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Poly(rC)-binding proteins (PCBPs), a defined subfamily of RNA binding proteins,
are characterized by their high affinity and sequence-specific interaction with
poly-cytosine (poly-C). The PCBP family comprises five members, including
hnRNP K and PCBP1-4. These proteins share a relatively similar structure motif,
with triple hnRNP K homology (KH) domains responsible for recognizing and
combining C-rich regions of mMRNA and single- and double-stranded DNA.
Numerous studies have indicated that PCBPs play a prominent role in
hematopoietic cell growth, differentiation, and tumorigenesis at multiple
levels of regulation. Herein, we summarized the currently available literature
regarding the structural and functional divergence of various PCBP family
members. Furthermore, we focused on their roles in normal hematopoiesis,
particularly in erythropoiesis. More importantly, we also discussed and
highlighted their involvement in carcinogenesis, including leukemia and
lymphoma, aiming to clarify the pleiotropic roles and molecular mechanisms
in the hematopoietic compartment.
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Abbreviations: 0-CP, o.-complex proteins; ALL, acute lymphoblastic leukemia; ALOX15, arachidonate 15-
lipoxygenase; AML, acute myeloid leukemia; CDK, cyclin-dependent kinase; CML, chronic myelogenous
leukemia; DICE, differentiation control element; DLBCL, diffuse large B-cell lymphoma; dsDNA, double-
stranded DNA; HL, Hodgkin’s lymphoma; hnRNP, heterogeneous nuclear ribonucleoprotein; IRES,
internal ribosomal entry site; KH domain, hnRNP K homology domain; KI, K-protein-interactive; KNS,
hnRNP K nuclear shuttling; MM, multiple myeloma; mRNP, ribonucleoprotein; NHL, non-Hodgkin’s
lymphoma; NLS, nuclear localization signal; NMHC, non-muscle myosin heavy chain; PCBP, poly(rC)-
binding protein; PPT, polypyrimidine tracts; PRMT1, protein arginine methyl transferase 1; PTM, post-
translational modification; RBP, RNA binding protein; ss, splice site; ssDNA, single-stranded DNA; UTR,

untranslated region.
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1 Introduction

Hematopoiesis is a process wherein hematopoietic stem/
progenitor cells undergo cell commitment and terminal
differentiation into various blood cell types. It is coordinated
and regulated by versatile regulatory factors, including
transcription factors, non-coding RNAs, and heterogeneous
nuclear ribonucleoproteins (hnRNPs), from direct
transcriptional to post-translational control. hnRNPs represent
a superfamily of RNA binding proteins (RBPs) interacting with
pre-mRNA via specific RNA-binding domains. They form
complexes to participate in mRNA transport and stabilization,
gene alternative splicing, translational enhancement, repression,
and chromatin remodeling, thereby controlling the expressions
of encoded proteins (1). Prior research has successfully identified
approximately 20 protein family members in Homo sapiens by
UV cross-linking. They are named hnRNPA1-U alphabetically,
and their molecular weights range from 34 to 120 kDa (2). Poly
(rC)-binding protein (PCBP) is a subfamily of hnRNPs
characterized by high affinity for and sequence-specific
interaction with polycytosine, poly(C) (3).

The PCBP family in mammalian cells comprises five protein
members divided into two subsets: heterogeneous nuclear
ribonucleoprotein K(hnRNP K) (4) and hnRNP E, also named
PCBP, or the alpha-complex proteins (ct-CP). The four proteins of
hnRNP E1-4, also named PCBP1-4, or o-CP 1-4 are also included
in the subsets (5, 6). All family members share common structural
motifs and triple hnRNP K homology (KH) domains, providing a
functional basis for C-rich regions for RNA, ssDNA, and dsDNA
binding (5). PCBPs are abundantly expressed and are estimated to
constitute approximately 0.5% of the total proteins in mammalian
cells (7). Amongst all the PCBPs, hnRNP K, PCBP1, and PCBP2
are ubiquitously expressed in various cell types throughout
embryonic development. They are highly expressed in the bone
marrow, lungs, liver, kidneys, colon, and other normal tissues or
multiple cancer types (8, 9). The inevitable roles of hnRNP K,
PCBP1, and PCBP2 in early embryonic development were
confirmed by the death of embryonic mice during homozygous
gene knockout. Biallelic knockout hnRNP K mouse embryos
either fail to form or die in utero before E13.5 (10). Mutant
mouse embryos homozygous for Pcbpl die early during the peri-
implantation (E4.5-8.5) stage. Developing mutant Pcbp2
homozygotes proceed normally until E12.5-E13.5 owing to a
significant loss in viability associated with combined
cardiovascular and hematopoietic anomalies (11, 12). PCBP3
and PCBP4 exhibit limited levels and expression patterns, and
little are known about their precise cellular functions.

During the past few years, numerous studies have shown
that PCBP family members, especially hnRNP K, PCBP1, and
PCBP2, function as modulators in hematopoiesis through
multiple-level molecular mechanisms. These include nucleic
acid metabolisms such as pre-mRNA alternative splicing,
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specific mRNA stabilization, transcriptional and translational
regulation, or critical iron chaperones delivering iron to target
proteins. Considering their functional diversity and complexity,
the primary role of PCBPs in regulating gene expression has
gained interest in hematopoietic malignancies, such as leukemia
and lymphoma. This review summarizes the existing knowledge
regarding the structural and functional divergence of various
PCBP family members. More importantly, we highlight their
roles in normal hematopoiesis, especially erythropoiesis, as well
as their involvement in carcinogenesis, including leukemia and
lymphoma, over the past decade. Thus, we aim to elucidate the
pleiotropic roles and molecular mechanisms of PCBPs in the
hematopoietic compartment.

2 Structure characteristics and post-
translational modifications of PCBPs

2.1 Structural characteristics of PCBPs

All PCBP family members primarily comprise triple hnRNP
K homology (KH) domains (KH1, KH2, and KH3) that
recognize and combine C-rich regions of RNA, ssDNA, and
dsDNA. The KH domain was initially found in hnRNP K as
triple repeats (13) and was present in various nucleic acid-
binding proteins, including PCBP1-4 (14, 15). Each KH
domain comprises 65-70 amino acids and is characterized by
a three-stranded antiparallel B-sheet packed against three o-
helices (B1-o1-02-B2-B3-03). Every KH domain contains a
conserved “GXXG” loop linking two a-helices (0l-0:2) in the
KH core, which specifically binds to poly(C) sequences in both
RNA and ssDNA. Protein-nucleic acid interactions are mediated
by hydrogen bonding, electrostatic interactions, van der Waals
contacts, and shape complementarities (3). The two N-terminal
KH domains of PCBPs are closely spaced, whereas the C-
terminal is separated by a linker of variable length (Figure 1).
PCBP family members are well-conserved, with the
corresponding KH domains sharing a higher degree of
homology than the KH domains within each protein (14). The
KH domain sequences of PCBP1 and PCBP2 share the highest
identity of 93% (14). The primary differences between PCBPs
and their isoforms occur in the regions between KH domains,
which vary in sequence and length (16). Different KH domains
possess different nucleic acid-binding specificities. Although
hnRNP K activity is mediated by three KH domains, the KH3
domain plays a crucial binding role, as it has the ability to bind to
nucleic acids as an isolated domain, albeit with a lower affinity
than that of the full-length protein (17-19). In PCBP1, the KH1
domain forms the most stable interactions with RNA and DNA.
KH3 domain binds with intermediate affinity, while the KH2
domain only interacts detectibly with DNA (16, 19-21). KH1
and KH3 domains of PCBP2 can bind to a 7-nt DNA sequence
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Structural characteristics of PCBPs and their post-translational modifications related to the hematopoietic compartment. All PCBPs consist of
triple KH domains. hnRNP K, PCBP1, and PCBP2 have two NLS sequences separately (NLS and KNS in hnRNP K while NLSI and NLSII in PCBP1
and PCBP2). hnRNP K has a unique Kl domain responsible for interacting with various proteins. The post-translational modifications and
modifying enzymes related to the hematopoietic compartment are all revealed here. KH domain: hnRNP K homology domain; NLS: nuclear
localization signal; KI: K-protein-interactive; KNS: hnRNP K nuclear shuttling; PRMT1: protein arginine methyl transferase 1; PIAS3: protein

inhibitor of activated STAT3; SENP2: SUMO specific peptidase 2.

(5-AACCCTA-3) and its RNA equivalent. In addition, the
crystal structure indicates that PCBP2 dimerizes with KHI-
KHI1 interaction on exposed surfaces opposite the nucleotide-
binding sites. Moreover, KHI interacts with KH2, similar to
KH1-KHI interaction, whereas KH3 does not dimerize but
interacts with the same nucleotide sequence (22-24).

PCBPs also carry a nuclear localization signal (NLS)
sequence that mediates transport from the cytoplasm to the
nucleus, dictating differential subcellular localization of PCBPs
(Figure 1). Two functionally independent NLS exist in both
PCBP1 and PCBP2. A nine amino-acid segment of NLS I is
mapped between KH2 and KH3 domains, and NLS II with 12
amino acids are localized in the KH3 domain (25). PCBP1 and
PCBP2 are predominantly located in the nucleus, with specific
enrichment of PCBP1 in the nuclear speckles. Neither NLS is
present in PCBP3 or PCBP4, as both are restricted to the
cytoplasm (25). Therefore, they are not regarded as
meaningful hnRNPs (1). hnRNP K has a conventional N-
terminal bipartite NLS and a nuclear shuttling domain (KNS).
Another identified type of nuclear export signal mediates bi-
directional transport across the nuclear envelopes (26). The
localization of hnRNP K, PCBP1 and PCBP2 in the nucleus
and cytoplasm lays the foundation for their multiple roles in
transcriptional, posttranscriptional, and translational processes.

In addition to the KH domain, hnRNP K also comprises a
unique K-protein-interactive (KI) domain located between KH2
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and KH3 domains, which is absent in other PCBPs (5). The KI
domain is a docking site that interacts with hnRNP K and
various proteins. The domain contains several “RGG” repeats
and proline-rich regions responsible for src-homology-3 (SH3)-
domain binding, most notably with the SH3 of c-Src family
kinases (27). There are several proteins interacting with hnRNP
K via the KI domain that are involved in gene expression and
signal transduction (28). Immunoprecipitation of hnRNP K,
followed by mass spectrometry, revealed that hnRNP K is also
associated with a host of ribosomal and RNA-processing
proteins (29). These studies demonstrated that the KI domain
confers hnRNP K with additional functions, such as acting as a
docking platform that associates signal transduction pathways
with nucleic acid-directed processes. The protein interactome of
hnRNP K also contributes to its oncogenicity (29).

2.2 Post-translational modifications
of PCBPs

Post-translational modifications (PTM) further increase the
diversity of PCBPs’ structures and their potential functions,
including protein phosphorylation, methylation, and
SUMOylation. Generally, PTMs in certain regions can directly
influence the subcellular localization of proteins or interact with
nucleotides or proteins. hnRNP K possesses the most abundant
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PTM sites and has recently been comprehensively reviewed by
Xu et al. (30). Herein we summarized certain PTM of PCBPs
related to the hematopoietic compartment.

ERK1/2 dependent phosphorylation of Ser”®**** of hnRNP
K, located in the KI or KNS region, promotes cytoplasmic
accumulation of hnRNP K by affecting nucleocytoplasmic
shuttling (31, 32). Cytoplasmic accumulation of hnRNP K
subsequently regulates the translation of ALOX15 (33), c-Src
(32), and MYC (34). The phosphorylation of Tyr**® in KH3
abolishes the mRNA-binding ability and subsequently initiates
ALOX15 translation (33). The methylation of specific arginine
residues by protein arginine methyl transferase 1 (PRMT1) is
another crucial type of PTM for hnRNP K that regulates its
interaction with other proteins. Mass spectrometry analysis
identified five major methylarginines (Arg256, Arg258,
Arg268, Arg296, and Arg299) in the “RGG” motif of hnRNP
K (35). The asymmetric dimethylation of hnRNP K during
erythroid differentiation at these five arginine residues
augments its interaction with RPS19. It suppresses the
interaction of its proline-rich domains with the SH3 domain
of c-Src, subsequently inhibiting c-Src mediated hnRNP K
phosphorylation at Tyr*® (36). Furthermore, methylation can
strengthen the nuclear localization of hnRNP K (35). A smaller
inactive hnRNP K product mediated by caspase 3 at Asp>>* and
Gly™ loses its mRNA-binding activity conferred by the KH3
domain upon terminal erythroid differentiation (33, 37).
SUMOylation plays an important role in several cellular
processes. PIAS3/SENP2 (protein inhibitor of activated
STAT3, SUMO-specific peptidase 2) mediates SUMOylation
and desumoylation of hnRNPK and controls its stability and
interaction with p53, thus leading to cell cycle arrest and
recovery (38). SUMOylated hnRNP K at Lys*** also positively
regulates MYC expression at the translational level, contributing
to Burkitt’s lymphoma cell proliferation (39).

PCBP1 and PCBP2 have less diversity in their PTMs.
Phosphorylation of PCBP1 and PCBP2 results in a decreased
poly(C)-binding activity (6). PCBP1 phosphorylation at Thr®”
127 by p2l-activated kinase 1 (Pakl) leads to its nuclear
localization and reduces its binding affinity to mRNA (40).
TGF-B-activated Akt2 phosphorylates Ser*’ of PCBP1, causing
PCBPI release from target mRNAs (41).

3 Roles of PCBPs in hematopoiesis

3.1 PCBPs in normal erythroid
differentiation and function

Erythropoiesis, an important part of hematopoiesis, is a
highly coordinated and precisely regulated developmental
process. The committed erythroid progenitors, BFU-E and
CFU-E from hematopoietic stem cells, undergo terminal
differentiation into proerythroblasts and basophilic,
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polychromatophilic, and orthochromatic erythroblasts. They
can enucleate to form reticulocytes, release them into the
bloodstream, and mature into erythrocytes. With
differentiation and maturation, erythroid precursors show a
gradual cell and nuclear size reduction. Cell contents are
rapidly and progressively replaced with an increased
accumulation of hemoglobin (42). PCBPs have specific
relevance to normal erythroid differentiation and function and
have received great attention for years. In this section, we have
discussed the functional diversity of PCBPs based on the various
molecular mechanisms involved in erythroid differentiation
(Table 1 and Figure 2).

3.1.1 PCBP1 and PCBP2 regulate mRNA
stabilization during erythropoiesis

Globin mRNAs accumulate 95% of total cellular mRNA
during terminal erythroid differentiation (57),. The
accumulation of globin mRNA and its continuous translation
is attributable to its stabilization by an mRNP (o-complex)
formed at a CU-rich sequence in the 3’UTR. PCBP1 and
PCBP2, as the primary components of o-complex, stabilize o.-
globin mRNA (43). Within the nucleus, PCBP1 and PCBP2,
together with hnRNP D (AUF1) and cytoplasmic poly(A)-
binding protein (PABP-C), form an a-complex and bind to a
20-nt CU-rich region in the 3’UTR of o-globin mRNA (5, 43, 57,
58). The binding of PABP to the poly(A) tail protects the
transcript from deadenylation and degradation, thereby
enhancing mRNA stability (59). These roles of PCBP1 and
PCBP2 in o-globin mRNA stabilization encouraged
subsequent research on the post-transcriptional regulatory
functionality of PCBPs. The mRNA-stabilizing complex,
including PCBP1 and PCBP2, also binds to the B-globin
mRNA 3’UTR, in which a CU-rich motif of 14-nt was
identified as the site of mRNP assembly (44, 60). PCBP1 and
PCBP2 are also associated with the putative EPO mRNA
stability element in the 3UTR (45). However, another PCBP
family member, hnRNP K, cannot bind effectively to the o-
globin 3° UTR, nor can it form an o-complex linked to the
stabilization of several additional mRNAs, such as B-globin and
EPO (57).

3.1.2 PCBP1 and PCBP2 mediate the alternative
splicing of crucial transcripts

Alternative splicing programs produce multiple transcripts,
resulting in diverse transcriptomic potential. During
erythropoiesis, thousands of genes, including transcription
factors and receptors, undergo alternative splicing to satisfy
the physiological needs of differentiating erythroblasts (61).

The mechanism of PCBPs’ participation in alternative
splicing could enhance cassette exon splicing by binding to a
C-rich subset of polypyrimidine tracts (PPT) splice acceptor sites
located 5 to the PCBP-enhanced exonic segment. PCBP1/2, via
the interaction with the U2 snRNP complex and canonical
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TABLE 1 The roles and underlying mechanisms of hnRNP K, PCBP1, and PCBP2 in erythroid differentiation and function.

16

Family Types Targets Positions
members
PCBP1 mRNA o-globin  3’UTR
stabilization B-globin JUTR
EPO 3’'UTR
Alternative Protein Upstream of the 3’ ss of exon
splicing 4.1R
RUNX1 PPT upstream of Exon 6 splice
acceptor site
Translation ALOX15  3’'UTR DICE
Iron chaperone  Ferritin Protein-protein interaction
PHD2/ Protein-protein interaction
FIH1
PCBP2 mRNA o-globin  3’UTR
stabilization B-globin 3UTR
EPO 3’UTR
Alternative RUNX1 PPT upstream of Exon 6 splice
splicing acceptor site
Translation ALOX15 3’'UTR DICE
Iron chaperone ~ DMT1 Protein-protein interaction
FPN1 Protein-protein interaction
hnRNP K Alternative RUNX1 PPT upstream of Exon 6 splice
splicing acceptor site
Translation ALOX15  3’'UTR DICE
c-Src 3’UTR Src3
NMHC 3’'UTR U/CCCC-rich element
ITA

polypyrimidine tract binding protein, U2AF65, enhances splice
acceptor activity and promotes target exon inclusion (62).

Exon 16 of the 80 kDa erythrocyte 4.1R, which encodes
peptides within the spectrin/actin-binding domain, is
predominantly skipped in early erythroblasts but is included in
late erythroblasts (46, 61). The motif “UUUUCCCCCC”,
situated at bp -15 to -24 upstream of the 3’ splice site (ss), is
vital for exon 16 splicing. PCBP1 binds to the last three-C
regions via the KH1 domain, along with TIA1, and promotes the
recruitment and stabilization of U2 snRNP to a weak branch
point by interaction with RBM39, U2AF65, and SF3b155. Thus,
PCBPI stimulates the spliceosome, complex formation, and
subsequent inclusion of exon 16 (46).

PCBP2-null mouse embryos lose viability at mid-gestation
(E12.5-E13.5), when they undergo prominent defects in the
hematopoietic system (11). Furthermore, the loss of PCBP2
results in selective and pronounced impairment of definitive
erythropoiesis (12). RUNX1 is a crucial hematopoietic master
transcription factor in definitive erythroid lineage (63). Exon 6 of
RUNXI1 is evolutionarily conservated and encodes the protein
domain between DNA-binding and C-terminal transactivation
and autoinhibitory domains (12, 64). A C-rich PPT is remarkably
conserved from 5 to the exon 6 splice acceptor site. PCBP2
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Functions References

Complex formation stabilizing mRNA (43)
Complex formation stabilizing mRNA (44)
Complex formation stabilizing mRNA (45)
Spliceosome complex A formation and Exon 16 (46)
inclusion

Exon 6 inclusion (12)
Translational silencing (47, 48)
Transferring iron and mediating iron storage (49, 50)
Activation of enzyme (51)
Complex formation stabilizing mRNA (43)
Complex formation stabilizing mRNA (44)
Complex formation stabilizing mRNA (45)
Exon 6 inclusion (12)
Translational silencing (48)
Mediating iron incorporation (52)
Mediating iron export (53)
Exon 6 skipping (12)

Translational silencing (32, 33, 36, 37, 47, 54, 55
(32)

(56)

Translational silencing

Translational silencing

specifically binds to PPT cytosine content and enhances cassette
exon 6 inclusion, which is required for hematopoietic progenitor
cells to establish normal myeloid lineages in the fetal liver (12, 62).
In K562, a cell line with erythroblast characteristics, PCBP1
enhances exon 6 inclusion at a less pronounced level, while
hnRNP K promotes exon 6 skipping (12).

3.1.3 Translational regulation by hnRNP K and
PCBP1 in erythroid maturation

The capacity for mRNA synthesis is lost early in erythroid
maturation due to nuclear extrusion. However, products of
specific genes are needed during late maturation. Timely
expression of specific genes controlled post-transcriptionally
by PCBPs can satisty this special demand during erythroid cell
maturation. Enucleated reticulocytes are released into the
bloodstream mature until mitochondrial degradation occurs.
ALOXI15, referred to as reticulocyte 15-lipoxygenaser (rl5-
LOX), is a key enzyme that initiates mitochondrial
degradation during the final stage of reticulocyte maturation
by catalyzing the deoxygenation of phospholipids in
mitochondrial membranes, thus participating in their
breakdown in mature reticulocytes (65, 66). ALOX15 mRNA
is abundantly transcribed in the normoblast stages but is
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FIGURE 2

Functions and molecular mechanisms of PCBPs in erythropoiesis. (1) PCBPs bind directly to pre-mRNA 3'UTR and partner with other proteins,
such as AUF1, and PABP, to regulate the stability of target mRNAs, such as o/f-globin and EPO. (2) PCBPs bind to the PPT region located 5’ to
the PCBP-enhanced exonic segment, together with other spliceosome components, including U2AF65, and U2 snRNP, to induce the alternative
splicing of mRNAs, such as protein 4.1R and RUNXL. (3) PCBPs inhibit mRNA translation via binding to 3'UTR, precluding 80S ribosome
assembly. For example, hnRNP K binds to DICE in ALOX15 mRNA, interacting with RPS19 located at the head of the 40S subunit, inhibiting the
60S subunit from joining the 40S subunit. Post-translational modifications on hnRNP K influence its binding activity; for example, asymmetric
demethylation by PRMT1 augments its interaction with RPS19, while phosphorylation of Tyr 458 in KH3 by c-Src dimmish its DICE-binding
activity. Other genes of PCBPs mediated mRNA translation repression genes include c-Src, and NMHC 1IA; (4) PCBPs act as iron chaperones
regulating the cytosolic iron level and mediating hemoglobin synthesis and iron-dependent enzyme activity. PCBP2 directly mediates ferrous
iron uptake and export via protein-protein interaction with transmembrane DMT1 and FPN1. PCBP2 also transfers ferrous iron in the cytoplasm
endosome. Tf-TfR1mediates ferric iron uptake, and in the formed endosome, deoxidized ferrous iron is transferred by DMT1 to PCBP2. PCBP1
behaves as the main protein to transfer ferrous iron to target molecules via protein-protein interaction; for instance, PCBP1 transfers iron to
ferritin, mediating iron storage and release for hemoglobin synthesis; PCBP1 transfers iron to PHD and FIH1, iron-dependent proteins regulating

HIFo stability.

translationally silenced until enucleated reticulocytes in the
peripheral blood undergo the final steps of maturation.
Therefore, ALOX15 activity should be temporally restricted by
translational silencing in erythroid precursor cells in the bone
marrow and early reticulocyte stages. PCBP family members
must strictly regulate this process. ALOX15 mRNA 3’
untranslated region (UTR) bears a CU-rich, tenfold repeated
19-nt sequence element referred to as differentiation control
element (DICE), mediating translational silencing. The hnRNP
K specifically binds to DICE by KH3, whereas PCBP1 binds by
KHI1 and KH3 (33). hnRNP K and PCBP1 display translation
repressor activity alone, but optimal inhibition occurs when both
act simultaneously in vitro and in vivo (47). PCBP2 can
substitute for PCBP1 in vitro (48). The DICE-hnRNP complex
can specifically inhibit the joining of the ribosomal 60S subunit
to the 40S subunit at the initiation codon, AUG. Therefore,
silencing is not only cap-dependent but also on an internal
ribosomal entry site (IRES)-driven translation by the inhibition
of 80S ribosome assembly (47, 58, 59, 67-69).
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Previous studies have investigated how the mechanism of
connection between the DICE-hnRNP K complex to the
translation initiation machinery and interference with 60S
subunit joining. hnRNP K interacts with ribosomal protein 19
(RPS19), which is localized at the head of the 40S subunit and
extends into its functional center, thus inhibiting the 80S
ribosome assembly (54). This process can be augmented by
the methylation of hnRNP K. Protein arginine methyltransferase
1 (PRMT1) generates the asymmetric dimethylation of hnRNP
K at five arginine residues (R256, R266, R268, R296, and R299)
(36), augmenting its interaction with RPS19, and causing
structural alterations that interfere with 80S ribosome
formation (54).

In mature reticulocytes, the ALOX15 translational silenced
state must be terminated by PTMs of hnRNP K. This
modification includes the methylation, phosphorylation, and
proteolytic cleavage of hnRNP K. During maturation, when
the level of PRMT1 declines, methylated hnRNP K is replaced
by a nonmethylated protein, abolishing the interaction between
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hnRNP K and RPS19, enabling 80S ribosome formation (54).
The non-receptor tyrosine kinase, c-Src, catalyzes the
phosphorylation of Tyr458 in the KH3 of hnRNP K and
diminishes its DICE-binding activity (33, 55). This process is
inhibited by the PRMT1-dependent arginine methylation state
of hnRNP K (36). Interestingly, hnRNP K can also control c-Src
expression by binding element Src3 in c-Src mRNA 3’UTR,
blocking the 80S ribosome assembly, thus inhibiting its
translation during the early maturation stage. In later stages,
elevated non-methylated hnRNP K functions as a specific
activator of c-Src, and the kinase is synthesized (32). Both c-
Src and hnRNP K cooperate through intricate feedback control.
During erythroid differentiation, a specific N-terminal cleavage
intermediate of hnRNP K lacking the DICE binding domain also
appears. Caspase-3 acts as an enzyme that cleaves hnRNP K,
specifically at amino acids D334-G335, thus removing the C-
terminal hnRNP K KH3 domain and conferring hnRNP K
binding of DICE (33, 37). The PTM of hnRNP K guarantees
the timely release of ALOX15 mRNA from the silencing
complex, activating ALOX protein synthesis during erythroid
cell terminal maturation. However, translational modifications
of PCBP1 that affect its interaction with DICE have not yet been
identified in erythroid cells (58).

hnRNP K also regulates erythroid cell enucleation during
terminal red blood cell maturation by inhibiting the expression
of non-muscle myosin heavy chain (NMHC) IIA (also known as
MYHDY), an actin-binding protein involved in intracellular
vesicle transport. Activated NMHC IIA functions as part of
the contractile actinomyosin ring, which is a crucial structure in
enucleation. NMHC ITA mRNA levels are constant during
erythroid maturation, whereas protein levels increase,
indicating translational regulation of NMHC IIA expression.
UV-crosslinking and filter-binding assays demonstrate that KH3
of hnRNP K interacts with a specific U/CCCC-rich NMHC IIA
mRNA 3'-UTR sequence element, mediating translational
silencing in non-induced K562 cells. Simultaneously,
translation inhibition was abolished in K562-induced
maturation and hnRNP K-depleted K562 cells. K562 cell-
induced model recapitulating enucleation and mitochondria
degradation results in hnRNP K depletion (56).

3.1.4 PCBP1 and PCBP2 regulate the cytosolic
iron level, mediating hemoglobin synthesis and
iron-dependent enzyme activity

PCBP1 and PCBP2 are important iron chaperones that
bind iron, deliver it to other proteins, regulate cytosolic iron
levels in hemoglobin synthesis, and activate enzymes in
erythrocyte development.

Iron is taken up by erythroid precursors, delivered to the
mitochondria, and converted into heme for hemoglobin
assembly. A precise cellular iron level ensures hemoglobin
synthesis and does not harm cells. Ferritin, a cytosolic iron
storage protein, regulates the cytosolic iron level. Although
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PCBP1-4 share iron chaperone activity, only PCBPI, and
PCBP2 are co-immunoprecipitated with ferritin in HEK293
cells, and PCBP3 can directly interact with ferritin when
exogenously expressed in cells (70, 71). Murine erythroid
progenitor cells, G1IE-ER4 were induced erythroid
differentiation. PCBP1 mediates iron storage by binding
directly to iron and delivering it to ferritin via a metal-
mediated protein-protein interaction. During early
differentiation, PCBP1 efficiently transfers iron to ferritin for
storage when cellular heme synthesis is slow. During late
differentiation, when iron demand increases, the amount of
iron directed by PCBP1 into ferritin drops (49, 50, 72).
Postnatal deficiency of PCBP1 in mice resulted in microcytic
anemia due to impaired iron trafficking through ferritin, reduced
heme synthesis, and hemoglobin formation (49). However,
PCBP2 exhibits the opposite effect, with undetectable ferritin
complexes in the G1E-ER4 cell model. With PCBP2 depletion,
iron trafficking to ferritin, hemin, and hemoglobin synthesis is
enhanced (49). PCBP3 and PCBP4, expressed at lower levels, are
insufficient as iron chaperones mediating iron storage (73).

PCBP2, but not PCBP1, binds to divalent metal transporter 1
(DMT1), a transmembrane transporter of ferrous iron, which is
also crucial for heme synthesis (74). The KH2 domain of PCBP2
interacts with the N-terminal cytoplasmic region of DMT1, and
ferrous iron imported by DMT1 is transferred directly to PCBP2
to satisfy iron incorporation (52). Subsequently, PCBP2 interacts
with ferroportin 1 (FPN1), an iron export protein, via the KH2
domain and C-terminal cytoplasmic region of FPN1 (53).

In addition, as iron chaperones, PCBP1 and PCBP2 can
activate iron-dependent enzymes by transferring ferrous iron via
protein-protein interaction. Prolyl hydroxylases (PHDs) and
asparaginyl hydroxylase (FIH1) can modify the hypoxia-
inducible factor oo (HIFo) protein for degradation via the
VHL/proteasome pathway. Depleting PCBP1 or PCBP2 in
cells leads to a loss of PHD2 activity and accumulation of
active HIFlow for EPO transcription (51), which has been
previously reviewed (58).

Notably, the domain and mechanism of PCBP1 or PCBP2
binding to ferrous iron have not been clarified, which warrants
further research to supplement the versatile roles of PCBPs.

3.2 Other hematopoietic lineages

Unlike the specific and pleiotropic relevance of PCBPs with
erythropoiesis, their roles in myeloid and lymphoid cell
differentiation are limited. They mostly benefit from studies on
hematopoietic disorders such as CML and AML, which will be
discussed in the subsequent section. PCBPs regulate myeloid-
related genes via transcriptional and translational regulation.
hnRNP K promotes myeloid differentiation by activating MYC
expression via 5 cap-independent translation (58, 75), activating
C/EBPa. and C/EBPP via specific interaction with their
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promoters (10, 76), and interacting with PU.1, recruited at the
CD11b promoter (77). PCBP2 inhibits myeloid differentiation
by binding to C/EBP oo mRNA and inhibiting its translation (58,
78, 79).

Besides, PCBPs play a critical role in T cell activation.
hnRNP K acts as a downstream target of TCR-activated ERK
and plays a role in activating two critical transcription factors,
NF-kB and NF-AT, in T-cell activation, thus promoting IL-2
production (80). PCBP1 recognizes and binds to CU-rich
elements in the 3’UTR of GM-CSF and IL2, stabilizing mRNA
and promoting proinflammatory cytokine production in CD4+
T helper cells (81). hnRNP K promotes the immune function of
leukocytes by binding to ssDNA within the CD43 gene
promoter, mediating its repression (82).

Considering the high expression of hnRNP K, PCBPI, and
PCBP2 in bone marrow (8) and their pleiotropic nature, further
research is required to clarify the precise role of PCBPs in myeloid
(granulocytes, monocytes, and macrophages), and lymphoid (B,
T, and NK cell) cell differentiation and functionality.

4 Roles of PCBPs in hematological
malignancies

Hematological malignancies are a collection of
heterogeneous conditions originating from the bone marrow

10.3389/fonc.2022.1045797

and lymphatic system and involve three primary groups:
leukemia, lymphoma, and plasma cell neoplasms (83).
Hematological malignancies share a common characteristic of
uncontrolled cell proliferation and are thus involved in a
differentiation blockade (84). During this process, the PCBP
family members play important roles in versatile biological
processes, such as gene activation, repression, and alternative
splicing. The relationship between PCBPs and solid cancers has
been clarified in detail. For example, hnRNP K is a putative
oncogene in several solid malignancies, and its overexpression is
associated with poor prognosis (28, 85, 86). PCBPI acts as a
novel tumor suppressor gene in many cancers and is
characterized by the downregulation and inhibition of tumor
formation and metastasis (87). PCBP2, highly homologous to its
family member PCBPI, is expressed in many cancers and is
considered an oncogene that promotes tumorigenesis (88).
Recent studies have demonstrated that PCBPs have dual
oncogenic and tumor-suppressive functions in various
contexts. Herein, we summarized the current research on
PCBPs in hematological malignancies to identify the roles and
mechanisms of PCBPs (Table 2, Figure 3).

In hematological tumorigenesis, two conventional
tumorigenesis-related signaling pathways, the oncogenic MYC
pathway and the onco-suppressive p53/p21 pathway, are
influenced by PCBPs, making it plausible that the same gene
can be oncogenic and tumor-suppressive simultaneously.

TABLE 2 The roles and underlying mechanisms of hnRNP K, PCBP1, and PCBP2 in hematopoietic disorders.

Diseases Family Models Expression  Roles
members
AML hnRNP K Patients, Low Tumor
hnRNP*" mice suppressor
hnRNP K Patients, K562 and HL60 High Oncogene
hnRNP K Patients, High Oncogene
PCBP1 Patients Low Tumor
suppressor
PCBPI and K562 / Oncogene
PCBP2
CML hnRNP K 32Dcl3 myeloid precursor, High Oncogene
32D-BCR/ABL
hnRNP K patients High Oncogene
PCBP2 CML-BC derived EM-3, 32Dcl3  High Oncogene
myeloid precursor, 32D-BCR/
ABL
ALL hnRNP K patients, High Oncogene
Ph+ ALL cell lines (SUP/B15)
DLBCL hnRNP K patients, High Oncogene
transgenic mouse model
Burkitt hnRNP K human Burkitt lymphoma cell ~ High Oncogene
lymphoma line (Daudi, CA46)
PCBP1 patients / /
Frontiers in Oncology 08

Related Effects Refs
genes

P21, C/EBPo. Hematological malignancy with the expansion (10)

and B, of myeloid lineages and a significant reduction

STAT3 in survival

LC3 /11 Promoting drug resistance through the (89)
regulation of autophagy

SET Leukemogenesis and promoting drug (90)
resistance

/ / (91)

P21 p53-independent induction of p21, with G1 (92)
arrest

MYC Activation of c-myc translation (93)

/ / (94)

C/EBPo Inhibition of C/EBPa. translation (78, 79, 95)

Beclinl Enhancing autophagic activity by interaction (96)
with the Beclinl mRNA

MYC Activation of c-myc translation, development (93)
of lymphomas, with poor clinical outcomes
and therapy resistance

MYC Activation of c-myc translation (39)

/ Somatic mutations altering PCBP1 function (97)
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MYC (c-Myc) is a proto-oncogene involved in multiple
cancers that impacts many biological events, including cell
proliferation, differentiation, and programmed cell death,
when aberrantly regulated. MYC plays an important role in
the maturation and expansion of myeloid and lymphoid cells.
Uncontrolled MYC elevated expression is often observed in
leukemia and lymphoma (98). PCBPs are complex regulators
of MYC that promote its expression in the hematopoietic
compartment. hnRNP K transcriptionally promotes MYC
expression by interacting with the CT-rich regions in the
promoter of the MYC gene (99, 100). In addition, hnRNP K,
PCBP1, and PCBP2 interact with the MYC IRES located in the
5'UTR, aiding its entry to the ribosome through a cap-
independent mechanism for alternatively internal translation
initiation (101). A mutated version of the MYC IRES prevalent
in multiple myeloma (MM) binds tightly to hnRNP K, thus
promoting increased aberrant expression of MYC (101).

The p53/p21 pathway inhibits cell cycle and proliferation by
controlling the G1 checkpoint (102). p53 is a potent tumor
suppressor and the primary transcriptional regulator of p21.
p53/p21 dysregulation is highly correlated with hematopoietic
disorders. The highest levels of p53 are strongly associated with
the advanced phases of CLL, ALL, CML, and AML de novo and
relapse cases (103). TP53 mutations are associated with
resistance to chemotherapy (104, 105). p21, a downstream
factor of p53, functions as a cyclin-dependent kinase (CDK)
inhibitor that directly mediates cell cycle arrest in the G1 phase.
It is dysregulated in some cancers (106), including
hematopoietic tumors (107, 108). PCBPs regulate p53/p21
expression through multiple mechanisms. hnRNP K interacts
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with p53 and acts as a cofactor for p53-mediated p21
transcription (109, 110). Moreover, hnRNP K stabilizes p21
mRNA by binding to its 3’UTR (111, 112). PCBP2 enhances
p53 mRNA stability by interacting with its 3’ end stimulating its
translation via specific binding to the 5’-terminal region of p53
mRNA (113). In contrast to PCBPs’ mRNA stabilization, PCBP1
and PCBP2 bind to p21 mRNA and destabilize the transcript in a
p53-independent pathway (92).

4.1 AML

Acute myeloid leukemia (AML) is one of the most common
and aggressive malignancies of the hematopoietic system.
hnRNP K haploinsufficiency has been discovered in AML
patients, contributing to the disease process (10).
Approximately 2% of all AMLs harbors 9q21.32 deletions
with one HNRNPK allele lost. The HNRNPK in the CD34+
cells of these patients was dramatically decreased compared to
that in healthy donor samples. Mice embryos with biallelic loss
of Hnrnpk failed to form or died at E13.5. Haploinsufficient
mice (Hnrnpk™™ mimicking the putative haploinsufficiency
observed in AML patients were significantly smaller and had
a decreased survival rate. The reduced hnRNP K expression led
to the hematological malignancy development with a significant
increase in neutrophils, basophilic granulocytes, platelets, and
CD11b/LyG6 double-positive cells. The serum levels of
interleukin (IL)-3 and IL-6, which promote the proliferation
of myeloid cells, were also increased. Additionally, Hnrnpk™~
mice frequently harbor other hematologic malignancies,
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including T- and B-cell lymphomas (10). hnRNP K acts as a
tumor suppressor in AML by regulating the p53/p21, CEBP,
and STAT3 pathways (10). A reduced hnRNP K expression
attenuated p21 activation (10). hnRNP K, a p53 cofactor (109,
110), is required for p21 transcription (114). A chromatin
immunoprecipitation (ChIP) assay in Hnrnpk+/— mice tissues
showed that hnRNP K directly interacts with the p21 gene (10).
In addition, hnRNP K was reported to stabilize p21 mRNA by
binding to the 3'UTR (111, 112). hnRNP K is required for
efficient G1 cell-cycle arrest (110). Furthermore, the reduction
of hnRNP K in AML significantly downregulated C/EBPo. and
C/EBP levels (10), by interacting with their promoters (10, 76).
C/EBPo. p42 isoform, a myeloid tumor suppressor (115), was
significantly downregulated in Hnrnpk™™ mice, suggesting that
hnRNP K might also interact with the C/EBPo. transcript.
hnRNP K loss in Hrrnpk™'™ mice also significantly activated
STAT3 expression, which directly contributed to the
differentiation and proliferation defects in the hematological
compartment (10).

However, hnRNP K might be an oncogene due to its
significant overexpression in the bone marrow of non-
remission AML patients and drug-resistant cell lines (89, 90).
hnRNP K expression was positively correlated with that of
autophagy-related proteins such as microtubule-associated
protein light chain 3 I and II (LC3I/II). This indicates that
hnRNP K might promote the survival of leukemic cells by
influencing autophagy (89). The relationship between hnRNP
K and tumorigenesis is difficult to address, primarily because of
the number of cellular processes it regulates. However, the
studies above revealed that hnRNP K acts mainly as a tumor
suppressor in AML (86).

Another family member, PCBPI1, also acts as a tumor
suppressor in AML. PCBP1 expression was significantly
decreased in newly diagnosed AML patients and recovered
with complete remission. Clinical feature analyses showed that
the white blood cell count was elevated in patients with low
PCBP1 expression. Besides, patients with low PCBP1 expression
had poor disease-free and overall survival (91). PCBP1 can
suppress cell proliferation and carcinogenesis by binding to
the 3-UTR of p27 via its KH1 domain to stabilize p27 mRNA
and enhance its translation (116). Additionally, PCBP1 inhibits
the expression of STAT3, an oncogene frequently overexpressed
in cancer, through the interaction with its 5-UTR (117).

However, PCBP1 may promote tumorigenesis by co-
depleting with PCBP2. In K562, an acute myeloid leukemia
cell line, the knockdown of PCBP1 or PCBP2 alone did not affect
cell growth. In contrast, PCBP1 and PCBP2 co-depletion
inhibited cell proliferation and triggered a significant G1 cell
cycle arrest, with an induction of p21 protein expression.
Interestingly, in contrast to mRNA stabilization, PCBP1 and
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PCBP2 can bind to and destabilize p21 mRNA vig a 127-bp CU-
rich region in the 3’-UTR. This study highlighted the novel
activities of PCBP1 and PCBP2 in tumorigenesis (92). The role
of PCBP2 in AML patients has not yet been reported.

4.2 CML

Chronic myelogenous leukemia (CML) is a
myeloproliferative disorder caused by deregulated tyrosine
kinase activity of p210-BCR/ABL oncoprotein, the product of t
(9;22) (q34;q11) translocation (118). CML progression from the
chronic phase (CML-CP) to the acute and fatal blast crisis
(CML-BC) phase impairs the ability of myeloid progenitors to
differentiate terminally into mature neutrophils (118).

In CML patients, hnRNP K levels are more abundant in
mononuclear cells (MNCs) from CML-BC patients than in CML-
CP cells (94). hnRNP K and PCBP2, as oncogenes, contribute to the
progression of CML-CP to CML-BC via distinct pathways through
the activation of MYC mRNA translation and suppression of C/
EBP o mRNA translation (58). The constitutive tyrosine kinase
BCR/ABL activates downstream MAPKERKY2 which
phosphorylated both hnRNP K (Ser®***%3) (75) and PCBP2
(Ser'7>'189272 and Th*®) (79), thereby increasing protein stability
and cytoplasmic accumulation. In CML-BC progenitors, hnRNP K
binds to the IRES of MYC and promotes MYC translation (75),
accounting for BML-BC cell proliferation and colony formation
(119, 120). PCBP2 binds to C/EBPo, the principal regulator of
granulocytic differentiation, via a pyrimidine motif (CUCCCCC) in
its 5-UTR that spaces an upstream open reading frame (uORF)
(18-nt) from the main ORF (78). Because uORFs are involved in
translational control (121), C/EBPa. expression is suppressed at the
translational level. Reduced C/EBPo. expression downregulates
GCSF-R transcription, contributing to granulocyte differentiation
(64). miRNAs also regulate PCBP2-mediated translational
repression of C/EBPo. miR328 competes with C/EBPa; mRNA to
bind to PCBP2. The loss of miR328 in CML-BC abolished the
translation of C/EBPo. repression (95).

4.3 ALL

hnRNP K overexpression was assessed in Philadelphia
chromosome-positive acute lymphoblastic leukemia (Ph(+)
ALL) patients and imatinib-resistant ALL cell lines. hnRNP K
knockdown increased the imatinib sensitivity of these tumor
cells and decreased the in vivo tumor burden. hnRNP K
enhances autophagic activity in drug-resistant Ph+ ALL cells
by iteration with the mRNA of Beclinl, an autophagy-related
protein (96).
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4.4 B-cell lymphoma

Malignant lymphomas constitute a heterogeneous group of
neoplasms derived from cells of the immune system (B-, T-, NK-
lymphocytes) (83). More specifically, lymphomas are classified
as Hodgkin’s and non-Hodgkin’s (HL and NHL), accounting for
10% and 90% of the cases, respectively. Diffuse large B-cell
lymphomas (DLBCL) and Burkitt’s lymphoma are two subtypes
of NHL and B- cell lymphomas, respectively. DLBCL constitutes
nearly half of all NHL cases, making it the most commonly
diagnosed lymphoma subtype (122).

In DLBCL patients without MYC genomic alterations, high
hnRNP K expression is associated with poor overall survival,
progression-free survival, and lack of response to chemotherapy.
A transgenic mouse model with hnRNP K overexpression also
exhibited lymphomagenesis and a reduced survival rate.
Mechanistically, hnRNP K activates MYC expression through
posttranscriptional and translational regulation, contributing to
DLBCL pathogenesis (29, 93).

Burkitt’s lymphoma is the most common B-cell lymphoma
in children. Its genetic hallmark is the translocation t(8;14) (q24;
q32) involving the MYC gene and the immunoglobulin heavy
chain (IGH) gene or its light chain variants, bringing the MYC
oncogene under the influence of immunoglobulin gene
enhancers. This translocation deregulates MYC expression,
contributing to Burkitt’s lymphoma cell proliferation (84).
hnRNP K overexpression was also observed in Burkitt’s
lymphoma, whereby SUMOylated hnRNP K at Lys422 was
elevated. SUMOylated hnRNP K positively regulates MYC
expression at the translational level by increasing the binding
activity of MYC 5" UTR IRES (39).

A next-generation sequencing study identified recurrent
somatic mutations in PCBP1 in Burkitt’s lymphomas (3/17, 18%).
The mutations predominantly (83%) affect the PCBP1 KH3
domain, either by complete domain loss or amino acid changes.
Missense mutations in two cases within NLSI or NLSII may solely
lead to decreased PCBP1 expression within the nucleus. These
mutations were predicted to alter various functions of PCBPI,
including nuclear trafficking and pre-mRNA splicing (97). Notably,
mutations in genes encoding other important RNA splicing factors,
such as SF3B1 and U2AF]I, are currently among the most recurrent
genetic abnormalities in patients with myeloid neoplasms and
lymphoproliferative disorders (123).

5 Concluding remarks

PCBPs, the triple KH domain proteins interaction with C-rich
regions of RNA, ssDNA, and dsDNA and exert abundant
biological functions of cellular events, including proliferation,
differentiation, apoptosis, DNA damage, repair and stress, and
immune responses (73). Herein, we summarized the functional
divergence of various PCBP family members in normal
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hematopoiesis and hematopoietic malignancies. Conclusively,
PCBPs regulate hematopoietic cell differentiation and cell
function by controlling gene expression via modulation of
mRNA stabilization, alternative splicing, translational
repression, and activation, together with other additional factors,
such as PABP-C, U2AF65, and RPS19. PCBPs are particularly
relevant for erythroid differentiation and maturation. In addition
to their involvement in nucleic acid metabolism, PCBPs act as iron
chaperones, regulating the cytosolic iron levels for hemoglobin
synthesis or activating crucial enzymes. Notably, the specific
binding sites of PCBP1 and PCBP2 for ferrous iron are still
unclear, and the exact mechanism by which PCBP1 delivers
ferrous iron to its target proteins remains inconclusive.
Post-transcriptional regulation is crucial in orchestrating
gene regulatory networks in hematopoietic cell growth,
differentiation, and tumorigenesis. The roles of other RNA-
binding proteins in acute leukemia have recently been fully
elucidated (86). Because PCBPs regulate gene expression on
multiple levels, such as acting as transcriptional activators,
regulators of RNA splicing and translational repressors, their
roles in hematopoietic malignancies have gained increasing
attention. In the past decade, many studies showed the
relevance of PCBP family members, especially hnRNPK,
PCBP1, and PCBP2, in AML, ALL, and others. Altered genes
have historically been designated as either oncogenes or tumor
suppressors. Owing to the pleiotropic nature of the PCBP family,
their over- and under-expression can be pathogenic. It is difficult
to identify the precise role of PCBPs in a particular type of
hematopoietic disorder, as the same family member may exert
cogenetic and tumor suppressive effects in different cell contexts
or differentiation stages. This dualism is mainly based on PCBPs’
multifunctionality, as they act in many ways in the cytoplasm
and nucleus due to their unique localization. In further research,
an in-depth study of the interactions between PCBPs and RNAs
or proteins should be considered comprehensively. Using Clip-
seq, RIP-Seq, or RNA pulldown at the genome-wide level and
using protein Co-IP and mass spectrographic analysis at the
protein-interactome level, might provide more definite
information for understanding the regulatory networks of
PCBPs in hematopoietic disorders. Significantly, it may be
more plausible to track the involvement of PCBPs in different
disease phases with the progression of hematopoietic disorders.
Elucidating the roles of PCBPs in hematopoietic
malignancies may provide a valuable therapeutic modality in
the future. Certain studies have demonstrated that hnRNPK,
PCBPI, and PCBP2 may serve as prognostic biomarkers and
potential therapeutic targets. Although no established PCBPs-
specific therapies currently exist, elucidating the role of PCBPs in
hematopoietic malignancies may provide valuable insights. For
instance, in vivo study demonstrated that hnRNP K is a crucial
regulator of shaping leukemia cell resistance to imatinib (96),
partly explaining the mechanism of leukemia cell drug
resistance. hnRNP K overexpression in DLBCL patients
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without MYC genomic alterations renders cells sensitive to BET-
bromodomain inhibitors both in vitro and in transplantation
models. This suggests that BET-bromodomain inhibitors could
be an effective therapeutic modality in the treatment of
malignancies characterized by hnRNP K overexpression (93).

Besides, the roles of the other two family members, PCBP3
and PCBP4, in the hematopoietic compartment have not yet been
revealed. Research on PCBP3 and PCBP4 in other contexts could
offer valuable insights. For example, in neuronal cells, PCBP1,
PCBP2, and hnRNP K work simultaneously to stimulate the p-
opioid receptor gene, while PCBP3 works as a repressor (124,
125). PCBP4 can inhibit the proliferation and tumorigenesis of
lung cancer cells by delaying the cell cycle progression (126).

Conclusively, the functional diversities of PCBP family
members involved in the hematopoietic compartment and
their pleiotropic molecule mechanisms will be revealed more
clearly with further research.

Author contributions

HZ, LS, RW, and XH contributed to the study design. HZ
prepared and wrote the manuscript. ZW, GS and YC critically
reviewed and revised the manuscript. All authors contributed to
the article and approved the submitted version.

References

1. Geuens T, Bouhy D, Timmerman V. The hnRNP family: insights into their
role in health and disease. Hum Genet (2016) 135(8):851-67. doi: 10.1007/s00439-
016-1683-5

2. Xie W, Zhu H, Zhao M, Wang L, Li S, Zhao C, et al. Crucial roles of different
RNA-binding hnRNP proteins in stem cells. Int ] Biol Sci (2021) 17(3):807-17. doi:
10.7150/ijbs.55120

3. Choi HS, Hwang CK, Song KY, Law PY, Wei LN, Loh HH. Poly(C)-binding
proteins as transcriptional regulators of gene expression. Biochem Biophys Res
Commun (2009) 380(3):431-6. doi: 10.1016/j.bbrc.2009.01.136

4. Matunis MJ, Michael WM, Dreyfuss G. Characterization and primary
structure of the poly(C)-binding heterogeneous nuclear ribonucleoprotein
complex K protein. Mol Cell Biol (1992) 12(1):164-71. doi: 10.1128/
mcb.12.1.164-171.1992

5. Makeyev AV, Liebhaber SA. The poly(C)-binding proteins: a multiplicity of
functions and a search for mechanisms. RNA. (2002) 8:265-78. doi: 10.1017/
$1355838202024627

6. Leffers H, Dejgaard K, Celis JE. Characterisation of two major cellular poly
(rC)-binding human proteins, each containing three K-homologous (KH)
domains. Eur ] Biochem (1995) 230(2):447-53. doi: 10.1111/j.1432-
1033.1995.tb20581.x

7. ChoiK, Kim JH, Li X, Paek KY, Ha SH, Ryu SH, et al. Identification of cellular
proteins enhancing activities of internal ribosomal entry sites by competition with
oligodeoxynucleotides. Nucleic Acids Res (2004) 32(4):1308-17. doi: 10.1093/nar/
gkh300

8. Wu C, Orozco C, Boyer J, Leglise M, Goodale J, Batalov S, et al. BioGPS: an
extensible and customizable portal for querying and organizing gene annotation
resources. Genome Biol (2009) 10(11):R130. doi: 10.1186/gb-2009-10-11-r130

9. Wang J, Guo X, Wang D, Yang S. Expression patterns of pcbp gene family
members during zebrafish embryogenesis. Gene Expr Patterns (2020) 35:119097.
doi: 10.1016/j.gep.2020.119097

Frontiers in Oncology

12

10.3389/fonc.2022.1045797

Funding

This work was supported by the National Natural Science
Foundation of China (81770140, 82002210 and 82170606),
Central Plains Science and technology innovation leader
Project (214200510004), Luoyang City Science and Technology
Plan Project (2101028A).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

10. Gallardo M, Lee Hun ], Zhang X, Bueso-Ramos C, Pageon Laura R,
McArthur M, et al. hnRNP K is a haploinsufficient tumor suppressor that
regulates proliferation and differentiation programs in hematologic malignancies.
Cancer Cell (2015) 28(4):486-99. doi: 10.1016/j.ccell.2015.09.001

11. Ghanem LR, Kromer A, Silverman IM, Chatterji P, Traxler E, Penzo-
Mendez A, et al. The poly(C) binding protein Pcbp2 and its retrotransposed
derivative Pcbpl are independently essential to mouse development. Mol Cell Biol
(2016) 36(2):304-19. doi: 10.1128/MCB.00936-15

12. Ghanem LR, Kromer A, Silverman IM, Ji X, Gazzara M, et al. Poly(C)-
binding protein Pcbp2 enables differentiation of definitive erythropoiesis by
directing functional splicing of the RunxI transcript. Mol Cell Biol (2018) 38(16):
€00175-18. doi: 10.1128/MCB.00175-18

13. Siomi H, Matunis MJ, Michael WM, Dreyfuss G. The pre-mRNA binding K
protein contains a novel evolutionarily conserved motif. Nucleic Acids Res (1993)
21(5):1193-98. doi: 10.1093/nar/21.5.1193

14. Valverde R, Edwards L, Regan L. Structure and function of KH domains.
FEBS ] (2008) 275(11):2712-26. doi: 10.1111/j.1742-4658.2008.06411.x

15. Nicastro G, Taylor IA, Ramos A. KH-RNA interactions: back in the groove.
Curr Opin Struct Biol (2015) 30:63-70. doi: 10.1016/§.sb1.2015.01.002

16. Sidiqi M, Wilce JA, Vivian JP, Porter CJ, Barker A, Leedman PJ, et al.
Structure and RNA binding of the third KH domain of poly(C)-binding protein 1.
Nucleic Acids Res (2005) 33(4):1213-21. doi: 10.1093/nar/gki265

17. Backe PH, Ravelli RB, Garman E, Cusack S. Crystallization, microPIXE and
preliminary crystallographic analysis of the complex between the third KH domain
of hnRNP K and single-stranded DNA. Acta Crystallogr D Biol Crystallogr (2004)
60(Pt 4):784-87. doi: 10.1107/S0907444904002628

18. Backe PH, Messias AC, Ravelli RB, Sattler M, Cusack S. X-Ray
crystallographic and NMR studies of the third KH domain of hnRNP K in
complex with single-stranded nucleic acids. Structure. (2005) 13(7):1055-67. doi:
10.1016/j.5tr.2005.04.008

frontiersin.org


https://doi.org/10.1007/s00439-016-1683-5
https://doi.org/10.1007/s00439-016-1683-5
https://doi.org/10.7150/ijbs.55120
https://doi.org/10.1016/j.bbrc.2009.01.136
https://doi.org/10.1128/mcb.12.1.164-171.1992
https://doi.org/10.1128/mcb.12.1.164-171.1992
https://doi.org/10.1017/S1355838202024627
https://doi.org/10.1017/S1355838202024627
https://doi.org/10.1111/j.1432-1033.1995.tb20581.x
https://doi.org/10.1111/j.1432-1033.1995.tb20581.x
https://doi.org/10.1093/nar/gkh300
https://doi.org/10.1093/nar/gkh300
https://doi.org/10.1186/gb-2009-10-11-r130
https://doi.org/10.1016/j.gep.2020.119097
https://doi.org/10.1016/j.ccell.2015.09.001
https://doi.org/10.1128/MCB.00936-15
https://doi.org/10.1128/MCB.00175-18
https://doi.org/10.1093/nar/21.5.1193
https://doi.org/10.1111/j.1742-4658.2008.06411.x
https://doi.org/10.1016/j.sbi.2015.01.002
https://doi.org/10.1093/nar/gki265
https://doi.org/10.1107/S0907444904002628
https://doi.org/10.1016/j.str.2005.04.008
https://doi.org/10.3389/fonc.2022.1045797
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

19. Dejgaard K, Leffers H. Characterisation of the nucleic-acid-binding activity
of KH domains. different properties of different domains. Eur ] Biochem (1996) 241
(2):425-31. doi: 10.1111/j.1432-1033.1996.00425.x

20. Yoga YM, Traore DA, Sidigi M, Szeto C, Pendini NR, Barker A, et al.
Contribution of the first K-homology domain of poly(C)-binding protein 1 to its
affinity and specificity for c-rich oligonucleotides. Nucleic Acids Res (2012) 40
(11):5101-14. doi: 10.1093/nar/gks058

21. Sidiqi M, Wilce JA, Porter CJ, Barker A, Leedman PJ, Wilce MC. Formation
of an alphaCP1-KH3 complex with UC-rich RNA. Eur Biophys ] EBJ (2005) 34
(5):423-9. doi: 10.1007/s00249-005-0467-y

22. DuZ, Lee JK, Tjhen R, Li S, Pan H, Stroud RM, et al. Crystal structure of the
first KH domain of human poly(C)-binding protein-2 in complex with a c-rich
strand of human telomeric DNA at 1.7 a. J Biol Chem (2005) 280(46):38823-30.
doi: 10.1074/jbc.M508183200

23. Du Z, Lee JK, Fenn S, Tjhen R, Stroud RM, James TL. X-Ray
crystallographic and NMR studies of protein-protein and protein-nucleic acid
interactions involving the KH domains from human poly(C)-binding protein-2.
RNA. (2007) 13(7):1043-51. doi: 10.1261/rna.410107

24. Fenn S, Du Z, Lee JK, Tjhen R, Stroud RM, James TL. Crystal structure of
the third KH domain of human poly(C)-binding protein-2 in complex with a c-rich
strand of human telomeric DNA at 1.6 a resolution. Nucleic Acids Res (2007) 35
(8):2651-60. doi: 10.1093/nar/gkm139

25. Chkheidze AN, Liebhaber SA. A novel set of nuclear localization signals
determine distributions of the alphaCP RNA-binding proteins. Mol Cell Biol (2003)
23(23):8405-15. doi: 10.1128/MCB.23.23.8405-8415.2003

26. Michael WM, Eder PS, Dreyfuss G. The K nuclear shuttling domain: a novel
signal for nuclear import and nuclear export in the hnRNPK protein. EMBO
(1997) 16(22):3587-98. doi: 10.1093/emboj/16.12.3587

27. Van Seuningen I, Ostrowski J, Bustelo XR, Sleath PR, Bomsztyk K. The K
protein domain that recruits the interleukin 1-responsive K protein kinase lies
adjacent to a cluster of c-src and vav SH3-binding sites. implications that K protein
acts as a docking platform. J Biol Chem (1995) 270(45):26976-85. doi: 10.1074/
jbc.270.45.26976

28. Bomsztyk K, Denisenko O, Ostrowski J. hnRNP K: one protein multiple
processes. Bioessays. (2004) 26(6):629-38. doi: 10.1002/bies.20048

29. Malaney P, Velasco-Estevez M, Aguilar-Garrido P, Aitken MJL, Chan LE,
Zhang X, et al. The ep-hnRNP K murine model of lymphoma: novel insights into
the role of hnRNP K in b-cell malignancies. Front Immunol (2021) 12:634584. doi:
10.3389/fimmu.2021.634584

30. Xu Y, Wu W, Han Q, Wang Y, Li C, Zhang P, et al. Post-translational
modification control of RNA-binding protein hnRNPK function. Open Biol (2019)
9(3):180239. doi: 10.1098/rsob.180239

31. Habelhah H, Shah K, Huang L, Ostareck-Lederer A, Burlingame AL, Shokat
KM, et al. ERK phosphorylation drives cytoplasmic accumulation of hnRNP-K and
inhibition of mRNA translation. Nat Cell Biol (2001) 3(3):325-30. doi: 10.1038/
35060131

32. Naarmann IS, Harnisch C, Flach N, Kremmer E, Kuhn H, Ostareck DH,
et al. mRNA silencing in human erythroid cell maturation: heterogeneous nuclear
ribonucleoprotein K controls the expression of its regulator c-src. J Biol Chem
(2008) 283(26):18461-72. doi: 10.1074/jbc.M710328200

33. Messias AC, Harnisch C, Ostareck-Lederer A, Sattler M, Ostareck DH. The
DICE-binding activity of KH domain 3 of hnRNP K is affected by c-src-mediated
tyrosine phosphorylation. J Mol Biol (2006) 361(3):470-81. doi: 10.1016/
1jmb.2006.06.025

34. Notari M, Neviani P, Santhanam R, Blaser BW, Chang JS, Galietta A, et al. A
MAPK/HNRPK pathway controls BCR/ABL oncogenic potential by regulating
MYC mRNA translation. Blood. (2006) 107(6):2507-16. doi: 10.1182/blood-2005-
09-3732

35. Chang YI, Hsu SC, Chau GY, Huang CY, Sung JS, Hua WK, et al.
Identification of the methylation preference region in heterogeneous nuclear
ribonucleoprotein K by protein arginine methyltransferase 1 and its implication
in regulating nuclear/cytoplasmic distribution. Biochem Biophys Res Commun
(2011) 404(3):865-9. doi: 10.1016/j.bbrc.2010.12.076

36. Ostareck-Lederer A, Ostareck DH, Rucknagel KP, Schierhorn A, Moritz B,
Huttelmaier S, et al. Asymmetric arginine dimethylation of heterogeneous nuclear
ribonucleoprotein K by protein-arginine methyltransferase 1 inhibits its interaction
with c-src. J Biol Chem (2006) 281(16):11115-25. doi: 10.1074/jbc.M513053200

37. Naarmann-de Vries IS, Urlaub H, Ostareck DH, Ostareck-Lederer A.
Caspase-3 cleaves hnRNP K in erythroid differentiation. Cell Death Dis (2013) 4:
€548. doi: 10.1038/cddis.2013.75

38. Lee SW, Lee MH, Park JH, Kang SH, Yoo HM, Ka SH, et al. SUMOylation of
hnRNP-K is required for p53-mediated cell-cycle arrest in response to DNA
damage. EMBO ] (2012) 31:4441-52. doi: 10.1038/emboj.2012.293

39. Suk FM, Lin SY, Lin RJ, Hsin YH, Liao YJ, Fang SU, et al. Bortezomib
inhibits burkitt's lymphoma cell proliferation by downregulating sumoylated

Frontiers in Oncology

13

10.3389/fonc.2022.1045797

hnRNP K and c-myc expression. Oncotarget. (2015) 6(28):25988-256001. doi:
10.18632/oncotarget.4620

40. Meng Q, Rayala SK, Gururaj AE, Talukder AH, O'Malley BW, Kumar R.
Signaling-dependent and coordinated regulation of transcription, splicing, and
translation resides in a single coregulator, PCBP1. Proc Natl Acad Sci U S A. (2007)
104(14):5866-71. doi: 10.1073/pnas.0701065104

41. Chaudhury A, Hussey GS, Ray PS, Jin G, Fox PL, Howe PH. TGF-beta-
mediated phosphorylation of hnRNP E1 induces EMT via transcript-selective
translational induction of Dab2 and ILEL Nat Cell Biol (2010) 12(3):286-93. doi:
10.1038/ncb2029

42. Nandakumar SK, Ulirsch JC, Sankaran VG. Advances in understanding
erythropoiesis: evolving perspectives. Br | Haematol (2016) 173(2):206-18. doi:
10.1111/bjh.13938

43. Weiss IM, Liebhaber SA. Erythroid cell-specific mRNA stability elements in
the alpha 2-globin 3' nontranslated region. Mol Cell Biol (1995) 15(5):2457-65. doi:
10.1128/MCB.15.5.2457

44. Yu]J, Russell JE. Structural and functional analysis of an mRNP complex that
mediates the high stability of human beta-globin mRNA. Mol Cell Biol (2001) 21
(17):5879-88. doi: 10.1128/MCB.21.17.5879-5888.2001

45. Czyzyk-Krzeska MF, Bendixen AC. Identification of the poly(C) binding protein
in the complex associated with the 3' untranslated region of erythropoietin messenger
RNA. Blood. (1999) 93(6):2111-20. doi: 10.1182/blood.V93.6.2111.406k24_2111_2120

46. Huang SC, Zhang HS, Yu B, McMahon E, Nguyen DT, Yu FH, et al. Protein
4.1R exon 16 3' splice site activation requires coordination among TIA1, Pcbpl,
and RBM39 during terminal erythropoiesis. Mol Cell Biol (2017) 37(9):e00446-16.
doi: 10.1128/MCB.00446-16

47. Ostareck DH, Ostareck-Lederer A, Wilm M, Thiele B], Mann M, Hentze
MW. mRNA silencing in erythroid differentiation: hnRNP K and hnRNP El
regulate 15-lipoxygenase translation from the 3' end. Cell. (1997) 89(4):597-606.
doi: 10.1016/S0092-8674(00)80241-X

48. Ostareck-Lederer A, Ostareck DH, Hentze MW. Cytoplasmic regulatory
functions of the KH-domain proteins hnRNPs K and E1/E2. Trends Biochem Sci
(1998) 23(11):409-11. doi: 10.1016/S0968-0004(98)01301-2

49. Ryu MS, Zhang D, Protchenko O, Shakoury-Elizeh M, Philpott CC. PCBP1
and NCOA4 regulate erythroid iron storage and heme biosynthesis. J Clin Invest
(2017) 127(5):1786-97. doi: 10.1172/JCI90519

50. Ryu MS, Duck KA, Philpott CC. Ferritin iron regulators, PCBP1 and
NCOA4, respond to cellular iron status in developing red cells. Blood Cells Mol
Dis (2018) 69:75-81. doi: 10.1016/j.bcmd.2017.09.009

51. Nandal A, Ruiz JC, Subramanian P, Ghimire-Rijal S, Sinnamon RA,
Stemmler TL, et al. Activation of the HIF prolyl hydroxylase by the iron
chaperones PCBP1 and PCBP2. Cell Metab (2011) 14(5):647-57. doi: 10.1016/
j.cmet.2011.08.015

52. Yanatori I, Yasui Y, Tabuchi M, Kishi F. Chaperone protein involved in
transmembrane transport of iron. Biochem ] (2014) 462(1):25-37. doi: 10.1042/
BJ20140225

53. Yanatori I, Richardson DR, Imada K, Kishi F. Iron export through the
transporter ferroportin 1 is modulated by the iron chaperone PCBP2. J Biol Chem
(2016) 291(33):17303-18. doi: 10.1074/jbc.M116.721936

54. Naarmann-de Vries IS, Senatore R, Moritz B, Marx G, Urlaub H, Niessing
D, et al. Methylated HNRNPK acts on RPS19 to regulate ALOX15 synthesis in
erythropoiesis. Nucleic Acids Res (2021) 49(6):3507-23. doi: 10.1093/nar/gkab116

55. Ostareck-Lederer A, Ostareck DH, Cans C, Neubauer G, Bomsztyk K,
Superti-Furga G, et al. C-src-mediated phosphorylation of hnRNP K drives
translational activation of specifically silenced mRNAs. Mol Cell Biol (2002) 22
(13):4535-43. doi: 10.1128/MCB.22.13.4535-4543.2002

56. Naarmann-de Vries IS, Brendle A, Bihr-Ivacevic T, Benes V, Ostareck DH,
Ostareck-Lederer A. Translational control mediated by hnRNP K links NMHC ITA
to erythroid enucleation. J Cell Sci (2016) 129(6):1141-54. doi: 10.1242/jcs.174995

57. Chkheidze AN, Lyakhov DL, Makeyev AV, Morales ], Kong J, Liebhaber SA.
Assembly of the alpha-globin mRNA stability complex reflects binary interaction
between the pyrimidine-rich 3' untranslated region determinant and poly(C)
binding protein alphaCP. Mol Cell Biol (1999) 19(7):4572-81. doi: 10.1128/
MCB.19.7.4572

58. Ostareck-Lederer A, Ostareck DH. Precision mechanics with
multifunctional tools: how hnRNP K and hnRNPs EI/E2 contribute to post-
transcriptional control of gene expression in hematopoiesis. Curr Protein Pept Sci
(2012) 13(4):391-400. doi: 10.2174/138920312801619484

59. Moore KS, von Lindern M. RNA Binding Proteins and Regulation of mRNA
Translation in Erythropoiesis. Front Physiol (2018) 9:910. doi: 10.3389/
fphys.2018.00910

60. Jiang Y, Xu XS, Russell JE. A nucleolin-binding 3' untranslated region
element stabilizes beta-globin mRNA in vivo. Mol Cell Biol (2006) 26(6):2419-29.
doi: 10.1128/MCB.26.6.2419-2429.2006

frontiersin.org


https://doi.org/10.1111/j.1432-1033.1996.00425.x
https://doi.org/10.1093/nar/gks058
https://doi.org/10.1007/s00249-005-0467-y
https://doi.org/10.1074/jbc.M508183200
https://doi.org/10.1261/rna.410107
https://doi.org/10.1093/nar/gkm139
https://doi.org/10.1128/MCB.23.23.8405-8415.2003
https://doi.org/10.1093/emboj/16.12.3587
https://doi.org/10.1074/jbc.270.45.26976
https://doi.org/10.1074/jbc.270.45.26976
https://doi.org/10.1002/bies.20048
https://doi.org/10.3389/fimmu.2021.634584
https://doi.org/10.1098/rsob.180239
https://doi.org/10.1038/35060131
https://doi.org/10.1038/35060131
https://doi.org/10.1074/jbc.M710328200
https://doi.org/10.1016/j.jmb.2006.06.025
https://doi.org/10.1016/j.jmb.2006.06.025
https://doi.org/10.1182/blood-2005-09-3732
https://doi.org/10.1182/blood-2005-09-3732
https://doi.org/10.1016/j.bbrc.2010.12.076
https://doi.org/10.1074/jbc.M513053200
https://doi.org/10.1038/cddis.2013.75
https://doi.org/10.1038/emboj.2012.293
https://doi.org/10.18632/oncotarget.4620
https://doi.org/10.1073/pnas.0701065104
https://doi.org/10.1038/ncb2029
https://doi.org/10.1111/bjh.13938
https://doi.org/10.1128/MCB.15.5.2457
https://doi.org/10.1128/MCB.21.17.5879-5888.2001
https://doi.org/10.1182/blood.V93.6.2111.406k24_2111_2120
https://doi.org/10.1128/MCB.00446-16
https://doi.org/10.1016/S0092-8674(00)80241-X
https://doi.org/10.1016/S0968-0004(98)01301-2
https://doi.org/10.1172/JCI90519
https://doi.org/10.1016/j.bcmd.2017.09.009
https://doi.org/10.1016/j.cmet.2011.08.015
https://doi.org/10.1016/j.cmet.2011.08.015
https://doi.org/10.1042/BJ20140225
https://doi.org/10.1042/BJ20140225
https://doi.org/10.1074/jbc.M116.721936
https://doi.org/10.1093/nar/gkab116
https://doi.org/10.1128/MCB.22.13.4535-4543.2002
https://doi.org/10.1242/jcs.174995
https://doi.org/10.1128/MCB.19.7.4572
https://doi.org/10.1128/MCB.19.7.4572
https://doi.org/10.2174/138920312801619484
https://doi.org/10.3389/fphys.2018.00910
https://doi.org/10.3389/fphys.2018.00910
https://doi.org/10.1128/MCB.26.6.2419-2429.2006
https://doi.org/10.3389/fonc.2022.1045797
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

61. Conboy JG. RNA Splicing during terminal erythropoiesis. Curr Opin
Hematol (2017) 24(3):215-21. doi: 10.1097/MOH.0000000000000329

62. Ji X, Park JW, Bahrami-Samani E, Lin L, Duncan-Lewis C, Pherribo G, et al.
alphaCP binding to a cytosine-rich subset of polypyrimidine tracts drives a novel
pathway of cassette exon splicing in the mammalian transcriptome. Nucleic Acids
Res (2016) 44(5):2283-97. doi: 10.1093/nar/gkw088

63. Lichtinger M, Ingram R, Hannah R, Muller D, Clarke D, Assi SA, et al.
RUNXI reshapes the epigenetic landscape at the onset of haematopoiesis. EMBO J
(2012) 31(22):4318-33. doi: 10.1038/emb0j.2012.275

64. Levanon D, Groner Y. Structure and regulated expression of mammalian
RUNX genes. Oncogene. (2004) 23(24):4211-9. doi: 10.1038/sj.0nc.1207670

65. Rapoport SM, Schewe T, Thiele B, Dubiel W, Schmidt J. Maturational
breakdown cascade of mitochondria in reticulocytes. BioMed Biochim Acta (1987)
46(2-3):S151-5.

66. Kithn H, Heydeck D, Brinckman R, Trebus F. Regulation of cellular 15-
lipoxygenase activity on pretranslational, translational, and posttranslational levels.
Lipids. (1999) 34 Suppl:S273-9. doi: 10.1007/BF02562317

67. Ostareck DH, Ostareck-Lederer A, Shatsky IN, Hentze MW. Lipoxygenase
mRNA silencing in erythroid differentiation: The 3'UTR regulatory complex
controls 60S ribosomal subunit joining. Cell. (2001) 104(2):281-90. doi: 10.1016/
50092-8674(01)00212-4

68. Ostareck-Lederer A, Ostareck DH. Control of mRNA translation and
stability in haematopoietic cells: the function of hnRNPs K and E1/E2. Biol Cell
(2004) 96(6):407-11. doi: 10.1016/j.biolcel.2004.03.010

69. Chaudhury A, Chander P, Howe PH. Heterogeneous nuclear
ribonucleoproteins (hnRNPs) in cellular processes: Focus on hnRNP El's
multifunctional regulatory roles. RNA. (2010) 16(8):1449-62. doi: 10.1261/
rna.2254110

70. Leidgens S, Bullough KZ, Shi H, Li F, Shakoury-Elizeh M, Yabe T, et al. Each
member of the poly-r(C)-binding protein 1 (PCBP) family exhibits iron chaperone
activity toward ferritin. J Biol Chem (2013) 288(24):17791-802. doi: 10.1074/
jbc.M113.460253

71. Shi H, Bencze KZ, Stemmler TL, Philpott CC. A cytosolic iron chaperone
that delivers iron to ferritin. Science. (2008) 320(5880):1207-10. doi: 10.1126/
science.1157643

72. Philpott CC. The flux of iron through ferritin in erythrocyte development.
Curr Opin Hematol (2018) 25(3):183-8. doi: 10.1097/MOH.0000000000000417

73. Nazarov IB, Bakhmet EI, Tomilin AN. KH-domain Poly(C)-binding
proteins as versatile regulators of multiple biological processes. Biochem (Mosc)
(2019) 84(3):205-19. doi: 10.1134/S0006297919030039

74. Gao G, LiJ, Zhang Y, Chang YZ. Cellular iron metabolism and regulation.
Adv Exp Med Biol (2019) 1173:21-32. doi: 10.1007/978-981-13-9589-5_2

75. Notari M, Neviani P, Santhanam R, Blaser BW, Chang J-S, Galietta A, et al.
A MAPK/HNRPK pathway controls BCR/ABL oncogenic potential by regulating
MYC mRNA translation. Blood. (2006) 107(6):2507-16. doi: 10.1182/blood-2005-
09-3732

76. Mikula M, Bomsztyk K, Goryca K, Chojnowski K, Ostrowski J.
Heterogeneous nuclear ribonucleoprotein (HnRNP) K genome-wide binding
survey reveals its role in regulating 3'-end RNA processing and transcription
termination at the early growth response 1 (EGR1) gene through XRN2
exonuclease. ] Biol Chem (2013) 288(34):24788-98. doi: 10.1074/jbc.M113.496679

77. Nika E, Brugnoli F, Piazzi M, Lambertini E, Grassilli S, Bavelloni A, et al.
hnRNP K in PU.l-containing complexes recruited at the CD11b promoter: a
distinct role in modulating granulocytic and monocytic differentiation of AML-
derived cells. Biochem ] (2014) 463(1):115-22. doi: 10.1042/BJ20140358

78. Perrotti D, Cesi V, Trotta R, Guerzoni C, Santilli G, Campbell K, et al. BCR-
ABL suppresses C/EBPalpha expression through inhibitory action of hnRNP E2.
Nat Genet (2002) 30(1):48-58. doi: 10.1038/ng791

79. Chang]JS, Santhanam R, Trotta R, Neviani P, Eiring AM, Briercheck E, et al.
High levels of the BCR/ABL oncoprotein are required for the MAPK-hnRNP-E2
dependent suppression of C/EBPalpha-driven myeloid differentiation. Blood.
(2007) 110(3):994-1003. doi: 10.1182/blood-2007-03-078303

80. Chang JW, Koike T, Iwashima M. hnRNP-K is a nuclear target of TCR-
activated ERK and required for T-cell late activation. Int Immunol (2009) 21
(12):1351-61. doi: 10.1093/intimm/dxp106

81. Wang Z, Yin W, Zhu L, Li ], Yao Y, Chen F, et al. Iron drives T helper cell
pathogenicity by promoting RNA-binding protein PCBP1-mediated
proinflammatory cytokine production. Immunity. (2018) 49(1):80-92 e7. doi:
10.1016/j.immuni.2018.05.008

82. Da Silva N, Bharti A, Shelley CS. hnRNP-K and pur(alpha) act together to
repress the transcriptional activity of the CD43 gene promoter. Blood. (2002) 100
(10):3536-44. doi: 10.1182/blood.V100.10.3536

83. Rodriguez-Abreu D, Bordoni A, Zucca E. Epidemiology of hematological
malignancies. Ann Oncol (2007) 18 Suppl 1:i3-8. doi: 10.1093/annonc/mdl443

Frontiers in Oncology

14

10.3389/fonc.2022.1045797

84. de Barrios O, Meler A, Parra M. MYC's fine line between b cell development
and malignancy. Cells. (2020) 9(2):523. doi: 10.3390/cells9020523

85. Carpenter B, McKay M, Dundas SR, Lawrie LC, Telfer C, Murray GIL
Heterogeneous nuclear ribonucleoprotein K is over expressed, aberrantly localised
and is associated with poor prognosis in colorectal cancer. Br ] Cancer (2006) 95
(7):921-7. doi: 10.1038/sj.bjc.6603349

86. Schuschel K, Helwig M, Hiittelmaier S, Heckl D, Klusmann JH, Hoell JI.
RNA-Binding proteins in acute leukemias. Int J Mol Sci (2020) 21(10):3409. doi:
10.3390/ijms21103409

87. Guo J, Jia R. Splicing factor poly(rC)-binding protein 1 is a novel and
distinctive tumor suppressor. J Cell Physiol (2018) 234(1):33-41. doi: 10.1002/
jcp.26873

88. Yuan C, Chen M, Cai X. Advances in poly(rC)-binding protein 2: Structure,
molecular function, and roles in cancer. BioMed Pharmacother (2021) 139:111719.
doi: 10.1016/j.biopha.2021.111719

89. Zhang J, Liu X, Lin Y, Li Y, Pan ], Zong S, et al. HnRNP K contributes to
drug resistance in acute myeloid leukemia through the regulation of autophagy.
Exp Hematol (2016) 44(9):850-56. doi: 10.1016/j.exphem.2016.04.014

90. Padovani KS, Goto RN, Fugio LB, Garcia CB, Alves VM, Brassesco MS, et al.
Crosstalk between hnRNP K and SET in ATRA-induced differentiation in acute
promyelocytic leukemia. FEBS Open Bio (2021) 11(7):2019-32. doi: 10.1002/2211-
5463.13210

91. Zhou M, Tong X. Downregulated poly-c binding protein-1 is a novel
predictor associated with poor prognosis in acute myeloid leukemia. Diagn
Pathol (2015) 10:147. doi: 10.1186/s13000-015-0377-y

92. Waggoner SA, Johannes GJ, Liebhaber SA. Depletion of the poly(C)-binding
proteins alphaCP1 and alphaCP2 from K562 cells leads to p53-independent
induction of cyclin-dependent kinase inhibitor (CDKN1A) and G1 arrest. J Biol
Chem (2009) 284(14):9039-49. doi: 10.1074/jbc.M806986200

93. Gallardo M, Malaney P, Aitken MJL, Zhang X, Link TM, Shah V, et al.
Uncovering the role of RNA-binding protein hnRNP K in b-cell lymphomas. J Natl
Cancer Inst (2020) 112(1):95-106. doi: 10.1093/jnci/djz078

94. Du Q, Wang L, Zhu H, Zhang S, Xu L, Zheng W, et al. The role of
heterogeneous nuclear ribonucleoprotein K in the progression of chronic myeloid
leukemia. Med Oncol (2010) 27(3):673-9. doi: 10.1007/s12032-009-9267-z

95. Eiring AM, Harb JG, Neviani P, Garton C, Oaks JJ, Spizzo R, et al. miR-328
functions as an RNA decoy to modulate hnRNP E2 regulation of mRNA
translation in leukemic blasts. Cell. (2010) 140(5):652-65. doi: 10.1016/
j.cell.2010.01.007

96. Zhang J, Liu X, Yin C, Zong S. hnRNPK/Beclinl signaling regulates
autophagy to promote imatinib resistance in Philadelphia chromosome-positive
acute lymphoblastic leukemia cells. Exp Hematol (2022) 108:46-54. doi: 10.1016/
j.exphem.2022.01.004

97. Wagener R, Aukema SM, Schlesner M, Haake A, Burkhardt B, Claviez A,
et al. The PCBP1 gene encoding poly(rC) binding protein I is recurrently mutated
in burkitt lymphoma. Genes Chromosomes Cancer (2015) 54(9):555-64. doi:
10.1002/gcc.22268

98. Ahmadi SE, Rahimi S, Zarandi B, Chegeni R, Safa M. MYC: a multipurpose
oncogene with prognostic and therapeutic implications in blood malignancies. J
Hematol Oncol (2021) 14(1):121. doi: 10.1186/s13045-021-01111-4

99. Michelotti EF, Michelotti GA, Aronsohn Al, Levens D. Heterogeneous
nuclear ribonucleoprotein K is a transcription factor. Mol Cell Biol (1996) 16
(5):2350-60. doi: 10.1128/MCB.16.5.2350

100. Michelotti GA, Michelotti EF, Pullner A, Duncan RC, Eick D, Levens D.
Multiple single-stranded cis elements are associated with activated chromatin of
the human c-myc gene in vivo. Mol Cell Biol (1996) 16(6):2656-69. doi: 10.1128/
MCB.16.6.2656

101. Evans JR, Mitchell SA, Spriggs KA, Ostrowski J, Bomsztyk K, Ostarek D,
et al. Members of the poly (rC) binding protein family stimulate the activity of the
c-myc internal ribosome entry segment in vitro and in vivo. Oncogene. (2003) 22
(39):8012-20. doi: 10.1038/sj.0nc.1206645

102. Smith HL, Southgate H, Tweddle DA, Curtin NJ. DNA Damage
checkpoint kinases in cancer. Expert Rev Mol Med (2020) 22:e2. doi: 10.1017/
erm.2020.3

103. Cavalcanti GBJr, Scheiner MA, Simdes Magluta EP, Vasconcelos FC,
Klumb CE, Maia RC. p53 flow cytometry evaluation in leukemias: correlation to
factors affecting clinical outcome. Cytometry B Clin Cytom. (2010) 78(4):253-9.
doi: 10.1002/cyto.b.20514

104. Menichini P, Monti P, Speciale A, Cutrona G, Matis S, Fais F, et al.
Antitumor effects of PRIMA-1 and PRIMA-1M" (APR246) in hematological
malignancies: still a mutant P53-dependent affair? Cells. (2021) 10(1):98. doi:
10.3390/cells10010098

105. Morabito F, Gentile M, Monti P, Recchia AG, Menichini P, Skafi M, et al.
TP53 dysfunction in chronic lymphocytic leukemia: clinical relevance in the era of

frontiersin.org


https://doi.org/10.1097/MOH.0000000000000329
https://doi.org/10.1093/nar/gkw088
https://doi.org/10.1038/emboj.2012.275
https://doi.org/10.1038/sj.onc.1207670
https://doi.org/10.1007/BF02562317
https://doi.org/10.1016/S0092-8674(01)00212-4
https://doi.org/10.1016/S0092-8674(01)00212-4
https://doi.org/10.1016/j.biolcel.2004.03.010
https://doi.org/10.1261/rna.2254110
https://doi.org/10.1261/rna.2254110
https://doi.org/10.1074/jbc.M113.460253
https://doi.org/10.1074/jbc.M113.460253
https://doi.org/10.1126/science.1157643
https://doi.org/10.1126/science.1157643
https://doi.org/10.1097/MOH.0000000000000417
https://doi.org/10.1134/S0006297919030039
https://doi.org/10.1007/978-981-13-9589-5_2
https://doi.org/10.1182/blood-2005-09-3732
https://doi.org/10.1182/blood-2005-09-3732
https://doi.org/10.1074/jbc.M113.496679
https://doi.org/10.1042/BJ20140358
https://doi.org/10.1038/ng791
https://doi.org/10.1182/blood-2007-03-078303
https://doi.org/10.1093/intimm/dxp106
https://doi.org/10.1016/j.immuni.2018.05.008
https://doi.org/10.1182/blood.V100.10.3536
https://doi.org/10.1093/annonc/mdl443
https://doi.org/10.3390/cells9020523
https://doi.org/10.1038/sj.bjc.6603349
https://doi.org/10.3390/ijms21103409
https://doi.org/10.1002/jcp.26873
https://doi.org/10.1002/jcp.26873
https://doi.org/10.1016/j.biopha.2021.111719
https://doi.org/10.1016/j.exphem.2016.04.014
https://doi.org/10.1002/2211-5463.13210
https://doi.org/10.1002/2211-5463.13210
https://doi.org/10.1186/s13000-015-0377-y
https://doi.org/10.1074/jbc.M806986200
https://doi.org/10.1093/jnci/djz078
https://doi.org/10.1007/s12032-009-9267-z
https://doi.org/10.1016/j.cell.2010.01.007
https://doi.org/10.1016/j.cell.2010.01.007
https://doi.org/10.1016/j.exphem.2022.01.004
https://doi.org/10.1016/j.exphem.2022.01.004
https://doi.org/10.1002/gcc.22268
https://doi.org/10.1186/s13045-021-01111-4
https://doi.org/10.1128/MCB.16.5.2350
https://doi.org/10.1128/MCB.16.6.2656
https://doi.org/10.1128/MCB.16.6.2656
https://doi.org/10.1038/sj.onc.1206645
https://doi.org/10.1017/erm.2020.3
https://doi.org/10.1017/erm.2020.3
https://doi.org/10.1002/cyto.b.20514
https://doi.org/10.3390/cells10010098
https://doi.org/10.3389/fonc.2022.1045797
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

b-cell receptors and BCL-2 inhibitors. Expert Opin Investig Drugs (2020) 29
(8):869-80. doi: 10.1080/13543784.2020.1783239

106. Shamloo B, Usluer S. p21 in cancer research. Cancers (Basel) (2019) 11
(8):1178. doi: 10.3390/cancers11081178

107. Martin-Caballero J, Flores JM, Garcia-Palencia P, Serrano M. Tumor
susceptibility of p21(Waf1/Cip1)-deficient mice. Cancer Res (2001) 61(16):6234-8.

108. Valente LJ, Grabow S, Vandenberg CJ, Strasser A, Janic A. Combined loss
of PUMA and p21 accelerates ¢-MYC-driven lymphoma development
considerably less than loss of one allele of p53. Oncogene. (2016) 35(29):3866—
71. doi: 10.1038/0nc.2015.457

109. Xiao Z, Ko HL, Goh EH, Wang B, Ren EC. hnRNP K suppresses apoptosis
independent of p53 status by maintaining high levels of endogenous caspase
inhibitors. Carcinogenesis. (2013) 34(7):1458-67. doi: 10.1093/carcin/bgt085

110. Moumen A, Masterson P, MJ O, Jackson SP. hnRNP K: an HDM2 target
and transcriptional coactivator of p53 in response to DNA damage. Cell. (2005) 123
(6):1065-78. doi: 10.1016/j.cell.2005.09.032

111. Yano M, Okano HJ, Okano H. Involvement of hu and heterogeneous
nuclear ribonucleoprotein K in neuronal differentiation through p21 mRNA post-
transcriptional regulation. ] Biol Chem (2005) 280(13):12690-9. doi: 10.1074/
jbc.M411119200

112. Fukuda T, Naiki T, Saito M, Irie K. hnRNP K interacts with RNA binding
motif protein 42 and functions in the maintenance of cellular ATP level during stress
conditions. Genes Cells (2009) 14(2):113-28. doi: 10.1111/j.1365-2443.2008.01256.x

113. Janecki DM, Swiatkowska A, Szpotkowska J, Urbanowicz A, Kabacinska
M, Szpotkowski K, et al. Poly(C)-binding protein 2 regulates the p53 expression via
interactions with the 5'-terminal region of p53 mRNA. Int ] Mol Sci (2021) 22
(24):13306. doi: 10.3390/ijms222413306

114. Enge M, Bao W, Hedstrom E, Jackson SP, Moumen A, Selivanova G.
MDM2-dependent downregulation of p21 and hnRNP K provides a switch
between apoptosis and growth arrest induced by pharmacologically activated
p53. Cancer Cell (2009) 15(3):171-83. doi: 10.1016/j.ccr.2009.01.019

115. Kirstetter P, Schuster MB, Bereshchenko O, Moore S, Dvinge H, Kurz E,
et al. Modeling of C/EBPalpha mutant acute myeloid leukemia reveals a common
expression signature of committed myeloid leukemia-initiating cells. Cancer Cell
(2008) 13(4):299-310. doi: 10.1016/j.ccr.2008.02.008

Frontiers in Oncology

15

10.3389/fonc.2022.1045797

116. Shi H, Li H, Yuan R, Guan W, Zhang X, Zhang(S, et al. PCBP1 depletion
promotes tumorigenesis through attenuation of p27'"' mRNA stability and
translation. J Exp Clin Cancer Res (2018) 37(1):187. doi: 10.1186/s13046-018-
0840-1

117. Li Z, Wang X, Jia R. Poly(rC) binding protein 1 represses the translation of
STAT3 through 5 UTR. Curr Gene Ther (2022) 22(5):397-405. doi: 10.2174/
1566523222666220511162934

118. Calabretta B, Perrotti D. The biology of CML blast crisis. Blood. (2004) 103
(11):4010-22. doi: 10.1182/blood-2003-12-4111

119. Sawyers CL, Callahan W, Witte ON. Dominant negative MYC blocks
transformation by ABL oncogenes. Cell. (1992) 70(6):901-10. doi: 10.1016/0092-
8674(92)90241-4

120. Skorski T, Nieborowska-Skorska M, Wlodarski P, Zon G, Iozzo RV,
Calabretta B. Antisense oligodeoxynucleotide combination therapy of primary
chronic myelogenous leukemia blast crisis in SCID mice. Blood. (1996) 88(3):1005—
12. doi: 10.1182/blood.V88.3.1005.1005

121. Kozak M. Initiation of translation in prokaryotes and eukaryotes. Gene.
(1999) 234(2):187-208. doi: 10.1016/S0378-1119(99)00210-3

122. Mugnaini EN, Ghosh N. Lymphoma. Prim Care (2016) 43(4):661-75. doi:
10.1016/j.pop.2016.07.012

123. Chen §J, Benbarche S, Abdel-Wahab O. Splicing factor mutations in
hematologic malignancies. Blood. (2021) 138(8):599-612. doi: 10.1182/
blood.2019004260

124. Malik AK, Flock KE, Godavarthi CL, Loh HH, Ko JL. Molecular basis
underlying the poly ¢ binding protein 1 as a regulator of the proximal promoter of
mouse mu-opioid receptor gene. Brain Res (2006) 1112(1):33-45. doi: 10.1016/
j.brainres.2006.07.019

125. Choi HS, Song KY, Hwang CK, Kim CS, Law PY, Wei LN, et al. A
proteomics approach for identification of single strand DNA-binding proteins
involved in transcriptional regulation of mouse mu opioid receptor gene. Mol Cell
Proteomics (2008) 7(8):1517-29. doi: 10.1074/mcp.M800052-MCP200

126. Castafio Z, Vergara-Irigaray N, Pajares MJ], Montuenga LM, Pio R.
Expression of alpha CP-4 inhibits cell cycle progression and suppresses
tumorigenicity of lung cancer cells. Int J Cancer (2008) 122(7):1512-20. doi:
10.1002/ijc.23236

frontiersin.org


https://doi.org/10.1080/13543784.2020.1783239
https://doi.org/10.3390/cancers11081178
https://doi.org/10.1038/onc.2015.457
https://doi.org/10.1093/carcin/bgt085
https://doi.org/10.1016/j.cell.2005.09.032
https://doi.org/10.1074/jbc.M411119200
https://doi.org/10.1074/jbc.M411119200
https://doi.org/10.1111/j.1365-2443.2008.01256.x
https://doi.org/10.3390/ijms222413306
https://doi.org/10.1016/j.ccr.2009.01.019
https://doi.org/10.1016/j.ccr.2008.02.008
https://doi.org/10.1186/s13046-018-0840-1
https://doi.org/10.1186/s13046-018-0840-1
https://doi.org/10.2174/1566523222666220511162934
https://doi.org/10.2174/1566523222666220511162934
https://doi.org/10.1182/blood-2003-12-4111
https://doi.org/10.1016/0092-8674(92)90241-4
https://doi.org/10.1016/0092-8674(92)90241-4
https://doi.org/10.1182/blood.V88.3.1005.1005
https://doi.org/10.1016/S0378-1119(99)00210-3
https://doi.org/10.1016/j.pop.2016.07.012
https://doi.org/10.1182/blood.2019004260
https://doi.org/10.1182/blood.2019004260
https://doi.org/10.1016/j.brainres.2006.07.019
https://doi.org/10.1016/j.brainres.2006.07.019
https://doi.org/10.1074/mcp.M800052-MCP200
https://doi.org/10.1002/ijc.23236
https://doi.org/10.3389/fonc.2022.1045797
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Poly(rC)-binding proteins as pleiotropic regulators in hematopoiesis and hematological malignancy
	1 Introduction
	2 Structure characteristics and post-translational modifications of PCBPs
	2.1 Structural characteristics of PCBPs
	2.2 Post-translational modifications of PCBPs

	3 Roles of PCBPs in hematopoiesis
	3.1 PCBPs in normal erythroid differentiation and function
	3.1.1 PCBP1 and PCBP2 regulate mRNA stabilization during erythropoiesis
	3.1.2 PCBP1 and PCBP2 mediate the alternative splicing of crucial transcripts
	3.1.3 Translational regulation by hnRNP K and PCBP1 in erythroid maturation
	3.1.4 PCBP1 and PCBP2 regulate the cytosolic iron level, mediating hemoglobin synthesis and iron-dependent enzyme activity

	3.2 Other hematopoietic lineages

	4 Roles of PCBPs in hematological malignancies
	4.1 AML
	4.2 CML
	4.3 ALL
	4.4 B-cell lymphoma

	5 Concluding remarks
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


