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a b s t r a c t

Abnormal hair loss results from a variety of factors, such as metabolic dysfunctions, immunodeficiency,
and environmental stressors. Here, we report that mutant mice having defects in liver function, develop
alopecia. We have shown previously that in mice lacking a Cnot3 gene, which encodes an essential
component of the CCR4-NOT deadenylase complex in liver (Cnot3-LKO mice), the liver does not mature
properly, resulting in various pathologies such as hepatitis, hepatic necrosis, and anemia. Unexpectedly,
Cnot3-LKO mice start to lose hair around postnatal day 17 (P17). The region of hair loss expands all across
their backs and symptoms persist until around P28-30. Afterward, hair re-grows, and Cnot3-LKO mice
show complete hair recovery by P40. The phenotype is dependent on mouse genotype, indicating that
hair follicle morphogenesis and cycling are influenced by abnormal liver development. By performing
histological, quantitative PCR, and immunoblot analyses, we detected sebaceous gland (SG) hypertrophy
accompanied by an increase of peroxisome proliferator-activated receptor g (PPARg). Collectively, these
findings suggest that paracrine signaling related to liver function influences hair growth, at least in part,
by altering lipid metabolism.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hair has many functions, including regulation of body temper-
ature, protection of skin from sun and foreign objects, and disper-
sion of sweat-gland products [1]. It is highly desirable to develop
therapeutics for hair loss or excessive hair growth, given the variety
of hair growth disorders [1,2]. While mutations in keratins and
other structural proteins are relevant to congenital hair defects,
acquired hair loss or excessive hair growth generally result from
aberrant hair follicle cycling [1,3]. Various factors such as inflam-
matory diseases, anemia, nutritional deficiencies, and drug treat-
ments influence hair follicle cycling.

Hair follicles undergo repetitive growth and resting states. Hair
cycling in mammals consists of three major stages, hair follicle
growth (anagen), regression (catagen), and quiescence (telogen)
[4,5]. Many rodents show synchronous follicular cycling [[4,5]].
Coupled with hair growth defects, this synchrony results in
extensive hair loss, such as alopecia. Abnormal hair loss in mutant
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mouse strains offers novel insights into regulation of hair follicle
morphogenesis and cycling, and further reveals the pathogenesis of
alopecia in humans.

Iron deficiency anemia is relevant to the development of alo-
pecia in humans [[6]]. A mouse model having a mutation in the
transmembrane serine protease 6 gene developed alopecia asso-
ciated with iron-deficiency anemia, indicating the importance of
iron regulation for hair growth in various species [[7]]. Several
studies report that lipid metabolism influences hair growth [[8]].
Targeted disruption of PPARg in mouse hair follicle stem cells
caused cicatricial alopecia, accompanied by altered lipid meta-
bolism [9]. Insulin induced genes 1 and 2 (Insig 1/2) and glycerol
kinase 5 (GK5) negatively regulate cholesterol biosynthesis. Gk5-
deficient or epidermal specific Insig-deficient mice with excess
cholesterol exhibited defects in hair growth [10,11]. Maternal fac-
tors also influence hair morphogenesis and growth. Pups devel-
oped alopecia if nursed by females lacking the Pparg gene in
hematopoietic and endothelial cells or by Interleukin-10-deficient
(Il-10�/�) females [12,13]. While Pparg-deficiency led to production
of inflammatory milk, affecting hair growth of nursing neonates
[12], mast cell activation and iron deficiency contribute to hair loss
in pups from Il-10�/� mother mice [13].

The CCR4-NOT complex triggers mRNA decay by shortening
poly(A) tails [14e16]. Removal of unnecessary mRNAs by the CCR4-
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NOT complex-mediated degradation exerts crucial regulatory
control in biological processes [15e17]. We generated liver-specific
Cnot3 knockout mice (Cnot3-LKO mice) and found that postnatal
liver functional maturation requires decay of mRNAs that are highly
expressed in fetal and neonatal liver [18]. Here, we report the dis-
covery of postnatal alopecia in Cnot3-LKO mice, revealing an un-
expected relationship between liver development and hair growth.

2. Materials and methods

2.1. Mouse strain

Mice carrying the floxed allele of Cnot3 (Cnot3flox/flox) crossed
with Albumin-cre (Alb-cre) and mTmG (Jackson Laboratory,
#003574 and #007676, respectively) (Cnot3-LKO mice) have been
described previously [18]. Genotypes were determined by PCR for
the Cnot3-floxed allele, and the Alb-cre and mTmG transgenes. In
this study, mice possessing genotypes of Cnot3þ/þ, Cnot3flox/þ,
Cnot3flox/flox, Cnot3þ/þ:Alb-cre, or Cnot3flox/þ:Alb-cre were consid-
ered controls. Mice were fed with CE-2 (Japan Clea). Experiments
were performed according to animal use guidelines issued by the
Committee of Animal Experiments at Okinawa Institute of Science
and Technology Graduate University and the Institutional Animal
Care and Use Committee of RIKEN, Yokohama Branch.

2.2. Tissue section

Skins were removed from euthanized mice and fixed with 10%
formaldehyde overnight. Fixed skins were processed as paraffin-
embedded sections (3 mm). Sections were stained with Hematox-
ylin 3G and Eosin (8656 and 8659, respectively, Sakura Finetek
Japan) or toluidine blue (Sigma). Cryosections (6 mm) were
employed for Oil Red-O (Merck) followed by Hematoxylin staining,
or mTmG reporter protein detection, together stained with 40,6-
diamidino-2-phenylindole (DAPI, 1 mg/mL, Sigma, D9564). Images
were captured using a BZ X-700 microscope (Keyence).

2.3. Quantitative real-time PCR (qPCR) analysis

Total RNA was extracted from dorsal skins using Isogen II, ac-
cording to the manufacturer’s protocol (Nippon Gene). RNA purity
and concentration were evaluated by spectrophotometry using a
NanoDrop ND-2000 (ThermoFisher). Total RNA (1 mg) was used for
reverse transcription with oligo(dT)12-18primer (Invitrogen) using
the SuperScript III First-Strand Synthesis System (Invitrogen). qPCR
reactions were carried out with TB Green Premix Ex Taq (Takara)
and a Viia 7 Sequence Detection System (Applied Biosystems).
Gapdh mRNA levels were used for normalization. Relative mRNA
expression was determined by the DDCT method. Primers used in
qPCR reactions are shown in Supplementary Table S1.

2.4. Immunoblotting

Tissues (liver or dorsal skin) were lysedwith TNE lysis buffer (1%
NP-40, 50mM TriseHCl [pH 7.5], 150mM NaCl, 1mM EDTA, 1mM
phenylmethylsulfonylfluoride, and 10mM NaF). All antibodies
were diluted at 1:1000 for incubation, except for PPARa (1:400
dilution). Immunoblot analysis was performed as described previ-
ously [19].

2.5. Antibodies

Anti-CNOT3 mouse monoclonal antibody was described previ-
ously [18]. Antibodies against GAPDH (#2118), PPARg (#2443), C/
EBPa (#8178), C/EBPb (#3087), Cyclin D1 (#2978), and COX2
(#12282) were purchased from Cell Signaling Technology. Antibody
against PPARa (42-4600) was from Thermo Fisher Scientific.

2.6. Statistical analysis

Statistical significance of differences between groups (control
versus Cnot3-LKO) were tested using Student’s t-tests (unpaired,
two-tailed distribution with two-sample equal variance). We
considered P< 0.05 as statistically significant.

3. Results

3.1. Cnot3-LKO mice lose back hair at early postnatal days

Hair growth usually started at P5-7 and showed normal prog-
ress until P14 in both control and Cnot3-LKO mice (Fig. 1A),
although body size and liver histology differed between them [18].
When Cnot3-LKO mice reached P17-18, hair loss around their
scapulae was observed. The area of hair loss gradually increased
until it usually included their entire backs (Fig. 1A). Alopecia
continued until P28-30. The hairless skin became pigmented, and
hair re-appeared at P32-37. Around P48, hair of Cnot3-LKO mice
became almost indistinguishable from that of control mice (Fig.1A).
Among littermates, control mice did not lose hair during this period
(Fig. 1B). Even mice with genotype of Cnot3flox/þ:Alb-cre, which
corresponds to Cnot3-heterozygous in liver, showed normal liver
and dorsal hair histology. Hair loss phenotype was independent of
genotype of parent mice, because Cnot3-LKO pups from various
mating pairs lost hair, such as [Cnot3flox/þ:Alb-cre male and Cnot3-
flox/þ female], [Cnot3flox/þ:Alb-cre male and Cnot3flox/flox female],
[Cnot3-LKO male and Cnot3flox/þ:Alb-cre female], [Cnot3flox/þ:Alb-
cre male and Cnot3-LKO female] and [Cnot3-LKO male and Cnot3-
LKO female]. We performed immunoblot analysis and confirmed
that CNOT3 is not suppressed in the skin of Cnot3-LKO mice
(Fig. 1C), as we had already detected previously [18]. Furthermore,
we used mice possessing an mTmG reporter transgene to examine
whether Cre-mediated recombination is induced around skin. In
the mTmG mouse strain, cells express green fluorescent protein
(GFP) in response to Cre-mediated recombination; otherwise they
express tdTomato [20]. We did not detect any cells expressing GFP
in the skins of either control or Cnot3-LKOmice (Fig.1D). These data
strongly suggest that the hair loss phenotype was strictly depen-
dent on liver abnormality caused by loss of CNOT3.

3.2. Hair loss in Cnot3-LKO mice is concomitant with follicular cyst
formation and abnormal first postnatal catagen

We examined histology of affected skins during a period of
several days. In control mouse skins, hair follicles were in late
catagen and telogen from P20 to 24 (Fig. 2). The next anagen started
from P24 to 28. The anagen stage proceeded as dermal papillae (DP)
were well developed in the subcutis at P31 (Fig. 2). In contrast, hair
follicles in the skin of Cnot3-LKO mice regressed in a manner
different from normal catagen, with hypertrophy of SGs at P20
(Fig. 2). We confirmed the SG hypertrophy by staining lipids in
sebocytes with oil red-O (Fig. 3A). Around P24, hair follicles formed
cyst-like structures and some lost hair shafts. Abnormal catagen
and telogen continued until about P28 (Fig. 2). We observed
development of DP at P31 in the skins of Cnot3-LKO mice, as in
control mouse skins, indicating that the first postnatal anagen had
started [4]. The re-start of hair follicle cycling in Cnot3-LKO mice
around P31 is consistent with pigmentation of skins at P35 (Fig. 1).
These data suggested that the major defects occurred in the first
postnatal catagen and telogen, promoted by abnormal liver
function.



Fig. 1. Cnot3-LKO mice develop alopecia. (A) Comparison of hair growth at different times after birth in control (left) and Cnot3-LKO mice (right). (B) Specific hair loss in nursing
Cnot3-LKO neonates (arrows) among littermates on P20. (C) Immunoblot of liver and skin lysates from control and Cnot3-LKO mice at P21. GAPDH was used as a loading control. (D)
Frozen sections were prepared from dorsal skins of (þ/þ):Alb-cre/mTmG and Cnot3-LKO/mTmG mice at P21. The sections were stained with DAPI (blue) and analyzed to detect
fluorescent proteins (red; tdTomato). Scale bars, 100 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Differential expression of mRNA and protein of the Ppar family
in skins of Cnot3-LKO mice and controls

Several mouse models show postnatal hair loss phenotypes
similar to those of Cnot3-LKOmice. Alopecia development in Il10�/�

pupswas associatedwithmast cell infiltration and degranulation in
their skins [13]. Postnatal hair loss concomitant with aberrant
follicular structure was relevant to inflammation in Ppargflox/flox:-
Tie2-cre mice [12]. The cyclooxygenase (COX)/prostaglandin
pathway is one of the critical regulators of inflammatory responses,
and importantly, overexpression of COX-2 in mouse skin led to al-
opecia [21,22]. We examined whether those conditions are
responsible for hair loss in Cnot3-LKO mice. Toluidine blue staining
revealed no significant difference in skins of control and Cnot3-LKO
mice (Fig. 3B), indicating that mast cells are not responsible for
alopecia in Cnot3-LKO mice. We performed qPCR analysis to
compare expression of inflammatory genes in skins of control and
Cnot3-LKOmice. Il-1, but not TnfamRNAs, increased significantly in
skins of Cnot3-LKO mice (Fig. 4A). On the other hand, COX-2
actually decreased in skins of Cnot3-LKO mice (Fig. 4B). Therefore,
inflammation seems unlikely to explain hair loss in skins of Cnot3-
LKO mice. While Cyclin D1 is critical for stem cell differentiation in
the outer root sheath [23], Cyclin D1 expression was comparable in
skins of control and Cnot3-LKO mice. Because abnormal lipid
accumulation was observed in SG, we next examined expression of
Ppara and Pparg mRNAs that encode transcriptional regulators
critically involved in lipid metabolism. In addition, we examined
expression of Insig-2 and Mpzl3 mRNAs, because a deficiency or
mutation of those genes in mice resulted in hair growth abnor-
mality [10,24]. Among mRNAs that we examined, Ppara mRNA
decreased while Pparg mRNA increased, both significantly, in skins
of Cnot3-LKO mice (Fig. 4A). PPARg protein consistently increased,
although expression of PPARa protein did not completely reflect the
results of qPCR (Fig. 4B). CCAAT/enhancer-binding protein (C/EBP)-
a and -b are also important in regulation of adipocytes, and their
robust expression in sebocytes indicates a role in differentiation
and lipid metabolism of SGs [25]. Expression of C/EBP-a and -bwas
comparable in skins of control and Cnot3-LKO mice (Fig. 4B).



Fig. 2. Catagen and telogen in the dorsal skins of Cnot3-LKO mice exhibit abnormalities. HE-stained sagittal sections of dorsal skins in control and Cnot3-LKO mice at the indicated
days of age. Scale bars, 50 mm (P20, 24, 28), 200 mm (P31).

Fig. 3. Sebocyte hypertrophy in dorsal skins of Cnot3-LKO mice. (A, B) Oil red O-stained (A) and toluidine blue-stained (B) sagittal sections of dorsal skins in control and Cnot3-LKO
mice at postnatal day 20. Scale bars, 100 mm (A), 50 mm (B). Arrow indicate sebocytes. FC and DP represent follicular-cysts and dermal papillae, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Therefore, augmented expression of PPARg is likely to influence SG
function and neonatal hair cycle in skins of Cnot3-LKO mice.
4. Discussion

Extracellular molecules influence normal hair growth and
cycling, as growth factors and growth factor receptors control hair
follicle development and transitions between hair cycle stages [26].
Morphogens such as Sonic hedgehog and Wnt are also important
[5]. When body fluids in the extracellular environment contain
toxic molecules or lack essential nutrients, hair growth and main-
tenance are impaired through abnormal or ectopic signaling. In this
study, we found that Cnot3-LKO mice developed alopecia. Livers of
Cnot3-LKO mice did not develop mature functions due to an
accumulation of unnecessary mRNAs and an insufficiency of
mature liver-related mRNAs [18]. Because liver metabolizes many
molecules, it is possible that liver abnormalities result inmetabolite
levels that are unfavorable for hair growth.

Timing of the appearance of alopecia in Cnot3-LKO mice was
similar in pups of PPARgflox/flox;Tie2-cre or Il-10�/� mothers [12,13].



Fig. 4. Expression of genes related to inflammation and lipid metabolism differs in skins of control and Cnot3-LKO mice. (A) qPCR analysis of mRNAs in skins from P21 control and
Cnot3-LKO mice (n¼ 6). Gapdh mRNA levels were used for normalization. Graphs show relative mRNA abundances of indicated genes. Data are mean ± standard error of the mean.
*P < 0.05; **P < 0.01. (B) Immunoblot of skin lysates from P21 control and Cnot3-LKO mice. Lanes 1 and 2, and lanes 3 and 4 are littermates. See GAPDH blots in Fig. 1C, as the same
lysates were used.
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Furthermore, all mouse strains showed regrowth and subsequent
complete recovery of hair. While maternal effects clearly explain
hair recovery after pups of PPARgflox/flox:Tie2-cre or Il-10�/� mothers
[12,13] are weaned, reasons for hair loss in young Cnot3-LKO mice
remain to be addressed. Maternal effects hardly contribute to the
hair loss, because littermates with wild-type genotype never lose
hair (Fig. 1B). Iron-deficiency is one of the major reasons for alo-
pecia in both humans and mice [6,7, 13]. The alopecia in pups of
PPARgflox/flox:Tie2-cre was mainly due to increased inflammatory
signaling [12]. Cnot3-LKO mice displayed both iron-deficiency
anemia and hepatitis [18]. However, those pathologies persisted,
and were exacerbated after weaning [18], suggesting that neither
iron-deficiency nor inflammation is the primary cause of alopecia.
On the other hand, we observed hypertrophy of SGs. Dysregulated
SG functions are relevant to skin and hair diseases. SG atrophy was
observed in human psoriatic alopecia and in a mouse model for
primary cicatricial alopecia [27,28]. Moreover, rough coat mutant
mice exhibited both SG hyperplasia and hair abnormalities [24].
Sebocytes in SGs produce and secret sebum, a lipid mixture.
Impaired SG function reflected irregular cholesterol content in the
skin, leading to hair loss [9e11]. We detected expression differ-
ences of Ppar family genes in the skins of control and Cnot3-LKO
mice, suggesting developmental and functional change in SGs.
Importantly, we observed lipid accumulation in neonatal liver and
higher cholesterol content in the serum of Cnot3-LKO mice [18].
Whether those abnormalities affect SG function and hair growth
remains to be determined.

In conclusion, postnatal liver development is responsible for
hair follicle morphogenesis and cycling. Dysregulated liver function
results in production of toxic molecules or nutrient deficiencies.
Our findings show that liver abnormalities affect hair growth in a
paracrine manner, contributing to the etiology of alopecia.
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