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Abstract
Poly(C)-binding proteins (PCBPs) are generally known as RNA-binding proteins that interact in a
sequence-specific fashion with single-stranded poly(C). They can be divided into two groups: hnRNP
K and PCBP1-4. These proteins are involved mainly in various posttranscriptional regulations (e.g.,
mRNA stabilization or translational activation/silencing). In this review, we summarize and discuss
how PCBPs act as transcriptional regulators by binding to specific elements in gene promoters that
interact with the RNA polymerase II transcription machinery. Transcriptional regulation of PCBPs
might itself be regulated by their localization within the cell. For example, activation by p21-activated
kinase 1 induces increased nuclear retention of PCBP1, as well as increased promoter activity. PCBPs
can function as a signal-dependent and coordinated regulator of transcription in eukaryotic cells. We
address the molecular mechanisms by which PCBPs binding to single- and double-stranded DNA
mediates gene expression.
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The poly(C)-binding proteins (PCBPs) are characterized by high affinity for, and sequence-
specific interaction with polycytosine, poly(C). In mammalian cells, these PCBPs belong to
one of two subsets: hnRNP K/J, or the alpha-complex proteins (e.g., PCBP1-4) [1]. hnRNP K,
PCBP1, and PCBP2 have been studied in the greatest detail. The latter two proteins are also
known as αCP1 and αCP2, or hnRNPE1 and hnRNPE2 [2,3]. Recently, two other members of
the αCP family were discovered: PCBP3 (αCP3) and PCBP4 (αCP4) [4].

PCBPs are expressed broadly in human and mouse tissues and demonstrate poly(C)-binding
specificity [2,4,5]. All members of the PCBP family are related evolutionarily. The common
feature of all PCBPs is the presence of three hnRNP K homology (KH) domains [1]; these are
RNA-binding modules of about 70 amino acids in length. PCBP1 and PCBP2 share the highest
level of amino acid sequence similarity (89%) [6]. PCBP3 is more divergent, and PCBP4 is
the most distantly related (52% divergence from PCBP2 [4,7]. Members of this family perform
multiple functions through their poly(C)-binding ability, including mRNA stabilization [8–
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10], translational silencing [11,12], and translational enhancement [9,13]. PCBP4 (MCG10)
can induce apoptosis [14], and its expression can inhibit proliferation and tumorigenesis of
lung cancer cells, both in vivo and in vitro, by delaying the progression of the cell cycle [15,
16]. Perhaps most importantly, PCBPs function as signal-dependent and coordinated regulators
of transcription in eukaryotic cells by binding to specific elements on gene promoters. This
review focuses on the molecular mechanisms by which the interactions of poly(C)-binding
proteins with single- and double-stranded DNA mediate gene expression.

Structure of PCBPs
The PCBPs contain three KH domains, two consecutive KH domains at the amino terminus
and a third KH domain at the carboxyl terminus, separated by an intervening sequence of
variable length (Fig. 1A). The structure of each KH domain consists of three α-helices and β-
strands arranged in the order β1-α1-α2-β2-β3-α3 (Fig. 1C) [17,18]. The three β-strands form
an antiparallel β-sheet, with a spatial order β1-β3-β2; the three αhelices are packed against one
side of the β-sheet [17,18]. The evolutionarily conserved Gly-X-X-Gly loop is located between
α1 and α2; the variable loop is between β2 and β3.

The PCBPs also carry a nuclear localization signal (NLS) sequence that mediates protein
transport from the cytoplasm to the nucleus (Fig. 1B). The 10 amino acid segment of NLS I
was mapped between the KH2 and KH3 domains and NLS II (12 amino acids) was localized
at the KH3 domain (Fig. 1B) [7]. The predominantly nuclear PCBP1 and PCBP2 contain both
NLS I and NLS II sequences [4,7], whereas PCBP3, PCBP4, and hnRNP K contain only NLS
II. In addition, hnRNP K contains an hnRNP K-specific nuclear shuttling (KNS) domain
located between KH II and III that promotes bidirectional transport through the nuclear pore
complex [19]. hnRNP K also contains a K-protein-interactive (KI) domain located between
KH II and III responsible for many of its known protein interactions [20].

The ability of PCBPs to recognize and bind poly(C) DNA and RNA sequences via their KH
domains is critical for their function in mammalian cells. These interactions are mediated by
a combination of several stabilizing forces, including hydrogen bonding, electrostatic
interactions, van der Waals contacts, and shape complementarities. Specific recognition of the
three cytosine residues is realized by a dense network of hydrogen bonds involved in the side
chains of two conserved arginines and one glutamic acid (Fig. 1C) [17,18].

Localization of PCBPs
The diverse functions of PCBPs suggest that they act both in the cytoplasm (translation) and
in the nucleus (transcription and splicing). Immunofluorescence studies revealed three distinct
patterns of distribution: hnRNP K, PCBP1, and PCBP2 are predominantly localized to the
nucleus, with specific enrichment of PCBP1 in the nuclear speckle [21]. In contrast, PCBP3
and PCBP4 are localized to the cytoplasm. PCBP2-KL and the PCBP2 splice variant are
localized to both the cytoplasm and nucleus at significant levels [7]. Interestingly, although
the NLS I sequences are conserved perfectly between PCBP1 and PCBP2 (Fig. 1B), PCBP1
is selectively concentrated in nuclear speckles, whereas PCBP2 is distributed more diffusely.
At steady-state levels, PCBP1 is localized predominantly to the nucleus. Phosphorylation of
p21-activated kinase 1 (Pak1) by mitogen induces phosphorylation of PCBP1, increasing its
nuclear retention. In contrast, although at steady-state levels hnRNP K is also localized to the
nulceoplasm, phosphorylation of hnRNP K by mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) induces its shift from the nucleus to the cytosol and
cytoplasmic accumulation under physiological conditions [22].
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Posttranslational modicafication of PCBPs
Posttranslational modifications of PCBPs are important for their ability to function as
transcriptional factors that bind and regulate specific gene promoters. For example, mitogenic
stimulation of human cells phosphorylates PCBP1 on threonines 60 and 127 in a Pak1-sensitive
manner. This Pak1-dependent phosphorylation of PCBP1 reduces its binding and raises its
translational inhibition of a differentiation-control element (DICE)-minigene [23].

ERK efficiently phosphorylates hnRNP K both in vitro and in vivo at serines 284 and 353.
Phosphorylating hnRNP K induces its shift from the nucleus to the cytosol and regulates
translation of 15-lipoxygenase mRNA via a DICE in the 3′ untranslated region (3′UTR) [22].
Src and Lck can tyrosine-phosphorylate the hnRNP K protein in vitro at Tyr230, Tyr234, and
Tyr236 [24]. The KI domain of hnRNP K contains a serine (Ser302) that also acts as a site for
protein kinase Cδ-mediated phosphorylation [25].

Arginine methyltransferase 1 is the only methyltransferase identified so far that methylates
hnRNP K in vivo and in vitro. Tandem mass-spectrometric analyses of hnRNP K peptides show
that both Arg296 and Arg299 are dimethylated; they are both asymmetric dimethylarginines
[26,27]. Because both are located near the SH3-binding domains of hnRNP K, such methylation
has the potential to regulate the interaction of hnRNP K with Src protein family members
[26,27]. Arginine methylation of hnRNP K also enhances its affinity for p53. In contrast,
inhibition of hnRNP K methylation attenuates the recruitment of p53 to the p21 promoter, and
reduces p53 transcriptional activity, suggesting that arginine methylation of hnRNP K is a key
element for p53 transcriptional activity [28]. hnRNP K can also be modified by the small
ubiquitin-like modifier protein at a lysine residue [29].

Transcriptional regulation by PCBPs
PCBPs have been implicated in multiple aspects of transcriptional regulation (Table 1). For
example, on binding, hnRNP K functions as a transcriptional activator for the SV40 early
promoter [30], the pyrimidine-rich strand of the CT element in the human c-myc promoter
[31], the neuronal nicotinic acetylcholine receptor gene [32], nonreceptor tyrosine kinase, the
human SRC gene [33], the BRCA1 promoter [34] the basal promoter of the eIF4E promoter
[35], and the proximal promoter of the mouse mu opioid receptor (MOR) [36–38]. In these
cases, interaction activated transcription in vitro apparently by hnRNP K-dependent assembly
of TFIID complexes at these promoters [39].

Ritchie’s laboratory proposed a possible model for SRC transcriptional regulation by hnRNP
K (Fig. 2A) [33]. hnRNP K recognizes and binds specifically to double-stranded
polypurine:polypyrimidine sequences within TC1 and TC2, followed by strand separation
facilitated by hnRNP K’s increased affinity for single-strand DNA. The resulting single-
stranded bubble allows hnRNP K to bind TBP, recruit TFIID to the TC3 region, and aid in the
assembly of a preinitiation complex.

In response to DNA damage, p53 and hnRNP K are recruited to the promoters of p53-
responsive genes in a mutually dependent manner. By serving as a coactivator for p53, hnRNP
K plays a key role in coordinating transcriptional responses to DNA damage [40]. However,
hnRNP K can also act as a transcriptional repressor. It is a potent suppressor of human
thymidine kinase-mediated gene activity. hnRNP K itself cannot bind to the human thymidine
kinase promoter, but might repress the transcription by inhibiting the binding of hnRNP A1
and p38AUF of this promoter [41]. Single-stranded structures within the CD43 promoter could
also play a major role in affecting CD43 repression. hnRNP K binds single-stranded DNA
within the CD43 promoter and mediates its repression [42].
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A single-stranded DNA element is also important for the MOR gene in neuronal cells (Fig.
2B) [43,44]. hnRNP K, PCBP1, PCBP2, PCBP2-KL, and PCBP3 all bind to the single-strand
DNA of the mouse MOR gene promoter. hnRNP K, PCBP1, PCBP2, and PCBP2-KL activate
the mouse MOR gene, whereas PCBP3 acts as a repressor [36]. PCBP3 also bound to the
double-stranded poly(C) element essential for the MOR promoter and repressed the promoter
activity at the transcriptional level, suggesting a novel function for PCBP3 as a transcriptional
regulator [45]. It is likely that PCBPs function as transcriptional regulators on other specific
genes as well.

Signal-dependent regulation of transcription and translation by PCBPs
PCBP1 can act at multiple levels during gene expression: transcriptional activator, regulator
of RNA splicing, and translational repressor [23,46]. Mitogenic stimulation of human cells
phosphorylates PCBP1 on threonines 60 and 127 in a Pak1-sensitive manner. This Pak1-
dependent phosphorylation releases PCBP1’s binding to, and translational inhibition of, a
DICE-minigene. Pak1 activation also leads to increased nuclear retention of PCBP1,
recruitment to the eIF4E promoter, and stimulation of eIF4E expression in a Pak1-sensitive
manner. Moreover, mitogenic stimulation promotes Pak1- and PCBP1-dependent alternative
splicing and exon inclusion from a CD44 minigene. The alternative splicing functions of
PCBP1 are in turn mediated by its intrinsic interaction with Caper alpha, a U2 snRNP auxiliary
factor-related protein previously implicated in RNA splicing. These findings establish the
principle that a single coregulator can function as a signal-dependent and coordinated regulator
of transcription, splicing, and translation [23] (Fig. 3A).

As noted previously, the cytoplasmic accumulation of hnRNP K is also phosphorylation-
dependent. MAPK/ERK efficiently phosphorylates hnRNP K both in vitro and in vivo at serines
284 and 353. Serum stimulation or constitutive activation of ERK kinase results in
phosphorylation and cytoplasmic accumulation of hnRNP K. Mutation at ERK
phosphoacceptor sites in hnRNP K abolishes the ability to accumulate in the cytoplasm and
renders the protein incapable of regulating translation of mRNAs that have a DICE in the 3′
UTR. Similarly, treatment with a pharmacological inhibitor of the ERK pathway abolishes
cytoplasmic accumulation of hnRNP-K and attenuates inhibition of mRNA translation. These
results establish the role of MAPK/ERK in the phosphorylation-dependent cellular distribution
of hnRNP K. This mechanism could be required to silence mRNA translation (Fig. 3B), and
cytosolic hnRNP K might decrease the transcriptional activity of specific genes.

Conclusion
PCBP genes translate into well-defined, polycytosine-specific, nucleic acid-binding proteins.
All members of this protein family have three KH domains. They are involved mainly in various
posttranscriptional regulations (e.g., mRNA stabilization or translational activation/silencing).
These proteins clearly play important roles in gene expression at the transcriptional level via
their ability to bind poly(C) regions. PCBP1 in particular acts at multiple levels in the
expression process: as a translational repressor, a transcriptional coactivator, and as a regulator
of RNA splicing through Pak1 kinase. Overall, PCBPs function as transcriptional regulators
of specific genes and play key roles in coordinating transcriptional responses to environmental
signals.
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Fig. 1.
A, Schematic diagram of domain structure of PCBPs. The five members of the PCBP family
are shown. Numbers indicate the respective human sequence. KH domains I–III (shaded
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boxes); SH-3 binding motif (KI domain); hnRNP K nuclear shuttling signal (KNS signal).
Adapted from Makeyev and Liebhaber (2002) [1]. B, Sequence alignments of PCBPs at NLS
I and NLS II. NLS I shows perfect conservation between PCBP1 and PCBP2. There is no NLS
I region present in PCBP3, PCBP4, or hnRNP K. Conserved amino acids of NLS II are shaded.
Adapted from Chkheidze and Liebhaber (2003) [7]. C, Sequence alignments of KH domains
from PCBP1-4 and hnRNP K. The GXXG motif and the three amino acids involved in
hydrogen bonding with polycytosine are indicated in grey; the residues involved in hydrogen
bonds with DNA bases (i.e., side-chain base hydrogen bonds) are labeled “S”. Adapted from
Du et al. (2005) [17].
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Fig. 2.
A, Proposed model for transcriptional regulation of human SRC1A protooncogene by hnRNP
K. hnRNP K recognizes and bind specifically to double-stranded polypurine:polypyrimidine
sequences in the TC regions (TC1 and TC2), followed by strand separation facilitated by
hnRNP K’s increased affinity for single-stranded DNA. The resulting single-stranded “bubble”
encompasses the entire TC-tract region. The ability of hnRNP K to bind TBP recruits TFIID
to the TC3 region and aids in the assembly of a preinitiation complex. Adapted from Ritchie
et al. (2003) [33]. B, Proposed model for transcriptional regulation of mouse MOR by hnRNP
K, αCP1, αCP2, αCP2-KL, and αCP3. The hnRNP K, αCP1, αCP2, αCP2-KL, and αCP3 bind
to the single strand DNA element essential for activity of the MOR gene promoter and regulate
its promoter activity at the transcriptional level.

Choi et al. Page 10

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
A, Proposed model for signal-dependent alterations in the nuclear and cytoplasmic activities
of PCBP1. Upstream activators of the Pak1 pathway induce Pak1 kinase activity; active Pak1
has both cytoplasmic and nuclear functions. Pak1 phosphorylates cytoplasmic PCBP1,
reducing its RNA-binding capabilities and thus releasing its translational repression of specific
target mRNAs. Pak1 also phosphorylates PCBP1 in the nucleus (the mechanism by which
phosphorylated PCBP1 moves from the cytoplasm to the nucleus is still not known). In the
nucleus, PCBP1 is recruited to promoters on target genes and regulates their transcriptional
activity. Phosphorylation also enhances PCBP1 binding to recently transcribed mRNA in the
nucleus, influencing the splicing machinery via CAPER. Dashed lines represent the events that
are not fully understood. Adapted from Meng et al., (2007) [23]. B, Proposed model for signal-
dependent alterations of the nuclear and cytoplasmic activities of hnRNP K. MAPK/ERK
efficiently phosphorylates hnRNP-K, increasing its accumulation in the cytoplasm and
rendering the protein capable of regulating translation of mRNAs that have a DICE in the 3′
UTR. Also, the quantity of hnRNP K in the can nucleus decrease, suggesting that the
transcriptional activity of genes regulated by hnRNP K might also be changed. Dashed lines
represent the events that are not fully understood. Adapted from Habelhah et al. (2001) [22].
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Table 1
Examples of PCBPs involvement in transcriptional regulation

PCBPs Gene regulation Gene References

hnRNP K Transcriptional activation BRCA1 promoter [34]

C-myc [31]

Early promoter of SV40 [30]

Eukaryotic translation initiation factor 4E [35]

Human SRC gene [33]

Mouse mu opioid receptor [36]

Nicotinic acetylcholine receptor promoter [32]

Transcriptional repression Human thymidine kinase promoter [41]

CD43 gene promoter [42]

PCBP1 Transcriptional activation BRCA1 promoter [34]

Eukaryotic translation initiation factor 4E [35]

Mouse mu opioid receptor [36]

PCBP2 Transcriptional activation BRCA1 promoter [34]

Mouse mu opioid receptor [36]

PCBP3 Transcriptional repression Mouse mu opioid receptor [36,45]
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