (44) using cells grown on coverslips. Fluorescent im-
ages were captured using a Princeton Instruments cooled charge-coupled
device (CCD) digital camera from a Zeiss upright LSM 510 2-Photon
confocal microscope with a 20�/0.6 objective.

RESULTS
Identification of T�RI-associated proteins in various cellular
contexts. To establish our cell line models, a retroviral vector-
encoded, HA-tagged constitutively active T�RIT204D was used to
transduce MCF10A/HER2 cells that stably overexpressed exoge-
nous HER2, as well as the vector-transduced MCF10A/vec cells

that expressed barely detectable level of endogenous HER2 (43).
The resultant cell lines, MCF10A/HER2/T�RIT204D and MCF10A/
T�RIT204D, were used to investigate alterations of T�RI-initiated
signaling upon HER2-mediated cell transformation. MDA-MB-
231, a HER2-negative and hormone receptor-negative breast can-
cer cell line, was also transduced by T�RIT204D to serve as a model
for HER2-independent cancerous context. T�RIT204D was immu-
noprecipitated in these three cell lines, and the protein complexes
that coprecipitated with T�RIT204D were subjected to mass spec-
trometry.

We identified 98 T�RI-associated proteins from MCF10A/
T�RIT204D cells, all of them also associated with T�RI in MCF10A/
HER2/T�RIT204D cells. This suggests that the TGF-�-initiated sig-
naling events directly mediated by these proteins are retained in
HER2-transformed cells. However, 119 unique proteins were also
identified in MCF10A/HER2/T�RIT204D cells, representing a gain
of novel TGF-�-mediated functions upon transformation by
HER2. Among these unique proteins, 62 also associated with
T�RI in the HER2-negative MDA-MB-231 cells, suggesting that
their association with T�RI was specific to a general transformed/
cancerous context but not to HER2 overexpression (see Fig. S1A
and Tables S1 and S2 in the supplemental material). These 62
proteins that only associated with T�RI in a transformation-de-
pendent manner were examined for functional annotation using
Ingenuity pathway analysis. Interestingly, the most significant
molecular function of these proteins was RNA posttranscriptional
modification (see Fig. S1B and C and Table S3 in the supplemental
material), with 16 proteins that are known to directly participate
in this function identified as context-dependent T�RI-binding
partners (Table 1). In addition, 31 out of the identified 62 proteins
are known to reside in the nucleus (see Table S2 in the supplemen-
tal material), including 14 proteins that participate in RNA post-
transcriptional modification (Table 1). Therefore, the compari-
son of the repertoires of T�RI-binding partners in various cellular
contexts suggested a previously unrecognized nuclear transloca-
tion of T�RI and its potential nuclear function in regulating RNA
posttranscriptional modification, which apparently occur specif-
ically in transformed cells.

Nuclear transport of T�RI is ligand inducible and requires a
transformed cellular context. To seek direct evidence for the
nuclear translocation of T�RI and examine the effect of ligand-
mediated activation on T�RI trafficking, we purified the nu-
clear and cytoplasmic fractions from MCF10A and MCF10A/
HER2 cells stably expressing the wild-type T�RI gene in a time
course after TGF-� treatment. Before TGF-� was added, T�RI
was detected at low levels in the nucleus of MCF10A/HER2 but
not MCF10A cells. Ligand treatment further induced the nu-
clear translocation of T�RI in the HER2-overexpressing line,
but not the other, starting at 0.5 h after adding TGF-� (Fig.
1A). Inhibition of HER2 kinase activity using lapatinib abol-
ished the T�RI nuclear transport upon TGF-� treatment in
MCF10A/HER2 cells (Fig. 1B), suggesting that the transloca-
tion event was dependent on the downstream cascades of HER2
signaling. In contrast to the ligand-inducible nuclear translo-
cation of wild-type T�RI, the constitutively active T�RIT204D

exhibited high levels of nuclear localization in the absence of
TGF-� in both MCF10A/HER2 and MDA-MB-231 cells (Fig.
1C). Using immunofluorescent staining with a T�RI-specific
antibody, the ligand-induced nuclear translocation of endoge-
nous T�RI and the inhibitory effect of lapatinib were further
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confirmed in MCF10A/HER2 cells (Fig. 1D). These results
demonstrated a context-dependent, ligand-activated nuclear
transport event of T�RI, enabling its interaction with multiple
nuclear proteins involved in RNA regulation.

Importin �1 and nucleolin are required for T�RI nuclear
transport. A thorough search of the amino acid sequence of T�RI
failed to identify a putative nuclear localization signal (NLS).
Therefore, T�RI may enter the nucleus through the interaction
with other nuclear proteins carrying an NLS. The nuclear trans-
port receptor importin �1 and nucleolar protein nucleolin have
been reported to mediate the nuclear translocation of ErbB recep-
tors (15, 18) and were found to coprecipitate with T�RI in both
MCF10A/HER2 and MDA-MB-231 breast cancer cells but not in
MCF10A cells (see Table S1 in the supplemental material). We
therefore hypothesized that in a permissive cellular context, T�RI
was translocated to the nucleus through the interaction with im-
portin �1 and/or nucleolin. We first confirmed the association of
T�RI with these two proteins by coimmunoprecipitation and
Western blotting. Both importin �1 and nucleolin, as well as an-
other nucleolar protein nucleophosmin, associated with T�RI in
both cytoplasmic and nuclear fractions of MCF10A/HER2 cells
(Fig. 2A, top). Inhibition of the HER2 kinase activity abolished
these associations in the nucleus but not in the cytoplasm (Fig. 2A,
bottom). In MCF10A cells, associations of T�RI with importin
�1, nucleolin, and nucleophosmin were also detected in the cyto-
plasm at levels comparable to those in the MCF10A/HER2 cyto-
plasmic fractions, but there was little nuclear accumulation of
T�RI (Fig. 2A, top). Smad2/3, the well-known effectors of TGF-�
signaling, associated with T�RI in the cytoplasm, but not the nu-
cleus, in a ligand-inducible manner in both MCF10A and
MCF10A/HER2 cells (Fig. 2A, top). Using siRNAs of importin �1
and nucleolin to specifically knock down their respective expres-
sion, we determined that both proteins were required for the basal
and ligand-induced nuclear transport of T�RI in MCF10A/HER2
cells (Fig. 2B and C). Knockdown of importin �1 also reduced the
nuclear levels of nucleolin (Fig. 2B), suggesting that as part of the
general nuclear import machinery, importin �1 is also essential
for the nuclear transport of nucleolin.

The context-dependent T�RI nuclear transport is controlled
by Ran GTPase activity. The nuclear import of proteins through
nuclear pore complexes involves dynamic interactions between
cargoes, carriers, and the Ran GTPase. T�RI interacted with the
carrier protein importin �1, possibly through other NLS-carrying
proteins such as nucleolin and Smads, in the cytoplasm of both
MCF10A and MCF10A/HER2 cells and in the presence of lapa-
tinib (Fig. 2A). However, the nuclear import of T�RI was achieved
only in MCF10A/HER2 cells undergoing active HER2 signaling,
suggesting a control of the transport event by contextual factors
that are altered in HER2-transformed cells. Interestingly, recent
studies indicate that Ran GTPase is activated by growth factors,
especially heregulin, a ligand that signals through the HER2
receptor (25). In the nucleus, Ran GTPase predominantly ex-
ists as the active GTP-bound form, whereas in the cytoplasm,
the predominant form is inactive and GDP bound. This results
in a gradient of Ran activity between the two cellular compart-
ments which is essential for nuclear protein import (38). Acti-
vation of Ran GTPase, represented by elevated levels of
RanGTP (active form) in the nucleus, can facilitate cargo re-
lease from the importin complex into the nucleoplasm upon
nuclear entry, resulting in the accumulation of transported
cargo in the nucleus. To examine if Ran is activated in
MCF10A/HER2 cells, and if this contributes to the context-
dependent nuclear transport of T�RI, we first measured Ran
activity by RanBP1 pulldown assay in MCF10A and MCF10A/
HER2 cells, and we indeed detected significantly higher activity
and nuclear distribution of Ran in the latter (Fig. 3A). Next, we
modulated Ran activity by transfecting MCF10A cells with a
constitutively active mutant of Ran, Ran(F35A), and MCF10A/
HER2 cells with a dominant negative mutant of Ran,
Ran(T24N). In the absence of HER2 transformation, activation
of Ran enabled the nuclear transport of endogenous T�RI in
MCF10A cells, whereas inhibition of Ran disabled this translo-
cation event in MCF10A/HER2 cells (Fig. 3A). The nuclear
transport of endogenous T�RI was also observed in two breast
cancer cell lines, BT474 (HER2 positive) and MDA-MB-231
(HER2 negative), and was abolished by expression of the dom-

TABLE 1 Proteins associated with T�RI in transformed cells with a known function in RNA posttranscriptional regulationa

Symbol Entrez name Location Type(s) Function annotation

DDX5 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 Nucleus Enzyme rRNA processing
DDX17 DEAD (Asp-Glu-Ala-Asp) box polypeptide 17 Nucleus Enzyme RNA modification, unwinding, and processing
DDX21 DEAD (Asp-Glu-Ala-Asp) box polypeptide 21 Nucleus Enzyme RNA modification and unwinding
DDX50 DEAD (Asp-Glu-Ala-Asp) box polypeptide 50 Nucleus Enzyme RNA modification and unwinding
DHX15 DEAH (Asp-Glu-Ala-His) box polypeptide 15 Nucleus Enzyme RNA modification and processing
EIF4A1 Eukaryotic translation initiation factor 4A, isoform 1 Cytoplasm Translation regulator mRNA binding, unwinding, and modification
FBL Fibrillarin Nucleus Other rRNA processing
HNRNPA1 Heterogeneous nuclear ribonucleoprotein A1 Nucleus Other RNA modification, processing, and splicing
HNRNPH3 Heterogeneous nuclear ribonucleoprotein H3 (2H9) Nucleus Other RNA modification, processing, and splicing
HNRNPR Heterogeneous nuclear ribonucleoprotein R Nucleus Other RNA modification and processing
HNRNPL Heterogeneous nuclear ribonucleoprotein L Nucleus Other RNA modification, processing, and splicing
HNRNPM Heterogeneous nuclear ribonucleoprotein M Plasma

membrane
Transmembrane

receptor
RNA splicing

NPM1 Nucleophosmin (nucleolar phosphoprotein B23,
numatrin)

Nucleus Transcription
regulator

rRNA processing

SF3B3 Splicing factor 3b, subunit 3, 130 kDa Nucleus Other RNA modification, processing, and splicing
SYNCRIP Synaptotagmin binding, cytoplasmic RNA

interacting protein
Nucleus Other RNA modification, processing, and splicing

WDR43 WD repeat domain 43 Nucleus Other rRNA processing
a Proteins associate with T�RI only in MCF10A/HER2 and MDA-MB-231 cells and not in MCF10A cells.
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inant negative Ran(T24N) (Fig. 3B). A basal level of T�RI nu-
clear transport was observed in these cells in the absence of
exogenous TGF-�, likely due to the autocrine TGF-� signaling
and the relatively high endogenous Ran activity in these cells.
In MCF10A cells expressing active Ran(F35A), knockdown of
importin �1 and nucleolin both abolished the Ran-induced
nuclear import of T�RI (Fig. 3C). In addition, we noted that
the nuclear levels of importin �1, nucleolin, and Smad2/3 were
not significantly affected by Ran activity (Fig. 3C). These re-
sults suggest that although T�RI complexes with importin �1
in the cytoplasm regardless of the cellular context (Fig. 2A), the
subsequent release of T�RI from the nuclear import complex
upon nuclear entry and the accumulation of T�RI in the nu-
cleus are highly dependent on the Ran activity. This Ran-de-
pendent mechanism seems different from the highly efficient
nuclear transports of the NLS-containing proteins nucleolin
and Smads, which require only the basal level of Ran activity
observed in untransformed MCF10A cells.

T�RI nuclear transport requires the L45 loop and Smad2/3.
To determine the T�RI motif responsible for its nuclear translo-
cation, we constructed GFP fusion proteins containing the full-
length (1 to 503 aa) or C-terminally truncated (1 to 287 aa and 1 to
205 aa) T�RI (Fig. 4A). When expressed in the MDA-MB-231
cells treated with TGF-�, the full-length and 287-aa T�RI con-
structs exhibited both cytoplasmic and nuclear staining in the ma-
jority of cells, whereas the 205-aa T�RI construct was not detected
in the nucleus (Fig. 4B). Because the T�RI motif of 205 to 287 aa
contains the L45 loop that serves as the docking site for R-Smads
(16, 24, 34), we further examined the role of the L45 loop in
T�RI nuclear transport using two previously reported full-length
T�RI constructs carrying point mutations in the L45 loop,
ALK5(D266A) and ALK5(3A) (Fig. 4A). Both mutants retain ki-
nase activity but are unable to activate Smads (23). In MDA-MB-
231 cells transfected with ALK5(D266A), ALK5(3A), or wild-type
T�RI (Alk5) constructs, ligand-induced nuclear translocation was
observed only with the wild-type receptor and not the L45 loop

FIG 1 Nuclear transport of T�RI is ligand inducible and requires a transformed context. (A) Cytoplasmic and nuclear fractions were prepared from MCF10A/
T�RI and MCF10A/HER2/T�RI cells that were treated with TGF-� (2 ng/ml) for the indicated times. Western blotting was carried out using the indicated
antibodies. Purity of different cellular fractions was confirmed by Western blotting of GAPDH and histone H3, which are exclusively located in the cytoplasm and
nucleus, respectively. (B) MCF10A/HER2/T�RI cells were treated with lapatinib (1 �M) for 6 h before TGF-� treatment. Cell fractionation and Western blotting
were performed as indicated. (C) Cells were transfected with vector, wild-type (wt) T�RI construct, or a constitutively active T�RI construct (T204D) as indicated.
At 24 h after transfection, cells were treated with TGF-� for 0.5 h or left untreated, and they were then subjected to fractionation and Western blotting. (D) IFA
images of MCF10A and MCF10A/HER2 cells treated with TGF-� for 0.5 h or left untreated, in the presence or absence of a prior 6-h lapatinib treatment. Cells
were stained with T�RI antibody for detection of endogenous T�RI (red) and 4=,6-diamidino-2-phenylindole (DAPI) for nuclei (blue). The bar equals 10 �m.
Nuclear T�RI is indicated by arrows. The graph at the bottom shows percentages of cells with nuclear staining of T�RI. Two hundred cells under each treatment
were counted, and the average of three independent experiments is shown. *, P � 0.001.
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mutants (Fig. 4C). Similar results were observed in MCF10A/
HER2 cells transfected with these truncated or mutated T�RI con-
structs (see Fig. S2 in the supplemental material). We therefore
speculated that Smad2/3 could be involved in T�RI translocation
and that the inability of ALK5(D266A) and ALK5(3A) to interact
with Smad2/3 could be responsible for their impaired nuclear
transport. Using a mixture of siRNAs targeting Smad2 and
Smad3, we knocked down the Smad2/3 expression in MDA-MB-
231/T�RI (wild-type) cells, where the siRNAs reduced the associ-
ations of T�RI with importin �1 and nucleolin and abolished the
nuclear translocation of T�RI (Fig. 4D). Thus, TGF-� induces
transient interaction between T�RI and Smad2/3 (Fig. 2A), fol-
lowed by the complexation with importin �1 and nucleolin in the
cytoplasm to trigger nuclear translocation. In a transformed cel-
lular context with high Ran activity, this event results in accumu-
lation of T�RI in the nucleus.

Identification of T�RI-binding RNA sequences. The context-
dependent nuclear translocation of T�RI may enable unique, pre-
viously unrecognized functions of the receptor in the nucleus
of transformed cells. To explore the potential nuclear function of
T�RI, we purified the DNA and RNA sequences that bound
to T�RI in MCF10A and MCF10A/HER2 cells stably expressing
T�RIT204D by using chromatin immunoprecipitation (ChIP) and
RNA IP (RIP), respectively. Consistent with the absence of nuclear
T�RI in MCF10A cells, no DNA or RNA was obtained from the
T�RI precipitates in these cells. In contrast, detectable amounts of
DNA and RNA were coprecipitated with T�RI from equal num-
bers of MCF10A/HER2 cells. The T�RI-bound DNA sequences
and the cDNA products of T�RI-bound RNA sequences were sub-
jected to deep sequencing. We identified 7.5 million reads from
the DNA and 17.2 million reads from the RNA/cDNA samples.

The reads were aligned to the human genome, and high-frequency
binding sites were determined. Most of the aligned DNA tags
(99.92%) scattered in a nonspecific pattern, and only 0.08% of
total aligned tags could possibly be mapped to 130 particular DNA
sites, suggesting that T�RI did not bind to specific DNA se-
quences. In contrast, a large fraction (13.2%) of aligned RNA tags
clustered at 9,094 RNA sites, suggesting that T�RI likely bound to
specific RNA sequences (Fig. 5A; see also Tables S4 and S5 in the
supplemental material). Most RNA sites were located in exons
(53%) or introns (28%), whereas only 3 DNA sites (2%) were
located in putative promoter regions (Fig. 5B). In addition, the
majority of RNA sites resided within the �1 � 104 to 3 � 104 bp
region relative to transcription start sites (TSSs), likely indicating
their intragenic locations, whereas most DNA sites were more
distal to the TSSs (within �2 � 105 to 2 � 105 bp) (Fig. 5C). Thus,
the sequence counts of T�RI-binding DNA and T�RI-binding
RNA sites, as well as their genomic distributions, strongly sug-
gested that T�RI specifically bound to RNA, rather than DNA,
targets. Among the identified 9,094 T�RI-binding RNA sites that
involve genes (see Fig. S3 in the supplemental material), a purine-
rich consensus motif of AGGAGGAG was discovered (Fig. 5D).
This consensus motif appeared at least once in 2,292 identified
T�RI-binding RNA sites (see Table S5 in the supplemental mate-
rial).

We selected five T�RI-binding RNA sites for which a relatively
high abundance of read counts was obtained, and we validated
their associations with T�RI by RIP coupled with RT-PCR. These
included 2 sites in the EGFR gene, 1 site in the VEGFA gene, 1 site
in the CCND1 gene, and 1 site in the PKM2 gene. MCF10A and
MCF10A/HER2 cells expressing wild-type T�RI were treated with
TGF-� or left untreated before T�RI-RIP was performed using

FIG 2 Importin �1 and nucleolin are required for T�RI nuclear transport. (A) T�RI IP was performed using HA antibody in cells treated and fractionated as
indicated. Importin �1 (KPNB1), nucleolin (NCL), nucleophosmin (NPM), Smad2/3, and T�RI (HA tag) were detected by Western blotting. (B) MCF10A/
HER2/T�RI cells were transfected with siRNAs targeting importin �1, nucleolin, or a negative-control (Ctrl) siRNA. At 48 h after transfection, cells were treated
with TGF-� as indicated, fractionated, and analyzed by Western blotting. (C) IFA of cells transfected with various siRNAs and treated with TGF-� for 0.5 h. HA
antibody was used to stain for HA-tagged T�RI.

Chandra et al.

2188 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


purified nuclear and cytoplasmic fractions. All target RNAs were
detected in the T�RI precipitates from the nuclear fractions of
MCF10A/HER2 cells following TGF-�-induced T�RI nuclear
transport but not detected or detected at a very low level in TGF-
�-treated MCF10A cells (Fig. 5E). This suggests that the nuclear
transport of T�RI is required for its interaction with these RNA
targets and reveals a novel nuclear function of T�RI mediated by
these RNA targets.

We further examined the affinity of binding of T�RI to the two
validated RNA binding sites in EGFR introns 1 and 10, as well as
their mutated versions in which the purine-rich consensus motif
had been destroyed, through incubating biotinylated RNA probes
with the nuclear extracts of TGF-�-induced MCF10A/HER2 cells.
The Chr7-6 probe contained the AGGAGGAG consensus motif,
while the Chr7-193 probe contained a G/A-rich region resembling
the identified consensus sequence (Fig. 5F). Both probes were able
to efficiently pull down T�RI proteins, and their binding to T�RI
was significantly reduced by disruption of the G/A-rich region
in the mutated probe and by siRNA-mediated knockdown of
T�RI expression (Fig. 5F). Heterogeneous ribonucleoprotein A1
(hnRNP A1) is an RNA-binding protein involved in various as-
pects of RNA processing and was identified as a T�RI-binding
partner in transformed cells (Table 1). Interestingly, hnRNP A1
was also pulled down by the two wild-type RNA probes, but at
much lower levels by the mutated probes, suggesting that hnRNP
A1 can also bind to the purine-rich motif in the target RNA se-
quences. Moreover, T�RI and hnRNP A1 seem to bind to the
RNA targets in a synergistic manner as a complex, as knockdown

of either gene resulted in diminished binding of both proteins to
the wild-type RNA probes (Fig. 5F). We noted that the weak bind-
ing of hnRNP A1 to the two mutated probes was not further di-
minished by T�RI depletion (Fig. 5F), which suggests that the
mutated probes likely contain sites that enable low levels of
hnRNP A1 binding and that the purine-rich region is responsible
for enhanced binding of hnRNP A1 and T�RI. Consistent with the
mass spectrometry result (see Table S1 in the supplemental mate-
rial), coimmunoprecipitation (co-IP) experiments confirmed
that T�RI associated with hnRNP A1 in MCF10A/HER2 and
MDA-MB-231, but not MCF10A cells, and that this association
was enhanced by TGF-� treatment (Fig. 5G).

Nuclear T�RI selectively induces EGFR splicing isoform c.
Among all genes involved, EGFR harbored the highest number of
identified T�RI-binding RNA sites (see Table S5 in the supple-
mental material) and was therefore selected for further investiga-
tion. Within EGFR gene, 17 different RNA sites were identified in
T�RI RIP-seq with a peak score of �4, including 12 sites located
within intron 1 and 1 site in each of introns 7, 10, and 20 and exons
5 and 8 (Table S5). The two sites validated by PCR and RNA probe
pulldown assays (Fig. 5E and F), Chr7-6 and Chr7-193, respec-
tively, resided in intron 1 and intron 10 and were enriched 403-
and 105-fold in T�RI RIP, compared to the RNA input control
(Fig. 6A and Table S5). Human EGFR is encoded by two tran-
scripts of 10.5 kb and 5.8 kb (isoform a), both of which give rise to
full-length protein. In addition, three alternative transcripts of
1.8, 2.4, and 3.0 kb, referred to as isoforms c, b, and d, respectively,
are also derived from the EGFR gene (1, 35). The 1.8-kb transcript

FIG 3 The context-dependent T�RI nuclear transport is controlled by Ran GTPase activity. (A) Cells were transfected as indicated with plasmids encoding the
wild-type Ran, constitutively active Ran(F35A), dominant negative Ran(T24N), or the empty vector. At 48 h after transfection, cells were treated with TGF-� for
0.5 h or left untreated, fractionated, or subjected to RanBP1 pulldown assay and analyzed by Western blotting. (B) BT474 and MDA-MB-231 cells were
transfected with Ran constructs and treated with TGF-� as described above, followed by RanBP1 pulldown assay and Western blotting. (C) MCF10A cells
cotransfected with Ran(F35A) and siRNAs of nucleolin, importin �1, or control sequence, as well as control MCF10A cells, were treated with TGF-� for 0.5 h and
subjected to fractionation and Western blotting. Abbreviations are the same as in Fig. 2.
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is generated by terminating at intron 10 and contains exon 10/
intron 10 boundary, whereas the 2.4- and 3.0-kb transcripts are
generated by incorporating alternate exon 15A or 15B, which
results in unique C-terminal sequences in the protein products.
Interestingly, the T�RI-binding RNA site Chr7-193 was local-
ized to intron 10, a position that could be important to main-
tain the exon 10/intron 10 boundary that generates the 1.8-kb
isoform c. This speculation was further supported by the bind-
ing of T�RI to hnRNP A1, a known splicing repressor, on the
Chr7-193 site (Fig. 5F).

We measured the levels of various EGFR transcript variants as
well as the primary RNA transcripts in MCF10A/HER2 cells in
response to TGF-�. Within 1 h of treatment, TGF-� significantly
increased isoform c, �4-fold, did not affect isoform a, modestly
increased isoforms b and d, and reduced the primary EGFR tran-
scripts (Fig. 6B; see also Fig. S4 in the supplemental material). The
induction of EGFR isoform c by TGF-� was abrogated by condi-
tions that destroyed T�RI nuclear translocation, including treat-
ments with the HER2 kinase inhibitor lapatinib and type I/II
TGF-� receptor inhibitor LY2109761, siRNAs of Smad2/3, im-
portin �1, nucleolin, or T�RI and overexpression of the
ALK5(3A) mutant that failed to undergo nuclear translocation
(Fig. 6B and C). In addition, knockdown of hnRNP A1 expression
by siRNA, which diminished T�RI binding to RNA targets (Fig.

5F), reduced the basal level of isoform c and completely abolished
its induction by TGF-� (Fig. 6B). Moreover, TGF-� induced iso-
form c �3-fold in MCF10A cells expressing constitutively active
Ran(F35A) but failed to do so in the control MCF10A cells that
lacked T�RI nuclear transport (Fig. 6D). Consistent with this re-
sult, inhibition of Ran activity by dominant negative Ran(T24N)
abolished the effect of TGF-� on EGFR splicing in MCF10A/
HER2 and MDA-MB-231 breast cancer cells (Fig. 6D). These re-
sults suggest that TGF-� promotes the generation of EGFR tran-
script isoform c through inducing nuclear transport of T�RI and
its association with RNA targets in synergy with hnRNP A1.

The 1.8-kb EGFR isoform c encodes a secreted 60- or 80-kDa
soluble EGFR (sEGFR) protein, which contains only part of the
EGFR extracellular region (35). To determine if TGF-� induces
the production of sEGFR in a context-dependent manner, we per-
formed Western blotting in both MCF10A and MCF10A/HER2
cells using two different EGFR antibodies, one recognizing an N-
terminal region present in the protein products of all EGFR iso-
forms and the other recognizing a C-terminal region that is pres-
ent only in the product of isoform a. In MCF10A/HER2 cells,
TGF-� induced both the 60- and 80-kDa bands of EGFR recog-
nized by the N-terminal specific antibody, without affecting the
170-kDa full-length EGFR. This effect was abrogated by lapatinib,
Smad2/3 siRNA, or inhibition of Ran activity. In MCF10A cells,

FIG 4 T�RI nuclear transport requires the L45 loop and Smad2/3. (A) Schematics of the T�RI constructs and their potential of nuclear translocation. ECD,
extracellular domain; GS, glycine-serine-rich domain; TM, transmembrane domain. (B) IFA images of TGF-�-treated MDA-MB-231 cells expressing the
GFP-fused T�RI constructs indicated in panel A. (C) MDA-MB-231 cells were transfected with HA-tagged wild-type T�RI, the L45(3A) mutant, or the D266A
mutant, with the sequences of the L45 loop indicated in panel A. Transfected cells were treated with TGF-� for 0.5 h or left untreated, and the HA-tagged T�RI
levels were analyzed in the nuclear fraction and whole-cell lysates by Western blotting. (D) MDA-MB-231/T�RI cells transfected with siRNAs targeting Smad2/3
or control siRNA were treated with TGF-� and subjected to IP, fractionation, and Western blotting as indicated. Abbreviations are the same as in Fig. 2.
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FIG 5 Identification of T�RI-binding RNA sequences. (A) Summary of the total tags, aligned tags, tags on binding sites, and binding sites detected from ChIP
or RIP deep sequencing. (B) Regional distributions of identified T�RI-binding RNA and DNA sequences. (C) Summarized locations of identified T�RI-binding
RNA and DNA sequences relative to transcription start sites (TSS). (D) Consensus motif identified from T�RI-binding RNA sequences with the most significant
E value, the probability of finding an equally well-conserved pattern in random sequences. (E) Confirmation of selected T�RI-binding RNA sequences using RIP
followed by RT-PCR. The nuclear and cytoplasmic fractions of cells that were treated as indicated were subjected to RIP using HA tag antibody or normal IgG
(as a negative control). Input RNA was used as a positive control for RT-PCR. Primer pairs specific for each selected T�RI-binding site or GAPDH (as a negative
control) were used for fragment detection. (F) Pulldown assays were carried out using biotinylated RNA probes with wild-type (wt) or mutated (mt) sequences
as indicated. MCF10A/HER2 cells were transfected with siRNAs of T�RI (RI), hnRNP A1 (A1), or control sequence (C) and treated with TGF-� for 0.5 h before
nuclear extracts were prepared and incubated with each RNA probe. After pulldown with streptavidin beads, the eluates as well as the input nuclear extracts were
analyzed by Western blotting using the indicated antibodies. (G) Co-IP assay was carried out using T�RI antibody in cells treated with TGF-� for 0.5 h or left
untreated. The precipitates as well as the input lysates were analyzed by Western blotting as indicated.
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FIG 6 Nuclear T�RI selectively induces EGFR splicing isoform c. (A) Schematic of the human EGFR gene and the positions of all identified T�RI-binding RNA
sites that were aligned to the EGFR gene. (B) Quantitative RT-PCR of various EGFR-derived RNAs in MCF10A/HER2 cells treated or transfected as indicated.
Data were normalized to the level of GAPDH and then compared to that in untreated cells (the first set of bars). Each data point represents the mean � standard
deviation of 3 wells. *, P � 0.001. Abbreviations are the same as in Fig. 2. (C) Quantitative RT-PCR of EGFR-derived RNAs in MCF10A/HER2 cells treated or
transfected as indicated. *, P � 0.001. DMSO, dimethyl sulfoxide. (D) Quantitative RT-PCR of EGFR-derived RNAs in cells transfected with various Ran
constructs. *, P � 0.001. (E) MCF10A and MCF10A/HER2 cells were treated or transfected as indicated before whole-cell lysates were subjected to Western
blotting for detection of various EGFR isoforms. The positions of 60- and 80-kDa sEGFR generated from the splicing isoform c are indicated.
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TGF-� failed to induce 60- or 80-kDa sEGFR but gained this abil-
ity when they underwent activation of Ran GTPase (Fig. 6E).
Therefore, the context-dependent, ligand-inducible T�RI nuclear
translocation confers a novel function of TGF-� in regulating
EGFR RNA processing, resulting in increased production of solu-
ble, but not full-length, EGFR.

DISCUSSION

In this study, we used our previously established model of HER2-
transformed MCF10A (MCF10A/HER2) (43) and the HER2-neg-
ative breast cancer cell line MDA-MB-231, as well as the untrans-
formed MCF10A model, to investigate how a transformed/
cancerous cellular context alters the repertoire of proteins that
bind to activated T�RI and possibly mediate its downstream sig-
naling. We found that overexpression of HER2 significantly
broadened the spectrum of T�RI-binding proteins, with 119 ad-
ditional proteins identified in MCF10A/HER2 cells. Although an
association between HER2 and T�RI has been reported in our
previous study (45) and was demonstrated here again by identifi-
cation of HER2 in the T�RI coprecipitates from MCF10A/HER2
cells (see Table S1 in the supplemental material), most of the ad-
ditional T�RI-binding partners identified from MCF10A/HER2
are unlikely to be pulled down due to a direct interaction with
HER2 instead of with T�RI, as many of these proteins (62 out of
119) also associated with T�RI in the HER2-negative MDA-MB-
231 cells. The fact that half of the context-dependent T�RI-bind-
ing partners are located in the nucleus urged us to test the hypoth-
esis that in a permissive cellular context, T�RI is translocated to
the nucleus, where it interacts with these nuclear proteins. During
the course of this study, Mu et al. reported that T�RI undergoes
ubiquitination upon ligand treatment, resulting in cleavage of the
receptor by TNF-� converting enzyme (TACE) and nuclear trans-
location of a 34-kDa T�RI intracellular domain (29a). Here, we
determined that full-length T�RI also underwent nuclear translo-
cation, which was specific to transformed cells and enabled the

interaction of T�RI with the herein identified RNA targets,
through the mechanisms summarized in Fig. 7 and discussed
below.

Spatial regulation through either subcellular trafficking or in-
teraction with spatially restricted partners is a key determinant of
protein function. Several receptor tyrosine kinases, including the
ErbB family members, fibroblast growth factor receptors, insulin
receptor, and vascular endothelium growth factor receptor Flk1/
KDR, are known to migrate to the nucleus and act as transcription
factors for certain target genes (6). Nuclear HER2 has been found
to associate with multiple genomic targets, including the cyclo-
oxygenase enzyme COX-2 gene promoter, and stimulate gene
transcription (42). The nuclear transport of HER2 involves inter-
action with the transport receptor importin �1 and other mole-
cules in endocytic internalization (18). Unlike HER2, which con-
tains an NLS that directs its nuclear transport through importin
�1 (18), T�RI does not carry a putative NLS and appeared to
depend on other proteins, such as nucleolin and Smad2/3, for the
nuclear transport. Based on the size of the nuclear T�RI as indi-
cated by Western blotting, nuclear T�RI seemed to be full length
and exhibited the same migration speed in the gel as the cytoplas-
mic T�RI (Fig. 1A). This observation further differentiates the
mechanism of full-length T�RI nuclear transport from the re-
ported mechanisms for the translocation of its intracellular do-
main (29a) and ErbB4 (6), in which the receptor is processed by
membrane-localized proteases to produce a soluble cytoplasmic
domain fragment that translocates into the nucleus. Our data in-
dicated that the cytoplasmic interactions between T�RI and low
levels of importin �1 and nucleolin were also detectable in un-
transformed MCF10A cells (Fig. 2A). Therefore, nuclear transport
of T�RI mediated by importin �1 may be initiated at a certain
degree regardless of the cellular context in both normal and cancer
cells. However, upon nuclear entry, efficient release of the T�RI
cargo into the nucleus requires a high level of RanGTP to dissoci-
ate the importin complex (38). Therefore, only transformed cells
that express high Ran activity (Fig. 3) exhibit significant nuclear
accumulation of T�RI. It is possible that the high Ran activity in
cancer cells, possibly as a result of the growth factor-mediated
induction (25), has a global effect on the dynamics of nuclear
protein import, and perhaps different proteins, due to their
unique features, may be affected to various extents. The different
features of the proteins that determine Ran dependency are not
understood and will require further investigation. Whether the
cancer-specific activation of Ran GTPase allows more proteins to
shuttle to the nucleus and the novel nuclear functions of these
“conditionally” nuclear proteins, as well as their relevance to the
cancer disease, are intriguing future research directions.

Using RIP coupled with deep sequencing, we identified a novel
nuclear function of T�RI through binding to specific RNA targets.
A consensus G/A-rich motif was identified among T�RI-binding
RNA sites based on the probability of finding this pattern among
random sequences. Although in the case study of EGFR introns 1
and 10 the G/A-rich motif seems to mediate the synergistic bind-
ing of T�RI and hnRNP A1 to RNA targets (Fig. 5F), a more
specific motif discovery approach, such as CLIP-Seq, would be
desired to precisely define the T�RI-binding sequences in future
studies. Although recent studies demonstrated the capacity of R-
Smads to bind to double-stranded RNA targets (8, 9), T�RI does
not interact with Smad2/3 in the nucleus (Fig. 2A), and the previ-
ously reported Smad-binding RNA motif (CAGAC or CAGGG)

FIG 7 Schema of the context-dependent nuclear translocation of T�RI. In our
proposed model, TGF-� induces transient interaction between T�RI and
Smad2/3, followed by their complexation with importin �1 and nucleolin in
the cytoplasm. Consequently, the nuclear transport of T�RI can be initiated at
a certain degree in both normal and cancer cells. However, upon nuclear entry,
efficient release of the T�RI cargo into the nucleus requires a high level of
RanGTP, which is observed only in HER2-transformed cells and HER2-nega-
tive cancer cells and not in untransformed cells. Once accumulated in the
nucleus, T�RI dissociates from Smad2/3 and binds to the G/A-rich motif in
RNA targets in synergy with hnRNP A1, exerting a regulatory function in RNA
processing.
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was not overrepresented in the herein-identified T�RI-binding
sites, suggesting that T�RI and Smad2/3 act on different RNA
targets in the nucleus. Despite their independent roles in the nu-
cleus, the cytoplasmic interaction between T�RI and Smad2/3
triggered by ligand treatment is required for the nuclear entry of
T�RI, as knockdown of Smad2/3 abolished T�RI complexation
with importin �1 and nucleolin, as well as the nuclear transport of
T�RI (Fig. 4D). In addition, the nuclear translocation of Smads
and their binding to DNA and RNA targets are not cancer specific,
whereas those of T�RI are strictly dependent on a transformed/
cancerous cellular context, in particular high Ran GTPase activity.
Thus, our study identified a novel RNA-binding activity of the
nuclear localized T�RI that is clearly distinct from the previously
reported RNA-regulating function of Smads.

We further found that through triggering the nuclear transport
of T�RI, TGF-� induced the EGFR transcript isoform c, which is
generated by ignoring a splice donor site and use of an alternative
polyadenylation signal located in intron 10 (35). The herein-iden-
tified T�RI-binding RNA site Chr7-193 resides in intron 10, 184
nucleotides (nt) downstream of the poly(A) addition signal. In-
terestingly, T�RI and hnRNP A1 complex on the purine-rich re-
gion in Chr7-193 in a synergistic manner; depletion of hnRNP A1
reduced the basal level of isoform c and disrupted T�RI binding to
Chr7-193 probe as well as isoform c induction by TGF-� (Fig. 5F
and 6B). These results suggest that hnRNP A1 is required for the
generation of isoform c, possibly through its reported function to
suppress splicing (33), allowing the alternative polyadenylation
signal in intron 10 to be used. Nuclear T�RI significantly en-
hanced the binding of hnRNP A1 to intron 10 (Fig. 5F), possibly
potentiating the effect of hnRNP A1 on splicing and/or 3=-end
RNA processing, which results in increased production of isoform
c. Although the herein-identified G/A-rich motif may not resem-
ble the hnRNP A1 high-affinity canonical sequence, UAGRG(A
/U), identified by Burd and Dreyfuss (5), there are reports (10, 20)
that noncanonical hnRNP A1 binding sites may be used in alter-
native splicing. In addition, Martinez-Contreras et al. have shown
that certain intronic hnRNP A/B-binding sites can stimulate in
vitro splicing of pre-mRNAs (27), suggesting a context-dependent
function of hnRNPs A and B. Despite the herein-observed effect of
TGF-� and hnRNP A1 on EGFR splicing, the mechanism that
regulates EGFR splicing and 3=-end RNA processing and the pre-
cise role of T�RI/hnRNP A1 complex in this biological event re-
main unclear and await future investigations.

Through enhancing the generation of EGFR transcript isoform
c, TGF-� increased the expression of 60- and 80-kDa sEGFR in
transformed but not untransformed cells (Fig. 6E). These trun-
cated receptors are thought to sequester the EGF ligands in the
extracellular environment and/or form inactive heterodimers
with the cell surface EGFR, resulting in suppression of EGFR-
mediated signaling (35). sEGFR is detectable in the serum of can-
cer patients and appears to be a clinical marker for cancer prog-
nosis. High sEGFR levels in patients with various types of cancer,
including breast cancer, are associated with better clinical out-
comes, possibly due to the inhibitory effect of sEGFR on EGFR
signaling (4, 30). The effects of TGF-�-induced sEGFR produc-
tion on HER2 signaling and cell response to anti-EGFR/HER2
therapeutics need to be further evaluated using in vitro and in vivo
models. Tumorigenesis often involves large-scale alterations in
alternative RNA processing (41). It is possible that through the
hnRNP A1-mediated mechanism identified in this study, nuclear

T�RI regulates the alternative processing of a panel of genes, such
as those harboring the T�RI-binding RNA sites, as a novel means
to participate in global RNA regulation in cancer cells. Elucida-
tions of these genes and their regulation by TGF-� will open a new
avenue for studying redirected TGF-� signaling in cancer.
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