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Epithelial-mesenchymal transition 
(EMT) and the underlying mecha-

nisms and signaling pathways regulating 
such transitions have generated a lot of 
interest among cancer researchers. Much 
of this can be attributed to the apparent 
similarities in the molecular processes 
regulating embryonic EMT that can 
be recapitulated during tumor progres-
sion and metastasis. It appears that both 
embryonic and oncogenic EMT are regu-
lated by an intricate interplay of transcrip-
tional and post-transcriptional programs, 
and the recent discovery of a transcript-
selective translational regulatory pathway 
controlling expression of EMT-associated 
mRNAs demonstrates the high fidelity and 
tight regulation associated with the pro-
cess of EMT and metastatic progression. 
Heterogeneous nuclear ribonucleoprotein 
E1 (hnRNP E1) is emerging as a critical 
and integral modulator of TGFβ-induced 
EMT and subsequent tumor metastasis. 
Through its RNA-binding ability, hnRNP 
E1 binds distinct 3'-UTR structural ele-
ments present in mRNA transcripts 
required for EMT and translationally 
silences their expression. Translational 
silencing, mediated by hnRNP E1, occurs 
specifically at the translation elongation 
step through effects on the eukaryotic 
elongation factor-1 A1 (eEF1A1), and is 
relieved by Akt2-mediated phosphoryla-
tion. Interestingly, modulation of either 
the steady-state expression or the post-
transcriptional modification of hnRNP 
E1 has a temporo-spatial effect on transla-
tional repression, tumorigenesis and can-
cer metastasis.
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Introduction

Epithelial-mesenchymal transition (EMT)  
is a process in which cells undergo a 
developmental switch from a polarized, 
epithelial phenotype to a highly motile 
mesenchymal phenotype. EMT is not 
only a fundamental process during nor-
mal embryonic development and in adult 
tissue homeostasis, but is also a critical 
step in metastatic progression of tumors.1-3 
Changes in cell-cell adhesion, remodel-
ing of extracellular matrix and enhanced 
migratory activity, are typical characteris-
tics associated with EMT, which cumula-
tively enable tumor cells to metastasize.1-3 
Numerous cytokines and autocrine 
growth factors, including TGFβ, have 
been implicated in EMT.4,5

A carcinoma cell activates EMT 
programs through different regulatory 
pathways, many of which remain to be 
identified. It is known, however, that 
differentiation to the mesenchymal phe-
notype arms the cancer cell with all the 
ammunition needed to initiate its journey 
through the various hurdles of metastatic 
progression, including dissociation from 
the primary tumor, invasion of surround-
ing tissue, intravasation into lymphatic or 
vascular vessels, extravasation and finally 
micrometastatic colonization at the sec-
ondary site.5

Several transcriptional programs have 
been identified which act in concert to 
induce EMT. Of note are the Snail,6 
Slug,7 Goosecoid,8 FOXC2,9 ZEB1,6 ZEB2/
Sip16 and Twist6 transcription factors. 
Twist1 was initially shown to be a limiting 
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translational regulation,18 and finally pro-
tein degradation.19 Post-transcriptional 
regulation is mainly controlled by the 
binding of RNA Binding Proteins (RBPs) 
to regulatory regions (cis elements) in the 
untranslated regions (UTRs) of mRNAs. 
The Human Genome Project reported the 
mean lengths of 5'-untranslated regions 
(UTRs) and 3'-UTRs of human mRNAs 
as 300 nt and 770 nt, respectively, com-
pared with the mean coding length of 
1,340 nt (International Human Genome 
Sequencing Consortium 2001).20 More 
importantly the 3'-UTRs shows high evo-
lutionary conservation (in comparison to 
the less conserved 5'-UTRs), suggesting 
critical roles for the non-coding region at 
the 3'-end of mRNAs.

Previous work in our lab15 and oth-
ers21,22 has shown that regulation of gene 
expression at the post-transcriptional level 

previously demonstrated that the EMT-
promoting mRNAs disabled-2 (Dab2) 
and interleukin-like EMT inducer (ILEI) 
are translationally regulated by TGFβ.15 
It is clear that the regulatory processes 
controlling EMT are complex and involve 
many pleiotropic transcriptional and post-
transcriptional regulators. Perhaps, the 
multiplicity of these factors and pathways 
is a means by which a cell reactivates con-
text-dependent signaling to activate EMT.

Emerging Mechanism  
of Post-Transcriptional  

Regulation of TGFβ-Mediated EMT 
and Metastatic Progression

Protein expression levels depend on the rate 
of transcription, as well as other defined con-
trol mechanisms, such as mRNA stability,16 
nuclear export and mRNA localization,17 

transcriptional upregulator of programs 
required for EMT and metastatic progres-
sion.10 Twsit2, along with Twist1, has a 
proven role in embryonic development.10 
Additionally, both the Twist isoforms 
are normally overexpressed in different 
human cancers.11 Interestingly, Twist1 and 
Twist2 not only potentiate metastatic pro-
gression, but also override, together with 
oncogenic Ras, oncogene-induced prema-
ture senescence.12

Post-transcriptional regulatory events 
have also been implicated in key molecu-
lar pathways in cancer development and 
metastatic progression.13 Y-box binding 
protein-1 (YB-1), a DNA/RNA-binding 
protein, has been shown to translation-
ally regulate, through a cap-independent 
mechanism, mRNA transcripts encod-
ing EMT-promoting factors including 
the transcription factor Snail.14 We have 

Figure 1. TGFβ-activated translational (BAT) silencing mechanism mediating EMT and metastasis. (A) eEF1A1 forms a complex with hnRNP E1 and the 
BAT element and silences translational elongation. Given the necessity for cognate-codon interaction with the ribosomal A site, it is likely that the 
formation of the BAT mRNP complex occurs post-delivery of the aminoacyl-tRNA to the ribosome. The ability of the BAT mRNP complex to inhibit 
eEF1A1-dependent elongation suggests that the 3'-UTR is interacting with the 5'-UTR in a circularized model to facilitate its proximity to the 80S ribo-
some (left part). Following TGFβ-stimulation, activated Akt2 phosphorylates hnRNP E1 ar Ser43, which disrupts the mRNP complex and allows transla-
tion of Dab2 and ILEI mRNAs (right part). (B) Phase contrast image of control (left part) and NMuMG cells treated with TGFβ for 24 h (right part). TGFβ 
treatment causes distinct morphological changes associated with EMT, as discussed in the text. (C) Silencing of hnRNP E1 renders noninvasive NMuMG 
cells to form metastatic tumors in allograftic studies. H&E staining of liver tissue from mice injected with either NMuMG cells (left part) or SH14 cells 
(NMuMG cells harboring a stable shRNA against hnRNP E1) (right part).
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EMT, independent of TGFβ signaling.15,26 
Thus, while Dab2 and ILEI are required 
for TGFβ-mediated EMT, they are not 
sufficient, suggesting that hnRNP E1 
might be regulating a cohort of mRNAs, 
including Dab2 and ILEI, that together 
contribute to TGFβ-induced EMT. In 
addition, knockdown of hnRNP E1 in the 
human breast cancer line MCF7 caused 
these cells to acquire EMT markers and 
to form lung metastases when injected 
intravenously.25 MCF cells normally form 
tumors, but no metastatic nodules at sec-
ondary sites. Collectively, our cellular and 
animal studies support a direct role for 
hnRNP E1, and the BAT mRNP com-
plex, in mediating EMT and metastasis.

hnRNP E1 has a predominant nuclear 
localization, specifically in nuclear speck-
les.27-29 hnRNP E1 has a nonameric 
nuclear localization signal (NLS I), 
putatively located between its KH2 and 
KH3 domain; of note, it lacks the NLS 
II present in hnRNP E2.28 But the post-
transcriptional regulatory pathway we 
have elucidated is cytoplasmic. This is evi-
dent by the fact that the Dab2 and ILEI 
mRNAs are already loaded onto the ribo-
somes. hnRNP E1 has also been report-
edly observed in the cytoplasm.30 It will be 
interesting to elucidate at what step during 
its synthesis in the nucleus or subsequent 
export into the cytoplasm, hnRNP E1 
binds with the 3'-UTR of Dab2 and ILEI 
mRNAs. It is also imperative to determine 
the outcome of the RNAs whose transla-
tion has been stalled. The stalled mRNAs 
are not degraded, as we do not see any 
mRNA degradation over time.15 Hence, 
there is a possibility that the stalled tran-
scripts are localized to distinct cytoplas-
mic foci and that transcript-selective 
translation occurs in these same cellular 
compartments. This model, however, 
would need to take into account that not 
only the mRNAs be sequestered into spe-
cific cellular locales but that the associated 
ribosomes and translational machinery 
also be similarly colocalized.

Role of hnRNP E1  
as a Critical Mediator  

of Metastatic Progression

While EMT and metastatic progression 
has been shown to encompass a wide 

resulting in translational silencing.25 
This translational regulatory mechanism 
is based on discrete RNA-protein and 
protein-protein interactions. Interaction 
between eEF1A1 and hnRNP E1 is driven 
by their inherent and independent bind-
ing capacity to the ‘BAT’ RNA element.25 
Cumulatively, this allows for transcript-
specific translational silencing activity 
in mRNAs that harbor the 33-nucleo-
tide BAT element in their 3'-UTR.25 
Structural fidelity (identical 2° structure), 
rather than a conserved sequence homol-
ogy (different nucleotide sequences of 
Dab2 and ILEI BAT elements), of the 
BAT element is responsible for mediat-
ing this post-transcriptional regulation,15 
and mutations that alter the 2° structure 
of the BAT element impair the ability of 
both hnRNP E1 and eEF1A1 to bind and 
mediate translational silencing.15,25

Implications of hnRNP 
E1-Mediated Regulation  

of Metastatic Progression

Our findings are of significance in that 
they highlight a novel regulatory mecha-
nism for cancer progression and one that 
can ultimately provide a framework for 
the design of strategies and therapeutics 
selectively targeting the metastatic stage 
of tumorigenesis. Indeed, we demonstrate 
that knockdown of hnRNP E1 expression, 
and thus loss of translational silencing of 
EMT transcripts, in noninvasive breast 
epithelial cells not only induced EMT 
(Fig. 1B) but also enabled cells to form 
metastatic lesions (Fig. 1C). In allograftic 
tumor studies, hnRNP E1-knockdown 
cells readily formed large, slowly growing 
tumors. In contrast, normal mammary 
epithelial cells formed only tiny, regressing 
nodules. Moreover, we observed a down-
regulation of E-cadherin expression in 
hnRNP E1-knockdown-induced tumors, 
as well as upregulation of the EMT marker 
vimentin and strong expression of ILEI. 
Further, we showed that shRNA-mediated 
silencing of the EMT mRNA transcripts, 
Dab2 and ILEI, is sufficient to inhibit 
TGFβ-mediated EMT as analyzed mor-
phologically and by loss of the mesenchy-
mal markers N-cadherin and vimentin; 
whereas, overexpression of both Dab2 and 
ILEI is insufficient to induce constitutive 

plays an indispensable role in TGFβ-
induced EMT and metastasis. We initially 
identified a transcript-selective transla-
tional regulatory pathway in which a ribo-
nucleoprotein (mRNP) complex binds 
to a 33-nucleotides long 3'-UTR regula-
tory BAT (TGFβ activated translation) 
element and silences translation of Dab2 
and ILEI mRNAs, which are involved 
in mediating EMT.15 mRNPs are diverse 
macromolecular assemblies consisting of 
both protein and RNA components and 
modulate critical roles in the maturation 
of most RNAs and in the translation of 
mRNAs.23,24 hnRNP E1 was initially iden-
tified as a critical component of the BAT 
binding mRNP complex.15 We found that 
TGFβ activates a kinase cascade terminat-
ing in the phosphorylation of hnRNP E1, 
by isoform-specific stimulation of protein 
kinase Bβ/Akt2, inducing the release of 
the mRNP complex from the 3'-UTR 
element, in turn resulting in the reversal 
of translational silencing and increased 
expression of Dab2 and ILEI transcripts 
that mediates EMT (Fig. 1A).15

Our subsequent experiments have 
helped us identify eukaryotic elonga-
tion factor-1 A1 (eEF1A1) as the other 
functional component of the mRNP 
complex.25 The BAT element, hnRNP 
E1 and eEF1A1 form a ternary complex 
that mediates translational silencing at 
the translational elongation step. In non-
stimulated cells, which exhibit epithe-
lial characteristics, hnRNP E1 binds to 
eEF1A1 and blocks progression of the 
80S ribosome by preventing the release of 
eEF1A1 from the ribosomal A-site post-
GTP hydrolysis.25 In TGFβ-stimulated 
cells, which exhibit distinct mesenchymal 
properties, activated Akt2 phosphory-
lates hnRNP E1 at serine-43 residue and 
disrupts the mRNP complex, allowing 
eEF1A1-mediated translational elonga-
tion to proceed (Fig. 1A).15,25

The interaction between eEF1A1 and 
hnRNP E1 inhibits eEF1A1 release from 
the ribosomal A-site following hydrolysis 
of GTP; hence, eEF1A1-GDP remains 
locked on the ribosome, thereby prevent-
ing the subsequent translocation of the 
aminoacyl-tRNA to the peptidyl moiety 
of the growing peptide chain (Fig.  1).25 
The ribosome is therefore stalled at the 
eEF1A1-dependent elongation stage, 
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are similar and simply aberrantly reac-
tivated during metastasis remains to be 
determined.

Our data suggests that the hnRNP 
E1 translational pathway may in fact 
regulate a cohort of EMT and metasta-
sis mRNA transcript of which Dab2 and 
ILEI represent just two. This postulate is 
based on the fact that while their func-
tions are required, the combined expres-
sion of Dab2 and ILEI is not sufficient for 
mediating TGFβ-mediated EMT.15 In 
addition, while our findings suggest that 
the hnRNP E1-dependent translational 
regulatory mechanism is functionally 
significant in the metastatic progression 
of tumors, further studies are needed 
to determine whether this pathway is 
deregulated in cancer cells and tissues. 
Given the necessity of hnRNP E1 in the 
BAT mRNP complex, we speculate that 
expression levels and/or phosphorylation 
status of p-Akt2 and hnRNP E1, as well 
as the expression of Dab2 and ILEI, may 
be directly correlative with metastatic 
progression of tumors. Our work also 
suggests that in addition to, or super-
imposed upon, gene expression analyses, 
post-transcriptional mapping will be 
extremely useful for future interroga-
tion and correlation of genetic variance 
with predisposition to disease onset and 
progression.

Other interesting questions relating 
to the hnRNP E1-mediated translational 
mechanism are whether phosphorylation 
effects the subcellular localization or half-
life of hnRNP E1. Resolution of the crys-
tal structure of the phosphorylated form 
of hnRNP E1 will also lead to a clearer 
understanding of how post-translational 
modification attenuates hnRNP E1’s RNA 
binding potential. Further investigation is 
essential to unravel the signaling pathways 
regulating hnRNP E1 expression, turn-
over and function. It is highly probable 
that hnRNP E1’s different functions are 
specified and dictated by the topology of 
hnRNP E1 and/or its binding partners to 
a specific mRNA. Deciphering the vari-
ous hnRNP E1 complexes in vivo through 
a comprehensive integration of genetic, 
biochemical, molecular biology and struc-
tural analyses will shed further light and 
will perhaps give us a well-defined tool for 
therapeutic targeting.

continuum of alterations in epithelial 
plasticity in response to different stimu-
lus by cytokines, an important finding of 
our study is that a single factor, hnRNP 
E1, is responsible for silencing a TGFβ-
mediated EMT program. In fact, our 
observations also suggest that hnRNP E1 
might have a role in tumorigenesis per se. 
Previous reports suggest that this in fact 
may be the case, revealing that hnRNP E1 
plays a critical and well-defined role in car-
cinogenesis. Recently, it has been shown 
that hnRNP E1 translationally suppresses 
PRL-3 phosphatase and prevents meta-
static progression and that its overexpres-
sion causes Akt inactivation.22 hnRNP E1, 
along with hnRNP A1 and hnRNP D, has 
also been shown to form a heterotrimeric 
complex on telomeric repeats,31 indicative 
of its involvement in the maintenance of 
telomeric length that has been shown to 
play a role in oncogenic transformation.32 
Downregulation of hnRNP E1 expression 
is also required for human papillomavi-
rus (HPV) proliferation and subsequent 
incidence of cervical carcinoma from cer-
vical dysplasia.33 hnRNP E1, hnRNP K 
and the Sm family protein FUS/TLS are 
intricate constituents of spreading ini-
tiation centers (SICs), macromolecular 
complexes of RNPs required for initiation 
of cell spreading during metastatic pro-
gression.34 In these studies, attenuation 
of hnRNP E1 by neutralizing antibodies 
was shown to stimulate cell spreading,34 
corroborating our cellular analyses dem-
onstrating that hnRNP E1 knockdown 
mediates increased cellular migration and 
invasiveness.15,25 Cellular reprogramming 
has also been associated with a decrease in 
the expression of hnRNP E1 in carcinoma 
CNE-2 cells35 and in mouse embryonic 
stem cells.36

Concluding Remarks

It is becoming increasingly clear that 
EMT and tumorigenesis is mediated by an 
interplay of transcriptional and post-tran-
scriptional programs. As during devel-
opment, when translational regulatory 
mechanisms activate maternally inherited 
mRNAs to mediate embryogenesis, it 
appears that EMT and metastasis may be 
similarly regulated. Whether these regula-
tory pathways are distinct or whether they 
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