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ABSTRACT

Heterogeneous nuclear ribonucleoproteins (hnRNPs) comprise a family of RNA-binding proteins. The complexity and diversity
associated with the hnRNPs render them multifunctional, involved not only in processing heterogeneous nuclear RNAs
(hnRNAs) into mature mRNAs, but also acting as trans-factors in regulating gene expression. Heterogeneous nuclear
ribonucleoprotein E1 (hnRNP E1), a subgroup of hnRNPs, is a KH-triple repeat containing RNA-binding protein. It is encoded
by an intronless gene arising from hnRNP E2 through a retrotransposition event. hnRNP E1 is ubiquitously expressed and
functions in regulating major steps of gene expression, including pre-mRNA processing, mRNA stability, and translation. Given
its wide-ranging functions in the nucleus and cytoplasm and interaction with multiple proteins, we propose a post-
transcriptional regulon model that explains hnRNP E1’s widespread functional diversity.
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INTRODUCTION

Research over the last two decades has generated a growing
appreciation of the importance of gene regulatory processes
at the post-transcriptional level (mRNA processing, mRNA
stability and turnover, and translation). Nearly all of the
mechanistic pathways discovered for such regulation involve
the binding of proteins to coding or untranslated regions
(UTRs) of mRNAs. Major questions that are being actively
addressed are how RNA-binding proteins recognize specific
RNA sites, what effects they have on RNA structure and
processing dynamics, and how they regulate different func-
tions. Often, these RNA-binding proteins, as is the case with
the heterogeneous nuclear ribonucleoproteins (hnRNPs), are
multifunctional, involved not only in processing heteroge-
neous nuclear RNAs (hnRNAs) into mature mRNAs, but
also acting as trans-factors in regulating gene expression
(Dreyfuss et al. 1993).

Based on high-affinity and sequence-specific RNA in-
teraction, the hnRNPs have been categorized into defined

groups (Dreyfuss et al. 1993). The poly(C)-binding pro-
teins (PCBPs) are one such subgroup. PCBPs comprise two
subsets, the hnRNPs K/J and the hnRNP E (1-4) (also
referred to as a-CPs or PCBP 1-4) (Matunis et al. 1992;
Makeyev and Liebhaber 2002). PCBPs in general have been
extensively reviewed (Bomsztyk et al. 1997; Ostareck-
Lederer et al. 1998; Makeyev and Liebhaber 2002). Herein,
we provide a brief overview of the hnRNP family of
proteins and subsequently focus specifically on hnRNP
E1. We discuss its origin, structure, functional diversity,
targets, and protein partners and summarize its multifunc-
tional roles in maintaining cellular homeostasis during
differentiation and cancer progression.

hnRNP FAMILY

Definition

In eukaryotic cells, nascent transcripts that are produced by
RNA polymerase II undergo extensive processing before
a functional mRNA is produced. These mRNA precursors
are referred to as heterogeneous nuclear ribonucleic acids
(hnRNAs), a historical term that refers to their size, het-
erogeneity, and cellular location, and is often used in-
terchangeably with pre-mRNA (Dreyfuss et al. 1993). It
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must be added, however, that only a subset of hnRNAs
serves as actual precursors to mRNAs, and the functions of
the remainder is still unclear (Dreyfuss et al. 1993). From
the moment hnRNAs are produced by RNA polymerase II
and until their maturation into mRNAs, the hnRNAs are
associated with proteins in large complexes (Gall 1956).
Collectively, these hnRNA-binding proteins are termed
hnRNP proteins (Dreyfuss et al. 1993).

hnRNP proteins are multifunctional: Along with other
RNP proteins, they participate in pre-mRNA processing
such as splicing and are important determinants of mRNA
export, localization, translation, and stability (Dreyfuss
et al. 2002). Many of the hnRNP proteins remain associated
with the mRNA as it is transported, through nuclear pores,
to ribosomes, hence undergoing constant nuclear–cytoplas-
mic shuttling (Dreyfuss et al. 2002). The hnRNP complex is
highly dynamic; it is successively remodeled through the loss
or acquisition of hnRNP proteins and other proteins as
a consequence of specific processes. From its initial pro-
duction, the hnRNP complex is modified at every step along
the pathway of mRNA biogenesis until it emerges into an
mRNP complex, ready to engage the mRNA turnover and
translation machinery. The interaction and processing of the
hnRNA with hnRNP proteins, as well as other RNA-binding
proteins, creates what has been classically termed the
‘‘mRNP code’’ (Singh and Valcarcel 2005), in which the
protein composition of the complex reveals its specificity
and cytoplasmic fate. The mRNP code is only a predicted
model system and perhaps does not represent its actual
existence within the cell.

Discovery

Evidence for the existence of an hnRNP complex began to
emerge following the examination of lampbrush chromo-
somes in amphibian oocytes (Gall 1956). Electron micro-
graphs of these chromosomes revealed loops, which consisted
of particles connected by thin strands. The interconnecting
strands were subsequently shown to be hnRNA, and the
particles were shown to be RNPs (Sommerville and Scheer
1981). The use of improved chromosome spreading tech-
niques revealed a ‘‘beads-on-a-string’’ conformation for
hnRNP complexes that were similar to the model for the
packaging of DNA by histones (Miller and Bakken 1972).
Biochemical characterization of nuclear RNPs appeared to
support the existence of an hnRNP complex in vivo
(Samarina et al. 1966). They identified a nuclear hnRNP
complex sedimenting at 30S that was composed of rapidly
labeled RNA and protein. Due in part to the instability of the
RNA component, it was hypothesized that the RNA species
in this particle was pre-mRNA. The name ‘‘informofers’’ was
given to these 30S particles. These structures were postulated
to transmit information from the nucleus to the cytoplasm
and were thought to be composed of a single protein
migrating at z40 kDa bound to z500 nucleotides (nt) of

RNA (Samarina et al. 1968). The unstable nature of the RNP
complexes led to the proposal that these 30S particles were
the remnants of a large complex. Treatment of nuclear
extracts with ribonuclease inhibitors shifted the sedimenta-
tion value of the complex from a homogeneous 30S particle
to a heterogeneous distribution of particles ranging from 30S
to z200S (Samarina et al. 1968). The idea that the 200S
complex was composed of multiple 30S particles was further
supported by the conversion of large complexes to 30S by
deliberate ribonuclease digestion. Other studies proposed
a ‘‘fibril model’’ for hnRNP structure. This model proposed
that hnRNPs form a fibril structure rather than a particle
(Stevenin et al. 1982). The inability to differentiate proteins
that may be adventitiously bound to hnRNP complexes from
authentic hnRNPs severely hampered the acceptance of this
model. While the existence of hnRNP complexes was
generally accepted, it was unclear whether a single hnRNP
complex or multiple forms existed. Evidence against a sole
hnRNP complex, and for differential association of hnRNPs
with pre-mRNAs, was obtained from both in vitro RNA-
binding studies and immunohistochemical studies. The idea
of transcript-specific packaging is further supported by the
finding that the ratio of individual hnRNPs varies with
different primary transcripts (Amero et al. 1992; Matunis
et al. 1993).

The hnRNP protein family

In human (HeLa) cells, a combination of immunopurifi-
cation and two-dimensional gel electrophoresis has
revealed the protein composition of hnRNP complexes:
They are composed of at least 20 abundant, major hnRNP
proteins and other less abundant, minor hnRNP proteins.
The abundant proteins, designated hnRNP A1 through
hnRNP U, have molecular weights ranging from 34 kDa to
120 kDa and form the core hnRNPs (Pinol-Roma et al.
1988; Dreyfuss et al. 1993, 2002) and are summarized in
Table 1. Among these, hnRNP proteins A1, A2/B1, B2, C1,
and C2 were the first identified based on their somewhat
indiscriminate association with nascent transcripts and
were subsequently termed the ‘‘core’’ hnRNP proteins
(Beyer et al. 1977). Minor hnRNP proteins are ones that
are not stably bound to hnRNAs during immunopurifica-
tion or those that are preferentially associated with only
a specific subset of hnRNAs (Dreyfuss et al. 1993, 2002;
Krecic and Swanson 1999; Singh and Valcarcel 2005), and
they are summarized in Table 2.

hnRNP proteins are among the most abundant nuclear
proteins, rivaling histones, and when complexed to hnRNAs,
form major components of the nucleus. The mRNAs con-
tained within certain hnRNP complexes have been estimated
to be present at z100 million copies per nucleus, while
others are present only in small amounts (Kamma et al. 1995;
Dreyfuss et al. 2002). A unique combinatorial arrangement or
‘‘constellation’’ of hnRNP proteins is thought to form on
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each hnRNA dictated by the specific RNA sequence and
relative expression of the hnRNPs (including abundance
levels and post-translational modifications) (Habelhah et al.
2001; Mandal et al. 2001). However, as the ‘‘core’’ hnRNP
proteins, such as A1, are extremely abundant, each protein is
likely to be in vast excess over its respective binding sites.
Therefore, in addition to their sequence-specific binding,
nonspecific interactions are also prevalent among the hnRNP
proteins. A systematic immunohistochemical survey revealed
that hnRNP proteins are ubiquitously expressed in all tissue
types to varying abundance levels and that their relative

stoichiometry across cell types is not fixed (Kamma et al.
1995). Furthermore, hnRNP A1, D, E, F/H, and K were
demonstrated to be present in both the nucleus and cy-
toplasm, suggestive of cytoplasmic roles for these hnRNPs
(Dreyfuss et al. 2002).

Structure of hnRNP proteins

cDNA sequence analysis of the hnRNP proteins has revealed
a modular structure consisting of one or more RNA-binding
motifs and at least one auxiliary domain that regulates

TABLE 1. Major hnRNP proteins

Protein

Molecular
weight
(kDa)

Domain/functional
motif

Preferred
binding

sequence
Reported
function

Shuttling
capacity

A1 34 2X RBD, RGG UAGGG(A/U) Splicing +

Export
Telomere biogenesis

A2/B1 36/38 2X RBD, RGG (UUAGGG)N Splicing +

Localization

C1/C2 41/43 1X RBD U6 Splicing �
Stability

D (AUF) 44–48 2X RBD, RGG AU rich Telomere biogenesis +

Stability
Recombination

E1/E2/E3/E4
(aCP1-4 or PCBP1-4)

38, 39 3X KH C rich Stability +

Translation

F 53 3X RBD GGGA Splicing Not known

G 43 1X RBD, RGG CC(A/C) Splicing �

H/H9 (DSEF-1) 56 3X RBD GGGA Splicing Not known
Polyadenylation

I (PTB) 59 4X RBD UCUUC Splicing +

Localization
Polyadenylation

K/J 62 3X KH, RGG C rich Transcription +

Stability
Translation

L 68 4X RBD CA repeat Export Not known
Stability
Riboswitch

M 68 4X RBD G or U rich Splicing +

P2(FUS/TLS) 72 RBD GGUG Avid binding to poly(A) +

Autoantibody target

Q1NSAP 55–70 3X RBD, RGG GAIT element Splicing +

Translation

R1/R2 82 RBD Not known Retinal development +

U 120 RGG Not known Nuclear retention �

Alternative names have been included in parentheses. RBD, RNA-binding domain or RNA recognition motif (RRM); RGG, arginine/glycine-rich
box; KH-K homology domain; EJC, exon junction complex; GAIT, interferon-g-activated inhibitor of translation. Molecular mass (kDa) has been
determined from SDS-polyacrylamide gel electrophoresis (Pinol-Roma et al. 1988; Dreyfuss et al. 1993, 2002; Hassfeld et al. 1998; Krecic and
Swanson 1999; Guil et al. 2003; Singh and Valcarcel 2005; Hovhannisyan and Carstens 2007; Heinrich et al. 2009; Ray et al. 2009; Anderson
2010).
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protein–protein interactions and subcellular localization (see
Table 1; Dreyfuss et al. 2002). Three types of RNA-binding
motifs have been identified: (1) the RNP-CS-RBD motif
(Bandziulis et al. 1989; Query et al. 1989); (2) the RGG (Arg-
Gly-Gly) boxes (Kiledjian and Dreyfuss 1992); and (3) the
K-homology (KH) domains (Burd and Dreyfuss 1994).

The best characterized and the most common RNA-
binding motif among hnRNPs is the RNP consensus
sequence–RNA-binding domain (RNP-CS-RBD), also re-
ferred to as the RNA recognition motif, RRM, RNP 80, or
RNP motif (Dreyfuss et al. 1988). The hallmarks of this
motif are two highly conserved RNP1 octameric and RNP2
hexameric sequences (Dreyfuss et al. 1988). These are lo-
cated about 30 residues apart in these motifs of z90 amino
acids (Dreyfuss et al. 1988). RNP2 is more conserved than
RNP1 and was found based on sequence similarity between
hnRNP A1 and the poly(A)-binding protein (PABP). The
three-dimensional structure of this motif has been resolved
(Fig. 1A). The N-terminal RBD folds into a babbab

structure. The RNP1 and RNP2 are juxtaposed on the
centrally located b3 and b1, respectively, and make direct
contact with the RNA. The b-sheet surface of the RBD
constitutes an exposed surface that can serve as a platform
for RNA binding (Gorlach et al. 1992). Important deter-
minants of RNA-binding specificity of the hnRNP proteins
were found to reside within the variable regions of the
loops connecting the b-strands and the terminal regions of
the RBD (Gorlach et al. 1992). These regions lie adjacent to
the highly conserved sequences RNP1 and RNP2 and differ
in amino acid sequence between several hnRNP proteins.
Hence, these residues are the source of RNA-binding
specificity differences between family members (Gorlach
et al. 1992).

The RGG box, originally described in hnRNP U and
found to be responsible for the sole RNA-binding activity
of this protein, is characterized by closely spaced clusters of
Arg-Gly-Gly tripeptide repeats with interspersed aromatic
(Phe, Tyr) residues. Both the number and spacing of the
RGG repeats in different proteins are variable. In hnRNP

TABLE 2. Minor hnRNP proteins

Protein
Domain/functional

motif
Reported
function

9G8 1X RBD Splicing
Export

A0 2X RBD, RGG Splicing

Aly/REF 1X RBD EJC
Export

ASF/SF2 (SRp30a) 2X RBD Splicing

CUG-BP (hNab50) 3X RBD Splicing (intronic
enhancer)

Myotonic dystrophy
Translation

DEK No significant
homology

EJC
Splicing

Hrp1/Nab4 2X RBD Polyadenylation

HuR 3X RBD Stability
Export

magoh No significant
homology

EJC
Localization

Npl3/Nop3 2X RBD Export
pre-rRNA

processing

PABP1 4X RBD Translation
Stability

RNPS1 1X RBD Splicing
EJC

NMD

SC35 (SRp30b) 1X RBD Splicing

Squid/hrp40 2X RBD Localization

SRm160 RS domain EJC
Splicing

SRp20 1X RBD Splicing
Export

Upf3 1X RBD EJC
NMD

Y14 1X RBD EJC
NMD

Localization

Yra1 1X RBD Export

Alternative names have been included in parentheses. RBD, RNA-
binding domain or RNA recognition motif (RRM); RGG, arginine/
glycine-rich box; EJC, exon junction complex; NMD, nonsense
mediated mRNA decay (Pinol-Roma et al. 1988; Dreyfuss et al.
1993, 2002; Krecic and Swanson 1999).

FIGURE 1. Structure of hnRNP proteins. (A) The RNP-CS-RBD
motif has a babbab structure. The octameric RNP1 and hexameric
RNP2 sequences are juxtaposed on b3 and b1, respectively. The
structure shown is of multiple isomorphous replacement (MIR) of
two RBDs of human hnRNP A1 at 1.75 Å (PDB ID: 1HA1) (Shamoo
et al. 1997). (B) The KH domain comprises a triple b-sheet platform
supporting three a-helical segments. Structure shown is of X-ray
crystallography (resolution 3 Å) of KH1 domain (2-polymer) of
human hnRNP E1 (PBD ID: 1ZTG) (Sidiqi et al. 2005). Both
structures have been derived by the JMol algorithm.
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U, the RGG box is both necessary and sufficient for RNA-
binding activity (Kiledjian and Dreyfuss 1992); however, in
other cases such as with hnRNP A1 and G, it is found in
combination with other RNA-binding elements like the
RBD. This suggests that the RGG box possibly plays
another role besides contributing to RNA binding. Many
of the Arg residues within the RGG box are sites for
methylation and may act to modulate RNA binding.

The KH domain was first identified in hnRNP K as
a triple repeat and was later found in other RNA-binding
proteins from evolutionary distant organisms (Siomi et al.
1993a; Burd and Dreyfuss 1994). Initially the KH domain
was believed to be a 45-aminoacid-long stretch (Gibson
et al. 1993), but has been now revised to be an z70-amino
acid domain, comprising a triple b-sheet platform sup-
porting three a-helical segments (baabba fold) (Fig. 1B;
Dejgaard and Leffers 1996; Musco et al. 1996, 1997; Lewis
et al. 1999, 2000; Chkheidze and Liebhaber 2003). Resolu-
tion of the crystal structure indicates that a loop (GKXG
tetrapeptide) between the first two helices (a1 and a2) of
the KH domain specifically interacts with a 4–5-nt stretch
in the RNA (Musco et al. 1996; Buckanovich and Darnell
1997; Jensen et al. 2000). KH domains are divided into two
subgroups based on the N- or C-terminal extension that
they have; Type I has a C-terminal ba extension, whereas
Type II has an N-terminal ab extension (Grishin 2001).

Among eukaryotes, the KH domain is present in the
PCBPs (hnRNP K/J and hnRNP E1-E4) (Siomi et al. 1993a;
Kiledjian et al. 1995; Leffers et al. 1995); the product of
the fragile X mental retardation gene (FMR1) (Siomi et al.
1993b); splicing modulators Mer1 in yeast (Nandabalan
et al. 1993) and PS1 in Drosophila (Siebel et al. 1995); vigilin
(Schmidt et al. 1992); RNA-associated Src substrate Sam68
(Courtneidge and Fumagalli 1994); signal transduction and
activation of RNA (STAR) family of RNA-binding proteins
(Musco et al. 1996; Vernet and Artzt 1997); and Nova-1, an
auto-antigen in paraneoplastic opsoclonus myoclonus ataxia
(Buckanovich et al. 1993). These proteins have different
numbers of KH repeats as well as varying specificity, with
a few exceptions like Nova, for poly(C) stretches in RNA
(Makeyev and Liebhaber 2002). KH domains are also prev-
alent among some prokaryotic proteins like ribonuclease
PNP (Regnier et al. 1987), the transcription elongation
factor NusA (Liu and Hanna 1995), and the ribosomal
protein S3 (Urlaub et al. 1995).

hnRNP proteins also contain other domains that medi-
ate important functional specificity. These domains are
termed auxiliary domains. Contrary to RNA-binding do-
mains such as the RBD and RGG boxes, auxiliary domains
are divergent in protein sequence and are unstructured.
The most frequently found and best-characterized auxiliary
domains are the glycine-rich domains found in the hnRNP
A/B proteins (Weighardt et al. 1996). Both hnRNP A1 and
A2/B1 have similar structures: They contain two RBDs at
their N termini and a glycine-rich auxiliary domain at their

C termini; thus, they are referred to as 2xRBD-Gly proteins
(Matunis et al. 1992).

Nucleo-cytoplasmic shuttling of hnRNP proteins

Within the auxiliary domain of hnRNP A1 is a glycine-rich,
38-amino acid (YNDFGNYNNQSSNFGPMKGGNFGG
RSSGPY) nucleo-cytoplasmic shuttling (NS) domain called
M9 (Siomi and Dreyfuss 1995). The M9 domain is both
necessary and sufficient to confer nuclear localization;
attachment of this region to other proteins results in
nuclear localization of the resulting chimeras. Neither the
RBDs nor the RGG box is required for nuclear import of
hnRNP A1. The M9 domain is a nuclear localization
domain and does not bear resemblance to the classical
NLS. Interestingly, the M9 domain also acts as a nuclear
export signal, allowing export of hnRNP A1 in a tempera-
ture-dependent manner (Michael et al. 1995; Weighardt
et al. 1996). Like many of the hnRNP proteins, hnRNP A1
is predominantly nuclear at steady state; and it, along with
select members from the A, B, E, groups and hnRNP D, I,
and K, shuttles rapidly between the nucleus and cytoplasm,
whereas others such as hnRNP C and U are strictly nuclear.
The hnRNPs C and U contain classical nuclear localization
signal (NLS) sequences and are exclusively sequestered to
the nucleus, as compared to noncanonical NS domains
present in hnRNP A1. hnRNP K contains both a classical
NLS and an NS domain (Michael et al. 1997), and MAPK/
ERK-dependent phosphorylation of Ser 284 and 358
residues within the NS domain induces it to shuttle to
the cytoplasm, where it subsequently inhibits translation
(Habelhah et al. 2001). hnRNP E2 possesses two function-
ally independent NLS, a nanomeric segment between KH2
and KH3 (NLS I) and a dodecameric segment (NLS II)
within the KH3 domain, that allow for its nucleo-cytoplas-
mic shuttling. hnRNP E3 and E4 are exclusively cytosolic
and lack either the NLS I or II present in hnRNP E2
(Chkheidze and Liebhaber 2003).

Post-translation modifications regulating hnRNPs

As previously mentioned, hnRNP proteins undergo several
post-translational modifications, and such changes regulate
their subcellular localization. Modifications reported on
hnRNPs include phosphorylation, sumoylation, ubiquitina-
tion, and methylation. For example, hnRNP proteins be-
longing to the A, B, and C groups and hnRNP G, K, and
U are all phosphorylated in vivo (Dreyfuss et al. 1993).
As mentioned above, ERK-mediated phosphorylation of
hnRNP K mediates its shuttling to the cytosol, where it sub-
sequently silences translation of target transcripts (Habelhah
et al. 2001).

hnRNP P2 (FUS) is required for oncogenic transforma-
tion in BCR/ABL-transformed myeloid progenitor cells. BCR/
ABL induces protein kinase CbII (PKCbII), which, in turn,
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phosphorylates hnRNP P2 (FUS) and stabilizes it (Iervolino
et al. 2002). Conversely, protein kinase C-zeta (PKCz) phos-
phorylates hnRNP A1 and causes its ubiquitination (Dreyfuss
et al. 1993). Ubiquitinated hnRNP A1 causes proteolysis of
hnRNP P2 (FUS), thus acting to prevent oncogenic trans-
formation induced by BCR/ABL (Perrotti et al. 2000).

In vivo methylation of specific Arg residues within the
RGG box of hnRNP A1 influences the RNA-binding
properties of the RGG repeats (Kim et al. 1997). Similarly,
methylation of hnRNP K at Arg residues promotes its
binding to p53, which, in turn, stimulates the transcrip-
tional activity of p53 (Chen et al. 2008). Additionally,
hnRNPs A1, A3, F, H, and K have also been shown to
undergo modification by sumoylation (Li et al. 2004). The
sumoylation site for hnRNP K was mapped to its KH
domain, whereas in other hnRNPs, it was mapped to their
RBD. Whether the sumoylation of the hnRNPs affects their
RNA-binding affinity is not known.

Functions

hnRNP proteins influence the structure and interaction of
hnRNAs with other components required for processing
of pre-mRNAs, thus intrinsically regulating their fate
(Dreyfuss et al. 1993). They are multifunctional proteins
participating in a variety of cellular processes. Broadly
speaking, hnRNP proteins are principally involved in RNA
metabolism, either in the nucleus or the cytoplasm. Within
the nucleus, hnRNP proteins participate in RNA splicing
(Caceres et al. 1994; Chou et al. 1999; Mourelatos et al.
2001), 39-end processing (Kessler et al. 1997), transcrip-
tional regulation (Miau et al. 1998), and immunoglobulin
gene recombination (Dempsey et al. 1999). hnRNP A1
functions as an antagonist to the splicing regulator Ser-Arg
(SR) protein SF2/ASF. This enables hnRNP A1 to function
as an exon splicing repressor (Mayeda and Krainer 1992).
Similarly, in neuronal cells, alternative splicing of c-src
N1 exon is regulated by hnRNPs F and H (Krecic and
Swanson 1999). hnRNP proteins are also involved in nucleo-
cytoplasmic transport of mRNAs (Gallouzi and Steitz
2001), mRNA localization (Carson et al. 2001), translation
(Habelhah et al. 2001), and mRNA stability (Xu et al.
2001). Classical examples of hnRNPs’ role in mRNA
localization are provided by hnRNP A2 and the Drosophila
hnRNP Squid. hnRNP A2 selectively binds the cytoplasmic
transport sequence of myelin basic protein and determines
its localization to oligodendrocytes (Hoek et al. 1998), and
Squid helps in the localization of the Gurken protein during
Drosophila oogenesis (Norvell et al. 1999). While it is
currently believed that hnRNPs are involved in pre-mRNA
splicing, hnRNPs may also participate in RNA polymerase II
transcription. For example, hnRNP K has been shown to
bind to the RNA polymerase II transcriptional machinery
and increase the transcription of the c-myc gene (Lynch et al.
2005). hnRNP Q (NSAP1) has been shown to mediate

translational repression of pro-inflammatory genes, thus
ensuring resolution of inflammation (Mukhopadhyay et al.
2009). hnRNP L functions as a ‘‘riboswitch’’ determining
expression of pro-inflammatory or anti-inflammatory pro-
teins. It causes translational up-regulation of VEGF-A during
hypoxia by inhibiting translation silencing of pro-inflamma-
tory genes mediated by the hnRNP Q-containing interferon-
gamma-activated inhibitor of translation (GAIT) complex
(Ray et al. 2009).

Predicted mechanisms for hnRNP functions

hnRNPs have been implicated in different steps of pre-
mRNA processing and mRNA metabolism. The role of the
hnRNPs during these steps are likely reflective of some or
all of their biological functions (see Tables 1, 2 for the
various functions of the different hnRNPs). These proper-
ties may allow hnRNPs to bind and manipulate RNA�RNA
base-pairing in pre-mRNAs and thus modulate or influence
RNA structure, which is essential for many of the steps in
pre-mRNA processing. The assembly of RNA duplexes may
also require that hnRNPs act as ‘‘matchmakers.’’ These are
RNA-binding proteins that may interact with each other
when bound to their respective RNA substrates and thus
facilitate RNA�RNA base-pairing (Conaway and Conaway
1988). These activities have been used to develop several
different models to explain how hnRNPs function (Conaway
and Conaway 1988). The first model developed from the
observation that metazoan hnRNPs are found in large
complexes with pre-mRNAs when examined by electron
microscopy (Borissova et al. 1981). These nucleosome-like
structures have been referred to as ribonucleosomes, indi-
cating that their main function was in the packaging of pre-
mRNAs. This model predicts that hnRNPs bind nonspecif-
ically to pre-mRNAs to form ribonucleosomes, which serves
to protect the pre-mRNA from degradation. The second
model integrates the transcript-specific binding properties of
hnRNPs with their proposed function. Through their asso-
ciation with each other and with the pre-mRNA, hnRNPs
mold each transcript into a structure that is recognizable by
other trans-acting RNA processing factors. The third model
proposes that hnRNPs function at individual steps in the pre-
mRNA processing pathway by directly mediating the binding
of other factors through protein–protein interactions.

hnRNP E1: UBIQUITOUSLY EXPRESSED YET
DISCRETELY FUNCTIONAL

Origin

Human hnRNP E1 was initially defined as clone sub2.3,
having similarity to hnRNP E2 and containing poly(C)-
binding activity (Aasheim et al. 1994). hnRNP E1 maps to
2p12-p13 and hnRNP E2 to 12q13.12-q13.13 (Tommerup
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and Leffers 1996). hnRNP E1 and E2 are highly homolo-
gous proteins with 82% amino acid identity. The KH
domains in the two are 93% identical. Through a series
of unique and detailed bioinformatic analyses (Makeyev
et al. 1999), hnRNP E1 was identified as an intronless gene
coexpressing with its intron-containing hnRNP E2 paralog.
Based on three discrete observations, it was proposed that
hnRNP E1 originated via a retrotransposal event that gave
rise to a processed pseudogene that was surprisingly
functional. The evidence for this is that: (1) hnRNP E1 is
intronless (expressed as one exon) but is identical and
colinear with the hnRNP E2 mRNA (containing multiple
exons); (2) hnRNP E1 has only one locus in the human and
mouse genomes; and (3) hnRNP E1 lacks alternatively
spliced forms (Makeyev et al. 1999). It was predicted that
hnRNP E1 originated z400 million years ago, well before
the mammalian radiation (Makeyev et al. 1999), and that it
probably acquired a distinct cellular function from hnRNP
E2, allowing for its evolutionary selection. It contains a
31-amino acid auxiliary domain between KH II and III
(Makeyev et al. 1999), which may explain the nonredun-
dant functions and binding specificities of hnRNP E1 and
E2. hnRNP E1 has been identified in several murine tissues
including bone marrow, liver, heart, kidney, brain, lung,
and placenta (Chkheidze et al. 1999; Makeyev et al. 1999)
and is considered to be ubiquitously expressed.

Structure

hnRNP E1 has three KH domains; two are sequestered to the
N-terminus, followed by a nonconserved variable region
and a C-terminal KH3 domain. As mentioned above, KH
domains are divided into two subgroups; Type I has a
C-terminal ba extension, whereas Type II has an N-terminal
ab extension (Grishin 2001). hnRNP E1 belongs to the Type
I subset (Makeyev and Liebhaber 2002). The KH1 and KH3
domains have been predicted to bind RNA, whereas the
precise function of the KH2 domain is unknown (Leffers
et al. 1995; Dejgaard and Leffers 1996). Specificity for
poly(C)-rich binding is postulated to be due to the narrow
binding cleft formed within the KH-domain structure that
is accessible only to smaller pyrimidine bases. Binding is
stabilized by formation of hydrogen bonds between sugar
hydroxyl groups of cytosine with the binding cleft in the KH
domain. Since uracil residues lack these hydroxyl groups,
hydrogen bonding with the KH domain does not occur. This
explains the comparatively decreased affinity of the KH
domain to poly(U) with respect to poly(C) stretches (Sidiqi
et al. 2005).

Localization of hnRNP E1

Immunofluorescence studies have revealed a predomi-
nantly nuclear localization for hnRNP E1 (Chkheidze and
Liebhaber 2003). Confocal microscopy showed that hnRNP

E1 is sequestered to nuclear speckles, sites of accumulation
of splicing factors prior to being loaded on the nascent
transcripts. Hence, hnRNP E1 might have a very prominent
role in either loading splice factors onto nascent transcripts
or functioning as a splicing factor itself (Mintz et al. 1999;
Chkheidze and Liebhaber 2003). Nuclear localization can
be attributed to a nonameric nuclear localization signal
(NLS I), putatively located between the KH2 and KH3
domains, and lacks the NLS II present in hnRNP E2
(Chkheidze and Liebhaber 2003). In addition to its nuclear
localization, hnRNP E1 has been observed in the cytoplasm
(Gamarnik and Andino 1997), suggesting that it has both
nuclear and cytoplasmic functions.

hnRNP E1 functions

Transcriptional activator

hnRNP E1, along with other hnRNP E proteins, functions as
a transcriptional activator of the mouse m-opioid receptor
(MOR) gene by binding to a 26-nt cis-acting polypyrimidine
stretch within the proximal promoter (Kim et al. 2005).
hnRNP E1 induces MOR mRNA expression by z43-folds,
and siRNA-mediated silencing of hnRNP E1 significantly
inhibits MOR mRNA expression (Kim et al. 2005). hnRNP
K has been shown to interact with RNA polymerase II and
cause transcriptional up-regulation of the c-myc gene (Lynch
et al. 2005). It will be of interest to determine whether
hnRNP E1 also interacts with RNA polymerase II or is
mediating its transcriptional effects more indirectly through
binding other transcriptional regulators.

Regulator attenuating alternative splicing

hnRNP E1, in combination with U1 small nuclear RNP,
abrogates splicing of a growth hormone receptor (GHR)
pseudo-exon implicated in Laron syndrome. Using RNAi
experiments, hnRNP E1 was demonstrated to be a silencer
of GHR pseudoexon expression (Akker et al. 2007). These
results corroborated earlier studies wherein hnRNP E1 was
shown to colocalize with the splice factor SC35 in nuclear
speckle (Chkheidze and Liebhaber 2003). In addition,
mitogenic stimulation has recently been reported to pro-
mote colocalization of hnRNP E1 with SC35 and alterna-
tive splicing and exon inclusion from a CD44 minigene
(Meng et al. 2007).

mRNA stability

hnRNP E1 regulates stability of a broad spectrum of
mRNAs, including collagens I and III (Thiele et al. 2004),
a-globin (Holcik and Liebhaber 1997), b-globin (Yu and
Russell 2001), tyrosine hydroxylase (Czyzyk-Krzeska and
Beresh 1996), erythropoietin (Czyzyk-Krzeska and Bendixen
1999), androgen receptor (Yeap et al. 2002), neurofila-
ment-M (NF-M) (Thyagarajan and Szaro 2004), and renin
(Skalweit et al. 2003).
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The continuous presence of a-globin mRNA and its
translated product is a prerequisite during erythropoiesis.
Interestingly, a-globin message stability is regulated by
an a-complex binding to a 20-nt CU-rich region in the
39-UTR of a-globin mRNA (Weiss and Liebhaber 1994;
Holcik and Liebhaber 1997). The a-complex is comprised
of hnRNP E1, hnRNP E2, hnRNP D (AUF1), and cyto-
plasmic poly(A)-binding protein (PABP-C) (Kiledjian et al.
1995, 1997; Chkheidze et al. 1999; Wang et al. 1999; Henics
2000). Two possible mechanisms have been proposed by
which the a-complex modulates mRNA stability. PABP-C
binds to hnRNP E1/E2 and the poly(A) tail of the a-globin
mRNA and either attenuates deadenylation by inhibiting
the deadenylating 39-exonuclease or prevents endoribonu-
cleolytic cleavage by the erythroid-enriched endoribonu-
clease (ErEN) (Fig. 2A; Wang et al. 1999; Wang and Kiledjian
2000a,b; Waggoner and Liebhaber 2003; Ostareck-Lederer
and Ostareck 2004). It will be of interest to determine which
of the two pathways is involved in regulating a-globin

mRNA stability and how it is switched off in mature
erythrocytes, when a-globin is not required.

Translational regulation

hnRNP E1 has been shown to function as both a trans-
lational coactivator and co-repressor. It functions as an
IRES trans-activating factor (ITAF), binding a stem–loop
IV structure in the viral internal ribosome entry site (IRES)
element, and stimulates translation of poliovirus RNA
(Gamarnik and Andino 1997). Similarly, it stimulates
IRES-mediated translation of the Bag-1 (Bcl-2 associated
gene) mRNA (Pickering et al. 2003). On the other hand,
hnRNP E1 causes translational repression of 15-lipoxygenase
(15-LOX) during erythrocyte maturation (Ostareck et al.
1997), human papillomavirus type 16 (HPV-16) L2 mRNA
(Collier et al. 1998), disabled-2 (Dab2), and interleukin-like
EMT inducer (ILEI) mRNAs during transforming growth
factor-beta (TGFb)-induced epithelial–mesenchymal transi-
tion (EMT) (Chaudhury et al. 2010), and A2 response
element containing mRNAs in dendrites within neurons
during neuronal development (Kosturko et al. 2006). In
most of the above cases, hnRNP E1 functions with other
proteins to induce translational stimulation or repression.

15-lipoxygenase (15-LOX ) mRNA (Fig. 2B). During the pro-
cess of erythroid differentiation, the nucleus is compacted
and subsequently extruded from the terminally differenti-
ating erythroblast, and thus transcriptional activities are
halted (Najfeld et al. 1988). Thus, subsequent developmen-
tal stages are regulated post-transcriptionally through
sequestered mRNP complexes. During the final stage of
erythrocyte maturation, the activation of 15-LOX is re-
quired for mediating mitochondrial degradation. This
timely activation of 15-LOX is achieved by reversal of
translational silencing of the 15-LOX mRNA (Ostareck-
Lederer and Ostareck 2004). It has been shown that hnRNP
E1 and hnRNP K bind to a 19-nt CU-rich repeat, the
differentiation control element (DICE) in the 39-UTR of
the 15-LOX mRNA, and inhibit its translation until its
activation is required for completion of differentiation
(Ostareck-Lederer et al. 1994, 1998; Ostareck et al. 1997).
Translational silencing occurs at the initiation step by
preventing 80S complex formation. Specifically, the 60S
large ribosomal subunit is prevented from binding to the
43S pre-initiation complex (consisting of the 40S small
ribosomal subunit, eIF2-GTP, Met-tRNAi, eIF1/1A, and
eIF3) at the initiating codon (Ostareck et al. 2001).
Activation or reversal of translational silencing of 15-LOX
mRNA is achieved by c-Src-mediated phosphorylation of
hnRNP K at Tyr 72, 225, 230, 234, 236, and 380. Phos-
phorylation disrupts the hnRNP K/E1 mRNP complex from
binding to the DICE elements and thereby relieves trans-
lational silencing (Ostareck-Lederer et al. 2002). Interest-
ingly, hnRNP K activates its kinase, c-Src, through a positive
feedback loop involving translational regulation through its

FIGURE 2. Post-transcriptional regulation by hnRNP E1 during
development and differentiation. hnRNP E1 alone, or in combination
with other hnRNPs, modulates mRNA stability of a-globin (A) or the
translation of 15-LOX (B) or Dab2 (C) mRNAs. The regulatory
mechanism involves binding to putative cis elements in the 39-UTRs,
which in most cases is disrupted by phosphorylation of one or more
of the bound hnRNP proteins. A brief description of each regulatory
mechanism is given. (15-LOX) 15-lipoxygenase; (DICE) differentia-
tion control element; (BAT) TGFb-activated translation element;
(Dab2) disabled-2; (ILEI) interleukin-like EMT inducer.
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39-UTR (Ostareck-Lederer et al. 2002). No modification of
hnRNP E1 has been reported that attenuates its binding to
the DICE. Of note, there has been one contrasting report in
which translational silencing of DICE-containing reporter
constructs was not observed in HeLa cells (Kong et al. 2006),
even though the cellular context was not well defined in the
reported studies.

HPV-16 L2 mRNA. The capsid proteins, viral latent L1 and
L2, of HPV-16 are detected only in terminally differentiated
human cells, until which time the expression of L1 and L2
is silenced. hnRNP E1/2 and hnRNP K mediate this
translational inhibition by binding to putative cis-acting
inhibitory sequences in the 39-end of the coding region
(Collier et al. 1998). Translational inhibition of L2 mRNAs
follows the same recourse as 15-LOX, even though hnRNP
E1, hnRNP K, or hnRNP E2 can individually attenuate
translation of L2 mRNAs in vitro. Interestingly, the L2
sequence has only 22% cytosines with no well-defined
poly(C) repeats, suggesting that hnRNP E1 can preferen-
tially bind to nonpoly(C) regions in mRNA. Earlier work
has shown that hnRNP E1 can bind to poly(U) regions
(Leffers et al. 1995), albeit with different affinity.

Dab2 and ILEI mRNAs (Fig. 2C). Disabled-2 (Dab2)
and interleukin-like inducer of EMT (ILEI) are two genes
required for transforming growth factor b (TGFb)-mediated
EMT (Prunier and Howe 2005; Waerner et al. 2006).
Recently, we have elucidated a novel post-transcriptional
regulatory mechanism by which hnRNP E1 silences trans-
lation of Dab2 and ILEI mRNAs (Chaudhury et al. 2010).
We identified a novel, 33-nt structural element in the
39-UTRs of Dab2 and ILEI that inhibited translation of
their respective mRNAs, an inhibition that was relieved fol-
lowing TGFb treatment of cells. The 33-nt element, called
the ‘‘BAT element’’ for TGFb activated translational ele-
ment, was sufficient to mediate translational inhibition
in vitro and in vivo. Using the BAT element, the mRNP
complex (i.e., BAT complex) was affinity-purified, and
hnRNP E1 was identified as an integral and functional
component of this complex. TGFb activates the protein
kinase Akt2, which subsequently phosphorylates hnRNP E1
at Ser43 residue, culminating in the disruption of the BAT
complex and concurrent reversal of translational silencing of
Dab2 and ILEI mRNAs. Ectopic overexpression of hnRNP E1
in normal mouse mammary gland (NMuMG) cells prevented
the translation of Dab2 and ILEI mRNAs and the induction
of the mesenchymal phenotype in response to TGFb. Con-
versely, shRNA-mediated silencing of hnRNP E1 resulted in
the constitutive translation of Dab2 and ILEI and of the mes-
enchymal phenotype irrespective of TGFb treatment. Knockin
of a phosphomutant hnRNP E1 (S43A) into the hnRNP E1
knockdown cells rescued the epithelial phenotype, but not
the sensitivity to TGFb-induced EMT seen in parental cells,
unequivocally showing the importance of hnRNP E1 phos-
phorylation for EMT (Chaudhury et al. 2010).

Role of hnRNP E1 in tumorigenesis and cancer progression

It has been suggested that hnRNP proteins, and specifically
hnRNP E1, play a critical and well-defined role in carci-
nogenesis. The consensus binding site for hnRNP A1 is
UAGGG(A/U), which closely mimics telomeric single-
stranded repeats, (TTAGGG)n. In fact, hnRNP E1, A1, and
D have been shown to form a heteromeric complex on
telomeric repeats in vitro (Ishikawa et al. 1993), suggesting
that they may be involved in the maintenance of telomeric
length. This notion is reinforced by the observation that
deficient expression of hnRNPs can cause significant telo-
mere shortening and oncogenic transformation (LaBranche
et al. 1998). Reduced hnRNP E1 expression is also a pre-
requisite for human papillomavirus (HPV) proliferation and
subsequent incidence of cervical carcinoma from cervical
dysplasia (Pillai et al. 2003). Recently, miR328 has been
shown to function as a ‘‘decoy’’ for hnRNP E2. hnRNP E2
binds to the cis element in the 59-UTR of C/EBPa and
inhibits its translation and subsequent myeloid cell differen-
tiation (Beitzinger and Meister 2010; Eiring et al. 2010).
miR328 sequesters away hnRNP E2, allowing translation of
C/EBPa, which promotes chronic myelogenous leukemia
(CML). Given the sequence similarity between hnRNP E2
and hnRNP E1, it will be of interest to determine whether
miR328, or a similar miRNA, similarly functions as a decoy
for hnRNP E1.

Spreading initiation centers (SICs) are defined as ribo-
nucleoprotein macromolecular complexes, distinct from
focal adhesions, and are involved in initiation of cell
spreading during cancer metastasis (de Hoog et al. 2004).
Using stable isotope labeling by amino acids in cell culture
(SILAC), hnRNP E1, hnRNP K, and the Sm family protein
FUS/TLS were identified as intricate constituents of SICs
(de Hoog et al. 2004). Down-regulation of hnRNP E1,
using neutralizing antibodies, stimulated cell spreading,
consistent with our observation that shRNA-mediated
silencing of hnRNP E1 induces constitutive EMT, another
prerequisite for metastatic progression (de Hoog et al.
2004; Chaudhury et al. 2010). Finally, two recent reports
suggest that hnRNP E1 may be involved in controlling
embryonic and cancer stem cell proliferation and differen-
tiation. In nasopharyngeal carcinoma CNE-2 cells (Cao
et al. 2010) and in mouse embryonic stem cells (Baharvand
et al. 2008), cellular reprogramming was associated with
a decrease in the expression of hnRNP E1.

How does hnRNP E1 achieve functional diversity?

At the mechanistic level, an interesting question that arises
regarding hnRNP E1 is how are its multifaceted functions
mediated. How does it both regulate translation and stabilize
specific mRNAs during differentiation of hematopoietic
cells? In the case of hnRNP K, it has been proposed that
its auxiliary domain acts as a docking platform on the RNA
that allows it to recruit and interact with molecules from
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various signaling pathways (Bomsztyk
et al. 2004). A similar situation can be
envisaged for hnRNP E1; however, due
to the nonconserved nature of these
auxiliary domains, it is difficult to explain
how they could be mediating conserved
or similar functions across different
species.

Another model that has been pro-
posed to explain hnRNP E1’s functional
diversity is that it serves as a bridging
molecule or ‘‘chaperone’’ on the RNA
that facilitates the association of pro-
teins in multicomponent regulatory sys-
tems, which, in turn, render stabiliza-
tion to secondary nucleic acid structures
(Ostareck-Lederer et al. 1998). How-
ever, it was subsequently demonstrated
that hnRNP E (hnRNP E2, to be pre-
cise) causes mRNA stabilization irre-
spective of its RNA binding function,
thus questioning the universality of
the chaperone model (Makeyev and
Liebhaber 2002).

Given its wide-ranging functions in the
nucleus and cytoplasm and numerous
interacting partners, it is perhaps appro-
priate to envisage a post-transcriptional
regulon model for hnRNP E1’s func-
tional diversity (Keene and Tenenbaum
2002). Post-transcriptional regulons in-
volve untranslated sequence elements for
regulation (USER) codes (the 59- and 39-UTR cis elements)
bound by well-defined protein complexes that mediate
regulatory function (Keene and Tenenbaum 2002). Post-
transcriptional regulons, operating at different levels of gene
expression, may have evolved as mechanisms to discretely,
rapidly, and coordinately suppress multiple genes involved in
a regulatory pathway (Fig. 3). These regulons can potentially
coordinate overlapping functions temporally in different
cellular locations (Anderson 2010). Coordinated translational
regulation of Dab2 and ILEI mRNAs by TGFb indicates that
this may constitute a post-transcriptional BAT regulon in-
hibiting the expression of related EMT genes (Chaudhury
et al. 2010). Similarly, hnRNP E1 along with hnRNP E2 and
hnRNP K associates with the neurofilament-M (NF-M)
mRNA during postnatal development based on the relative
abundance of either the hnRNPs or the NF-M mRNA, which
is suggestive of a dynamic post-transcriptional regulon
(Thyagarajan and Szaro 2008). The regulon assembly possibly
happens during mRNA processing and subsequent export to
the cytoplasm, in turn pre-deciding the fate of the transcripts
(Moore et al. 2005). Overall, such a model provides a ratio-
nale and energetically favorable framework for integrating
functional diversity of hnRNP E1.

Regulating the regulator

Considering the cytoplasmic and nuclear functions of
hnRNP E1, it can be assumed that factors controlling its
subcellular localization will likely affect its diverse func-
tions. Earlier studies suggested that the phosphorylation of
hnRNP E1 affects its RNA binding affinity (Leffers et al.
1995); however, only recently has this been confirmed.
p21-activated kinase 1 (Pak1) phosphorylates hnRNP E1 at
Thr 60 and 127 residues, causing its release from a DICE-
minigene and reversal of translational silencing (Meng et al.
2007). Our recent studies also clearly demonstrate that
phosphorylation of hnRNP E1 by Akt2 at the Ser 43 residue
causes loss of binding to the BAT RNA element (Chaudhury
et al. 2010). Resolution of the crystal structure of the
phosphorylated forms will definitely lead to a clearer un-
derstanding of how post-translational modification atten-
uates hnRNP E1’s RNA binding potential. It will also be of
interest to determine whether phosphorylation affects the
subcellular localization or half-life of hnRNP E1. Possibly,
RNA binding masks the NLS1 site and prevents nuclear
localization of hnRNP E1, and its phosphorylation and
release from the RNA allow the NLS site to be exposed,

FIGURE 3. Post-transcriptional regulons potentiate functional diversity of hnRNP E1.
Putative cis elements in the 39-UTRs of target transcripts, untranslated sequence elements
for regulation (USER) codes, determine the content of the mRNP complex that will form.
Many USER codes, such as DICE, BAT, and CARE, have been defined in mediating post-
transcriptional regulation. and one transcript can harbor more than one USER code. hnRNP
E1 and other hnRNPs bind alone or as a multifactorial mRNP complex to USER codes and
give rise to post-transcriptional regulons. This model takes into account the multifunctional,
yet conserved, diversity of hnRNP E1. As shown here, hnRNP E1 binding to other proteins and
specific USER codes, BAT, DICE, or CARE elements, dictates their subsequent function during
differentiation, EMT, and development. (BAT) TGFb-activated translation element; (DICE)
differentiation control element; (CARE) CACA-rich elements that bind hnRNP L.
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thereby promoting nuclear import. Further investigation
is essential to unravel the signaling pathways regulating
hnRNP E1 expression, turnover, and function.

Concluding remarks and future implications

Considerable progress has been achieved in determining
the multifunctional roles of hnRNP E1 in regulating
cellular homeostasis. However, many important questions
need to be addressed. For example, how does hnRNP E1
silence translation of 15-LOX mRNA, yet promote stability
and, in turn, translation of stabilized a-globin mRNA? Are
these different functions specified by the topology of hnRNP
E1 and/or its binding partners to a specific mRNA? How
many distinct hnRNP E1 complexes exist in vivo, and what
is their exact composition? Are the interacting partners of
hnRNP E1 compatible or mutually exclusive, and when and
where do they assemble? Cells may also regulate hnRNP E1
through a variety of protein kinases and signaling pathways.
How these impinge on hnRNP E1 is unclear, but could
provide important clues regarding the regulation of hnRNP
E1 functions. Answers to these questions await a compre-
hensive integration of genetic, biochemical, molecular bi-
ology, and structural analyses focused on hnRNP E1 protein–
protein and protein–RNA complexes.
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