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Smad proteins transduce signals downstream of trans-
forming growth factor-β (TGF-β) and are one of the
factors that regulate the expression of genes related
to diseases affecting the skin. In the present study, we
identified MAB21L4, also known as male abnormal 21
like 4 or C2orf54, as the most up-regulated targets of
TGF-β and Smad3 in differentiated human progenitor
epidermal keratinocytes using chromatin immunopre-
cipitation sequencing (ChIP-seq) and RNA sequencing
(RNA-seq). We found that TGF-β induced expression
of the barrier protein involucrin (encoded by the IVL
gene). Transcriptional activity of the IVL promoter
induced by TGF-β was inhibited by MAB21L4 siRNAs.
Further analysis revealed that MAB21L4 siRNAs also
down-regulated the expression of several target genes
of TGF-β. MAB21L4 protein was located mainly in
the cytosol, where it was physically bound to Smad3
and a transcriptional corepressor c-Ski. siRNAs for
MAB21L4 did not inhibit the binding of Smad3 to
their target genomic regions but down-regulated the
acetylation of histone H3 lys 27 (H3K27ac), an active
histone mark, near the Smad3 binding regions. These
findings suggest that TGF-β-induced MAB21L4 up-
regulates the gene expression induced by TGF-β, pos-
sibly through the inhibition of c-Ski via physical inter-
action in the cytosol.

Keywords: TGF-β; epidermal keratinocytes; Smad3;
c-Ski; ChIP-seq.

Abbreviations: TGF-β, transforming growth factor-β;
ChIP, chromatin immunoprecipitation; MAB21, male
abnormal 21.

The epidermis represents a barrier against hazardous
environmental conditions and physical injury. In addition to
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the tight cellular interactions between epidermal cells, pro-
teins derived from terminally differentiated keratinocytes
are processed to form the outermost layer of the epidermis,
called the cornified envelope, to provide the protective
role of the skin (1). Involucrin and loricrin are examples
of such proteins. Transforming growth factor-β (TGF-β)
is a multi-functional cytokine with various physiological
roles. The epidermis is regulated by TGF-β and its related
cytokines, including activins and bone morphogenetic pro-
teins (BMPs) (2). TGF-β forms a receptor complex at the
cell membrane and the activated type I receptor, i.e. ALK5
phosphorylates Smad2 and Smad3 (Smad2/3). Phosphory-
lated Smad2/3 form a complex with Smad4, translocate
to the nucleus and work as transcription factors (TFs) to
regulate expression of the target genes of TGF-β. Extensive
research has revealed that TGF-β inhibits proliferation of
keratinocytes to maintain homeostasis of the skin. TGF-β
family cytokines also play a role in the development and
homeostasis of hair follicles. A differentiated epidermal
keratinocyte cell line, denoted HaCaT, was established by
Boukamp et al. (3) and has been widely used to analyse
TGF-β signalling pathways in vitro. However, the pre-
cise mechanisms by which TGF-β regulates differenti-
ated keratinocyte-derived proteins in the epidermis remain
unclear.

In the present study, we performed an integrated analysis
to identify the target genes of Smad3 using chromatin
immunoprecipitation sequencing (ChIP-seq) and RNA
sequencing (RNA-seq) in differentiated human epidermal
keratinocytes. Based on these analyses, we identified
MAB21L4, also known as male-abnormal 21 like 4 or
C2orf54, as an important Smad3 target and verified that
TGF-β and Smad3 regulate the expression of MAB21L4.
We explored the function of MAB21L4 in HaCaT cells
and found that MAB21L4 up-regulates the expression of
involucrin and other target genes of TGF-β. Our findings
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revealed an epidermis-specific positive feedback loop of
TGF-β signalling, illuminating the role of MAB21L4 and
suggesting new possible therapeutic target for diseases
affecting the skin.

Materials and Methods

Cell culture

HaCaT is a spontaneously immortalized human epidermal
keratinocyte cell line that was established previously (3).
HaCaT cells and 293T cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM #11965; Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
10% foetal bovine serum, 100 U/ml penicillin G and
100 μg/ml streptomycin. Human progenitor epidermal
keratinocyte (HPEK) cells were obtained from CELLnTEC
(Bern, Switzerland) and cultured in Progenitor Cell
Targeting medium (CnT-57 or CnT-PR; CELLnTEC)
supplemented with 50 U/ml penicillin G and 50 μg/ml
streptomycin to maintain their progenitor state. For
induction of differentiation, cells were cultured in CnT-02
or CnT-PR-D supplemented with 1.2 mM CaCl2, according
to the manufacturer’s instructions (CELLnTEC). Cells
were grown in a humidified atmosphere with 5% CO2
at 37◦C.

Reagents and antibodies

Recombinant human TGF-β (TGF-β3) was obtained
from R&D systems (Minneapolis, MN, USA). The
following antibodies were used: rabbit anti-phospho-
Smad2 (p-Smad2; Cell Signaling Technology, Danvers,
MA, USA), mouse anti-α-tubulin (DM1A; Sigma-Aldrich,
St. Louis, MO, USA), rabbit anti-Smad3 (EP568Y, Abcam,
Cambridge, UK), rabbit anti-Smad2 (EP567Y, Abcam),
rabbit anti-involucrin (IVL) (ab53112, Abcam), mouse
anti-Histone H3 acetyl Lys 27 (H3K27ac) (MABI0009,
clone MABI0309, MAB Institute, Nagano, Japan), mouse
anti-myc (9E10, Nacalai Tesque, Kyoto, Japan), mouse
anti-FLAG (F3165, Sigma-Aldrich), mouse anti-HA
(Invivogen, San Diego, CA, USA) and rabbit anti-HA (Y-
11, Santa Cruz Biotechnology, Dallas, TX, USA).

An anti-MAB21L4 antibody (#11802) was raised by
immunizing a rabbit with the amino-terminal domain of
a recombinant human MAB21L4 fragment (amino acids
1–154, NP_001078906) expressed in DH5α cells trans-
formed with the pGEX6P-1 vector. For preparation of
the recombinant protein, cell lysate was purified using
glutathione Sepharose 4B (GE healthcare, Chicago, IL,
USA) and enzymatically processed using Turbo 3C pro-
tease (Fujifilm Wako Pure Chemical, Osaka, Japan) to
elute the MAB21L4 fragment without the GST domain.
After size separation by SDS-PAGE and CBB staining
(CBB Stain One Super, Nacalai Tesque), the excised gel
portion was directly injected subcutaneously into a rabbit
by Eurofins Genomics Japan (Tokyo, Japan). Antisera were
purified using Protein A by Eurofins Genomics Japan.

Plasmids

Plasmid expressing human MAB21L4 (NP_001078906)
tagged with FLAG was cloned from the first strand
cDNA of HaCaT cells using a standard PCR-based
approach. Smad2, Smad3, Smad4, constitutively active

ALK5 (ALK5-TD), c-Ski and SnoN expression vectors
were prepared as described previously (4, 5). All insert
sequences were verified by sequencing.

Immunoprecipitation and immunoblotting

Cells were lysed in cell lysis buffer (1% NP-40, 150 mM
NaCl, 50 mM Tris-HCl (pH 7.5), 1 mM phenylmethyl-
sulfonyl fluoride, 1% aprotinin, 1% phosphatase inhibitor
cocktail). Immunoprecipitation, sodium dodecyl sulphate
gel electrophoresis and immunoblotting were performed as
described previously (6), with a LAS-4000 lumino-image
analyser used for image acquisition (Fujifilm, Tokyo,
Japan).

Luciferase reporter assay

IVL-luc reporter was constructed using a standard PCR-
based approach. The −2812 to +81 genomic region rel-
ative to the transcription start site (TSS) of the IVL gene
was amplified by PCR using genomic DNA obtained from
HaCaT cells as the template and primers containing restric-
tion sites for NheI and BglII. The PCR product was cloned
into the NheI–BglII site of the pGL4 luciferase reporter
(Promega, Madison, WI, USA), which contains an aden-
oviral major late promoter (MLP) derived from (CAGA)9-
luc (7). The sequence of the promoter was verified by
comparing with the human genome (hg19).

For promoter-reporter assays, cells were transfected
with the reporter plasmid vectors and siRNAs using
Lipofectamine 2000, according to the manufacturer’s
instructions (Thermo Fisher Scientific). At 24 h after
transfection, cells were treated with 1 ng/ml TGF-β for
24 h. Luciferase activity was measured using an LB940FP
luminometer (Berthold Technologies, Bad Wildbad,
Germany).

Immunofluorescence staining

HaCaT cells were seeded on a two-well chamber glass slide
(Thermo Fisher Scientific) after coating with collagen I
(Nitta Gelatin, Osaka, Japan) and transfected with FLAG-
tagged MAB21L4. After 24 h, cells were fixed with ice-
cold 50% acetone/50% methanol for 5 min. Cells were
then washed with phosphate-buffered saline and blocked
with BlockingOne (Nacarai Tesque). Anti-FLAG antibody
was used as the first antibody at 5 μg/ml and Alexa Fluor
488-conjugated anti-mouse IgG (Thermo Fisher Scientific)
was used as the secondary antibody (1:500). After mount-
ing with Antifade mounting medium with DAPI (Vector
laboratories, Burlingame, CA, USA), images were cap-
tured with a fluorescence microscope BZ-X710 (Keyence,
Osaka, Japan). For each condition, randomly selected two
images were obtained.

RNA interference

siRNAs against human MAB21L4 (#1, 5′-UCCUGCUGG
ACAAGUUCCAGGUCUU-3′; #2, 5′-ACGGCCUGACC
UUUGGGCCACCUGAA-3′) and control siRNA (Cat.
12,935–112) were synthesized by Thermo Fisher Scien-
tific. siRNAs were introduced into HaCaT cells using Lipo-
fectamine 2000 or Lipofectamine RNAiMAX reagents
(Thermo Fisher Scientific) according to the manufacturer’s
protocol.
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RNA isolation and quantitative RT-PCR

Total RNA was extracted using an RNeasy Mini Kit (QIA-
GEN, Hilden, Germany), according to the manufacturer’s
instructions. First-strand cDNA was synthesized using
PrimeScript2 reverse transcriptase (TakaraBio, Shiga,
Japan). Quantitative RT-PCR (qRT-PCR) analysis was
performed using FastStart Universal SYBR Green Master
Mix with ROX (Roche Diagnostics, Basel, Switzerland)
and the ABI PRISM 7500Fast Sequence Detection System
or StepONE Plus real time PCR system (Thermo Fisher
Scientific). Primer sequences for qRT-PCR are shown in
Supplementary Table S1.

RNA-seq

RNA-seq was performed as described previously (8).
Reference files of the human reference sequence assembly
(NCBI Build 37/hg19) and the GTF annotation file
were obtained from iGenomes (http://support.illumi
na.com/sequencing/sequencing_software/igenome.html).
Gene expression levels were estimated as fragments per
kilobase of exon per million fragments mapped (FPKM)
values using Tophat/Cufflinks (versions 2.0.8 and 2.0.2,
respectively), using the default parameter settings.

ChIP assay, ChIP-sequencing and data analysis

Chromatin isolation, sonication, immunoprecipitation
using anti-Smad3, anti-Smad2 and anti-H3K27ac antibod-
ies and quantification by real-time PCR were conducted
as described previously (9). Primer sequences are shown
in Supplementary Table S2. The amount of immunopre-
cipitated DNA relative to the input was calculated for all
samples, and enrichment values were calculated relative
to the %input values at SOBP locus, which serves as a
negative control region. For high-throughput sequencing
analysis (ChIP-seq), libraries were constructed, amplified
with 15 cycles of PCR, size-selected and sequenced using
an Illumina Genome Analyzer (Illumina, San Diego, CA,
USA) or Ion Proton/Ion PGM sequencers (Thermo Fisher
Scientific), according to the manufacturer’s protocols.

The human reference sequence assembly (NCBI Build
37/hg19) and GTF annotation files were obtained from
iGenomes. ChIP-seq data sets were aligned using Bowtie
(version 0.12.7) with the command ‘-S -a –best –strata -v
1 -m 1’ (for Smad3) or Bowtie2 (for Smad2 and H3K27ac)
with the default parameters. Antibody-enriched genomic
regions were identified using MACS2 software (model-
based analysis of ChIP-seq) with a q-value threshold of
0.0001. Motif enrichment analysis was performed using
Centrimo with the default parameters (CentriMo version
5.3.0; http://meme-suite.org/tools/centrimo) (10).

Accession numbers

Raw sequencing data can be accessed via the GEO reposi-
tory (GSE180252).

Statistical analysis

Dunnett tests were used to compare multiple samples to the
control, using GraphPad Prism (Usaco, Tokyo, Japan).

Results

Identification of Smad3 binding regions in human epidermal
keratinocytes

HPEK cells undergo differentiation when cultured with
differentiation medium. Upon induction of differentiation
following 6 days of culture, the cells expressed genes
representing the differentiated state of the epidermis: KRT5
(encoding keratin 5) as a marker of the basal layer, KRT1
and KRT10 as markers of the spinous layer and IVL (encod-
ing involucrin) as a marker of the granular layer (Fig. 1A).

To elucidate the transcriptional role of TGF-β in
both undifferentiated and differentiated epidermal ker-
atinocytes, we performed RNA-seq analysis of HPEK cells
stimulated with TGF-β (Supplementary Fig. S1). Gene
set enrichment analysis revealed that the genes related
to epithelial-to-mesenchymal transition, apical junction
and TGF-β signalling were up-regulated by TGF-β
stimulation in both undifferentiated and differentiated cells
(Supplementary Fig. S1A–C). The genes related to K-Ras
signalling, allograft rejection and androgen and oestrogen
responses were enriched in differentiated cells, regardless
of TGF-β stimulation (Supplementary Fig. S1D, E).

We next obtained ChIP-seq data of Smad3 binding sites
in the differentiated HPEK cells stimulated with TGF-β
for 1.5 h (Fig. 1B). Significant Smad3 binding peaks were
identified at the well-known target gene locus of TGF-β,
SERPINE1, but not in the HBB locus, which served as
the negative control region (Fig. 1C). We identified 56,021
Smad3 binding regions with a q-value of <0.0001. Motif
analysis of the Smad3 binding sites revealed the enrichment
of binding sequences of several TFs that are known co-
regulators of Smad signalling (Fig. 1D, E). Motif central-
ity analysis suggested that AP-1 binding sites and TP53
family binding sites were concentrated towards the peaks
of Smad3 binding positions (Fig. 1E). Smad binding sites
were also concentrated towards the peaks to a lesser extent,
which likely reflects the existence of two or more Smad
binding motifs within a binding region (9, 11), or the low
complexity of the Smad binding motif compared to AP-1
and TP53 binding motifs.

Identification of MAB21L4 as a target gene of TGF-β/Smad3

We then used a keratinocyte cell line, HaCaT, and obtained
Smad3 ChIP-seq data to compare with the data obtained
from the differentiated HPEK cells. Because Smad2 is also
the downstream signalling molecule of TGF-β signalling
that forms complex with Smad3 and Smad4, we also
obtained ChIP-seq data of Smad2 in HaCaT cells to
compare with the Smad3 data in the same experimental
condition. As a result, 22,194 and 18,691 binding regions
were determined from Smad3 and Smad2 ChIP-seq,
respectively (Fig. 2A). We found that 72.8% and 72.2%
of the Smad3 and Smad2 binding regions, respectively, in
HaCaT cells were shared with the Smad3 binding regions
in HPEK cells. We also found that 69.2% of the Smad3
binding regions were shared with the Smad2 binding
regions in HaCaT cells.

By evaluating the RNA-seq data of HPEK cells, we
found that both undifferentiated and differentiated HPEK
cells respond to TGF-β at the transcriptional level, with no
remarkable differences observed in the enriched gene sets
(Supplementary Fig S1A, C). We therefore next focused
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Fig. 1. Smad3 binding regions in epidermal keratinocytes. (A) Expression of epidermal differentiation markers in HPEK cells. Total RNA was
isolated after the induction of differentiation of HPEK cells for 6 days, and the expression of keratinocyte differentiation markers was compared to that
of undifferentiated progenitor cells using qRT-PCR. Data were obtained from two biological replicates. (B) Experimental design of Smad3 ChIP-seq
analysis of differentiated HPEK cells. Cells were cultured in differentiation medium for 7 days and then stimulated with TGF-β for 1.5 h before fixation.
Smad3 binding regions were determined by ChIP and ChIP-seq. (C) Smad3 binding signals at the known target of TGF-β. Peak signals at the SERPINE1
locus show enrichment of Smad3 binding signals, and black bars show significant binding regions at q < 0.0001. The HBB locus is shown as a negative
control. (D) The top enriched motif groups, AP-1 and TP53, according to CentriMo. Smad binding motifs were also identified. (E) Relative position of
the enriched motifs alongside the peak summit of the Smad3 binding regions. The top 3 motifs included in each motif group are shown. Percentages
show the frequency of motifs in the Smad3 binding regions. Undiff., undifferentiated cells; Diff., differentiated cells.
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Fig. 2. Identification of MAB21L4 as a target of Smad3. (A) Comparison of the Smad3 and Smad2 binding regions in HPEK and HaCaT cells.
ChIP-seq data of HaCaT cells stimulated with 1 ng/ml of TGF-β3 for 1.5 h were obtained for comparison to the data obtained in Fig. 1. Significant
binding regions were determined at q < 10−4 and overlap analysis was performed by using bedtools (https://bedtools.readthedocs.io/en/latest/). (B)
MAB21L4 was identified as the most up-regulated target gene of TGF-β and Smad3 in differentiated HPEK cells. Genes with expression levels of at least
10 FPKM in any of the differentiated HPEK samples were included in the analysis. The data were then sorted by the order of induction by TGF-β. Genes
exclusively expressed in the differentiated HPEK cells (FPKM < 1 in undifferentiated HPEK cells) are shown. ‘Smad3 binding’ is defined as significant
Smad3 binding within 100 kb from the gene. (C) Smad3 and Smad2 binding regions at the MAB21L4 locus are shown. There are three variants (a longer
form and lower two shorter forms) of MAB21L4. Numbers show the regions analysed by ChIP-qPCR in (D) and (E). (D) ChIP-qPCR analysis of Smad3
binding at the MAB21L4 locus. Differentiated HPEK cells were treated with TGF-β for 1.5 h and fixed. The SOBP locus was used as the negative control
region (9). Data were obtained from three biological replicates. (E) ChIP-qPCR analysis of Smad3 binding in an epidermal keratinocyte cell line HaCaT.
ChIP was performed as in (D). Data were obtained from three biological replicates.
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Fig. 3. Regulation of MAB21L4 expression. (A) MAB21L4 is expressed after a delay following the induction of differentiation in HPEK cells. Total
RNA was serially isolated after the induction of differentiation of HPEK cells as indicated, and the expression of MAB21L4 was determined by qRT-PCR.
Data were obtained from two biological replicates. (B) Up-regulation of MAB21L4 mRNA by TGF-β in HaCaT cells. Cells were stimulated with TGF-β
as indicated. Data were obtained from two biological replicates. (C) The change in the amount of MAB21L4 protein after TGF-β stimulation in HaCaT
cells. The experiment was repeated with the similar results, and the representative data are shown. (D) Expression of MAB21-family mRNAs in HaCaT
cells. RPKM values of each mRNA were obtained from the RNA-seq data used in Supplementary Fig. S1. IB, immunoblotting.

on individual target genes of Smad3 that were specific to
the differentiated HPEK cells. MAB21L4 was the most
up-regulated target of Smad3 of unknown function and
was found only in the differentiated HPEK and HaCaT
cells but not in the undifferentiated HPEK cells (Fig. 2B).
We identified several Smad3 and Smad2 binding regions
both upstream and downstream of the TSS of MAB21L4
(Fig. 2C). We selected five nearby regions and verified
Smad3 binding using ChIP-qPCR (Fig. 2D). We also
used HaCaT cells to confirm that Smad3 binds to the
same regions (Fig. 2E). Based on the data obtained from
a public gene expression database (12), MAB21L4 is
expressed in the skin and oesophagus, suggesting that it
is expressed mainly in the stratified squamous epithelium
(Supplementary Fig. S2A).

Regulation of MAB21L4 by TGF-β and related signalling
pathways

Next, we evaluated the effect of TGF-β and other
signal transduction pathways related to TGF-β and/or
epidermal keratinocytes on the expression of MAB21L4.
The expression of MAB21L4 was strongly induced in
HPEK cells after 6 days of culture with differentiation
medium (Fig. 3A). MAB21L4 mRNA and protein were

detectable in differentiated HaCaT cells, even at steady
state (Fig. 3B and C), and stimulation with TGF-β resulted
in the rapid and transient induction of MAB21L4. RNA-
seq data showed that, of the MAB21 family genes, only
MAB21L4 was expressed in HPEK cells (Fig. 3D). TP63,
a TP53 family gene, is one of the most important TFs
of the epidermis. Both alleles of the TP53 gene were
spontaneously mutated in HaCaT cells, and we previously
reported the relationship between TP63, mutant TP53,
RAS and TGF-β signalling using this cell line (13).
Using previously published microarray data, we found
that the expression of MAB21L4 was down-regulated
by TP53 siRNA (Supplementary Fig. S2B), as well as
by RAS signalling (Supplementary Fig. S2C). Notably,
some of these effects were observed even without TGF-β
stimulation. These results suggest that the expression of
MAB21L4 was regulated by several signalling pathways in
epidermal keratinocytes.

MAB21L4 up-regulates TGF-β-induced involucrin expression

Based on the finding that the expression of MAB21L4 was
strongly up-regulated in the late phase after the induction
of differentiation, we knocked down the expression of
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Fig. 4. MAB21L4 up-regulates involucrin expression. (A) Up-regulation of involucrin protein induced by TGF-β was abrogated by MAB21L4
siRNA. HaCaT cells were transfected with two different MAB21L4 siRNAs and stimulated with TGF-β for 24 h. The experiment was repeated with the
similar results, and the representative data are shown. (B) The effect of MAB21L4 siRNA on the expression of MAB21L4 mRNA in HaCaT cells. HaCaT
cells were transfected with MAB21L4 siRNAs and stimulated with TGF-β for 24 h. Data were obtained from two biological replicates. (C) Smad3 and
Smad2 binding regions at the promoter of the IVL locus. Significant binding regions are represented as in Fig. 2C. The region (−2812 to +81 from the
TSS) used in the promoter-reporter analysis shown in (D) is also indicated in the bottom panel. (D) MAB21L4 siRNAs down-regulated TGF-β-induced
transcriptional activity of the IVL promoter. HaCaT cells were transfected with luciferase reporter plasmids and siRNA as indicated. Cells were then
stimulated with TGF-β or left untreated. Data were obtained from four biological replicates.

MAB21L4 in HaCaT cells and performed qRT-PCR to elu-
cidate the function of MAB21L4. We found that the amount
of involucrin protein and mRNA induced by TGF-β stimu-
lation decreased in MAB21L4-depleted cells (Fig. 4A, B).
We cloned the promoter region of the IVL gene, which
contains Smad3 and Smad2 binding regions (Fig. 4C), into
the upstream of an adenoviral MLP in a luciferase-reporter
plasmid to evaluate the effect of MAB21L4 siRNA on
TGF-β-induced transcription of IVL. We found that the
up-regulation of transcriptional activity induced by TGF-β
was inhibited in MAB21L4-depleted cells (Fig. 4D), sug-
gesting that TGF-β-induced MAB21L4 in turn regulates
the IVL transcription induced by TGF-β.

MAB21L4 regulates target gene expression of TGF-β

We further evaluated the effect of MAB21L4 siRNA on
gene expression using qRT-PCR to determine whether
MAB21L4 also regulates other targets of TGF-β sig-
nalling. The expression of SERPINE1 and CDKN1A were
up-regulated by TGF-β, but were down-regulated by
MAB21L4 siRNAs (Fig. 5A). Co-immunoprecipitation
analysis suggested that MAB21L4 physically interacts
with Smad3, but not with Smad2 (Fig. 5B). However, the
binding strength was much weaker when compared with
the interaction between Smad3 and Smad2. MAB21L4 is

located primarily in the cytosol (Fig. 5C and D), suggest-
ing its regulatory function on TGF-β signalling outside the
nucleus. We next evaluated the binding of Smad3 to the
target genomic regions using ChIP-qPCR. Unexpectedly,
recruitment of Smad3 to the known binding regions
at SERPINE1 and CDKN1A loci was not significantly
affected by MAB21L4 siRNA (Fig. 5E).

Based on the down-regulation of target gene expression
(Fig. 5A), we then evaluated a histone tail modification,
H3K27ac, around the Smad3 binding regions. H3K27ac
is the established marker associated with active transcrip-
tion. Indeed, H3K27ac was significantly suppressed by
MAB21L4 siRNAs at SERPINE1 and IVL loci, suggest-
ing transcriptional repression (Fig. 5F). These results sug-
gested that MAB21L4 expression leads to elevated tran-
scriptional activity without up-regulation of the Smad3
binding. These observations prompted us to evaluate the
possibility that MAB21L4 functions via functional inter-
action with histone acetylation/deacetylation machinery.

c-Ski and SnoN are the representative proteins that phys-
ically bind to Smad family proteins and suppress transcrip-
tion via recruitment of HDAC complex (14, 15). Previous
reports have shown as alternative regulatory mechanisms
that c-Ski and SnoN bind to the Smad family proteins in
the cytosol to inhibit the formation of active Smad complex
(16) or their nuclear localization (17, 18). It is also reported
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Fig. 5. MAB21L4 up-regulates TGF-β target genes. (A) The effect of MAB21L4 siRNA on the TGF-β-induced expression of SERPINE1 and
CDKN1A in HaCaT cells. The same samples shown in Fig. 4B were used for this evaluation. (B) MAB21L4 protein physically binds to Smad proteins;
293T cells were transfected with the expression plasmids as indicated and lysed for co-immunoprecipitation analysis. The experiment was repeated with
the similar results and the representative data are shown. (C) Cytoplasmic localization of FLAG-MAB21L4 protein in transfected HaCaT cells. Cells
were transfected with the plasmids encoding FLAG-tagged MAB21L4 or empty vector. Data were obtained from the two microscopic fields, and the
representative images are shown. (D) Cell fractionation assay showing the localization of endogenous MAB21L4 protein. HaCaT cells were lysed with
NE-PER (Thermo Fisher Scientific) to obtain the cytoplasmic and nuclear fractions. The experiment was repeated with similar results, and the
representative data are shown. (E) Effect of knockdown of MAB21L4 on the Smad3 binding to the target genomic regions. HaCaT cells transfected with
siRNA as indicated were stimulated with TGF-β for 1.5 h and harvested for ChIP-qPCR analysis. Data represents the mean ± standard deviation of two
biological replicates. (F) Down-regulation of H3K27ac by MAB21L4 siRNAs. HaCaT cells were transfected with the siRNAs as indicated and were
stimulated with TGF-β for 1.5 h. Data represents the mean ± standard deviation of two biological replicates. Note that the most enriched genomic
positions of Smad3 and H3K27ac appeared different at the IVL locus and the different primers were used between Fig. 5E and F, as shown in
Supplementary Table S2. NC, control siRNA; IP, immunoprecipitation; IB, immunoblotting; ALK5-TD, constitutively active ALK5; n.s.: not significant.
∗P < 0.05 by Dunnett test.
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Fig. 6. MAB21L4 physically interacts with c-Ski and SnoN proteins. (A) Co-immunoprecipitation analysis showing the physical interaction of c-Ski
and SnoN with MAB21L4 protein; 293T cells were transfected as indicated. 6myc-tagged c-Ski and SnoN proteins co-immunoprecipitated with
anti-FLAG antibody was detected in the top panel. The blotted membrane was serially used for detection of different antigens and thus anti-HA image
shows residual anti-FLAG and anti-myc bands shown as ∗. (B) Effect of co-expression of MAB21L4 protein on the turnover of c-Ski protein; 293T cells
were transfected with the expression plasmids as indicated. Cells were then treated with CHX at 100 μg/ml for the indicated times before cell lysis.
Amounts of the c-Ski protein relative to the samples without CHX treatment (%) are shown below the top panel. (C) Effect of MAB21L4 siRNA on
Smad-specific transcriptional activity. HaCaT cells were transfected with a luciferase reporter plasmid and siRNA. Cells were then treated with TGF-β.
Data were obtained from two biological replicates. (D) A model of mechanism of enhanced target gene expression by MAB21L4 (also shown in
Graphical Abstract). MAB21L4 protein physically binds to c-Ski in the cytosol to inhibit the known repressor function of c-Ski, either inhibition of the
nuclear translocation of Smad complex or recruitment of HDAC complex on the target genomic regions. We cannot exclude the possibility that c-Ski
inhibits the transcription via other TFs, independent of Smad complex. P, phosphorylation of Smad proteins; Ac, acetylation of histone H3, specifically
lys 27, shown in this study. ∗, residual anti-FLAG bands as in Fig. 6A.

that stimulation with TGF-β induces rapid degradation of
c-Ski and SnoN to induce transcription (5, 19, 20). We thus
evaluated whether the MAB21L4 protein physically binds
to c-Ski and SnoN. We found that MAB21L4 bound to
c-Ski regardless of the TGF-β signal activation (Fig. 6A).
SnoN also bound to MAB21L4, but not as strong as c-
Ski. We also found the decrease in the amounts of c-Ski
and SnoN proteins in the MAB21L4 co-transfected cells
(Fig. 6A, second panel). The cycloheximide (CHX) chase
assay suggested that turnover of the c-Ski protein was
shortened by MAB21L4 expression (Fig. 6B).

TGF-β-specific transcriptional reporter assay also
suggested that, unlike the natural IVL promoter-reporter
(Fig. 4D), MAB21L4 siRNA did not inhibit the transcrip-
tional activity of the Smad-binding reporter 9xCAGA
(Fig. 6C), suggesting the requirement of natural regulatory
DNA sequence for MAB21L4 to enhance transcription.

Taken together, these results suggest that MAB21L4
up-regulates the expression of the target genes of TGF-β
through in part the inhibition of c-Ski and SnoN.

Discussion

The present study identified involucrin as an up-regulated
target of MAB21L4. Importantly, the previous publications
showed that although involucrin is one of the major compo-
nents of the cornified envelope, targeted deletion of involu-
crin did not affect the development of the epidermis and
hair follicles (21). In contrast, Koch et al. reported that the
loss of loricrin, another barrier protein of the skin, resulted
in several skin abnormalities and a delay in the formation
of the skin barrier at birth. Nevertheless, in case of the adult
mice, loricrin depletion did not show any defects in barrier
function, possibly due to the compensatory expression of
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involucrin and other barrier proteins (22). Considering the
molecular function of MAB21L4 on TGF-β signalling, the
effect of MAB21L4 on the expression of epidermal genes
may depend on TGF-β signalling, because the expression
of involucrin, but not loricrin, is up-regulated by TGF-β,
based on our RNA-seq data. Further studies are required
to elucidate the roles of MAB21L4 on diseases of the skin,
especially in the context of TGF-β-dependent processes, as
reported previously (23).

MAB21L4 belongs to the MAB21 family of proteins,
which are required for the development of dorsal structures,
including eye morphogenesis. Previous studies have been
undertaken on MAB21L1, MAB21L2 and their orthologues
(24–29). Mab21-l3 is expressed in multiciliate cells and
ionocytes and is required for the expression of lineage-
specific master genes during xenopus development (30).
Mechanistically, MAB21L2 may physically interact with
Smad1 and Smad4 to inhibit BMP signalling (31). Amino
acid sequence analysis suggests that MAB21 proteins have
a common domain with nucleotidyltransferase (NTase)
activity, which suggests that they may exert important
biological functions by processing RNA, DNA and proteins
(32, 33). However, the biological role of MAB21L4 has not
been previously elucidated.

The present study found that MAB21L4 enhances
TGF-β signalling, possibly by binding to c-Ski and SnoN
(Fig. 6D). The predicted NTase activity might contribute to
the process by modulating the transcriptional corepressors
c-Ski and SnoN. As a result, it is possible that the
function of MAB21L4 is inhibition of the formation of an
inactive Smad complex that contains c-Ski and the HDAC
complex (34). Of note, unlike MAB21L4, c-Ski inhibits
the transcriptional activity of the 9xCAGA reporter (17),
suggesting that MAB21L4 might not suppress the other
mechanisms of Smad signal inhibition by c-Ski, i.e. active
Smad complex formation in the cytosol and its nuclear
translocation.

There are several limitations to the present study. First,
we need more comprehensive analyses, e.g. ChIP-seq and
RNA-seq, after inactivation of MAB21L4 gene, to elucidate
the central mechanisms of MAB21L4 function in epider-
mal keratinocytes. We cannot exclude the possibility that
MAB21L4 may regulate non-Smad pathways or other sig-
nalling pathways that modulate TGF-β signalling. Second,
biological significance of the expression of MAB21L4 in
epidermal keratinocytes and in the other stratified epithelia
need to be evaluated in animal models. Third, the effect
of MAB21L4 siRNAs on the amount c-Ski protein is not
fully consistent with the previous studies. c-Ski is rapidly
degraded after TGF-β stimulation; however, the effect of
MAB21L4 on c-Ski/SnoN turnover is minimal and found
even in the absence of TGF-β signal activation. In addition,
only a part of c-Ski function is inhibited by MAB21L4.
We thus cannot exclude the possibility that MAB21L4
regulates c-Ski through a different mechanism from degra-
dation. Finally, Smad2- or Smad3-specific functions have
been revealed based on their different binding affinities to
the cofactors (35, 36). Although many of the Smad2 and
Smad3 binding regions are shared in the present study, the
effect of MAB21L4 on Smad2 binding may differ from that
on Smad3.

Taken together, MAB21L4 contributes to epidermis-
specific TGF-β signalling to regulate IVL expression.

Comprehensive analyses of the effect of MAB21L4 on the
cell type-specific Smad3 binding (37, 38), epigenomic state
and gene expression are required in the future to elucidate
the mechanism of MAB21L4 action.
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