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Gsdma3 is required for hair follicle differentiation in mice
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Hair follicle differentiation is regulated by multiple signaling pathways. However, the known cellular and
molecular mechanisms are limited. Gsdma3 is a novel murine gene and considered to be a mutation hot-
spot. Six mutants have been reported in Gsdma3 and all these mutants exhibit hair loss and hyperkera-
tosis phenotypes. In order to verify how the lack of Gsdma3 affects the hair defects, we use alopecia and
excoriation mice, a new mouse mutation in this gene, as our research model. This mutation exhibits pro-
gressive hair loss, from head to the whole back, and followed by hair regrowth. We test that Gsdma3 is
expressed in matrix, inner root sheath, and hair shaft. Ultrastructural and histological analyses show
abnormal hair structures and reduced hair keratins in AE mice. The loss of interlocking structures and
abnormal constitutive protein indicate defects in anchoring hair shaft in the hair follicle and resisting
external forces. Molecular analysis of Gsdma3 deficiency and overexpression shows an Msx2/Foxn1/acidic
hair keratin genetic pathway is involved. Thus, Gsdma3 is necessary for normal hair follicle
differentiation.

� 2010 Published by Elsevier Inc.
1. Introduction

Hair follicle is a complex mini-organ that undergoes cyclic pro-
cess. During embryonic development, hair follicle is initiated as a
result of interactions between the primitive epithelium and the
underlying mesenchymal. As the epithelium starting a downward
growth into the dermis, the key signal centre dermal papilla (DP)
cells are enclosed by matrix keratinocytes, which proliferate and
differentiate into the multilayered inner root sheath (IRS), com-
posed of Henle’s, Huxley’s and cuticle layers, and then the hair.
The terminal hair shaft is made up of three layers: cuticle, cortex
and medulla. The outermost layer hair shaft cuticle (Cuh) inter-
locks with IRS cuticle to form an interlocking structure [1], which
is necessary for protecting the hair shaft from shedding [2–4].

The hair follicle differentiation program is controlled by a com-
plex network of several pathways, which involves Bmp, homeobox
genes, and Wnt. Their specific expression patterns in DP or matrix
cells determinate their functions in differentiation. Bmp signaling
is key regulator in hair follicle differentiation [5,6]. Inhibition of
Bmp signaling by ectopic expression of its inhibitor, Noggin, under
the control of Msx2 promoter impairs hair shaft differentiation,
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accompanied by down-regulation of Foxn1 and Hoxc13 [7]. Condi-
tional ablation of BMP receptor 1A induces hair shaft and IRS de-
fects [8,9].

Homeobox genes containing a conserved 180-bp segment (the
‘‘homeobox’’) that encodes a protein domain involved in binding
to DNA. They function as transcription factors to play a role in con-
trolling the development of multicellular organisms [10,11]. Msx2
knockout mice show defects in cyclic alopecia and hair shaft differ-
entiation, which resulting from the altered Foxn1 regulatory path-
way [12]. Msx2 and Foxn1 double mutants cause more severe hair
defects [13]. The Hoxc13-deficient mice exhibit severe hair and
skin defects that result in alopecia [14]. The hairlessness pheno-
type is also observed in Hoxc13 overexpression mice, for its differ-
entiation defects [15,16].

The differentiation program is also dependent on Wnt signaling.
Ectopically expressing Wnt 3 or DVL2 cause short hair phenotype
and cyclical balding, due to the hair shaft structural defects [17].
Lef-1 is the key transcription factor in this pathway. While its
mRNA is detected in matrix cells, Lef-1 accumulates in the hair
shaft precursor cells, where the activated Wnt signaling can be de-
tected by the Wnt dependent reporter gene TOPGAL [18].

Gsdma3 is a member of a novel murine gene family gasdermin.
In previous studies, it was reported as a mutation hotspot and that
Gsdma3 mutations showed alopecia and hyperkeratosis pheno-
types in Bsk, Dfl, Rco2, Fgn, Re (den), and Rim3 mice [19–23]. All
these studies indicated an important role Gsdma3 played in the
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maintenance of hair follicles. However, little is known about what
leads to hair loss in Gsdma3 mutants, and what potential regula-
tory mechanisms are involved. Earlier studies have shown the
Gsdma3 mRNA and protein expression by in situ hybridization
and immunohistochemistry, respectively, but the results remains
inconclusive [19,21,23].

In this study, we have defined hair shaft differentiation defects
in Gsdma3 mutants, account for its hairless phenotype. We further
investigated that expression of Msx2 and its downstreams, Foxn1,
Hoxc13, and notch1, is dependent of Gsdm 3. These results suggest
that Gsdma3 is necessary in hair shaft differentiation, and involved
in Msx2 regulatory pathway.
2. Materials and methods

2.1. AE mice

AE (alopecia & excoriation) mice on a C57BL/6 background was
a gift from Model Animal Research Center (MARC) of Nanjing Uni-
versity. The mice were generated by substitution of nucleotide
1112 (T–C), changes tyrosine 344 to histidine (TAC–CAC). AE mice
were heterozygous and dominant mutation, the chimeras were
backcrossed with C57BL/6 to generate the mice.
2.2. Scanning electron microscopy (SEM)

Hairs from the dorsal skin of mice were attached to electric con-
duction paste and were analyzed by using a SEM (Amray, USA) at
20 kV.

2.3. Transmission electron microscopy (TEM)

Back skins of P14 WT and AE mice were trimmed into
1 mm � 2 mm pieces and fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer (PH7.4), followed by postfixation in 1% osmium
tetroxide and dehydration with a series of increasing concentra-
tions of acetone. Samples were embedded in Epon 618. Ultrathin
sections were stained with lead citrate solution and observed un-
der a TECNAI-10 (Philips, Netherlands).

2.4. Immunofluorescence and immunohistochemistry

Skin tissue was obtained from the midback region of age-
matched AE and WT mouse littermates. For immunohistochemis-
try, skins were fixed in 4% paraformaldehyde (PFA) in PBS, embed-
ded in paraffin and sectioned at 5 lm thickness. Paraffin sections
were rehydrated in decreasing concentrations of ethanol and sub-
jected to antigen unmasking in boiling citric acid buffer. Two-step
IHC detection reagent was used after primary antibody Gsdma3.
For immunofluorescence, tissues were rehydrated in 30% sucrose
solution overnight after 4% PFA, till sinking. Tissues embedded in
OCT and sections were immunostained by using the primary anti-
bodies, followed by secondary antibodies and DAPI counterstain-
ing, and observed by confocal microscopy (Zeiss, Germany). The
following primary antibodies were used: Gsdma3 (rabbit poly-
clonal, 1:100; GL Biochem, China); Msx2 (goat polyclonal, 1:100;
Santa, USA); AE15 (1:2; gift); AE13 (1:10; gift); Lef1 (goat poly-
clonal, 1:100; Santa, USA).
2.5. Total RNA extraction and semi-quantitative RT-PCR

Back skins were dissected from P9, P12, P15 WT and AE mice
and flash-frozen with liquid nitrogen. Homogenize tissue samples
using Trizol (Invitrogen, USA) reagent, and total RNA was isolated
according to manufacturer’s protocol. About 60 ng of total RNA
was reverse transcribed to cDNA using RT kit (Toyobo, Japan)
according to manufacturer’s protocol. Amplify the cDNA with
PCR mix (Tiangen, China), and examine the PCR product by running
1% agarose gels.
2.6. Nake plasmid injection

Recombinant mouse Gsdma3 expression plasmid (pEGFP-N1-
Gsdma3) and empty expression plasmid vector pEGFP-N1 were
purchased from Open Biosystems Company. The plasmid was ex-
tracted and concentrated by plasmid max kit (Omega, USA). Dilute
60 lg of plasmid DNA in 80 ll of saline and inject subcutaneously.
The control mice were injected with the same amount of empty
plasmid vector [24]. The mice hairs were synchronized by depila-
tion in their second telogen [4], because the cells were more sus-
ceptive after depilation. The skin samples were harvested two
days after injection for RT-PCR analysis.
3. Results

3.1. AE mice display cyclic alopecia

The newborn heterozygous AE mice could not be distinguished
from wild-type littermates until postnatal day 9 (P9), by their
thickened and folded skin (Fig. 1A). Then the external hairs exhib-
ited a short and curly phenotype in AE mice. At P25, the mice be-
gan to lose their hairs from the head region, and progressing
toward the whole back. At P35, they lost nearly all of their body
hair. However, when a new hair cycle was initiated, the hairs re-
grew. This process was followed by progressive hair loss and re-
growth (Fig. 1B). No obvious gender effects were observed.
3.2. Gsdma3. is required for IRS and hair shaft differentiation

The cyclic alopecia can be the result of defects in hair shaft and
IRS structures. Such defects were defined in Sox21-null and Msx2
KO mice [12,25]. To investigate the cause of phenotype observed
in AE mice, we first examined the hair shaft by SEM. The analyses
showed that the diameter of hair shaft in AE mice became thinner.
What is more, the smooth surface of WT hairs were covered by the
scaly tile pattern of the outer cuticle (Fig. 2A and B), while the hairs
of AE mice was covered by flattened cuticles with wrinkled sur-
faces (Fig. 2C and D). To verify this result, we further tested hair
shaft by TEM. The result showed that in WT mice hairs, the Cuh
was made from keratinized cuticle cells that overlap each other
in a roof tile effect (Fig. 2E and F). Such structure was likely to
interlock with Cui to anchor the hair shaft in the hair follicle. How-
ever, the interlocking structure could not be seen in AE cuticles
(Fig. 2G and H), suggesting an anchorage failure in Gsdma3 mu-
tants. Further, we identified that Krt32 and Krt82, expressed in
Cuh [26], were downregulated in AE mice by RT-PCR (Fig. 2I).
The results were consistent with the Cuh defects observed in TEM.

Next, we tested hair shaft and IRS differentiation markers by
immunofluorescence. AE15 is a monoclonal antibody that reacts
with intermediate filament-associated protein in trichohyalin
granules [27]. The AE15-positive cells were restricted to three con-
centric layers of IRS and medulla of hair shaft in both WT and AE
mice, but the arrangement was disorganized in Gsdma3 mutants
(Fig. 2J and K). AE13, characterizing acidic keratins in the upper
cortex and hair cuticle cells [28], was visibly decreased in AE mice
(Fig. 2L and M), suggesting a keratinization failure. Altogether,
functional defect of Gsdma3 disrupts IRS and hair shaft
differentiation.



Fig. 1. Cyclic alopecia in Gsdma3 mutant mice. (A) Comparation of skin phenotypes in AE and WT mice at P9. Gsdma3 mutants exhibit a thickened and folded neck region. (B)
A cyclic balding pattern in AE mice. It took us more than 8 weeks to follow up the balding pattern. Given images showed major events in the hair loss and regrowth process.

Fig. 2. Differentiation defects in Gsdma3 mutants. (A–D) Comparation of plucked dorsal hairs in WT (A and B) and AE (C and D) mice by SEM analyses. Hairs in Gsdma3
mutants were shown thinner diameter. Unlike normal scaly hairs, the outer cuticle in AE mice became flattened. (E–H) TEM images showing fine structure of hair follicles of
P15 WT (E and F) and AE (G and H) mice. The cuticle cells (arrows) no longer overlapped each other like roof tiles as normal in Gsmda 3-deficient mice. (I) Semi-quantitative
RT-PCR analyses of Cuh markers at P9 skins from WT and AE mice. Both Krt32 and Krt82 were downregulated in the mutants. (J–M) Immunohistological detection of AE 15 (J
and K) and AE13 (L and M) in WT (J and L) and AE (K and M) mice. J0 and K0 are enlarged images for J and K. The arrangement of AE 15 was disorganized and AE13 expression
wad reduced in AE mice. ORS: outer root sheath; He: Henle’s layer; Hu: Huxley’s layer; Me: medulla. Scale bars: 200 lm in J and K, 100 lm in L and M.
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3.3. The expression of Gsdma3 is responsible for the hair follicle
differentiation defects

To investigate whether the Gsdma3 expression pattern is asso-
ciated with the hair differentiation defects in AE mice, we exam-
ined the protein expression in early and mid-anagen in WT mice
skin. At P3, Gsdma3 was expressed in matrix and pre-cortical cells
(Fig. 3A). At P9, Gsdma3 expression expanded into IRS and hair
shaft (Fig. 3B), where was likely to be responsible for the differen-
tiation defects in AE mice. Next, we identified whether the Gsdma3
expressing cells overlapped the AE15 and AE13-positive cells.
Gsdma3 was found to be co-localized with AE15 in the three con-
centric layers of the IRS, but not in the medulla (Fig. 3C). Cells po-
sitive for Gsdma3 were also partly labeled by AE13 in outer cuticle



Fig. 3. Expression of Gsdma3. (A and B) Gsdma3 expression was detected in matrix and pre-cortical cells in early anagen at P3 (A) by immunochemistry, and then expanded
into IRS and hair shaft region at P9 (B). (C and D) Confocal images of Gsdma3 expression. (C) Gsdma3 is co-expressed with AE15 in the IRS at P9. (D) Gsdma3 is expressed in
the outer cuticle of hair shaft labeled with the AE13 antibody. Scale bar: 100 lm.
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of hair shaft, but not the inner cortex. So it was confirmed that
Gsdma3 was expressed in cuticle and cortex layers of hair shaft
(Fig. 3D). We conclude that the exact location of Gsdma3 is re-
stricted to the matrix, IRS, and Cuh. These cell types are associated
with hair follicle differentiation.

3.4. Gsdma3 is involved in Msx2 regulatory pathway

To gain further insight into the molecular mechanisms that may
be affected by Gsdma3 deficiency, we tested master regulators of
signaling pathways that involved in hair follicle differentiation.
We first tested Lef1 expression by IF, and no obvious difference
was observed in WT and AE mice. We also examined Msx2 regula-
tory pathway, the deficiency of which cause similar cyclic alopecia
[12]. Interestingly, the master regulators displayed a visible down-
regulation in AE mice at P9 (Fig. 4A). We speculated that Gsdma3
might be a member of Msx2 pathway. Similarly with Gsdma3,
Msx2 is known to be expressed in matrix and IRS. So we detected
whether Msx2 expression overlapped with Gsdma3. The result
Fig. 4. Gsdma3 is involved in Msx2 regulatory pathway. (A) Master regulators of Msx2 pa
matrix and IRS. (C) Msx2/Foxn1/acidic hair keratin genetic pathway was activated by ov
showed that Msx2 was co-expression with Gsdma3 in matrix and
IRS (Fig. 4B). When overexpressing Gsdma3 by nake plasmid DNA
injection into the skin, all of these genes expression were up-regu-
lated (Fig. 4C). These results demonstrated that Gsdma3 might reg-
ulate Msx2 pathway directly or indirectly.

4. Discussion

In our study, we have analyzed hair follicle differentiation de-
fects in Gsdma3 mutants. These defects are reflected in its flattened
Cuh, reduced keratins in cortex, and abnormal arrangement of
trichohyalin in IRS in AE mice. Through the detection of molecular
defects in AE mice, we suppose that Gsdma3 may be involved in the
regulation of Msx2/Foxn1/acidic hair keratin genetic pathway.

The hair loss phenotypes in AE mice are similar to other six
Gsdma3 mutants. The role of Gsdma3 in hair follicle differentiation
has been mentioned in recent studies, but the speculations are only
based on the expression of Gsdma3 [21,23]. Our study provides di-
rect evidence of Gsdma3 affect hair shaft and IRS differentiation.
thway were down-regulated in AE mice. (B) Gsdma3 was co-localized with Msx2 in
erexpressing Gsdma3. Scale bar: 100 lm.
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Outer cuticles of healthy hair are made from keratinized cuticle
cells, which overlap each other like roof tiles. The outer cuticle is
the strongest part of the hair fiber and is responsible for protecting
the inner cortex. Once its structure damaged, the hair fiber cannot
resist much of the mechanical strength. AE15-positive trichohyalin
functions as cross-bridging protein, which cross-links to several
barrier proteins to make IRS mechanically strong [29]. AE13 de-
tects type-keratins in hair cortex and cuticle cells [28]. Interest-
ingly, in this study, decreased AE13 is observed in AE mice,
consistent with the observed defects by SEM and TEM in cuticle
cell differentiation. These results suggest that the cyclic alopecia
in Gsdma3-deficient mouse is due to weakness in resisting external
forces and anchoring hairs in the hair follicle.

The differentiation of hair follicle is the product of a series of re-
ciprocal and sequential interactions between DP and matrix cells.
Once the hair follicle induction process is completed, epidermal
placode invigilates into dermis. During differentiation, transient
amplifying (TA) cells in hair bulb proliferate rapidly, and produce
transient progenitor cells. These cells are arranged in concentric
layers, which give rise to different layers of hair shaft and IRS
[30,31]. Our result shows that Gsdma3 protein is expressed in ma-
trix, IRS and hair shaft, suggesting a role in cell type decision and
subsequent differentiation.

Several signaling molecules are reported to be involved in this
process. Inhibition of Bmp signaling by ectopic expression of nog-
gin under Msx2 promoter leads to an absence of trichohyalin in me-
dulla and acidic hair keratins in the cortex and cuticle. In addition,
several transcription factors, like Msx2, Foxn1, and Hoxc13, are
downregulated significantly [7]. This indicates that they lie in the
downstream of Bmp genetic pathway. Dynamic expression of
Msx2 first is in matrix and pre-cortical cells, and then expanded
into the upper region of hair follicle, including IRS and hair shaft
[12,32,33]. Strong nuclear Gsdma3 is detected to merge with cells
expressing Msx2 suggesting they may play overlapping roles. This
may be a possible explanation for why the AE mice have the similar
cyclic alopecia phenotype to Msx2�/� [12,34]. Foxn1 is known to
be expressed in the hair cortex [35,36]. As its expression is much
reduced in Msx2 knockout mice, Foxn1 had been considered to
be downstream of Msx2 [12]. Recently, it has been shown that
Msx2 and Foxn1 function downstream of BMP in parallel pathways
[13]. A loss of function mutation in Foxn1 cause hairless in nude
mice resulting from the downregulation of hair keratins, which
are essential for normal hair structure [37–39]. Interestingly, Foxn1
is downregulated in AE mice, consistent with the observed reduced
acidic hair keratins in cortex cells. Notch1 expression in matrix can
be regulated by Foxn1 directly [13]. Its overexpression in cortex
can cause differentiation defects in neighboring medulla and cuti-
cle cells by a non-autonomous effect [40,41]. The observed reduced
Nothc1 in AE mice may be downregulated by decreased Msx2 and
Foxn1. Hoxc13 is also required in hair shaft differentiation and is in-
volved in hair keratin expression directly [42]. However, the
expression of Hoxc13 is not altered in AE mice. Sox21 is another
gene responsible for normal Cuh differentiation [25], but its
expression is unaltered either. In our study, when overexpressing
Gsdma3 by plasmid injection, all of Msx2, Foxn1 and their target
genes, including Hoxc13, are upregulated. The present evidence
provides clues that Gsdma3 functions upstream or in parallel with
the Msx2 cascade in the hair follicle.

It should be noted that this study has discussed only one possi-
ble explanation for the cyclic alopecia. Another possible cause, the
abnormal hair cycling in AE mice, cannot be ruled out. Club hairs in
telogen are eventually shed from the follicle, so prolonged telogen
and increased percentage of follicles in telogen can lead to exces-
sive shedding [43]. Telogen in AE mice starts at P25, distinguished
from the red skin, and lasts 7–8 days (Fig. 1B). It is 5 days longer
than WT mice. So the alopecia phenotype may be the result of
the loss of club hairs.

In conclusion, our results show that Gsdma3 is essential in nor-
mal hair follicle differentiation and functions by regulating Msx2/
Foxn1/acidic hair keratin cascade.
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