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Abstract
Hair follicle cycling can be divided into the following three stages: anagen, catagen, and

telogen. The molecular signals that orchestrate the follicular transition between phases are

still unknown. To better understand the detailed protein networks controlling this process,

proteomics and bioinformatics analyses were performed to construct comparative protein

profiles of mouse skin at specific time points (0, 8, and 20 days). Ninety-five differentially

expressed protein spots were identified by MALDI-TOF/TOF as 44 proteins, which were

found to change during hair follicle cycle transition. Proteomics analysis revealed that these

changes in protein expression are involved in Ca2+-regulated biological processes, migra-

tion, and regulation of signal transduction, among other processes. Subsequently, three

proteins were selected to validate the reliability of expression patterns using western blot-

ting. Cluster analysis revealed three expression patterns, and each pattern correlated with

specific cell processes that occur during the hair cycle. Furthermore, bioinformatics analysis

indicated that the differentially expressed proteins impacted multiple biological networks,

after which detailed functional analyses were performed. Taken together, the above data

may provide insight into the three stages of mouse hair follicle morphogenesis and provide

a solid basis for potential therapeutic molecular targets for this hair disease.

Introduction
The hair follicle (HF) is a regenerating system that undergoes a cyclic process of growth, regres-
sion and resting phases (i.e., anagen, catagen, and telogen). At the same time, the HF and skin
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exhibit circadian rhythms in gene transcription and protein expression. HFs are composed of
dermal and epidermal compartments that exist in a complex system. Ralf Paus proposed a
comprehensive guide for the recognition and classification of distinct stages of hair follicle
morphogenesis[1]. The hair follicle has been widely used as an easy and effective model for tis-
sue regeneration and hair biology research. On the basis of this model, researchers have found
induction and maintenance efforts that involve platelet-derived growth factor (PDGF) iso-
forms in the anagen phase of mouse hair follicles[2]. In addition, when overexpressed in the
skin, Wnt10b can induce a switch in the hair-follicle phase from telogen to anagen[3]. Another
study demonstrated that bone marrow mesenchymal stem cells (BM-MSCs) in Wnt1a-condi-
tioned medium can activate dermal papilla (DP) cells and promote hair follicle regrowth[4].
Recently, some plant extracts were used to treat alopecia[5]. If the hair follicle cycle is inter-
rupted, hair follicle-related diseases such as androgenetic alopecia might occur. Therefore,
research regarding the regulation of the hair follicle cycle is urgently needed. To unveil the
molecular mechanisms involved in the hair follicle cycle, proteomics and bioinformatics analy-
ses, both of which are subfields of systems biology aimed at a system-level understanding of
biological processes, were performed. Proteomics has been highlighted as a technique that
focuses on the simultaneous study of the expression of the vast majority of proteins in a cell or
organ under different experimental conditions. Bioinformatics is another means of providing a
system-level analysis of biological networks using computational tools. This proteomics strat-
egy has been applied in a variety of studies. For instance, this approach has been used to evalu-
ate the impact of taxol on DP cells[6]. Furthermore, heat shock protein 70 and mitochondrial
ribosomal protein S7, two proteins involved in the aggregative property of cultured DP cells,
were identified by this method[7]. Using the shotgun proteomics technique and network analy-
sis, ITGB1, IGFBP3, and THBS1 were selected as possible hair-growth-modulating protein bio-
markers[8]. However, HFs cannot only be studied as individual components, as these
components do not function in isolation in living organisms. From a systems biology point of
view, HF cycling involves structural and temporal complexities. The present study involves the
mouse skin hair cycle at specific time points (0, 8, and 20 days), which is more suitable for
obtaining sufficient amounts of proteins than using pure cultured DP cells. Time-course gene-
and protein-expression profiling of mouse skin has identified novel candidates involved in
hair-cycle regulation. Additionally, experiments using mouse skin at different stages (anagen,
catagen, telogen) can assess interfering factors from the microenvironments of tissues and
other types of cells. The microenvironment influences the ability of hair periodic growth. A full
hair cycle is not exhibited in vitro due to the absence of neural, extrafollicular tissue and vascu-
lar or endocrine signals.

Based on the aforementioned experimental advantages and biological characteristics, the
present study combines proteomics, cluster analysis and bioinformatics analysis to investigate
protein expression and biological networks during the hair cycle.

Materials and Methods

Animals
Syngenic C57/BL6 mice (females, 6–8 weeks of age, 15–18 g), all in the telogen stage of the hair
cycle, were obtained from the Model Animal Research Center of Nanjing University (Nanjing,
China)[9] and maintained in a controlled environment with 12-hour light/dark periods and
free access to mouse chow and water. The care and use of all animals in this article strictly
adhered to the local animal protection laws of China and were approved by the Experimental
Animal Ethics Committee at the Southeast University (permit number 20140301150). All
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methods were carried out in accordance with approved guidelines, and all efforts were made to
minimize suffering.

Hair cycle induction and skin harvest
Anagen was introduced into the dorsal skin of mice in the telogen phase of hair cycle by apply-
ing a 1:1 mixture of melted wax and rosin after injected intraperitoneally with 240mg/kg Aver-
tin (2, 2, 2-Tribromoethanol, Sigma-Aldrich, T48402) [10–13]. After ensurance of adequate
anesthesia and the mixture hardening, the wax/rosin mixture was peeled off the skin to pluck
all telogen hair shafts, as this method can yield homogeneous populations of anagen follicles
that are morphologically indistinguishable from those occurring spontaneously. At 0, 8, and 20
days after depilation, Avertin was administrated by intraperitoneal injection. Once adequate
anesthesia was ensured, the mice were sacrificed by cervical dislocation, and every effort was
made to minimize suffering. The dorsal skin of the mice was harvested perpendicular to the
paravertebral line as described previously[14] and immediately frozen in liquid nitrogen for
further analysis.

Protein extraction
Skin samples of mice from three independent groups were obtained at the aforementioned
time points. First, the skin samples were homogenized in lysis buffer (7 M urea, 2 M thiourea,
4% [w/v] CHAPS, 2% [w/v] DTT, and 2% [v/v] IPG buffer [pH 3–10]) in the presence of 1%
w/v protease inhibitor cocktail (Pierce Biotechnology, Rockford, IL). Next, the mixture was
shaken at 4°C for 1 h, and insoluble molecules were removed by centrifugation at 40000×g, 4°C
for 1 h. The protein concentration in each sample was determined using the Bradford method
with BSA as the standard.

Two-dimensional electrophoresis (2-DE)
Protein samples (120 μg) were loaded onto 24-cm, pH 3–10 IPG strips (Bio-Rad Amersham
Bioscience, Uppsala, Sweden). Next, the IPG strips were rehydrated in rehydration solution.
Following isoelectric focusing, the IPG strips were equilibrated, run on an Ettan DALT 12 elec-
trophoresis system (GE Healthcare, San Francisco, CA, USA), and visualized by silver staining
[15–17].

Statistical analysis
As previously described [17], we stained the gels, and ImageMasterTM 2D Platinum Software
(Version 5.0, Amersham Bioscience,Swiss Institute of Bioinformatics, Geneva, Switzerland)
was used for spot detection, quantification, and comparative analyses. Expression level was
determined by the relative volume of each spot in the gel and expressed as %Volume (%Vol =
[spot volume/∑volumes of all spots resolved in the gel]). To reflect the quantitative variations
in the protein spot volumes, we normalized the spot volumes as a percentage of the total vol-
ume of all the spots present in a gel as previously described[16]. The values obtained for 9
experiments were pooled for calculation of the mean and standard derivations. Protein spots
differentially changed across time-points were determined whether the p<0.05 (one-way
ANOVA).

Protein identification by MALDI-TOF/TOF
Differential protein spots were excised from the stained gel, dehydrated in acetonitrile (ACN),
and dried at room temperature[17]. The proteins were reduced using 10 mMDTT/25 mM
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NH4HCO3 at 56°C for 1 h, after which they were alkylated in situ with 55 mM iodoacetamide/
25 mMNH4HCO3 in the dark at room temperature for 45 min. Subsequently, the gel frag-
ments were washed with 50% ACN, dried in a SpeedVac, and then rehydrated with 2–3 μl tryp-
sin (Promega, Madison, WI, USA) solution (10 ng/μl in 25 mMNH4HCO3) at 4°C for 30 min.
The excess liquid was discarded, and the gel plugs were incubated at 37°C for 12 h. A final con-
centration of 0.1% trifluoroacetic acid (TFA) was added to arrest the digestive reaction.

Spotting was achieved by pipetting 1 μl of the analyte onto the MALDI target plate in dupli-
cate and subsequently adding 0.05 μl of 2 mg/ml CHCA in 0.1% TFA/33% ACN containing 2
mM (NH4)3PO4. The Bruker peptide calibration mixture (Bruker Daltonics) was also spotted
for external calibration. All samples were then analyzed on a time-of-flight Ultraflex II mass
spectrometer (Bruker Daltonics) in the positive-ion reflectron mode.

Each acquired mass spectrum was processed using Flex-Analysis v2.4 and Biotools 3.0 soft-
ware packages (Bruker Daltonics). The MS/MS spectra were cross-referenced with the IPI rat
database, employing MASCOT (v2.4) in the automated mode. Peptide masses were assumed to
be monoisotopic masses, and cystines were assumed to be iodoacetamides.

The peptide mass tolerance was set to 100 ppm, and the maximum of missed cleavage sites
was set to 1. Positive identification was achieved only when a 100-ppm mass accuracy met with
significant probability, and nearly all dominant signals of the spectrum were assigned to the
identified protein. The calculated mass and pI were compared and further evaluated.

Cluster analysis
For every protein spot identified, the mean abundance values from three repeats were calcu-
lated and normalized. Cluster 3.0 software was used to process the normalized abundance val-
ues, and the protein spots were clustered using a k-means algorithm with the similarity metric
of Euclidian distance. Only the sample with the least number of clusters and sufficient separa-
tion of expression patterns across time was selected. The results were displayed using TreeView
software.

Bioinformatics analysis
The identified proteins were classified algorithmically based upon evolutionary relationships to
obtain a functional regulatory network[18]. The differentially expressed proteins overlaid on
the network were assembled using Pathway Studio (v5.00) software (Ariadne Genomics, MD,
USA), and the identified cellular process was confirmed via the Pub Med/Medline hyperlink
embedded in each node.

Gene ontology (GO). A GO enrichment analysis with DAVID v6.7 was performed to pro-
vide a functional annotation of an extensive list of genes derived from our proteomics study,
which was conducted with the default settings. Statistically significant differences (p<0.05)
were identified using Fisher’s exact test [19].

Western blot analysis
The protein levels of Lamin A/C, Vimentin, and Annexin A1 in mouse skin were analyzed at
three aforementioned time points. Antibodies against Lamin A/C (2032, diluted 1:1000; cell
signaling technology), Vimentin (3932, diluted 1:1000; cell signaling technology), Annexin A1
(3299, diluted 1:1000; Cell Signaling Technology), and β-actin (ab6276, diluted 1:1000; Abcam)
were used as internal controls.
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Results

Identification of specific time points in the mouse hair cycle
As shown in Fig 1 and consistent with a previous report [11], we confirmed three time points
(days 0, 8, and 20) that were representative of the telogen, anagen, and catagen stages, respec-
tively. After depilation, mouse dorsal skin and hair regrowth were photographed on days 0, 8,
and 20. Telogen, anagen, and catagen stages were observed by microscopy in longitudinal sec-
tions of the dorsal skin using hematoxylin-eosin (HE) staining.

Identification of proteins related to the hair cycle
2-DE was performed on the day 0, 8, and 20 skin samples over a pH range of 3–10. Image Mas-
terTM 2D Platinum software revealed significant differences (P<0.05) between any two time
points for 95 of the observed spots. Forty-four different proteins were identified via MALDI--
TOF/TOF and SwissProt searches. The characteristics and functions of the proteins thus iden-
tified are listed in S1 and S2 Tables.

Fig 1. Representative images of skin color, hair regrowth and hematoxylin–eosin (HE) staining of skin samples. (A) telogen (0 d, pink); (B) anagen (8
d, black); and (C) catagen (20 d); (D-F) Stage-specific morphology of distinct HF compartments, skin thickness, and hair follicle percentage. Scale bar:
100 μm. (D) entire hair follicle resides in the dermis. (E) hair bulb in the subcutis. Tip of the hair shaft emerges through the epidermis. (F) narrower bulb and
shorter hair follicle than those in anagen.

doi:10.1371/journal.pone.0146791.g001
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Cluster analysis
Cluster analysis was performed to further characterize the specific and unique expression pat-
terns of the identified protein spots; the proteins were finally grouped into three clusters
(Fig 2). The three unique expression patterns included high expression levels at the telogen
(day 0, Fig 2, C1), and increased expression levels at anagen (day 8, Fig 2, C2), and catagen
phases (day 20, Fig 2, C3).

Fig 2. Cluster analysis of the expression levels of 44 differentially expressed protein spots in the
three phases. Three clusters (C1, C2, C3) corresponding to three distinct expression patterns were
identified. Green represents down-regulated expression, whereas red indicates up-regulated levels.

doi:10.1371/journal.pone.0146791.g002
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Bioinformatics
Pathway Studio software was used to estimate the networks of differentially expressed proteins
in mouse skin. Relevant proteins are shown as red ovals, and cellular processes are represented
by yellow squares (Fig 3). Regulation events are displayed with arrows. At least 6 different bio-
logical network clusters can be observed in apoptosis, proliferation/cell survival, regulation of
signal transduction, cell phase transition, mitosis/cytokinesis, and secretion.

GO enrichment analysis. The results were grouped based on the biological process (BP),
cellular component (CC) and molecular function (MF). Among the 44 proteins that were dif-
ferentially expressed, 31 (70.5%) were enriched in the metabolic process (i.e., lipid, phosphorus,
oxoacid metabolic process, etc.), 17 (38.7%) were involved in the cellular component

Fig 3. Potential biological network of differentially expressed proteins during hair cycling. Cellular processes (yellow squares) involved in each cluster
and all relevant proteins (red ovals) validated by literates (the line). Regulation events are displayed with arrows. (A) The cellular processes of high
expressed proteins in telogen involved in C1; (B) The cellular processes of high expressed proteins in anagen involved in C2; (C) The cellular processes of
high expressed proteins in catagen involved in C3.

doi:10.1371/journal.pone.0146791.g003
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organization or biogenesis. 32 (72.7%) were responsible for molecular binding, 20 (45.5%)
were identified for catalytic activity. 34 (77.3%) were assigned to cytoplasm, 3 (6.8%) to nucle-
oid, and 32 (72.7%) to organelle. (Fig 4 and S2 Table)

Western blot analysis
Western blot analyses were performed to verify the expression determined for the 3 proteins
under consideration (Annexin A1, Vimentin, Lamin A/C), which were selected from S1 Table.
The protein expression changes observed in the immunoblots were consistent with the 2-DE
results (Fig 5).

Discussion
The HF is an essentially autonomous mini-organ that is easily accessible. After initial forma-
tion and a prolonged period of growth, the HF undergoes cycles of destruction and regenera-
tion throughout life[11]. These cycles involve three periods: growth (anagen), regression
(catagen), and rest (telogen). The precise nature, timing, and intersection of the inductive and
regulatory signals implicated in formation and growth requires further investigation. In the
present study, the C57BL/6 mouse was a suitable model to evaluate the hair cycle. C57BL/6
mice have no melanocytes in the skin, and melanogenesis is observed only in hair follicles. Fur-
thermore, melanogenesis is strongly related to the growth stage of the hair cycle. Thus, melanin
is produced only in the anagen phase (black skin) and ceases production at the telogen phase

Fig 4. The GO enrichment analysis performed by the DAVID bioinformatics resources online. The results were grouped based on the biological
process (BP), molecular function (MF) and cellular component (CC). Statistically significant differences (p-value <0.05) were determined using Fisher’s exact
test.

doi:10.1371/journal.pone.0146791.g004
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(pink skin) (Fig 1)[9, 20, 21]. Briefly, the time points at days 0, 8, and 20 represent the stages of
telogen, anagen, and catagen, respectively, in depilation-induced HF cycles[11].

In fact, this mouse study cannot be extrapolated to explain the behavior of human HFs.
However, a similar mechanism may exist between follicular units during the HF cycle[22].

Based on the above model, the proteomics and bioinformatics data clearly confirm the
impacts of the differentially expressed proteins examined herein on the biological networks
during transitions within the HF cycle. In the anagen stage, adequate epithelial-mesenchymal
communication is vital for matrix cell proliferation, follicular melanogenesis, and hair shaft
formation. Forty-four proteins were grouped as C1, C2, and C3 based on related cellular pro-
cesses, such as apoptosis, proliferation/cell survival, mitosis/ cytokinesis, and regulation of sig-
nal transduction/cell phase transition. In total, 22 proteins were up-regulated during the
anagen phase (Fig 2), and 3, Annexin A1, Vimentin, and Lamin A/C, were selected for
discussion.

Annexin A1 (ANXA1) is the first characterized member of the annexin superfamily, whose
main property is to bind to cellular membranes in a Ca2+-dependent manner. ANXA1 plays an
important role in membrane organization, membrane traffic, cell adhesion, migration and
fusion[23]. It is associated with the cytoskeletal protein of keratinocytes, which exhibit basal-
level cell staining and certain other lower layers. Accumulated evidence indicates that Annexin
A1 expression is up-regulated in proliferative hepatocytes[24]. A study found ANXA1 pro-
moted the migration of human skin fibroblast cell line WS1 cells. Wound-healing assays using
ANXA1 Ac2-26 also showed that peptide was able to increase fibroblast cell migration in high
glucose conditions[25]. ANXA1 links the EGF-triggered growth signal pathway with cPLA2,

Fig 5. Protein expression confirmation by western blot. (A) Left panel: Results of Western blot analysis performed with specific protein antibodies and
protein extracts frommouse skin. (B) Right panel: Magnified spot images of the same molecular weights distributed in 2-DE gels.

doi:10.1371/journal.pone.0146791.g005
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resulting in activation of cPLA2, a critical enzyme for growth stimulation in normal human
keratinocytes (NHK). It is found that NHK treated with TGFβ showed suppressed prolifera-
tion. Meanwhile, a reduced level of cPLA2 mRNA was observed in these NHK, which means
cPLA2 might play a role in epithelial cell growth inhibition[26]. During anagen, the number of
mesenchymal cells in the follicular papilla and epithelial cells of hair bulbs increased rapidly
[27, 28]. It was most likely through the migration of selected connective tissue sheath cells into
the follicular papilla and through their proliferation[29]. It could be predicted that ANXA1
might contribute to the migration of epithelial and mesenchymal cells or may impact on hair
follicle epithelial cells by interaction with cPLA2 during anagen.

Vimentin is a type III intermediate filament protein, which might be secreted from invading
macrophages [30] or derived from adjacent dermal telocytes [31]. It is usually found in various
non-epithelial cells. It has been shown that vimentin can also be expressed in epithelial to mes-
enchymal transition (EMT), a critical event in the induction of cell motility [32]. Besides, it
plays a role in repair functions in wound healing [33]. Vimentin-deficient mice exhibited
impaired wound healing due to defects in fibroblast migration [34]. According to a previously
published article, vimentin was confirmed to be a marker of mesenchymal[35]. Our data
showed that the trend of vimentin expression was consistent with the significantly increased
number of mesenchymal cells in anagen.

Humans and mice share conserved A-type and B-type lamin proteins, both of which are
major structural components of the inner nuclear lamina[36]. The LMNA gene encodes the A-
type lamins, including the lamin A, lamin AΔ10, and lamin C proteins[37]. Mutations in A-
and B-type lamin genes lead to major phenotypes reside in the skin, including alopecia, loss of
subcutaneous fat, and a general atrophic condition of the skin and its appendages[38]. It has
been previously described that the lamin A/C proteins were strongly expressed in mouse epi-
dermis at embryonic day 15–17, as well as postnatally and in the adult mouse [39]. Strong
expression of lamins A/C and B are found in the basal cells of the epidermis, the outer root
sheath, and the dermal papilla, in all stages of the hair cycle. Also, medium expression of lamin
A/C was seen in inner root sheath in anagen and catagen phase. However, lower expression of
both lamins A/C and B was found in suprabasal cells of the epidermis, in the hypodermis, and
in the bulb of catagen follicles[40].

There have been few reports regarding the participation of the three proteins considered
herein in hair cycling. Western blotting demonstrated that these three proteins were dynami-
cally up-regulated in the anagen stage, implying that they might facilitate hair regulation by
promoting migration, mitosis, cellular homeostasis and gene regulation. Nevertheless, the spe-
cific underlying mechanisms had remained unclear.

It is well known that the catagen phase is a highly controlled process of coordinated cell dif-
ferentiation and apoptosis[41]. Some studies suggest that hair-follicle apoptosis involves two
different types of behaviors. One such behavior is the terminal differentiation of follicular epi-
thelial cells in anagen hair. The other behavior eliminates the distinct portion of epithelial com-
ponents in catagen hair[42]. It is recognized that TGF-β2 induces the up-regulation of caspase-
9 and caspase-3 as well as activates the intrinsic caspase network during the catagen stage[43].
Another study found that TNFα contributes to the activation of intracellular target NF-kB,
which induces anagen-catagen transitions[44]. The balance between apoptosis and cell survival
is crucial for catagen transformation. The present bioinformatic analysis indicates that, in total,
19 differentially expressed proteins are involved in apoptosis. Seven proteins were grouped into
C1 and C3 based on their expression patterns, which are consistent with their tendencies
toward cell apoptosis occurring during the telogen and catagen phases. However, the mecha-
nism governing apoptosis has not been fully characterized.
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Recent studies have determined the presence of induced pluripotent stem (iPS) cells in
patient biopsies for a wide variety of degenerative disorders[45]. In the mouse experiment
model, plucking induces a short wound-healing response after depilation, similar to observa-
tions when hair is plucked from patients as a noninvasive way to obtain cells for reprogram-
ming, and studies have shown that mouse DP cells can be more readily reprogrammed into iPS
cells than most other cell types[46]. Furthermore, SOX2-positive DP cells and dermal sheath
cells may have the ability to induce the origination of skin-derived progenitor cells (SKPs)[47].
Therefore, it is necessary to determine the factors responsible for reprogramming in order to
use them in therapeutic applications to treat hair diseases.

Our proteome analysis included many uncharacterized proteins as well as some pluripo-
tency marker proteins. In particular, translationally controlled tumor protein (Tpt1) may be an
appropriate candidate for studying the mechanism(s) behind reprogramming. Tpt1 is involved
in C2 and C3 up-regulation during the anagen and catagen phases. We speculate that Tpt1
may play an important role in activating transcription or may very well facilitate the first step
in somatic cell reprogramming[48]. New candidate proteins that are involved in reprogram-
ming may be discovered, facilitating therapeutic cloning applications.

Proteins with extreme pI values, less abundant proteins, very acidic or basic, very large or
small proteins[49] and membrane-associated proteins can be very difficult to analyze. Integral
membrane proteins and other transmembrane signaling molecules, such as FGF18, TGFb2 and
GFG5, were hardly identified, which may caused by solubility constraints, difficulties encoun-
tered during extraction[50] and low concentration[51]. It is also hard to differentiate the differ-
ent proteins with the same or similar Mr and pI values. In addition, we cannot rule out the
possibility that a subset of proteins in the murine skin proteome undergo Avertin-induced
change. To characterize proteins with these properties, supplementary purication techniques
may help.

In summary, proteomics data were employed to construct a profile of protein expression
throughout the hair cycle. Using bioinformatics and cluster analyses, biological networks
impacted by certain proteins have been explained. These data may significantly benefit our
understanding of the critical biological processes that occur during the hair cycle.

Supporting Information
S1 Table. Identified proteins. Spot ID, protein name, EntezGene ID, isoelectric point (pI)
value, matched peptides/total peptides submitted, sequence coverage, RMS error.
(DOC)

S2 Table. Results of Gene Ontology (GO) enrichment analysis. Differentially abundant pro-
teins were classified based on the biological process, molecular function, and cellular compo-
nent.
(XLSX)

S1 File. The raw, unadjusted, uncropped blots and gels whose cropped versions are present
in Fig 5.
(ZIP)

Author Contributions
Conceived and designed the experiments: LWWX LCWF. Performed the experiments: LW
WXMY ZL FP. Analyzed the data: LW TT. Contributed reagents/materials/analysis tools: LW
MY TTWF. Wrote the paper: LW LC.

Differential Expression of Proteins in Hair Follicle Cycle

PLOS ONE | DOI:10.1371/journal.pone.0146791 January 11, 2016 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146791.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146791.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146791.s003


References
1. Paus R, Muller-Rover S, Van Der Veen C, Maurer M, Eichmuller S, Ling G, et al. A comprehensive

guide for the recognition and classification of distinct stages of hair follicle morphogenesis. J Invest Der-
matol. 1999. 113(4): 523–32. PMID: 10504436

2. Tomita Y, AkiyamaM, Shimizu H. PDGF isoforms induce and maintain anagen phase of murine hair fol-
licles. J Dermatol Sci. 2006. 43(2): 105–15. PMID: 16725313

3. Li YH, Zhang K, Yang K, Ye JX, Xing YZ, Guo HY, et al. Adenovirus-mediated Wnt10b overexpression
induces hair follicle regeneration. J Invest Dermatol. 2013. 133(1): 42–8. doi: 10.1038/jid.2012.235
PMID: 22832493

4. Dong L, Hao H, Xia L, Liu J, Ti D, Tong C, et al. Treatment of MSCs with Wnt1a-conditioned medium
activates DP cells and promotes hair follicle regrowth. Sci Rep. 2014. 4: 5432. doi: 10.1038/srep05432
PMID: 24961246

5. Junlatat J, Sripanidkulchai B. Hair growth-promoting effect of Carthamus tinctorius floret extract. Phyt-
other Res. 2014. 28(7): 1030–6. doi: 10.1002/ptr.5100 PMID: 24338940

6. Chen PH, Wang CY, Hsia CW, Ho MY, Chen A, Tseng MJ, et al. Impact of taxol on dermal papilla cells
—a proteomics and bioinformatics analysis. J Proteomics. 2011. 74(12): 2760–73. doi: 10.1016/j.jprot.
2011.09.019 PMID: 21989266

7. Rushan X, Fei H, Zhirong M, Yu-ZhangW. Identification of proteins involved in aggregation of human
dermal papilla cells by proteomics. J Dermatol Sci. 2007. 48(3): 189–97. PMID: 17875385

8. Won CH, Kwon OS, Kang YJ, Yoo HG, Lee DH, Chung JH, et al. Comparative secretome analysis of
human follicular dermal papilla cells and fibroblasts using shotgun proteomics. BMB Rep. 2012. 45(4):
253–8. PMID: 22531137

9. Slominski A, Paus R, Plonka P, Chakraborty A, Maurer M, Pruski D, et al. Melanogenesis during the
anagen-catagen-telogen transformation of the murine hair cycle. J Invest Dermatol. 1994. 102(6):
862–9. PMID: 8006449

10. Foitzik K, Krause K, Nixon AJ, Ford CA, Ohnemus U, Pearson AJ, et al. Prolactin and its receptor are
expressed in murine hair follicle epithelium, show hair cycle-dependent expression, and induce cata-
gen. Am J Pathol. 2003. 162(5): 1611–21. PMID: 12707045

11. Muller-Rover S, Handjiski B, van der Veen C, Eichmuller S, Foitzik K, McKay IA, et al. A comprehensive
guide for the accurate classification of murine hair follicles in distinct hair cycle stages. J Invest Derma-
tol. 2001. 117(1): 3–15. PMID: 11442744

12. Papaioannou VE, Fox JG. Efficacy of tribromoethanol anesthesia in mice. Lab Anim Sci. 1993. 43
(2):189–92. PMID: 8320967

13. Hu HM, Zhang SB, Lei XH, Deng ZL, GuoWX, Qiu ZF, et al. Estrogen leads to reversible hair cycle
retardation through inducing premature catagen and maintaining telogen. PLoS One. 2012. 7(7):
e40124. doi: 10.1371/journal.pone.0040124 PMID: 22792225

14. Zhou N, FanW, Li M. Angiogenin is expressed in human dermal papilla cells and stimulates hair
growth. Arch Dermatol Res. 2009. 301(2): 139–49. doi: 10.1007/s00403-008-0907-5 PMID: 18936943

15. Wang L, Zhu YF, Guo XJ, Huo R, Ma X, Lin M, et al. A two-dimensional electrophoresis reference map
of human ovary. J Mol Med (Berl). 2005. 83(10): 812–21.

16. Zhu YF, Cui YG, Guo XJ, Wang L, Bi Y, Hu YQ, et al. Proteomic analysis of effect of hyperthermia on
spermatogenesis in adult male mice. J Proteome Res. 2006. 5(9): 2217–25. PMID: 16944933

17. Wang N, Zhang P, Guo X, Xie J, Huo R, Wang F, et al. Comparative proteome profile of immature rat
ovary during primordial follicle assembly and development. Proteomics. 2009. 9(13): 3425–34. doi: 10.
1002/pmic.200800822 PMID: 19557761

18. Jensen LJ, Kuhn M, Stark M, Chaffron S, Creevey C, Muller J, et al. STRING 8—a global view on pro-
teins and their functional interactions in 630 organisms. Nucleic Acids Res. 2009. 37(Database issue):
D412–6. doi: 10.1093/nar/gkn760 PMID: 18940858

19. Zhu Y, Wu Y, Jin K, Lu H, Liu F, Guo Y, et al. Differential proteomic profiling in human spernatozoa that
did or did not result in pregnancy via IVF and AID. Porteomics Clin Appl. 2013 Dec; 7 (11–12): 850–8.

20. Curtis A, Calabro K, Galarneau JR, Bigio IJ, Krucker T. Temporal variations of skin pigmentation in
C57BL/6 mice affect optical bioluminescence quantitation. Mol Imaging Biol. 2011. 13(6): 1114–23.
doi: 10.1007/s11307-010-0440-8 PMID: 20960234

21. Harada N, Okajima K, Arai M, Kurihara H, Nakagata N. Administration of capsaicin and isoflavone pro-
motes hair growth by increasing insulin-like growth factor-I production in mice and in humans with alo-
pecia. Growth Horm IGF Res. 2007 Oct; 17(5): 408–15. PMID: 17569567

Differential Expression of Proteins in Hair Follicle Cycle

PLOS ONE | DOI:10.1371/journal.pone.0146791 January 11, 2016 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/10504436
http://www.ncbi.nlm.nih.gov/pubmed/16725313
http://dx.doi.org/10.1038/jid.2012.235
http://www.ncbi.nlm.nih.gov/pubmed/22832493
http://dx.doi.org/10.1038/srep05432
http://www.ncbi.nlm.nih.gov/pubmed/24961246
http://dx.doi.org/10.1002/ptr.5100
http://www.ncbi.nlm.nih.gov/pubmed/24338940
http://dx.doi.org/10.1016/j.jprot.2011.09.019
http://dx.doi.org/10.1016/j.jprot.2011.09.019
http://www.ncbi.nlm.nih.gov/pubmed/21989266
http://www.ncbi.nlm.nih.gov/pubmed/17875385
http://www.ncbi.nlm.nih.gov/pubmed/22531137
http://www.ncbi.nlm.nih.gov/pubmed/8006449
http://www.ncbi.nlm.nih.gov/pubmed/12707045
http://www.ncbi.nlm.nih.gov/pubmed/11442744
http://www.ncbi.nlm.nih.gov/pubmed/8320967
http://dx.doi.org/10.1371/journal.pone.0040124
http://www.ncbi.nlm.nih.gov/pubmed/22792225
http://dx.doi.org/10.1007/s00403-008-0907-5
http://www.ncbi.nlm.nih.gov/pubmed/18936943
http://www.ncbi.nlm.nih.gov/pubmed/16944933
http://dx.doi.org/10.1002/pmic.200800822
http://dx.doi.org/10.1002/pmic.200800822
http://www.ncbi.nlm.nih.gov/pubmed/19557761
http://dx.doi.org/10.1093/nar/gkn760
http://www.ncbi.nlm.nih.gov/pubmed/18940858
http://dx.doi.org/10.1007/s11307-010-0440-8
http://www.ncbi.nlm.nih.gov/pubmed/20960234
http://www.ncbi.nlm.nih.gov/pubmed/17569567


22. Al-Nuaimi Y, Baier G, Watson RE, Chuong CM, Paus R. The cycling hair follicle as an ideal systems
biology research model. Exp Dermatol. 2010. 19(8): 707–13. doi: 10.1111/j.1600-0625.2010.01114.x
PMID: 20590819

23. Gerke V, Moss SE. Annexins: from structure to function. Physiol Rev. 2002. 82(2): 331–71. PMID:
11917092

24. de Coupade C, Gillet R, BennounM, Briand P, Russo-Marie F, Solito E. Annexin 1 expression and
phosphorylation are upregulated during liver regeneration and transformation in antithrombin III SV40 T
large antigen transgenic mice. Hepatology. 2000. 31(2): 371–80. PMID: 10655260

25. Bizzarro V, Fontanella B, Carratu A, et al. Annexin A1 N-terminal derived peptide Ac2-26 stimulates
fibroblast migration in high glucose conditions. PLoS One. 2012. 7(9): e45639. doi: 10.1371/journal.
pone.0045639 PMID: 23029153

26. Sakaguchi M, Murata H, Sonegawa H, et al. Truncation of annexin A1 is a regulatory lever for linking
epidermal growth factor signaling with cytosolic phospholipase A2 in normal and malignant squamous
epithelial cells. J Biol Chem. 2007. 282(49): 35679–86. PMID: 17932043

27. Botchkarev VA, Kishimoto J. Molecular control of epithelial-mesenchymal interactions during hair folli-
cle cycling. J Investig Dermatol Symp Proc. 2003 Jun; 8(1):46–55. PMID: 12894994

28. Oshima H, Rochat A, Kedzia C, Kobayashi K, Barrandon Y. Morphogenesis and renewal of hair follicles
from adult multipotent stem cells. Cell. 2001. 104(2): 233–45. PMID: 11207364

29. Elliott K, Stephenson TJ, Messenger AG. Differences in hair follicle dermal papilla volume are due to
extracellular matrix volume and cell number: implications for the control of hair follicle size and andro-
gen responses. J Invest Dermatol. 1999. 113(6): 873–7. PMID: 10594724

30. Mor-Vaknin N, Punturieri A, Sitwala K, Markovitz DM. Vimentin is secreted by activated macrophages.
Nat Cell Biol. 2003. 5(1): 59–63. PMID: 12483219

31. Slominski A, Paus R, Plonka P, et al. Melanogenesis during the anagen-catagen-telogen transforma-
tion of the murine hair cycle. J Invest Dermatol. 1994. 102(6): 862–9. PMID: 8006449

32. Ivaska J. Vimentin: Central hub in EMT induction. Small GTPases. 2011. 2(1): 51–53. PMID:
21686283

33. Menko AS, Bleaken BM, Libowitz AA, Zhang L, Stepp MA,Walker JL. A central role for vimentin in regu-
lating repair function during healing of the lens epithelium. Mol Biol Cell. 2014. 25(6): 776–90. doi: 10.
1091/mbc.E12-12-0900 PMID: 24478454

34. Eckes B, Dogic D, Colucci-Guyon E, Wang N, Maniotis A, Ingber D, et al. Impaired mechanical stability,
migration and contractile capacity in vimentin-deficient fibroblasts. J Cell Sci. 1998. 111 (Pt 13): 1897–
907. PMID: 9625752

35. Ma X, Chen J, Xu B, et al. Keloid-derived keratinocytes acquire a fibroblast-like appearance and an
enhanced invasive capacity in a hypoxic microenvironment in vitro. Int J Mol Med. 2015. 35(5): 1246–
56. doi: 10.3892/ijmm.2015.2135 PMID: 25777304

36. Goldman RD, Gruenbaum Y, Moir RD, Shumaker DK, Spann TP. Nuclear lamins: building blocks of
nuclear architecture. Genes Dev. 2002. 16(5): 533–47. PMID: 11877373

37. Machiels BM, Zorenc AH, Endert JM, et al. An alternative splicing product of the lamin A/C gene lacks
exon 10. J Biol Chem. 1996. 271(16): 9249–53. PMID: 8621584

38. Hennekam RC. Hutchinson-Gilford progeria syndrome: review of the phenotype. Am J Med Genet A.
2006. 140(23): 2603–24. PMID: 16838330

39. Rober RA, Weber K, Osborn M. Differential timing of nuclear lamin A/C expression in the various
organs of the mouse embryo and the young animal: a developmental study. Development (Cambridge,
England). 1989. 105(2): 365–78.

40. Hanif M, Rosengardten Y, Sagelius H, Rozell B, Eriksson M. Differential expression of A-type and B-
type lamins during hair cycling. PLoS One. 2009. 4(1): e4114. doi: 10.1371/journal.pone.0004114
PMID: 19122810

41. Botchkarev VA, Botchkareva NV, RothW, Nakamura M, Chen LH, HerzogW, et al. Noggin is a
mesenchymally derived stimulator of hair-follicle induction. Nat Cell Biol. 1999. 1(3): 158–64. PMID:
10559902

42. Soma T, Ogo M, Suzuki J, Takahashi T, Hibino T. Analysis of apoptotic cell death in human hair follicles
in vivo and in vitro. J Invest Dermatol. 1998. 111(6): 948–54. PMID: 9856801

43. Hibino T, Nishiyama T. Role of TGF-beta2 in the human hair cycle. J Dermatol Sci. 2004. 35(1): 9–18.
PMID: 15194142

44. Tong X, Coulombe PA. Keratin 17 modulates hair follicle cycling in a TNFalpha-dependent fashion.
Genes Dev. 2006. 20(10): 1353–64. PMID: 16702408

Differential Expression of Proteins in Hair Follicle Cycle

PLOS ONE | DOI:10.1371/journal.pone.0146791 January 11, 2016 13 / 14

http://dx.doi.org/10.1111/j.1600-0625.2010.01114.x
http://www.ncbi.nlm.nih.gov/pubmed/20590819
http://www.ncbi.nlm.nih.gov/pubmed/11917092
http://www.ncbi.nlm.nih.gov/pubmed/10655260
http://dx.doi.org/10.1371/journal.pone.0045639
http://dx.doi.org/10.1371/journal.pone.0045639
http://www.ncbi.nlm.nih.gov/pubmed/23029153
http://www.ncbi.nlm.nih.gov/pubmed/17932043
http://www.ncbi.nlm.nih.gov/pubmed/12894994
http://www.ncbi.nlm.nih.gov/pubmed/11207364
http://www.ncbi.nlm.nih.gov/pubmed/10594724
http://www.ncbi.nlm.nih.gov/pubmed/12483219
http://www.ncbi.nlm.nih.gov/pubmed/8006449
http://www.ncbi.nlm.nih.gov/pubmed/21686283
http://dx.doi.org/10.1091/mbc.E12-12-0900
http://dx.doi.org/10.1091/mbc.E12-12-0900
http://www.ncbi.nlm.nih.gov/pubmed/24478454
http://www.ncbi.nlm.nih.gov/pubmed/9625752
http://dx.doi.org/10.3892/ijmm.2015.2135
http://www.ncbi.nlm.nih.gov/pubmed/25777304
http://www.ncbi.nlm.nih.gov/pubmed/11877373
http://www.ncbi.nlm.nih.gov/pubmed/8621584
http://www.ncbi.nlm.nih.gov/pubmed/16838330
http://dx.doi.org/10.1371/journal.pone.0004114
http://www.ncbi.nlm.nih.gov/pubmed/19122810
http://www.ncbi.nlm.nih.gov/pubmed/10559902
http://www.ncbi.nlm.nih.gov/pubmed/9856801
http://www.ncbi.nlm.nih.gov/pubmed/15194142
http://www.ncbi.nlm.nih.gov/pubmed/16702408


45. Yamanaka S, Blau HM. Nuclear reprogramming to a pluripotent state by three approaches. Nature.
2010. 465(7299): 704–12. doi: 10.1038/nature09229 PMID: 20535199

46. Tsai SY, Clavel C, Kim S, Ang YS, Grisanti L, Lee DF, et al. Oct4 and klf4 reprogram dermal papilla
cells into induced pluripotent stem cells. Stem cells. 2010. 28(2): 221–8. doi: 10.1002/stem.281 PMID:
20014278

47. Hunt DP, Morris PN, Sterling J, Anderson JA, Joannides A, Jahoda C, et al. A highly enriched niche of
precursor cells with neuronal and glial potential within the hair follicle dermal papilla of adult skin. Stem
cells. 2008. 26(1): 163–72. PMID: 17901404

48. Tani T, Shimada H, Kato Y, Tsunoda Y. Bovine oocytes with the potential to reprogram somatic cell
nuclei have a unique 23-kDa protein, phosphorylated transcriptionally controlled tumor protein (TCTP).
Cloning and stem cells. 2007. 9(2): 267–80. PMID: 17579559

49. Rocken C, Ebert MP, Roessner A. Proteomics in pathology, research and practice. Pathol Res Pract.
2004. 200(2): 69–82. PMID: 15237916

50. Santoni V, Kieffer S, Desclaux D, Masson F, Rabilloud T. Membrane proteomics: use of additive main
effects with multiplicative interaction model to classify plasmamembrane proteins according to their sol-
ubility and electrophoretic properties. Electrophoresis. 2000. 21(16): 3329–44. PMID: 11079553

51. Pandey A, Mann M. Proteomics to study genes and genomes. Nature. 2000. 405(6788): 837–46.
PMID: 10866210

Differential Expression of Proteins in Hair Follicle Cycle

PLOS ONE | DOI:10.1371/journal.pone.0146791 January 11, 2016 14 / 14

http://dx.doi.org/10.1038/nature09229
http://www.ncbi.nlm.nih.gov/pubmed/20535199
http://dx.doi.org/10.1002/stem.281
http://www.ncbi.nlm.nih.gov/pubmed/20014278
http://www.ncbi.nlm.nih.gov/pubmed/17901404
http://www.ncbi.nlm.nih.gov/pubmed/17579559
http://www.ncbi.nlm.nih.gov/pubmed/15237916
http://www.ncbi.nlm.nih.gov/pubmed/11079553
http://www.ncbi.nlm.nih.gov/pubmed/10866210

