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Poly(rC) binding protein 2 acts as a negative regulator
of IRES-mediated translation of Hr mRNA

Jeong-Ki Kim1,2, Injung Kim1, Keonwoo Choi, Jee-Hyun Choi, Eunmin Kim, Hwa-Young Lee, Jongkeun Park
and Sungjoo Kim Yoon

During the hair follicle (HF) cycle, HR protein expression is not concordant with the presence of the Hr mRNA transcript,

suggesting an elaborate regulation of Hr gene expression. Here we present evidence that the 5′ untranslated region (UTR) of the

Hr gene has internal ribosome entry site (IRES) activity and this activity is regulated by the binding of poly (rC) binding protein

2 (PCBP2) to Hr mRNA. Overexpression and knockdown of PCBP2 resulted in a decrease in Hr 5′ UTR IRES activity and an

increase in HR protein expression without changing mRNA levels. We also found that this regulation was disrupted in a mutant

Hr 5′ UTR that has a mutation responsible for Marie Unna hereditary hypotrichosis (MUHH) in both mice and humans. These

findings suggest that Hr mRNA expression is regulated at the post-transcriptional level via IRES-mediated translation control

through interaction with PCPB2, but not in MUHH.

Experimental & Molecular Medicine (2018) 50, e441; doi:10.1038/emm.2017.262; published online 9 February 2018

INTRODUCTION

Hairless (HR) is a transcriptional co-factor that regulates
downstream gene expression as a co-repressor of nuclear
receptors, including thyroid hormone receptors, retinoic acid
receptors and vitamin D receptors.1–4 The Hr gene is expressed
mainly in the brain and skin and has been shown to be
associated with the Wnt signaling pathway in hair follicle (HF)
development.4–7 In humans, mutations of the HR gene cause
hair loss disorders, including alopecia universalis congenita,
atrichia papular lesions and Marie Unna hereditary hypotri-
chosis (MUHH).8–10 Additionally, many Hr mutant mice, such
as Hrhr, Hrrh, Hrm1Enu and HrHp, have been used as mouse
models for human hair loss disorders.11–13 The numerous
mutations of Hr that manifest an abnormal hair phenotype in
humans and mice suggest that the function of the HR protein
is critically important in HF development. It is interesting to
note that both the lack and excess of HR result in the hair loss
phenotype. Recently, we reported that overexpression of the
HR protein caused hair loss disease in humans (MUHH) and
mice (HrHp). More specifically, we demonstrated that the HrHp

mice had a regulatory mutation in the Hr 5′ untranslated
region (UTR) resulting in overexpression of the HR protein,

excessive induction of Wnt signaling,14 and abnormal forma-
tion of HF structures.15 This evidence indicated that tight
regulation of HR expression levels was important in HF
development and normal hair cycling.

In general, translation of mRNAs is initiated with the
recognition of the 5′-cap structure of mRNAs by eukaryotic
translation initiation factor (eIF) 4F (eIF4F) that consists of
three subunits including eIF4E (the direct cap-binding pro-
tein), eIF4A and eIF4G (a scaffold for the assembly of eIF4E
and eIF4A, which links the mRNAs to ribosomes via eIF3).
Then, the 43S preinitiation complex consisting of a 40S
ribosomal subunit, eIF2, eIF3 and eIF5 attaches to the capped
5′ proximal region of mRNAs and scans downstream for the
initiation codon.16,17 Alternatively, translation of some mRNAs
is regulated by another mechanism that occurs in a cap-
independent manner. The 5′ UTR of these mRNAs are usually
long, have a high GC content and contain several upstream
open reading frames (uORFs), which creating a blockade to
ribosomal scanning for initiation of translation.18,19 Although
they have an inhibitory structure, these mRNAs also contain
specific sequences in their 5′ UTRs, termed internal ribosome
entry sites (IRESs), to which ribosomes bind directly to initiate
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cap-independent translation.20,21 To regulate their activities, it
requires specific partners for their IRES-mediated translation
referred to as IRES-trans acting factors (ITAFs). Several RNA-
binding proteins, including Unr, La, several hnRNP family
members and others have been identified as ITAFs. These
ITAFs bind to IRES-containing mRNAs through recognition of
specific sequences or secondary structures in order to regulate
IRES activity.20,22

IRES-mediated translation control is used by specific mRNAs
to regulate protein expression under particular conditions in
which cap-dependent translation is suppressed, such as apop-
tosis, cell cycling, development and differentiation.23,24 The
temporal expression of the Hr gene has been shown to be
discordant with regard to the presence of its mRNA and protein

during the HF cycle. Whereas Hr mRNA expression starts at
growth phase (anagen) and continues through regressing phase
(catagen), HR protein expression starts mainly at the catagen
stage and diminishes at the anagen stage.5–7 This suggests that
HR protein expression is regulated by a mechanism working at
the post-transcriptional level. Interestingly, the Hr 5′ UTR
sequence is 695 bp long, has a high GCcontent (71.2%), and
contains four uORFs. Furthermore, the 5′ UTR of the Hr gene
has been shown to inhibit the translation of the main coding
sequence,10,14 which raises a fundamental question regarding
exactly how the Hr mRNA transcript overcomes the inhibition
of translation by this complex and inhibitory 5′ UTR.

In the present study, we demonstrated that the 5′ UTR of Hr
had IRES activity and that Hr mRNA was translated under

Figure 1 The 5′ UTR of Hr has IRES activity. (a) Schematic diagrams of the Hr-5′ UTR-X constructs which includes the 5′ UTR and CDS
of Hr mRNA. Western blotting was performed using lysates of HEK293T cells transfected with the Hr-5′ UTR-X construct. (b) Rapamycin
(Rapa)- or cycloheximide (CHX)-treated HEK293T cells were harvested at indicated time points, followed by the determination of HR
protein expression levels by western blotting. Dimethyl sulfoxidewas used as a vehicle control treatment. (c) Schematic diagrams of the
pRF bicistronic vectors containing the 5′ UTRs from mouse Hr or human HR with forward (pRF_m695 and pRF_h690) or reverse
(pRF_m695rev and pRF_h690rev) orientations, and EMCV IRES elements (pRF_EMCV). The reporter constructs were transfected into
HEK293T cells, and the IRES activities were measured and normalized by β-galactosidase activity 48 h after transfection. (d) PAM212
mouse keratinocytes were transfected with pRF_m695, and IRES activities were measured after 48 h. (e) Schematic diagrams of the pRF
reporter vectors that contain several deletion fragments of the Hr 5′ UTR. The plasmid pRF_m695 includes the full-length Hr 5′ UTR, and
the numbers associated with each of the constructs represent the nucleotide positions of the Hr 5′ UTR sequences. IRES activities were
measured 48 h after transfection. All luciferase experiments were performed three times in triplicate, and transfection efficiencies were
normalized against β-galactosidase activity. Activities are expressed as the mean± s.e.m. **Po0.01, ***Po0.001, ****Po0.0001.
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conditions where the cap-dependent translation was blocked.
Additionally, we identified poly(rC) binding protein 2 (PCBP2)
as an ITAF for the Hr 5′ UTR IRES activity and showed that
PCBP2 negatively regulated HR expression. Furthermore, we
found that this regulation was suppressed by the MUHH
mutant 5′ UTRs in both the mouse and human HR gene. These
results suggested that HR expression is tightly regulated at the
translational level via IRES activity during the HF cycle, and the
disruption of this regulation might cause MUHH disease.

MATERIALS AND METHODS

Plasmid construction
All PCR amplification was performed using the Expend High Fidelity
PCR system (Roche, Indianapolis, IN, USA) using specific primers.
The HrmRNA containing the 5′ UTR and coding sequence (CDS) (Hr
5′ UTR-X) was amplified using RT-PCR from wild-type mouse skin,
and then cloned into pcDNA 3.1 (Invitrogen, Carlsbad, CA, USA).
The full-length wild-type Hr mRNA (FL-mHr) and T403A mutant
mRNA (FL-mHr_T403A) including the 5′ UTR, CDS and 3′ UTR
were amplified using RT-PCR from wild-type and HrHP mutant skin
respectively, and cloned into the pCMV·SPORT6 vector (Invitrogen).
We constructed the bicistronic vector (pRF) with Renilla luciferase
(Rluc) as the first cistron and firefly luciferase (Fluc) as the second
cistron based on the pGL3 basic vector according to a previous
report.25 For construction of the pRF vector, the chimeric intron and
Rluc were amplified from the pRL-TK vector and then cloned into
pGL3 using a KpnI site, yielding pGL3/Chi.intron-Rluc. The SV40
enhancer element was amplified from the pEGFP-N2 vector and then
cloned into pGL3/Chi.intron-Rluc using a BamHI/SalI site, yielding
pGL3/Chi.intron-Rluc/SV40-enh. The SV40 promoter was amplified
from pSV-beta-Galactosidase and then cloned into pGL3/Chi.intron-
Rluc/SV40-enh using a PstI site, yielding pGL3/Chi.intron-Rluc/SV40-
enh/SV40-pro pRF (Figure 1c). The mouse and human HR 5′ UTR
were amplified as previously reported14 for pRF_m695 and pRF_h690,
respectively. The IRES sequence fragment of encephalomyocarditis
virus (EMCV) was amplified from the pIRES-EGFP vector as a
positive control measurement of IRES activity for pRF_EMCV. We
also generated constructs containing reverse mouse and human HR 5′
UTR, which had the 5′ UTRs inserted in the reverse orientation into
the pRF vector as a control for sequence specificity of IRES
(pRF_m695rev and pRF_h690rev, respectively). The pRF_mT403A
and pRF_hT-320C mutant constructs were generated using a Site-
directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA,
USA) according to the manufacturer’s instructions. For construction
of serial deletion constructs, we amplified DNA fragments by PCR
using specific primer pairs designed for each deletion. We designed a
5′ proximal nt deletion for pRF_m84-695, a 3′ proximal nt deletion
construct for pRF_m1-506, both proximal end deletion constructs for
pRF_m84-506, a 3′ nt deletion construct for pRF_m1-120, and a 5′ nt
deletion construct for pRF_m402-695. All PCR amplified fragments
for analysis of IRES activity were inserted between Rluc and Fluc
coding sequences using the BglII site of the pRF vector. The coding
sequence of human PCBP2 was amplified using cDNA extracted from
HEK293T cells by PCR and the sequence-verified CDS was then
cloned into the pcDNA-FLAG vector (Invitrogen). For bacterial
expression, the CDS of PCBP2 was cloned into the pGEX4T-1 vector
and purified according to the manufacturer’s instructions (GE
Healthcare, Pittsburgh, PA, USA). All primers used for plasmid
construction and for mutagenesis are available upon request. All mice
were maintained as described previously.11 All animal experiments

were approved by the Institutional Animal Care and Use Committee
(IACUC) of the Catholic University of Korea. All experiments were
carried out in accordance with the Guidelines for Animal Experi-
mentation. All experiments using human sample were approved by the
Institutional Review Board and Ethics Committee of the Catholic
University of Korea.

Cell culture, RNA interference and the luciferase reporter
assay
The HEK293T and PAM212 cell lines were maintained in Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal bovine serum
at 37 °C with 5% CO2. HEK293T cells stably expressing HR protein
were treated with 20 nM of rapamycin or 100 μg/ml of cycloheximide
(CHX) and harvested at the indicated times. DMSO was used as a
vehicle control. For generation of HR stable cell lines, HEK293T cells
were transfected with the pcDNA/Hr-5′ UTR-CDS construct and
resistant colonies were selected using G418 (200 μg ml− 1, Invitrogen).
All transfection experiments were performed using Lipofectamine
2000 (Invitrogen) according to manufacturer’s instructions. Luciferase
assays were performed using the Dual-Luciferase Assay Kit (Promega,
Madison, WI, USA) at 48 h after transfection. The IRES activities were
calculated as the ratio between Flucand Rlucluciferase activity (Fluc/
Rluc) normalized for transfection efficiency by β-galactosidase activity.
The small interfering RNAs (siRNAs) were designed for the endogen-
ous human poly (rC) binding protein 2 (siPCBP2) knockdown, and
we synthesized 2 siRNAs for PCBP2 (siPCBP2) as previously
reported.26 The siPCBP2s (20 nM) were introduced to cells at 24 h
after transfection of the reporter construct or the Hr full-length
construct, and then the IRES activities were measured or western
blotting was performed after further incubation for 24 h.

RNA isolation and quantitative RT-PCR
Total RNA was extracted from cells using TRIZOL (Invitrogen)
following the manufacturer’s instructions. Single-stranded cDNAs
were synthesized by reverse transcription reactions using the Super-
Script First-Strand Synthesis System (Invitrogen). Quantitative RT-
PCR was carried out in a reaction mixture containing SYBR Premix Ex
Taq (Clontech, Mountain View, CA, USA) using a CFX96PCR
machine (Bio-Rad, Hercules, CA, USA). The relative levels of mRNA
expression were determined by the comparative ΔΔCt method.27

Sequences of gene specific primers for qRT-PCR were as follows:
mHr_F, 5′-gagaagagtggggtgtgagc-3′; mHr_R, 5′-ctcggttacctacccaccac-3′;
GAPDH_F, 5′-aactttggcattgtggaagg-3′; and GAPDH_R, 5′-acacatt
gggggtaggaaca-3′.

RNA affinity chromatography, RNA pull-down and UV
cross-linking assays
HEK293T cell lysates were used for RNA affinity chromatography
using modified protocols.28 For RNA affinity chromatography and the
RNA pull-down assay, the Hr 5′ UTR was labeled with biotin (Roche)
by in vitro transcription using T7 or SP6 RNA polymerase (Clontech).
To identify the Hr 5′ UTR binding proteins, we performed sodium
dodecyl sulfate PAGE (SDS-PAGE) using eluted protein from RNA
affinity chromatography. The proteins were then stained with Coo-
massie Blue G-250 (Sigma, St. Louis, MO, USA). The sequences of the
protein bands were analyzed using LC/MS/MS analysis (Korea Basic
Science Institute, Seoul, Korea). For RNA pull-down experiments, we
also used biotin-labeled wild-type or mutant Hr 5′ UTR probes with
HEK293T cell lysates prepared from the cells transfected with FLAG-
PCBP2 or purified GST-PCBP2 protein using a modified protocol.29,30
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After labeling, the Hr 5′ UTR probe (3 μg) was incubated with cell
lysates (30 μg) or purified GST-PCBP2 protein (100 ng) in incubation
buffer (10 mM Tris-Cl, pH 7.4, 150 mM KCl, 1.5 mM MgCl2, 0.5 mM
dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride, 0.05%
(v/v) Nonidet P-40, 120) with 120 μg of yeast tRNA (Sigma) and 10 U
of RNase Inhibitor (Clontech) at 4 °C overnight with continuous
rotation. Then, the RNA–protein complex was incubated with
Streptavidin-Agarose beads (Thermo Scientific, Waltham, MA, USA)
for 1 h at 4 ºC, and beads were washed 4× 5 min using incubation
buffer. After washing, proteins were eluted using 1× sample buffer
and were separated by 10% SDS-PAGE. Western blotting analysis was
performed as described above. The UV cross-linking analysis was
performed as described previously.28 The [32P]-labeled Hr 5′ UTR
probe and unlabeled Hr 5′ UTR probe for the competition assay were
incubated with GST or purified GST-PCBP2 protein in reaction buffer
(0.5 mM DTT, 5 mM HEPES (pH 7.6), 75 mM KCl, 2 mM MgCl2,
0.1 mM EDTA, 4% glycerol, 20 U of RNasin, 3 μg of yeast tRNA) at
30 °C for 20 min. RNA–protein complexes were irradiated on ice with
254-nm UV light at 400 000 μJ cm− 2 for 15 min. After irradiation, un-
bound RNAs were digested using RNase cocktail (Thermo Scientific)
at 37 °C for 20 min. The RNA–protein complexes were separated by
10% SDS-PAGE and visualized by autoradiography.

Western blotting and immunostaining
Western blotting and immunostaining analyses were performed as
previously described.14 Proteins were extracted using RIPA buffer
(150 mM NaCl, 1% NP-40, 0.5% NaN3, 0.1% SDS, 50 mM Tris-HCl,
pH 8.0). Protein samples were eluted in 1× sample buffer and
separated using 8 or 10% SDS-PAGE. The signal was visualized using
an enhanced chemiluminescence detection kit (GE Healthcare). For
western blotting, the following antibodies were used anti-HR rabbit
polyclonal,14 anti-PCBP2 (Aviva, San Diego, CA, USA), anti-FLAG
(Abcam, Cambridge, MA, USA), anti-phospho-S6 ribosomal protein
(Cell Signaling, Danvers, MA, USA), anti-GFP, anti-GAPDH, and
anti-actin (Santa Cruz, Dallas, TX, USA). The relative expression levels
of proteins were determined based on densitometry analysis. For
histological analysis, we used mouse skin of the BALB/c strain, and
mice were maintained as described previously.14 The mouse dorsal
skin samples were prepared at postnatal day 7 (P7), P14, P17, P21, P25
and P28. The mouse skin samples were embedded in a paraffin block.
The hematoxylin and eosin staining and immunostaining were
performed as described previously.11,14 For immunostaining, the
sections were incubated overnight at 4 °C with anti-PCBP2 antibody
(1:200, Aviva). After washing, the sections were incubated for 1 h with
Alexa Flour 594 goat anti-rabbit IgG antibody (Invitrogen) and
counterstained with Hoechst dye. The images were taken on an
Olympus AX-70 microscope.

RESULTS

The 5′ UTR of the Hr gene inhibits the expression of the HR
protein and has IRES activity
Using a heterologous reporter gene, the effect of the uORFs in
the 5′ UTR of the Hr gene on the expression of the main ORF
was explored and uncovered an inhibitory effect of the second
uORF on the translation of the main ORF of the GFP
reportergene.10 Because the effect of the uORFs on the
synthesis of the HR protein has not been studied, we
investigated the function of the Hr 5′ UTR on HR protein
expression using several mouse Hr mutant constructs.

Consistent with the results from previous reports,10,14 removal
of uORF 1 and uORF 2 showed decreased and increased HR
expression, respectively. Interestingly, disruption of uORF 3 or
uORF 4 resulted in increased HR protein expression in contrast
to a previous report,10 in which the heterologous luciferase
reporter gene was used (Supplementary Figure 1a and b),
indicating that the uORFs 2, 3 and 4 of the Hr gene repress its
protein expression. These results suggested that HR expression
was suppressed by its 5′ UTR cis-element.

To elucidate a mechanism by which Hr mRNA overcomes
the repression of its activity via its 5′ UTR, we hypothesized
that the Hr 5′ UTR had IRES activity that allowed for the
translation of HR to be initiated directly and in a cap-
independent manner without inhibition by uORFs. To test
this hypothesis, we investigated whether HR protein translation
could be initiated when cap-dependent translation was blocked.
First, we generated a stable cell line expressing the Hr mRNA
containing 5′ UTR and coding sequence (CDS) of Hr
(Figure 1a). Regulation of the translational initiation of Hr
was explored using this stable cell line and differential
inhibitors of translation. We treated these cells with rapamycin,
an inhibitor of the mTOR serine/threonine protein kinase,
which causes inhibition of cap-dependent translation
initiation.31 Additionally, we treated cells with the general
translation elongation inhibitor cycloheximide. Compared to
the vehicle control, HR protein expression was drastically
reduced by treatment with cycloheximide. On the other hand,
HR protein expression was maintained at normal levels in the
presence of rapamycin, while that of the phosphorylated S6
ribosomal protein (p-RPS6), a positive control for rapamycin
activity, was clearly affected (Figure 1b). This result suggested
that HR protein synthesis could be initiated in a cap-
independent manner, as HR protein expression continued
under a cap-dependent translation blocking condition. To
examine the IRES activity of the Hr 5′ UTR, we generated
bi-cistronic reporter constructs with 5′ UTR sequence frag-
ments from the Renilla luciferase (Rluc) and firefly luciferase
(Fluc) genes as previously reported.25 The IRES activities of the
5′ UTRs of the mouse (pRF_m695) and human (pRF_h690)
Hr genes were 8.52 (±0.50)- and 5.55 (±0.28)-fold higher than
that of the control pRF empty vector, respectively, which is
comparable to that of the positive control, pRF_EMCV
(6.85± 0.35-fold). Reverse forms of both 5′ UTRs did not
display any recognizable activities (m695_rev, 1.29± 0.003-
fold; h690_rev, 1.21± 0.25-fold), indicating that the IRES
activity of the Hr 5′ UTR was sequence-specific (Figure 1c).
To rule out the possibility that the Hr 5′ UTR could contain a
cryptic promoter activity or splicing site, we checked expression
levels of each reporter gene by quantitative real-time PCR.
There was no significant difference of the Fluc relative to Rluc
expression between pRF and pRF_m695 (Supplementary
Figure 2). To test cell-type specificity, we assessed the IRES
activity of the pRF_m695 construct in PAM212 mouse
keratinocytes, which normally express Hr mRNA. The Fluc
activity was increased in the PAM212 cells transfected with the
pRF_m695 construct (10.54± 0.85-fold) (Figure 1d) and was
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also increased in the glioblastoma cell line U251
(Supplementary Figure 3), suggesting that the IRES activity of
the 5′ UTR of the Hr gene was not cell type-dependent. To
determine the cis-acting region of the Hr 5′ UTR that conferred
the IRES activity, we generated several deletion constructs of
pRF_m695 and performed a luciferase assay. Interestingly, all
deletion constructs showed decreased IRES activities compared
to that of the full-length 5′ UTR of Hr (Figure 1e). Thus, we
did not detect any specific cis-acting region responsible for the
IRES activity in the Hr 5′ UTR. These data suggested that the 5′
UTR of the Hr gene had IRES activity and that its activity was
not cell type-specific.

PCBP2 binds to the Hr 5′ UTR, and PCBP2 expression is
inversely correlated with HR expression during the HF cycle
To identify the partner ITAF involved in the IRES function of
the Hr 5′ UTR, we performed RNA affinity chromatography
using a biotin-labeled Hr 5′ UTR probe (m695-Biotin)
(Supplementary Figure 4). The bands specifically bound by
the probe were further analyzed using liquid chromatography-
tandem mass spectrometry (LC/MS/MS) analysis
(Supplementary Table 1). Based on the results of peptide
sequencing (Supplementary Figure 4b and c), we focused on a
protein of approximately 40 kDa (Supplementary Figure 4a,
arrow) identified as PCBP2.

To confirm the binding of PCBP2 to the Hr 5′ UTR, we
carried out an RNA pull-down assay using a m695-biotin
probe. Western blot analysis of pulled-down proteins from the
FLAG-PCBP2 overexpressing cell lysates or the purified GST-
PCBP2 protein detected binding of PCBP2 to the Hr 5′ UTR
(Figure 2a and b). The specificity of this binding was further
confirmed by competition assays using ultraviolet (UV) cross-
linking experiment. The radioactive signal was increased with
increasing amounts of PCBP2 protein, and the signal was
significantly decreased by the addition of an unlabeled probe
(Figure 2c). These results indicated that PCBP2 bound the Hr
mRNA 5′ UTR specifically and raised the possibility that
PCBP2 was an ITAF associated with the IRES function of the
Hr 5′ UTR.

As previously mentioned, the HR protein is expressed
mainly during the catagen and telogen phases of HF cycling.
We tested whether there was a correlation between the
expression of HR and PCBP2 during the HF cycle. The PCBP2
protein was expressed mainly in the matrix and outer root
sheath of the HF (Figure 2d). Interestingly, the PCBP2 protein
was highly expressed during the anagen phase, such as at P7,
P25 and P28. Conversely, PCBP2 expression was decreased at
early-(P14), as well as mid-(P17) catagen. Additionally, it was
difficult to detect the PCBP2 protein during the telogen (P21)
phase. We confirmed this expression pattern of PCBP2 protein
in HF using western blotting (Figure 2e and f). These results
suggested that there was an inverse relationship between the
expression patterns of HR and PCBP2 during HF cycling.

PCBP2 acts as a negative regulator of the IRES activity of the
Hr 5′ UTR and IRES-mediated translation of the HR protein
We next investigated whether PCBP2 could affect the IRES
activity of the Hr 5′ UTR. Impressively, the IRES activity of the
Hr 5′ UTR (pRF_m695) was markedly decreased by PCPB2
overexpression (Figure 3a). Furthermore, this negative regulation
of PCBP2 on the IRES activity of the Hr 5′ UTR showed a dose–
dependent response (Figure 3b). As expected, the IRES activity of
the Hr 5′ UTR was decreased by PCBP2 overexpression in
PAM212 keratinocytes (Figure 3c). The negative regulation of
PCBP2 on the IRES activity of the 5′ UTR of the human HR
(pRF_h690) was similar to that on the 5′ UTR of the mouse Hr
(Figure 3d). Next, we tested whether this negative effect of PCBP2
on the Hr 5′ UTR IRES activity could be circumvented by the
knockdown of PCBP2 expression. Decreased expression of PCBP2
was achieved by using specific siRNAs against PCBP2 (siPCBP2)
(Figure 3e). As expected, knockdown of PCBP2 resulted in the
increased IRES activity of the Hr 5′ UTR (Figure 3f).

The negative effect of PCBP2 on the IRES activity of the Hr
5′ UTR was confirmed by analyzing HR protein expression.
The overexpression of PCBP2 resulted in a drastic reduction in
the HR protein level, while the expression of Hr mRNA was
not reduced in either transiently transfected cells (Figure 3g) or
the HR stable cell line (Figure 3h). We further confirmed that
PCBP2 overexpression did not affect the level of expression of
the endogenous Hr mRNA, as shown by quantitative real-time
PCR using PAM212 keratinocytes (Supplementary Figure 5).
Similar to the results of the reporter system experiments, HR
protein expression was increased by treatment with siPCBP2
compared to that of the scrambled control (Figure 3i). These
results strongly suggested that PCBP2 suppressed HR protein
expression without changing Hr mRNA expression by nega-
tively regulating the IRES activity of the Hr 5′ UTR as an ITAF.

Mutation of Hr 5′ UTR suppressed the regulation of Hr 5′
UTR by PCBP2 in MUHH
Next, we investigated whether this IRES-mediated translational
control for HR protein could affect mutant Hr 5′ UTR, which
has the mutation corresponding to MUHH. First, we assessed
the expression level of PCBP2 mRNA using skin tissue of wild-
type and HrHp mutant mice at the anagen phase which showed
highly expressed PCBP2 as seen in (Figure 2d–f). The PCBP2
mRNA expression levels were similar between the wild-type
and HrHp mutant skin (Figure 4a). Additionally, we compared
IRES activities between wild-type (pRF_m695) and mutant
form of mouse Hr 5′ UTR (pRF_mT403A) that has a T403A
substitution mutation as previously reported.14 The IRES
activity of mutant Hr 5′ UTR was similar to, even slightly
higher than that of the wild-type 5′ UTR (Figure 4b). We next
investigated whether PCBP2 could affect the IRES activity of
the mutant Hr 5′ UTR. Surprisingly, the IRES activity of the
mutant form, pRF_mT403A, was not affected by PCBP2
overexpression (Figure 4c). We also confirmed this effect on
the HR protein expression itself using a full-length mutant Hr
construct that had a T403A mutation in the 5′ UTR (FL-
mHr_T403A). As expected, the overexpression of PCBP2
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showed no effect on the HR protein level of FL-mHr_T403A
(Figure 4d). We next investigated whether PCBP2 binds to the
mutant 5′ UTR (mT403A) using an RNA pull-down assay as
above. We found that the PCBP2 weakly bound to biotin-
labeled mT403A, while it bound strongly to wild type (Biotin-
m695) (Figure 4e). We confirmed this binding was dose-
dependent in both wild-type and mutant forms (Figure 4f).
Furthermore, we performed an IRES activity assay using the
human HR 5′ UTR mutant that has the mutation T-320C of
MUHH patients (pRF_hT-320C) as reported previously.14 The
IRES activity of the MUHH mutant form was also not affected
by PCBP2 overexpression (Figure 4g). These results strongly
suggested that binding of PCBP2 to the Hr 5′ UTR was
suppressed in mutant forms that had mutations corresponding
to MUHH in both mice and humans. We suggest that this
suppression of PCBP2 binding efficiency may be the cause of
maintained IRES activities in Hr 5′ UTR mutants.

DISCUSSION

The sequences and structures of the Hr 5′ UTR suggested that
it may inhibit efficient translation initiation by the conventional
cap-dependent ribosome scanning mechanism. We recently
reported that the Hr 5′ UTR mutation T403A resulted in the
MUHH phenotype and overexpression of the HR protein.14

Here we showed that the uORFs of Hr gene (except for
uORF 1) function as inhibitory translational control elements.
These features suggested that the Hr 5′ UTR could be a
functional cis-element for the expression of the HR protein.
Although the results of one study indicated that the 5′ UTR of
the Drosophila Hr had an IRES function, its sequence and
structure were entirely different from those of the mammalian
Hr genes.32 As we reported previously, the similarity of the 5′
UTR of mammalian Hr genes, such as human, mouse, and rat,
is more than 80%,14 and there have been no reports pertaining
to the function of the mammalian Hr 5′ UTR. In the present

Figure 2 Poly(rC) binding protein 2 interactions with the 5′ UTR of Hr mRNA and expression patterns during the HF cycle. (a, b) RNA
pull-down experiments were performed using FLAG-PCBP2 overexpressing HEK293T cell lysates or purified GST-PCBP2 protein with or
without a biotinylated Hr 5′ UTR probe (Biotin-m695). PCBP2 protein was detected by western blotting. (c) A competition analysis was
performed in a UV cross-linking experiment. A radiolabeled Hr 5′ UTR RNA probe was incubated with different amounts of purified PCBP2
protein (+; 100 ng/rxn, ++; 200 ng/rxn, +++; 300 ng/rxn). The signal shows a concentration-dependent increase of the interaction, which
was decreased specifically by the addition of unlabeled Hr 5′ UTR RNA. GST protein was used as a negative control, and signals were
visualized by autoradiography. (d) Mouse skin sections from each time point were subjected to hematoxylin and eosin staining or
immunostaining using the anti-PCBP2 antibody. Hoechst dye was used for counterstaining. Scale bar, 200 μm. (e, f) Western blotting was
performed using mouse skin tissue from each time point. The quantitative densitometry of PCBP2 expression was presented as the
mean± s.e.m. of three mice per time point.
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study, we demonstrated that the Hr 5′ UTR has IRES activity
and that this activity seemed to be dependent on the secondary
structure rather than specific sequences. Additionally, we
confirmed that this IRES activity was functional in several cell

lines including keratinocytes, which is a cell type known to
express the HR protein.

PCBP2 is an RNA-binding protein that functions as an ITAF
for the IRESs of several viruses, such as hepatitis C, hepatitis A

Figure 3 PCBP2 negatively regulates the IRES activity of the Hr 5′ UTR and HR protein expression. (a) The IRES activities were measured
in HEK293T cells co-transfected with pRF_m695 and pFLAG-PCBP2 at 48 h after transfection. The expression of the FLAG-PCBP2
protein was confirmed by western blotting. (b) The IRES activities of pRF_m695 were measured at 48 h after transfection with various
concentrations of FLAG-PCBP2. (c) PAM212 mouse keratinocytes were transfected with pRF_m695 and FLAG-PCBP2, and then IRES
activities were measured. (d) The IRES activity of human HR 5′ UTR (pRF_h690) was measured in HEK293T cells co-transfected with the
pFLAG-PCBP2 expression construct. (e) SiPCBP2 or a scrambled control were transfected into HEK293T cells. At 48 h post transfection,
protein extracts were subjected to western blot analysis and expression level was determined using quantitative densitometry of the western
blots from three independent experiments. (f) HEK293T cells were transfected with siPCBP2s or a scrambled control and incubated for
24 h. Then, the pRF_m695 reporter construct was transfected and further incubated. Twenty-four hours later, the IRES activities were
measured, and cell lysates were subjected to western blotting. (g) HEK293T cells were co-transfected with the pCMV-FL-mHr and pFLAG-
PCBP2 constructs. Forty-eight hours later, cells were harvested and HR expression determined by western blot analysis. Actin and GAPDH
were used as loading controls, and GFP was used for normalization of the transfection efficiency. Additionally, Hr mRNA expression levels
were determined by quantitative real time PCR, and the relative expression level was determined against Gapdh mRNA expression.
(h) Increasing amounts of the pFLAG–PCBP2 construct were transfected into the HR stable cell line. Cell lysates were subjected to
western blot analysis at 48 h post transfection. RT-PCR revealed no change in the Hr mRNA expression level. (i) HR-expressing stable cells
were transfected with siPCBP2s, and cell lysates were subjected to western blotting after 48 h of incubation. All experiments for IRES
activity were performed three times in triplicate, and transfection efficiencies were normalized by β-galactosidase activity. Activities are
expressed as the mean±SEM. *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001.
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and picornavirus, as well as of Myc cellular mRNA.33–36 In this
report, we showed that the PCBP2 protein bound to the Hr 5′
UTR and modulated its IRES activity. Furthermore, we found
that the PCBP2 protein suppressed the expression of the HR
protein and Hr 5′ UTR IRES activity without changing its
mRNA expression. We suggest that the Hr mRNA is a novel
binding target of the PCBP2 protein through its 5′ UTR and
that PCBP2 acts as a negative regulator of Hr gene translation
via post-transcriptional modulation as an ITAF.

As previously mentioned, Hr mRNA is expressed during all
phases of the HF cycle. However, the HR protein is mainly
expressed during the late catagen through telogen phases. In
the anagen stage, which is the growth phase of the HF cycle, the
HR protein is weakly expressed, although significant amounts
of the mRNA are expressed.5,6 The catagen stage is a regressing
phase in which cells consisting of the HF undergo cell death,
and the telogen stage is a resting phase in which cell
metabolism is quiescent. During cell death, protein expression
is blocked by decreased cap-dependent translation initiation.
However, mRNAs can be translated into proteins by cap-
independent mechanisms, such as IRES-mediated translational
initiation.23 Based on our results, we suggest that HR protein
expression may be maintained during the cell death and resting
phases of the HF cycle by an IRES mechanism mediated via its

5′ UTR, even though the overall cap-dependent initiation of
translation is blocked. Furthermore, we suggest that this IRES-
mediated translational control of the HR protein is modulated
by PCBP2. There have been no reports regarding the PCBP2
expression pattern in the skin or HF. Here we showed the
expression pattern of the PCBP2 protein during the HF cycle
and found that the PCBP2 protein level differed significantly
depending on the phases of the HF cycle. Specifically, PCBP2
was highly expressed during the growth phase, which is an
active stage of the cell cycle or proliferation. This result may
suggest a mechanism for the discrepant expression of the Hr
mRNA and the HR protein during the HF cycle. HR protein
expression may be decreased during the anagen phase by the
highly expressed PCBP2 protein. Conversely, increased HR
protein expression during the catagen and telogen phases may
be attributable to decreased expression of the PCBP2 negative
regulator protein, allowing for the activation of IRES-mediated
translation.

Interestingly, we showed that the regulation of Hr 5′ UTR
IRES activity and HR protein expression by PCBP2 was
suppressed in the MUHH mutant 5′ UTRs in both mouse
and human cells. Additionally, we presented that the binding of
PCBP2 to the mutant Hr 5′ UTR was decreased compared to
wild type. We compared secondary structures of wild-type and

Figure 4 MUHH mutant forms of the 5′ UTR were not affected by PCBP2 negative regulation in both mice and humans. (a) PCBP2
mRNA expression levels were determined by quantitative real time PCR using wild-type and HrHp mutant P28 mouse skin tissues, and the
relative expression level was determined against Gapdh mRNA expression. (b) The IRES activities of pRF_m695 (wild type) and
pRF_mT403A (HrHp mutant type) were measured 48 h after transfection. (c) The pRF_mT403A and pFLAG-PCBP2 constructs were co-
transfected into HEK293T cells. The IRES activities were measured 48 h after transfection. The expression of the FLAG-PCBP2 protein
was confirmed by western blotting. (d) HEK293T cells were co-transfected with the pCMV-FL-mHr_T403A and the pFLAG-PCBP2
constructs. Forty-eight hours later, cells were harvested and HR expression determined by western blot analysis. GAPDH was used as a
loading control, and GFP was used for normalization of the transfection efficiency. (e, f) RNA pull-down experiments were performed using
FLAG-PCBP2 overexpressing HEK293T cell lysates with a wild-type (Biotin-m695) or mutant (Biotin-mT403A) biotinylated Hr 5′ UTR
probe. The PCBP2 protein was detected by western blotting. (g) The pRF_hT-320C and pFLAG-PCBP2 constructs were co-transfected into
HEK293T cells. The IRES activities were measured 48 h after transfection. The expression of the FLAG-PCBP2 protein was confirmed by
western blotting. All experiments for IRES activity were performed three times in triplicate, and transfection efficiencies were normalized by
β-galactosidase activity. Activities are expressed as the mean± s.e.m. *Po0.05.
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T403A mutant Hr 5′ UTRs predicted by the Vienna RNA folding
server.37 Interestingly, the WT and the mutant Hr 5′ UTR had
very different secondary structures (Supplementary Figure 6),
which could explain their different binding efficiencies with the
PCBP2 protein. However, further study should be conducted to
understand how these different secondary structures of Hr 5′
UTRs affect their interaction with PCBP2. These results suggest
that divergent HR protein and mRNA expression is regulated by
an IRES mechanism of its 5′ UTR cis-element through PCBP2
during HF cycling in wild type, but this regulation is disrupted in
MUHH. Thus, we suggest that the failure of this fine transla-
tional control may cause abnormal overexpression of the HR
protein during HF cycling in MUHH (Figure 5).

Here we suggest a new mechanism that regulates HR protein
expression and MUHH, a hair loss disease caused by changes in
HR protein expression. Our results may be helpful in the
further elucidation of the mechanisms of hair loss disease.
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