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Abstract

The TGFβ signaling pathway is a critical regulator of cancer progression in part through induction 

of the epithelial to mesenchymal transition (EMT). This process is aberrantly activated in cancer 

cells, facilitating invasion of the basement membrane, survival in the circulatory system, and 

dissemination to distant organs. The mechanisms through which epithelial cells transition to a 

mesenchymal state involve coordinated transcriptional and post-transcriptional control of gene 

expression. One such mechanism of control is through the RNA binding protein hnRNP E1, which 

regulates splicing and translation of a cohort of EMT and stemness-associated transcripts. A 

growing body of evidence indicates a major role for hnRNP E1 in the control of epithelial cell 

plasticity, especially in the context of carcinoma progression. Here, we review the multiple 

mechanisms through which hnRNP E1 functions to control EMT and metastatic progression.
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1. Introduction

The TGFβ signaling pathway has a dual function as both a tumor-suppressor and enhancer, 

contingent on the stage of tumorigenesis [1, 2]. In normal cells and during early tumor 

initiation, TGFβ signaling acts to inhibit growth by cell-cycle arrest; in contrast, this 

signaling pathway functions as a critical driver of progression in advanced cancers. In this 

setting, TGFβ signaling induces migration and invasion of cancer cells and modulates the 

tumor microenvironment promoting the process of metastasis, where cells spread from the 

primary tumor to secondary sites. Malignant progression is facilitated through the induction 
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of the epithelial to mesenchymal transition (EMT), a process aberrantly activated in 

epithelial cancers which leads to a more motile invasive phenotype associated with 

metastatic spread [3, 4]. Here, we provide an overview of the regulatory mechanisms that 

coordinately control the process of EMT, focusing on one important downstream effector of 

TGFβ-induced EMT, the RNA binding protein hnRNP E1. This factor regulates EMT, 

cancer cell stemness and metastatic progression through the post-transcriptional regulation 

of EMT and metastasis-associated genes [5–8]. The multiple functions of hnRNP E1 in 

RNA processing and translation, as well as specific examples of hnRNP E1 targets will be 

discussed in this review.

2. Regulation of EMT and stemness by TGF-β signaling

TGFβ ligand acts through the type I and type II TGFβ receptors to activate the canonical 

Smad2/3 and non-canonical MAPK, RhoA and AKT signaling pathways regulating diverse 

processes such as proliferation, survival, differentiation and EMT [9, 10]. EMT normally 

occurs during embryonic development (Type 1 EMT); during fibrosis, wound healing and 

tissue regeneration (Type 2 EMT), and is thought to be aberrantly activated during cancer 

metastasis (Type 3 EMT) [11, 12]. The mesenchymal phenotype is characterized by a loss of 

cell-cell contacts and apical-basal polarity and a reorganization of actin, intermediate 

filament and tubulin cytoskeleton network [13]. In cancer, this transition is associated with a 

gain in migratory and invasive ability, enhanced chemo-resistance, and immune-suppression 

[3, 14]. The induction of EMT is also associated with cancer stemness, where cells exhibit 

self-renewal properties, which is thought to occur through the reactivation of embryonic 

signaling [15, 16]. These cancer stem cells (CSCs) may drive not only metastatic growth but 

also facilitate cancer recurrence and chemo- and radio-resistance [17]. TGFβ initiates EMT 

and the associated cancer stem cell phenotype through a variety of mechanisms, including 

changes at the level of transcription as well as post-transcriptional regulation through non-

coding RNAs and RNA binding proteins.

2.1 Transcriptional regulation of EMT and stemness

At the transcriptional level, the epithelial to mesenchymal transition is induced through a 

number of critical transcription factors including the zinc finger transcriptional repressors 

ZEB1, ZEB2, Snail1 and Slug, the bHLH factors Twist and E47 and the kruppel-like factor 

KLF8 [4, 18]. These transcription factors directly regulate the expression of epithelial genes 

such as E-Cadherin, Occludin and ZO1 and mesenchymal genes such as N-Cadherin and 

Fibronectin. In addition, pluripotency factors, reactivated by TGFβ–induced EMT, include 

SOX2, Nanog, Oct4, KLF4 and BMI1 that regulate transcription of genes involved in the 

CSC phenotype [19]. Transcriptional regulation of EMT and stemness properties in a cancer 

setting have been reviewed extensively in the literature, therefore, we refer the reader to 

recent reviews on these topics [3, 4, 18, 20].

2.2 Post-transcriptional regulation by non-coding RNAs

Post-transcriptional mechanisms of EMT regulation involve a cohort of EMT-associated 

non-coding RNAs including long non-coding RNAs (lncRNAs) and microRNAs (miRNAs). 

Highly conserved miRNAs (~21–25 nucleotides in size), bind to specific sequences called 
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MREs (miRNA Recognition Elements) mainly located at the 3′-untranslated region 

(3′UTR) of target mRNAs, leading to loss of mRNA stability or translational inhibition. 

miRNAs can control EMT by inhibiting TGFβ signaling by targeting TGFβ receptor II 

(mir-204, −302, −372), and by directly repressing epithelial genes such as E-cadherin 

(miR-9) and the mesenchymal genes Vimentin (miR-138) and N-cadherin (miR-194) [21–

24]. In addition to these targets, miRNA-mediated repression of transcription factors is a 

major mechanism of EMT control. One of the best characterized miRNA:mRNA interaction 

in EMT involves the miR-200 family (miR-200f), clustered within two loci of 

miR-200b~miR-200a~miR-429 and miR-200c~miR-141 [25]. These miRNAs regulate ZEB 

protein expression acting in a double-negative feedback loop to control the mesenchymal 

transition [26–28]. In this loop, ZEB1 transcriptionally represses the expression of miR-200 

family members which target both ZEB1 and ZEB2 transcripts at their 3′UTR; the 

consequent up-regulation of ZEBs leads to the repression of E-cadherin. The transcription 

factors Snail1 and Slug are also targeted by several miRNAs including mir-29b, −30a and 

−124, with double-negative feedback loops described between miR-34/miR-203 and Snail1 

and between miR-1/miR-200b and Slug [29–35]. In addition, Twist is targeted by miR-300 

[36]. Cancer cell stemness is also regulated post-transcriptionally by miRNAs; examples of 

such regulation include miR-200c repression of the stem cell self-renewal factor BMI-1 [37] 

and miR-600 regulation of Wnt signaling via stearoyl desaturase which is required to 

produce active, lipid-modified Wnt proteins [38].

Recently, several lncRNAs have been shown to play a role in the process of EMT. These 

non-protein coding RNAs are typically larger than 200 nucleotides and can regulate 

numerous process such as transcription, splicing, mRNA stability and translation [39]. One 

such lncRNA is the Metastasis Associated Lung Adenocarcinoma Transcript 1 (MALAT1), 

which regulates the transcription and splicing of a cohort of metastasis-associated genes [40, 

41]. In contrast, lncRNA HOTAIR controls chromatin state by acting as a scaffold for 

polycomb repressive complex 2 (PRC2) and lysine-specific demethylase 1 (LSD1) leading 

to alterations in H3K27 methylation patterns [42]. This function of HOTAIR can regulate 

EMT and metastatic progression through interaction with factors such as Snail and the 

poycomb group member EZH2, promoting Snail mediated repression of E-cadherin and 

other epithelial genes [43]. One additional example of lncRNA mediated regulation of EMT 

is lncRNA-activated by TGFβ (lncRNA-ATB) which is up-regulated upon TGFβ and acts as 

a sponge for the miR-200 family thereby increasing ZEB1/2 expression and EMT induction 

[44]. Thus, lncRNAs are a class of post-transcriptional regulators that act to modulate the 

mesenchymal transition through diverse mechanisms.

2.3 Post-transcriptional regulation by RNA binding proteins

RNA binding proteins are important post-transcriptional regulators of EMT and the 

associated metastatic phenotype, which act as modulators of RNA splicing, stability, 

localization and translation. Several well characterized splicing effectors promote the 

epithelial phenotype, including the epithelial splicing regulatory protein paralogues, ESRP1 

and 2. These proteins are down-regulated by TGFβ and control alternative splicing of EMT-

associated transcripts by binding to UGG-rich motifs present downstream of included exons 

[45, 46]. Transcripts spliced by ESRP1/2 function in cell adhesion, motility and the 
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maintenance of the actin cytoskeleton and adherens junctions, all pathways that are altered 

during EMT [46, 47]. One additional splicing regulatory factor that promotes the epithelial 

phenotype is K-Homology Splicing Regulatory Protein, KHSRP. This factor attenuates 

TGFβ-induced EMT through a number of mechanisms including regulation of miR-192–5p, 

a ZEB1/2 and Snail1 targeting miRNA [48]. Additionally, KHSRP controls alternative 

splicing of pre-mRNAs that function in cell adhesion and migration, including FGFR2; 

KHSRP silencing generates the mesenchymal isoform of FGFR2 known as FGFR2 IIIc [48]. 

Mesenchymal-promoting splicing regulators include SRSF1, rbFOX2 and Muscleblind 

(MBNL1). The serine/arginine-rich splicing factor, SRSF1, alters the alternative splicing of 

transcripts including Ron, activating expression of the mesenchymal ΔRon isoform [49, 50]. 

This isoform, lacking exon 11, induces EMT and promote cell motility [50]. In contrast, 

rbFOX2 regulates exon inclusion in mesenchymal cells through the recognition of the 

consensus sequence (U)GCAUG [51], which may control the invasive ability of transitioned 

cells [52]. Furthermore, rbFOX2 and MBNL1 have been shown to regulate pluripotent stem 

cell differentiation, with silencing of these factors reducing expression of Twist and N-

cadherin and increasing expression of E-cadherin in human embryonic stem cells [53], such 

regulation of EMT associated factors may be activated in cancer cells.

In addition to the splicing factors mentioned above, the heterogeneous ribonucleoprotein 

family of proteins contains approximately 20 members termed hnRNP A-U and plays a key 

role in the regulation of EMT induction. The majority of these proteins contain canonical or 

variant RNA recognition motif (RRM) domains with the exception of hnRNP E and K 

proteins which contain K-homology (KH) domains [54]. These RNA binding proteins have 

been shown to regulate transcription, RNA processing and translation to promote either an 

epithelial or a mesenchymal phenotype. Promoters of the mesenchymal phenotype include 

hnRNP M and hnRNP AB. Silencing of hnRNP M prevents TGFβ induced EMT and 

inhibits metastasis in breast cancer cells, the activity of hnRNP M is blocked in epithelial 

cells by ESRP1 binding to alternatively spliced transcripts [55]. Similarly, hnRNP AB 

promotes EMT and metastatic progression by binding to the Snail1 promoter, leading to 

increased Snail1 transcription and consequently a reduction in E-cadherin expression [56]. 

Regulators of the epithelial phenotype include hnRNP A1, which regulates alternative 

splicing of Ron and Rac1 pre-mRNA, inhibiting the generation of the mesenchymal form of 

these proteins, known as ΔRon and Rac1b [57, 58]. The hnRNP member hnRNP E1, which 

regulates the epithelial phenotype, will be the focus of the remainder of this review. hnRNP 

E1’s role as an important regulator of EMT and metastatic progression will be discussed, as 

well as the multiple distinct mechanisms, including alternative splicing and translational 

repression, through which this RNA binding protein functions.

3. hnRNP E1 as a downstream effector of TGF-β signaling

hnRNP E1 (PCBP1 or αCP1) is a member of the hnRNP E family consisting of hnRNP E1, 

E2, E3 and E4 which contain three nucleic acid-binding K homology (KH) domains [59]. Of 

these proteins, hnRNP E1 and E2 are the most abundant and share the highest degree of 

sequence homology; hnRNP E1 is an intronless gene and is thought to be a retro 

transposition of hnRNP E2 [59, 60]. Despite their similarity, however, hnRNP E1 and E2’s 

function appear to be non-redundant with hnRNP E1 knockout being embryonic lethal at the 
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peri-implantation stage in mice, whereas hnRNP E2 remain viable until mid-gestation [61]. 

In addition to the three KH domains of hnRNP E1 [59], this RNA binding protein contains a 

nuclear localization signal between KH II and KH III [62], which controls localization to 

either the cytoplasm or nucleus.

hnRNP E1 functions in diverse cellular processes, playing a role in embryonic development 

through the translational regulation of maternal RNAs in oocytes [63, 64], and controlling 

muscle development through its role in miRNA processing [65]. hnRNP E1 also regulates 

erythropoiesis via its function as an iron chaperone, facilitating the transfer of iron to ferritin 

in erythroid cells and its role as a translational regulator of 15-lipoxygenase (LOX) during 

erythroid cell differentiation [66, 67]. Additionally, hnRNP E1 modulates cellular responses 

to hypoxia and folate deficient conditions. In response to hypoxia, hnRNP E1 dissociates 

from the 3′UTR of endothelial nitric oxide synthase (eNOS) mRNA reducing its stability 

and leading to its degradation [68]; whereas, hnRNP E1 maintains folate homeostasis by 

interacting with a C-rich element in the 5′UTR of folate receptor α mRNA. Under folate 

deficient conditions, hnRNP E1 translationally up-regulates this transcript leading to an 

increase of cell surface folate receptors which promotes folate up-take [69, 70]. Numerous 

studies have linked hnRNP E1 to the process of tumorigenesis and metastasis, demonstrating 

that hnRNP E1 acts as a tumor suppressor in several cancer types [5, 7, 8, 71, 72]. Silencing 

of hnRNP E1 results in the transition of cells to a mesenchymal phenotype, an increase in 

cell motility and invasiveness, and the promotion of tumor formation and distant metastases 

[5, 6, 8]. In addition, loss of hnRNP E1 has been linked to the acquisition of cancer stem 

cell-like properties, with hnRNP E1 down-regulation observed in CD44+CD24− populations 

of cells, which exhibit enhanced tumor initiating properties [73].

hnRNP E1 functions in a number of mRNA regulatory processes including transcription [74, 

75], splicing [7, 74, 76, 77] and translation [6, 8, 69, 78], interacting with RNAs through CU 

rich regions such as the differentiation control element (DICE) and the TGFβ activated 

translation (BAT) element [5, 67]. Several studies have shown that activity of this protein is 

regulated through phosphorylation at a number of sites including S43, T60 and T127. Our 

laboratory has shown that the interaction of hnRNP E1 with elongation factor 1α1 in 

epithelial cells represses the translation of a cohort of mesenchymal-associated transcripts 

containing a 3′-UTR CU-rich element [5]. TGFβ activates Akt2 which phosphorylates 

hnRNP E1 on serine 43 leading to the release of this RNA binding protein from 

translationally silenced transcripts. In addition, p21-activated kinase 1 (PAK1) mediated 

phosphorylation at T60 and T127 has been shown to induce hnRNP E1 nuclear localization 

which is thought to be a major regulator of function leading to a switch from translational 

control to transcriptional and splicing regulation [7, 74]. This mechanism of hnRNP E1 

regulation is activated during hypoxia as well, which induces an increase in Akt 

phosphorylation and nuclear localization of hnRNP E1 leading to decreased eNOS mRNA 

stability [68]. An overview of the post-transcriptional mechanisms through which hnRNP E1 

regulates target transcripts involved in EMT and cancer progression will be discussed in the 

three sections below; control of alternative splicing, alternative polyadenylation, and 

translational regulation.
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3.1 Control of alternative splicing by hnRNP E1

The process of splicing intronic sequences from mRNA is tightly regulated by four splicing 

elements; the 5′ splice site, branch site, polypyrimidine tract and an AG at the 3′ splice site. 

The role of hnRNP E1 in regulating splicing activity has been highlighted in recent work 

demonstrating extensive regulation of alternative splicing events via this RNA binding 

protein. RNA seq data has demonstrated that the majority of alternative splicing events 

induced by TGFβ/EGF treatment in HeLa cells are hnRNP E1 dependent [7]. Moreover, in a 

separate study silencing of hnRNP E1/2 in K562 cells resulted in spicing alterations of 

transcripts involved in cell death/survival, cell cycle and cell growth and proliferation [77]. 

hnRNP E1 appears to regulate alternative splicing through its interaction with splicing 

factors, such as U2AF which binds to the downstream 3′ splice site [7, 74], SF3B2 and 

U2AF65 which bind to the polypyrimidine tract [77] and the U2AF65 interacting protein 

RBM39 [74, 79]. Three characterized alternatively spliced transcripts regulated by hnRNP 

E1 are GHR [80], CD44 [7], and PNUTS [76]; both CD44 and PNUTS have a role in EMT 

and regulation of these transcripts will be discussed in more detail.

hnRNP E1 has been shown to regulate alternative splicing of the stemness-associated 

glycoprotein CD44. This transmembrane protein acts as a receptor for Hyaluronan, a 

component of the extracellular matrix, through interaction with an N-terminal extracellular 

domain, whereas, the cytoplasmic domain of CD44 interacts with factors such as Ankyrin 

and ERM proteins [81]. CD44 has 20 exons and alternative splicing regulates its function in 

cell adhesion, migration, proliferation and cancer cell stemness. Exons 1–5 and 16–20 are 

included in all splice variants, whereas exons 6–15 are alternatively spliced to generate 10 

different variants of CD44. The standard form of CD44 (CD44s) excludes all variable exons, 

and a switch from variant forms of CD44 to CD44s is important for EMT induction, 

invasion and metastatic progression [7, 82, 83]. This pro-mesenchymal function of CD44s 

may be due to its role in invadopodia activity and as an activator of Akt signaling in TGFβ 
treated cells [82, 84]. In TGFβ and EGF stimulated cells, a shift from the epithelial variant 

of CD44 which includes exon 8–10 to the mesenchymal form CD44s is observed. This shift 

is hnRNP E1-dependent, where phosphorylated hnRNP E1 accumulates in the nucleus in a 

complex with T-179 phosphorylated SMAD3 which interacts with the variable exon region 

of CD44, leading to expression of CD44s [7].

More recently, we demonstrated that hnRNP E1 regulates the alternative splicing of protein 

phosphatase-1 nuclear targeting subunit (PPP1R10 or PNUTS) pre-RNA. The hnRNP E1 

protein binds to a BAT-like element located near the 5′ end of exon 12, masking an 

alternative splice site located downstream of the canonical splice junction of the exon. The 

direct binding of hnRNP E1 to this alternative splice site prevents its usage and allows for 

the generation of PNUTS mRNA, which is in turn translated into PNUTS protein. TGFβ 
treatment, hnRNP E1 silencing or nucleo-cytoplasmic translocation results in loss of hnRNP 

E1 binding to the PNUTS pre-RNA and consequently permits alternative splicing and the 

generation of an lncRNA form of PNUTS. This novel lncRNA contains seven binding sites 

for miR-205, acting as a sponge to attenuate activity of this ZEB1/2-targeting miRNA. 

PNUTS lncRNA mediated repression of miR-205 activity results in increased ZEB protein 

expression and reduced E-cadherin levels which promote EMT induction. Additionally, 
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expression of this lncRNA enhances cancer cell stemness and metastatic progression in 

breast cancer cells [76].

3.2 hnRNP E1 and alternative polyadenylation

The addition of a poly (A) tail to the 3′UTR of mRNA is a regulatory mechanism to control 

mRNA stability and translation [85]. 3′ processing is determined by the presence of a 

polyadenylation signal (PAS), typically AAUAAA, which is located 10–30 nucleotides 

upstream of the cleavage site. The polyadenylation specificity factor (CPSF) complex binds 

to this site, whereas the cleavage stimulation factor (CstF) complex recognizes and binds to 

a GU/U-rich region within 30 nucleotides 3′ of the cleavage site termed the GU/U DSE. 

Following cleavage, a poly (A) tail is added by poly(A) polymerase which recruits the 

poly(A) binding proteins nuclear PABPN1 and cytosolic PABPC. Alternative 

polyadenylation sites are present in a large percentage of mRNA and acts as a level of post-

transcriptional regulation. Global 3′UTR shortening and lengthening are reported in 

response to physiological and development cues [86], for example, global 3′UTR shortening 

is observed in highly proliferative cells and during tumorigenesis [87]. 3′UTR length affects 

the number of RNA binding protein and miRNA binding sites on a given mRNA, and thus is 

a mechanism to regulate transcript stability and translation.

A role for hnRNP E1 in the regulation of alternative polyadenylation has been reported in 

several studies. Depletion of hnRNP E1/E2 in K562 cells affects alternative polyadenylation 

events; a C-rich motif upstream of the PAS was significantly enriched in mRNAs impacted 

by hnRNP E1/E2 silencing [85]. A second study using a reporter based RNAi screen for 

alternative polyadenylation demonstrated PABPN1’s role in this process and identified 

PCBP1 as the second highest hit in the screen, suggesting the hnRNP E1 may function as a 

global modulator of PAS usage [88]. The mechanism through which hnRNP E1 modulates 

polyadenylation is yet to be defined; however, this mechanism may be similar to that 

described for the hnRNP E2 target α-globulin. hnRNP E2 controls α-globulin 3′UTR 

cleavage and polyadenylation through interaction with a C-rich motif upstream of the PAS. 

Interaction between components of the 3′ processing machinery and hnRNP E2, as 

determined by co-immunoprecipitation studies, identified CPSF160, CPSF100 and CPSF3, 

which are all part of the CPSF complex that recognizes the PAS, in addition to poly(A) 

polymerase [89]. The regulation of polyadenylation by hnRNP E1 may act through a similar 

mechanism via cleavage and polyadenylation complex interactions.

3.3 Translational regulation via hnRNP E1

One mechanism through which hnRNP E1 acts to control the process of EMT and metastatic 

progression is via the translational repression of transcripts that contain C-rich elements in 

either their 5′ or 3′UTR. These transcripts have a role in the transition from epithelial to 

mesenchymal phenotype or in the enhanced cell migration and invasion associated with 

mesenchymal cells.

3.3.1 Regulation of EMT induction—Transcripts shown to be necessary for the 

induction of EMT include interleukin-like EMT inducer (ILEI) and disabled-2 (Dab2) which 

are translationally up-regulated following TGFβ treatment in an hnRNP E1 dependent 
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manner. In epithelial cells, hnRNP E1 represses translation by binding to a BAT element in 

the 3′UTR of these transcripts. TGFβ treatment results in S43 phosphorylation of hnRNP 

E1 and loss of hnRNP E1 binding, leading to translational activation of these genes [6]. 

Silencing of either of these factors attenuates the mesenchymal transition in epithelial cells.

The cytosolic adaptor Dab2 plays a role in protein trafficking and clathrin-mediated 

endocytosis. This protein is essential for the formation of the primitive endoderm, an 

epithelium which is formed during early embryonic development, with Dab2 regulating E-

cadherin distribution, epithelial polarity and surface positioning in endodermal cells [90–92]. 

The mechanisms through which Dab2 modulates EMT in cancer involves interaction with 

TGFβ receptor complex to control Smad activation and through the inhibition of Wnt 

signaling via Dvl-3 and LRP6 [93, 94]. Additionally, Dab2 has been shown to interact with 

β1 integrin at the cell membrane, controlling integrin activation and cell adherence during 

EMT [95].

The secreted protein ILEI plays a role in diverse processes such as bone morphogenesis and 

retinal development [96–98], and is linked to diseases such as Alzheimer’s, type 2 diabetes 

and cancer [99–101]. Several studies have linked ILEI to EMT induction, metastatic 

progression and poor prognosis in cancers such breast, pancreatic, colorectal and melanoma 

[101–106]. The mechanisms through which ILEI promotes EMT and metastasis during 

cancer progression are yet to be clearly defined; studies suggest that ILEI dimerizes through 

a covalent domain swap and it is the dimeric form of this protein that is active [107]. 

Moreover, cleavage of a 17 amino acid N-terminal pro-peptide domain and secretion of ILEI 

appear to be important for the pro-metastatic function of this protein [108]. Furthermore, in 

breast cancer, uPAR signaling is reported to promote ILEI secretion [108]. Several signaling 

pathways have been shown to be potential mediators of ILEI function; PDGF signaling may 

contribute to the metastatic progression of ILEI expressing cells in liver carcinoma. Whereas 

in melanoma, Jun signaling may contribute to ILEI function in metastatic progression [105]. 

Further research is required to elucidate the signaling pathways through which this ligand 

acts.

3.3.2 Regulation of the migratory and invasive ability of transitioned cells—
Several translationally regulated targets of hnRNP E1 function in pathways which promote 

cell migration and invasion and in turn metastatic progression, this set of transcripts include 

inhibin βA, L1CAM, PRL-3 and Moesin. Inhibin βA is a member of the TGFβ superfamily 

that includes TGFβ, activins and BMP, which signals through the Smad pathway. This 

transcript interacts directly with hnRNP E1 and is translationally up-regulated following 

TGFβ treatment via hnRNP E1, leading to increased levels of the inhibin βA homodimer, 

Activin A. Although Activin A acts through the same Smad2/3 pathway as the EMT-inducer 

TGFβ, this ligand is not capable of inducing EMT itself, nor does it enhance the transition 

induced by TGFβ. However, upregulation of this ligand does promote the invasive 

phenotype of mesenchymal cells, thus increasing the metastatic progression of cells that 

undergo an EMT [109].

Phosphatase of regenerating liver-3 (PRL-3) has been shown to drive cancer progression in 

numerous cancers, promoting cell migration, invasion and metastatic progression [110]. 
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PRL-3 functions through the modulation of several different pathways that include the 

downregulation of c-Src tyrosine kinase (Csk) leading to Src activation [111], increasing 

ERK1/2 and MMP2 activity [112], regulation of the ERM family member Ezrin [113] 

hyper-activation of EGFR [114] and downregulation of PTEN expression to activate Akt 

signaling [115], which contributes to EMT induction [111, 115]. hnRNP E1 suppresses 

translation of this transcript via interaction with a triple GCCCAG motif in the 5′UTR, 

leading to modulation of cancer progression [8]. Whether this interaction between hnRNP 

E1 and the PRL-3 5′UTR is sensitive to TGFβ or EGF signaling has yet to be tested, we 

postulate that the shift of hnRNP E1 localization to the nucleus following TGFβ and EGF 

signaling may lead to translational up-regulation of PRL-3, similar to other hnRNP E1 

translationally-regulated transcripts, such regulation may act as a positive feedback to 

promote the switch to hnRNP E1 splicing events via PRL-3 dependent up-regulation of Akt 

signaling.

The actin-binding protein moesin, which is part of the ezrin-radixin-moesin family, is 

translationally silenced by hnRNP E1 in naive CD4+ T cells [116]. This repression is 

relieved by TGFβ treatment facilitating the differentiation of Th0 cells to in vitro-induced 

Tregs (iTregs). In this model, active translation of moesin was observed in iTregs, 

concomitant with loss of hnRNP E1 interaction with the moesin transcript. Functionally, 

moesin promoted TGFβ signaling in iTregs through TGFβ RII stabilization at the cell 

membrane, thus modulating Treg differentiation and immune suppression. The role of 

hnRNP E1 in modulating moesin expression specifically during EMT induction has yet to be 

characterized; however, it is tempting to speculate the translational control of this protein 

occurs during TGFβ induced EMT. Previous studies have reported an upregulation of ezrin-

radixin-moesin proteins with EMT induction, with moesin functioning in actin cytoskeleton 

remodeling to promote cell invasion in breast cancer [117]. High expression of Moesin and 

reduced relapse-free survival and overall survival in cancer has also been described [118–

120]; therefore a better understanding of hnRNP E1-mediated control of moesin in a cancer 

setting is warranted.

Finally, data demonstrating binding of hnRNP E1 to a DICE element in the 3′UTR of L1 

cell adhesion molecule (L1CAM) suggests that this transcript is also translationally 

regulated by hnRNP E1. This transmembrane glycoprotein is a member of the 

immunoglobulin (Ig) superfamily, which interacts with other L1CAM molecules, receptor 

tyrosine kinases and integrins through six Ig-like and five fibronectin-like domains. L1CAM 

is overexpressed in several cancers and is linked to the induction of migration, invasion and 

metastatic progression through its role in integrin and ERK signaling. L1CAM has been 

shown to be transcriptionally up-regulated via Slug following TGFβ treatment [121]. 

However, this glycoprotein is also regulated at the level of translation. Similar to the 

mechanism of Akt2-mediated translational activation of BAT-containing transcripts, PAK1 

phosphorylation of hnRNP E1 at T60 and T127 leads to loss of binding to L1CAM [74]. 

This mechanism of translational regulation may be important during TGFβ-induced EMT to 

rapidly up-regulate L1CAM and promote the mesenchymal phenotype.
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4. Concluding remarks

The tumor-suppressor hnRNP E1 is a downstream effector of the TGFβ signalling pathway 

that post-transcriptionally regulates a cohort of transcripts involved in EMT, invasion and 

cancer cell stemness. Owing to the role of TGFβ signalling and hnRNP E1 in metastatic 

progression, this pathway is a promising candidate for therapeutic intervention, as current 

treatment strategies for systemic metastatic disease lack sufficient efficacy in prolonging 

patient survival.

Currently, several TGFβ signalling inhibitors are under investigation for the treatment of 

advanced cancer, including the monoclonal antibody Fresolimumab and the TGFβ receptor 

kinase inhibitor Galunisertib [122–124]. In combination with such approaches, blockade of 

hnRNP E1’s metastasis-promoting functions through the inhibition of Akt and Pak1 

signalling may be an effective strategy to attenuate cancer progression. The link between this 

RNA binding protein and the cancer stem cell phenotype may also be targeted in this 

approach to control the tumor initiating ability of cells that is linked to recurrence and 

chemo-resistance. Additional characterization of hnRNP E1 function and regulation in 

metastatic cancer, as well as the function of this EMT regulator in the stromal compartment 

of tumors is merited.
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Figure 1. 
hnRNP E1 functions as a post-transcriptional regulator of EMT and cancer progression by 

controlling RNA splicing, polyadenylation and translation through its interaction with C-rich 

cis elements in target RNAs. Phosphorylation of hnRNP E1 at serine 43 by Akt2 leads to its 

release from transcripts under transcriptional control in the cytoplasm. Furthermore, 

phosphorylation at sites, including T60 and T127 by PAK1, induces the nuclear localization 

of hnRNP E1 which facilitates a switch from translational control to alternative splicing 

regulation. In the nucleus, hnRNP E1 functions as a regulator of alternative splicing of 

transcripts including CD44 and PNUTS and can also regulate alternative polyadenylation by 

binding to C-rich sequences in the 3′UTR of target mRNA. PAS=polyadenylation signal.
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