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Abstract

Alopecia is an exceedingly prevalent problem that lacks effective therapy. Recently,
research has focused on early-passage dermal papilla cells (DPCs), which have hair induc-
ing activity both in vivo and in vitro. Our previous study indicated that factors secreted from
early-passage DPCs contribute to hair follicle (HF) regeneration. To identify which factors
are responsible for HF regeneration and why late-passage DPCs lose this potential, we col-
lected 48-h-culture medium (CM) from both of passage 3 and 9 DPCs, and subcutaneously
injected the DPC-CM into NU/NU mice. Passage 3 DPC-CM induced HF regeneration,
based on the emergence of a white hair coat, but passage 9 DPC-CM did not. In order to
identify the key factors responsible for hair induction, CM from passage 3 and 9 DPCs was
analyzed by iTRAQ-based quantitative proteomic technology. We identified 1360 proteins,
of which 213 proteins were differentially expressed between CM from early-passage vs.
late-passage DPCs, including SDF1, MMP3, biglycan and LTBP1. Further analysis indi-
cated that the differentially-expressed proteins regulated the Wnt, TGF-3 and BMP signaling
pathways, which directly and indirectly participate in HF morphogenesis and regeneration.
Subsequently, we selected 19 proteins for further verification by multiple reaction monitoring
(MRM) between the two types of CM. These results indicate DPC-secreted proteins play
important roles in HF regeneration, with SDF1, MMP?3, biglycan, and LTBP1 being potential
key inductive factors secreted by dermal papilla cells in the regeneration of hair follicles.
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Introduction

Alopecia is an exceedingly prevalent problem that not only affects psychological well-being,
but also endangers certain inherent functions of the skin [1]. However, currently available
treatments, including drug therapies and human hair transplantation, have numerous limita-
tions [2]. Recently, cell-based hair regeneration has been investigated as a possible alternative,
and various experimental assays have shown that early-passage dermal papilla cells (DPCs)
can induce hair follicle (HF) regeneration both in vitro and in vivo [2]. An HF is composed of
epidermal (epithelial) and dermal (mesenchymal) compartments, and their interaction plays
an important role in HF morphogenesis and growth [2, 3]. The dermal papilla (DP), formed at
the base of the hair follicle, is a unique tissue surrounded by epithelial matrix cells and is essen-
tial in the control of hair growth, formation and cycling. The tendency to aggregate is one of
the significant characteristics of DPCs and is associated with biological function. This ability to
aggregate and capacity to induce HF differentiation is lost after several passages of culture [2].
The loss of the extracellular matrix (ECM) during culture could be responsible for the gradual
loss of DPC inductive properties [1]. Keratinocyte conditioned medium and adipocyte lineage
cell conditioned medium enables DPCs to aggregate and preserves their inductive activity [2,
4]. Although the molecular mechanisms of sustaining the inductive ability of DPCs have not
been explored completely, the ability of conditioned medium to sustain the formation of
aggregates implies that secreted proteins, from cells into the culture medium, may play roles in
preserving the inductive ability of DPC.

To date, numerous studies have demonstrated that HF regeneration depends on a complex
series of interactions mediated by DPCs through a paracrine mechanism [5]. DPC-derived fac-
tors have been reported to influence surrounding cells, which leads, in turn, to promotion of
hair growth [6]. A previous in vivo study showed that CM from balding DPCs delays anagen
onset in mice, but CM produced by normal scalp dermal papilla cells is able to stimulate
growth of rat whisker cells [7]. Furthermore, DPCs encapsulated in alginate-polylysine-algi-
nate (APA) still maintain the capacity for initiating the follicle regeneration [8, 9], implying
that proteins secreted by aggregated DPCs play important roles in HF regeneration. Thus, the
identification of paracrine factors in the DPC secretome would be of significant value for
understanding the regulation of HF regeneration and identifying factors for therapeutic use.

HF morphogenesis depends on Wnt, Sonic Hedgehog (Shh), Notch, Bone morphogenetic
protein (BMP) and other signaling pathways, and the interplay between epithelial and mesen-
chymal cells [3]. HF regeneration depends on activation of the Wnt and other underlying
pathways, creating a microenvironment leading to BMP inhibition [3]. To better understand
the influence of DPC-secreted cytokines on HF regeneration, we exploited recent advances in
proteomics technology and bioinformatics to conduct temporal qualitative and quantitative
secretome profiling of DPCs. Then we used stable isotope label-based isobaric tags for relative
and absolute quantitation (iTRAQ) [10] to identify differentially-expressed secreted proteins
between early- and late-passage DPC-CM. Moreover, we selected 19 differentially-expressed
proteins, between the two types of CM, for further verification by multiple reaction monitor-
ing (MRM) [11] to verify key candidate proteins for HF regeneration. We show that CM from
aggregated DPCs, as well as early-passage DPCs, but not from non-aggregated DPCs or CM
from late-passage DPCs, induces HF regeneration. We further identify the putative factors,
responsible for HF regeneration, in DPC-CM. This work not only produces a database of
secreted proteins from DPC, but will also help us identify novel factors that may be involved in
regulating HF regeneration.
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Methods
Culture of scalp cells

DPCs were isolated from human scalp tissue and subjected to primary culture and subculture
[12]. Human scalp tissues were obtained with informed consent from the First Affiliated Hos-
pital, Shantou University Medical College.The protocols used in the study were approved by
the Hospital’s Biomedical Ethics Committee (permit number 2015-42), and all participants
provided written informed consent. Third and ninth passage DPCs were used to represent
early- and late-passage DPCs, respectively. Secreted proteins were prepared from harvested
growth medium and subjected to iTRAQ.

Preparation of secreted proteins from DPCs

Primary cultured DPCs were inoculated into 75 cm? culture flasks containing DMEM (Invi-
trogen-Gibco) with 10% fetal bovine serum (FBS Invitrogen-Gibco) and incubated in a
humidified 5% CO, atmosphere at 37°C. After reaching confluence, cells were washed three
times with PBS and incubated in serum-free DMEM for 48 h, after which the CM was har-
vested, centrifuged (3000 g, 4°C, 10 min) and filtered through a 0.22 pm filter (Millipore) to
ensure removal of cells. The supernatant from each dish (10 ml) was transferred to an Amicon
ultrafiltration unit (3 kDa MWCO, Millipore, Billerica, MA, USA) and concentrated to a final
volume of 250 pl, and protease inhibitor cocktail was added at a ratio of 1:100 (v/v). The pro-
teins were reduced with DTT (10 mM final concentration) at 56°C for 1 h, and then alkylated
with iodoacetamide (55 mM final concentration) in the dark for 1 h. The reduced and alkyl-
ated protein mixtures were precipitated by adding 4x volume of chilled acetone and storage at
-20°C overnight. After centrifugation at 4°C, 30000 g for 20 min, the pellet was dissolved in 0.5
M TEAB (Applied Biosystems, Milan, Italy) and sonicated on ice. After centrifuging at 30,000
g, 4°C for 20 min, an aliquot of the supernatant was taken for determination of protein con-
centration by using a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford).

In vivo hair follicle induction by different passage DPC-conditioned
culture medium

NU/NU mice (6 weeks old) were obtained from the Center for Research of Animals, Shantou
University Medical College. All experiments were approved by the Ethics Committee on
Research Animal Care at Shantou University Medical College (permit number SUMC2015-
057). NU/NU mice (n = 16) were divided into 2 groups: (a) experimental group, injection of
either passage 3 DPC-CM; (b) control group, injection of passage 9 DPC-CM. Mice were indi-
vidually anesthetized with 1% sodium phenobarbital, and their abdomens were disinfected
with iodine. Each mouse was subcutaneously injected with approximately 400 ul CM (2 pg
protein/pl) into the dorsum. Mice were euthanized by CO, inhalation after 5 days, and the
implantation sites were biopsied for histology.

Histology

Dorsal skins were harvested for histological analysis. Specimens were fixed with 4% parafor-
maldehyde, dehydrated through a graded series of ethanol, washed with xylene, and embedded
in paraffin wax. Treated specimens were cut into 4 um-thick sections and stained with hema-
toxylin and eosin for routine histology evaluation. Tissue was observed using bright field
microscopy.
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iTRAQ analysis

iTRAQ labeling. A 100 pg aliquot of each sample solution was digested with Trypsin
Gold (Promega, Madison, WI, USA), at a protein: trypsin ratio of 30:1 (w/w), at 37°C for 16
hours. After trypsin digestion, peptides were dried by vacuum centrifugation, then reconsti-
tuted in 0.5 M TEAB (pH 8.5) and processed according to the manufacturer’s protocol for
8-plex iTRAQ reagent (Applied Biosystems). Briefly, one unit of iTRAQ reagent was thawed
and reconstituted in 24 pL isopropanol. Samples were labeled with the iTRAQ tags as follows:
DP3-1,113; DP3-2,115; DP3-3,118; DP9-1,114; DP9-2,117; DP9-3,121. The peptides were
labeled with the isobaric tags and incubated at room temperature for 2 h, and then labeled pep-
tide mixtures were pooled and dried by vacuum centrifugation.

Strong cation exchange chromatography (SCX). SCX chromatography was performed
with an LC-20AB HPLC pump system (Shimadzu, Kyoto, Japan). The iTRAQ-labeled peptide
mixtures were reconstituted with 4 mL buffer A (25 mM NaH,PO, in 25% acetonitrile (ACN),
pH2.7) and loaded onto a 4.6 X 250 mm Ultremex SCX column containing 5-um particles
(Phenomenex). The peptides were eluted at a flow rate of 1 mL/min with a gradient of buffer A
for 10 min, 5-60% buffer B (25 mM NaH,PO,, 1 M KCl in 25% ACN, pH2.7) for 27 min,and
60-100% buffer B for 1 min. The system was then maintained at 100% buffer B for 1 min
before equilibrating with buffer A for 10 min prior to the next injection. Elution was moni-
tored by measuring the absorbance at 214 nm, and fractions were collected every 1 min. The
eluted peptides were pooled into 20 fractions, desalted with a Strata XC18 column (Phenom-
enex) and vacuum-dried.

LC-MS/MS analysis. Each fraction was resuspended in solvent A (5% ACN, 0.1% FA)
and loaded onto a 2 cm C18 trap column in an LC-20AD NanoHPLC system (Shimadzu,
Kyoto, Japan). Then, the peptides were eluted onto a 10 cm analytical C18 column (inner
diameter 75 pm) packed in-house and separated with a 35 min main gradient starting from 2
to 35% B (95%ACN, 0.1% FA) at a total flow rate of 300 nL/min,

Data acquisition was performed with a Triple TOF 5600 System (AB SCIEX, Concord, ON)
fitted with a Nanospray III source (AB SCIEX, Concord, ON) and a pulled quartz tip as the
emitter (New Objectives, Woburn, MA). The MS was operated with an RP (Reverse Phase) of
greater than or equal to 30,000 FWHM for TOF MS scans. For IDA (Information Dependent
Acquisition), survey scans were acquired in 250 ms, and as many as 30 product ion scans were
collected if exceeding a threshold of 120 counts per second (counts/s) and with a 2+ to 5
+ charge-state. The Q2 transmission window was 100 Da for 100%. A sweeping collision
energy setting of 3545 eV, coupled with iTRAQ adjusted rolling collision energy, was applied
to all precursor ions for collision-induced dissociation. Dynamic exclusion was set for 1/2 of
peak width (15 s), and then the precursor was refreshed off the exclusion list.

Data analysis. Raw data files acquired from the TripleTOF5600 were converted into MGF
files using Proteome. Discoverer 1.2 (PD 1.2, Thermo), [5600 msconverter], and the MGF file
was searched. Protein identification was performed by using the Mascot search engine (Matrix
Science, London, UK; version 2.3.02) against a human database containing 127497 sequences
was downloaded from Uniprot database on June 17, 2015. For protein identification, a mass
tolerance of 0.05 Da was permitted for intact peptide masses, and 0.1 Da for fragmented ions,
with allowance for one missed cleavage in the trypsin digests. Gln->pyro-Glu (N-term Q), oxi-
dation (M), and deamidation (NQ) were the potential variable modifications, and carbamido-
methyl (C), iTRAQ8plex (N-term), iTRAQ8plex (K) were the fixed modifications. The charge
states of peptides were set to +2 and +3. The automatic decoy database search was performed
in Mascot by choosing the decoy checkbox in which a random sequence of the database is gen-
erated. To reduce the probability of false peptide identification, only peptides at a 95%
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confidence interval (P < 0.05) with a false discovery rate (FDR) estimation <1.04% were
counted as being successfully identified. Each confident protein identification involved at least
one unique peptide. For protein quantitation, it was required that a protein contains at least
two unique spectra. According to the differences of these spectra, we performed a t-test to
determine the significance of the differences of each protein between the different samples.
The quantitative protein ratios were weighted and normalized by the median ratio in Mascot.
The ratio between passage 3 DPC-CM and passage 9 DPC-CM was obtained directly based on
the protein abundance for any given protein. Proteins were determined as differentially
expressed if: i) only the ratios with P-value <0.05 were used, ii) the 3 repetitions were consis-
tent, iii) at least 2 repetitions met a fold change of > 1.2.The analysis was performed by the Bei-
jing Genomics Institute (BGI) (Shenzhen, China).

Determination of secreted proteins

Previous studies employed bioinformatic tools to identify secreted proteins [13]. First, the pri-
mary sequence information of the identified proteins was used to submit to the web-based bio-
informatics tools SignalP [14] and SecretomeP [15] to determine the probability of being a
secreted protein; only those proteins with secretion probability above the default threshold val-
ues determined by the tools were used. Second, AmiGO, a web-based tool with an E-value
threshold of 1E-5, was used to recognize proteins as extracellular by searching and browsing
the GO database [16]. Third, protein matching was conducted by using the ExoCarta database
that records proteins identified as being secreted products based on exosome data from previ-
ous studies [17].

Multiple reaction monitoring (MRM) analysis

Peptide selection. In this project, we aimed to develop an MRM method for 19 target pro-
teins. We used Skyline software [18] to select peptides of the target proteins, with an MS/MS
spectral library (cut-off score: 0.95), which was generated on a TripleTOF5600 (AB SCIEX)
search using Mascot (Matrix Science, UK) against a human database containing (127497
entries) was downloaded from Uniprot database on June 17, 2015.The Skyline file have been
submitted to the Peptide Atlas SRM Experiment Library (PASSEL, http://www.peptideatlas.
org/PASS/PASS00884).The 19 proteins had an MS/MS spectrum and unique peptides. Then
we used a QTRAP 5500 (AB SCIEX) to verify whether the peptide had a co-elution chromato-
gram and the correct retention time. Finally, we developed an MRM method for the 19 pro-
teins. Details of all the peptides used in this study and their corresponding proteins are
available in S1 Table.

Setting the MRM transition. A spectral library of MS/MS data was generated on a Triple-
TOF5600 (AB SCIEX, Foster City, CA) and searched using Mascot v2.3 (Matrix Science, UK)
against a human database that was downloaded from the Uniprot database and consisted of
127497 sequences. All 19 proteins had MS/MS spectra and unique peptides. Then we used a
QTRAP 5500 (AB SCIEX) to verify whether the peptide had a co-elution chromatogram and
correct retention time. Finally, we developed an MRM method for the 19 proteins. The data
file was imported into Skyline software, where a library was built. The peptides were selected
for MRM method development according to the following criteria: (1) the peptides had a
unique sequence in the database, (2) a maximum m/z of peptide <1250 (limination of quadru-
pole scan), with a peptide length range of 5-40 aa, (3) the peptides lacked methionine, (4) had
a carbamidomethyl group attached to residues and was without variable modification in the
peptides, and (5) no missed cleavage by trypsin. We initially monitored 6 transitions per pep-
tide to ensure specificity with the criteria that >5 y-ions had the same elution profile and were
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in the same ratios as the spectral library. The predicted retention time of targeted peptides was
observed using an iRT strategy.

LC-MRM-MS. Samples were digested as described and spiked with 20 fmol of p-galactosi-
dase for data normalization. MRM analyses were performed on a QTRAP5500 mass spectrom-
eter (AB SCIEX, Foster City, CA) equipped with a Waters Nano Acquity Ultra Performance
LC system. The mobile phase consisted of solvent A (0.1% aqueous formic acid) and solvent B
(98% acetonitrile with 0.1% formic acid). Peptides were separated on a BEH130 C18 column
(0.075 x 200 mm column, 1.7 um; Waters) at 300 nL/min, and eluted with a gradient of 2%-
40% solvent B for 30 min, and 40%-60% solvent B for 3 min, followed by a 2 min linear gradi-
ent to 80% solvent B and maintenance at 80% for 5 min. For the QTRAP5500 mass spectrome-
ter, a spray voltage of 2100 V, nebulizer gas at 20 p.s.i., and a dwell time of 10 ms were used.
Multiple MRM transitions were monitored using unit resolution in both Qland Q3 quadru-
poles to maximize specificity.

MRM method validation. The chromatograms of all transitions generated on
QTRAP5500 were input into Skyline. The MRM method of a given protein was considered
successfully developed only if the protein had at least one unique peptide that (1) was identi-
fied in the MS/MS spectral library (cut-off score >0.95), (2) had >5 fragment ions with the
same elution profile and in the same ratios as the spectral library, and (3) had an accurate
retention.

Data analysis. We used Skyline software to integrate the raw file generated by QTRAP
5500 (AB SCIEX). We used an iRT strategy to define the chromatography of a given peptide
against a spectral library. The top three abundant transitions for each peptide was used for
quantitation unless interference from the matrix was observed. Samples were spiked with f-
galactosidase for label-free data normalization. We used MSstats with a linear mixed-effects
model. P-values were adjusted to control the FDR at a cutoff of 0.05. All proteins with a P-
value below 0.05 and a fold change larger than 1.5 were considered significant.

Immunohistochemistry

For deparaffinization and rehydration, tissue sections were sequentially treated with xylene (5
min x 3), 100% ethanol (2 min), 95% ethanol (2 min), 85% ethanol (2 min), 75% ethanol (5
min) and distilled water (2 min). An Immunohistochemistry Accessory Kit (GK500705, Gene
Tech, Shanghai, China) was applied for antigen epitope retrieval, secondary antibody incuba-
tion, following the manufacture’s recommendations, and color development. After blocking,
the section was incubated overnight at 4°C with the primary antibody, anti-SDF1 (1:150,
BA1389, Boster, Wuhan, China), anti-MMP3 (1:300, sc-6839,Santa Cruz Biotechnology, Santa
Cruz, CA,USA), anti-biglycan (1:150, sc-27936,Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and anti-LTBP1 (1:500, ab78294, Abcam Inc., Cambridge, MA, USA). Sections were
counterstained with haematoxylin. Sections were dehydrated with gradient alcohol solutions
and 100% xylene in the reverse order as applied in the deparaffinization step, and mounted
with non-aqueous media before observation under the microscope. Sections were observed by
bright field microscopy (Nikon H600L, Japan). Semi-quantitative assessment was performed.
The color change from light yellow to brown particles was considered as positive staining, pos-
itive cell counts were performed on 5 randomly selected fields of each slice. The scoring crite-
ria were: i) the percent positive cells: <5% (0), 5~25% (1), 26%~50% (2), 51% ~75% (3), >75%
(4); ii) the staining intensity: light yellow (1), yellow (2), and brown (3). A final score was
achieved by multiplication of the two scores, producing a total rage of 0-12. Final scores of 0,
1-4, 6-8, and 9-12 corresponded to negative, weak, moderate, and strong staining intensities,
respectively.
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Results
DPC-secreted proteins induce HF regeneration

As stated above, only early-passage DPCs show aggregative behavior. Passage 3 DP cells resem-
bled fibroblasts and generally exhibited a multilayer aggregative behavior in culture, forming
small clumps of overlapping cells (Fig 1). However, passage 9 DPCs greatly differed from pas-
sage 3 DPCs and were large and plump, and had lost aggregative behavior and proliferative
capacity. In order to determine whether DPC-secreted proteins induce HF regeneration, we
collected passage 3 and 9 DPC-CM, concentrated the CM through an Amicon filter, and sub-
cutaneously injected the concentrated (2 mg/ml) CM into NU/NU mice. For passage 3
DPC-CM, a white hair coat emerged about 3 days after injection, and by 5 days, the hair fibers
reached 1 cm in length, followed by hair loss after an additional 3 or 4 days. In contrast, backs
of control mice, injected with passage 9 DPC-CM, remained hairless. (Fig 2A). Skin histology
revealed hair follicle structures in passage 3 DPC-CM-injected mice (Fig 2B).

Protein identification and quantitation in DPC-CM

In order to determine the difference between early- and late-passage DPC-secreted proteins,
we collected passage 3 and 9 DPC-CM, after culturing for 48 h, and performed proteomic anal-
ysis. Using an iTRAQ quantitative approach, we identified a total of 1360 proteins in the cul-
ture supernatants (FDR <1%). All proteins were identified as comprising at least one peptide
(>95% confidence). The 1360 proteins identified by iTRAQ are listed in S2 Table, and the
identified and quantified individual peptides are listed in S3 Table. For protein quantitation,
we required that a protein contain two unique spectra. The quantitative protein ratios were
weighted and normalized by the median ratio in Mascot. We only considered as significant
protein ratios with p-values <0.05, and fold changes of >1.2. There were 213 proteins that
were considered significantly different in terms of expression level (P <0.05), including 125
proteins that were decreased (S4 Table) and 88 proteins that were increased (S5 Table) in pas-
sage 3 DPC-CM.

Fig 1. Growth conditions and morphology of DPCs. Passage 3 DPCs show aggregative behavior that is lost in passage 9 DPCs.

doi:10.1371/journal.pone.0167474.9001

PLOS ONE | DOI:10.1371/journal.pone.0167474 December 1,2016 7/19



o @
@ : PLOS | ONE iTRAQ Comparison of Early- and Late- Passage Human Dermal Papilla Cell Secretome

o - - ‘

before injection after injection 5 days

A

DP3-CM

Fig 2. In vivo hair follicle induction by different passage DPC culture media. (A)Passage 3, but not passage 9 DPC-CM, induces hair
generation on NU/NU mouse backs after 5 days. (B) Skin histology reveals HF structures in mice injected with passage 3 DPC-CM compared with
mice injected with passage 9 DPC-CM.

doi:10.1371/journal.pone.0167474.9002

For the subsequent analyses, we used bioinformatic tools to select, with a high level of confi-
dence, for proteins that had been identified as secretory products. Of the 1360 proteins
detected by our analysis, 959 (71%) were recognized as being secreted proteins by at least of
one of the 4 bioinformatic methods. ExoCarta screening identified 536 exosome proteins,
while SignalP and SecretomeP identified 572 proteins that either exhibited a signal peptide at
the N-terminus or were identified as non-classical secreted products. Additionally 417 proteins
were recognized as extracellular by using AmiGO, a web-based tool for searching and brows-
ing the GO database (Fig 3). The identified secreted proteins are listed in S6 Table.

Functional classification of the differentially-expressed proteins between
early- and late-passage DPC-CM
We used an unbiased proteomics technique to identify the critical proteins, in the DPC-CM,

that regulate hair regeneration. In total, 1360 iTRAQ-labeled proteins were identified with
>95% confidence. Many of these proteins were extracellular proteins, the entire list of
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Secreted Protein Analysis

AmiGO database Protein Number
Exocarta
SecretomeP(SignalP)
Total secreted protein

Total protein
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Fig 3. Secreted proteins identified by bioinformatic tools. Secreted proteins identified by SecretomeP, SignalP, ExoCarta and AmiGO
databases.

doi:10.1371/journal.pone.0167474.g003

identified extracellular proteins, as well as some important GO information and each protein
are shown in S7 Table. The differentially expressed secreted proteins were further defined
based on KEGG analysis (http://www.genome.jp/kegg). The proteins were mapped to KEGG
pathways based on their KEGG gene ID. Proteins differentially expressed in early- and late-
passage DPCs were involved in 153 KEGG pathways (S8 Table). We used a hypergeometric
distribution in the enrichment analysis to prioritize these pathways. The pathways most
enriched (P<0.01) involved ECM-receptor interaction, focal adhesion, hypertrophic cardio-
myopathy (HCM), the TGF-p signaling pathway, protein digestion and absorption (Fig 4).

Classification of the differentially expressed proteins by KEGG database

Protein digestion and absorption Number of genes
TGF-beta signaling pathway
Hypertrophic cardiomyopathy (HCM)
Focal adhesion

ECM-receptor interaction

0 5 10 15 20 25

Fig 4. Definition of differentially expressed proteins based on KEGG analysis. Classification of secreted proteins differentially expressed between
passage 3 DPC-CM and passage 9 DPC-CM, according to the KEGG database (P<0.01).

doi:10.1371/journal.pone.0167474.9004
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To gain a systematic view of secreted protein modulation during early- and late-passage
DPC-CM, we analyzed the involvement of specific biological processes in the secretome
responses. The proteins most highly secreted in early-passage DPCs were associated with bio-
logical processes including single-organism processes (11.07%), cellular processes (10.42%),
multicellular organismal processes (7.65%), metabolic processes (7.49%), biological regulation
(7.33%) and response to stimuli (7.0%) (Fig 5A). The secretome proteins most substantially
down-regulated in early-passage DPC were instead associated with cellular processes (9.9%),
single-organism processes (9.43%), biological regulation (8.03%), metabolic processes (7.45%),
regulation of biological processes (7.22%), response to stimuli (7.22%) and multicellular organ-
ismal processes (6.64%)(Fig 5B). Thus, most of the up- and down-regulated proteins in early-
passage DPC-CM participate in the same biological processes as in late-passage DPC-CM.

Validation of the regulated secreted proteins by MRM

Although relative quantitation by iTRAQ analysis is reasonably effective at identifying
increases versus decreases in protein levels, this technique is known to underestimate the true

biological process

single-organism process

cellular process

multicellular organismal process

others
biological regulation
response to stimulus
biological process
cellular process
single-organism process
others

biological regulation

regulation of biological process

 mulicellularorganismalprocess response to stimulus

Fig 5. Biological processes enriched based on DPC-secreted proteins. (A) Up-regulated in passage 3 DPC-CM. (B) Down-regulated in

passage 3 DPC-CM.

doi:10.1371/journal.pone.0167474.9005
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Table 1. iTRAQ-based quantification compared with MRM-based quantification

Gene
symbol

PLOD2

DCN
THBS1
MMP3
COL4A2
ACTN1
IGFBP4

FBLN1
IGFBP5

SERPINF1
CXCL12
ACLY
FMOD
FLNC
LTBP1

AEBP1

SPON2
PDGFD
DPP7

Uniprot
accession

sp|000469

sp|P07585
sp|P07996
sp|P08254
sp|P08572
sp|P12814
sp|P22692

sp|P23142
sp|P24593

sp|P36955
sp|P48061
sp|P53396
sp|Q06828
sp|Q14315
sp|Q14766

sp|Q8IUX7

sp|Q9BUD6
sp|Q9GZP0
sp|Q9UHL4

Protein name

Procollagen-lysine,2-oxoglutarate
5-dioxygenase 2

Decorin
Thrombospondin-1
Stromelysin-1

Collagen alpha-2(IV) chain
Alpha-actinin-1

Insulin-like growth factor-binding
protein 4

Fibulin-1

Insulin-like growth factor-binding
protein 5

Pigment epithelium-derived factor
Stromal cell-derived factor 1
ATP-citrate synthase
Fibromodulin

Filamin-C

Latent-transforming growth factor beta-
binding protein 1

Adipocyte enhancer-binding protein 1
Spondin-2

Platelet-derived growth factor D
Dipeptidyl peptidase 2

doi:10.1371/journal.pone.0167474.t001

Unique peptides
(iTRAQ)

7

iTRAQ ratios DP3/ |MRM ratios

DP9(Mean)
0.499

4.603
0.272
3.1

0.592
0.564
1.601

1.977
0.381

5.711
4.7

0.497
4.982
0.488
3.039

3.201
1.269
2.267
1.876

DP3/DP9
0.438

12.555
0.579
4.313
0.285
0.475
1.755

10.989
0.21

80.361
13.229
0.581
8.867
0.295
5.93

8.103
1.649
2.516
2.338

Expression
pattern

down

up
down
up
down
down

up

up
down

up
up
down
up
down
up

up
up
up
up

magnitude of changes in protein concentration. In order to validate the different DPC-
secreted proteins identified by iTRAQ, the identified proteins were validated by MRM. Of the
213 proteins that showed a significant difference by iTRAQ analysis, we selected 19 proteins
for analysis by MRM. The detailed information from the iTRAQ analysis, including the fold
changes, is supplied in S9 Table. The MRM transitions of each targeted peptide and CE (Colli-
sion Energy) is detailed in S10 Table, and the MRM ratio is detailed in S11 Table. As a result,
the 19 proteins were successfully quantified, and all the target proteins showed the same trend
as when quantified by iTRAQ (Table 1).
To examine the correlation of the quantitation data between MRM and iTRAQ analyses,
we compared the expression level of proteins obtained by MRM with that of iTRAQ
(Table 2). The correlation coefficient is calculated from the 3 repeated ratios and their
mean ratio. Procollagen-lysine, stromelysin-1, insulin-like growth factor-binding protein
4, insulin-like growth factor-binding protein 5, pigment epithelium-derived factor, fila-
min-C, adipocyte enhancer-binding protein 1, platelet-derived growth factor D, and dipep-
tidyl peptidase 2 were highly correlated between iTRAQ and SRM (r* > 0.6), whereas
decorin, collagen alpha-2 (IV) chain, stromal cell-derived factor 1, and ATP-citrate
synthase were less well correlated (r*> 0.4 to < 0.6), and thrombospondin-1, alpha-acti-
nin-1, fibulin-1, fibromodulin, latent-transforming growth factor beta-binding protein 1,
and spondin-2 showed no correlation. The reason for this discrepancy might be due to the
low abundance of peptides, small sample size and complicated procedure of proteomic
analysis without suitable internal standards (11).
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Table 2. Linear regression comparing peptide ratio results obtained by iTRAQ and MRM assays.

Gene symbol
PLOD2
MMP3
IGFBP4
IGFBP5
SERPINF1
FLNC
AEBP1
PDGFD
DPP7
DCN
COL4A2
CXCL12
ACLY
THBS1
ACTN1
FBLN1
FMOD
LTBP1
SPON2

Uniprot accession
sp|000469
sp|P08254
sp|P22692
sp|P24593
sp|P36955
sp|Q14315
sp|Q8IUX7
sp|Q9GZP0O
sp|Q9UHL4
sp|P07585
sp|P08572
sp|P48061
sp|P53396
sp|P07996
sp|P12814
sp|P23142
sp|Q06828
sp|Q14766
sp|Q9BUD6

doi:10.1371/journal.pone.0167474.t002

Protein name Correlation coefficients, r?
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 0.9973
Stromelysin-1 0.7987
Insulin-like growth factor-binding protein 4 0.9874
Insulin-like growth factor-binding protein 5 0.7582
Pigment epithelium-derived factor 0.9817
Filamin-C 0.9123
Adipocyte enhancer-binding protein 1 0.8703
Platelet-derived growth factor D 0.8682
Dipeptidyl peptidase 2 0.8674
Decorin 0.5686
Collagen alpha-2(IV) chain 0.4556
Stromal cell-derived factor 1 0.4819
ATP-citrate synthase 0.5589
Thrombospondin-1 0.0015
Alpha-actinin-1 0.0303
Fibulin-1 0.036
Fibromodulin 0.0679
Latent-transforming growth factor beta-binding protein 1 0.0864
Spondin-2 0.0114

Expression of SDF1, MMP3, biglycan and LTBP1

In order to confirm SDF1, MMP3 and LTBP1 to be potential key factors in HF regeneration,
tissues of passage 3 DPC-CM-injected, passage 9 DPC-CM injected and untreated mice were
obtained to determine their expression patterns by immunohistochemistry. Also, the expres-
sion pattern of biglycan known to play key roles in many cellular signaling pathways involved
in hair follicle biology was also detected. In the skin of passage 9 DPC-CM injected mice and
untreated mice, SDF1 (Fig 6A and 6B), MMP3 (Fig 6E and 6F), biglycan (Fig 7A and 7B) and
LTBP1 (Fig 7E and 7F) were rarely expressed. Interestingly, SDF1 (Fig 6C) and biglycan (Fig
7C), as well as LTBP1 (Fig 7G) proteins were all expressed in hair follicles, with the highest
expression of SDF1 (Fig 6D) being located to the epithelial cells in the skin from passage 3
DPC-CM-injected mice. In addition, MMP3 was expressed only in the ORS of passage 3
DPC-CM-injected mice skin (Fig 6G), whereas LTBP1 was strongly expressed in epithelial tis-
sue and dermal cells (Fig 7H).

Discussion

DPCs secrete diverse growth factors and stimulate the proliferation and differentiation of the
follicular epithelium, implying DPC-secreted paracrine factors regulate HF regeneration [19].
We show that passage 3 DPC-CM induces HF regeneration, but passage 9 DPC-CM does not.
These results indicate DPC-secreted proteins play important roles in HF regeneration. Analy-
sis of CM from DPCs, by iTRAQ-based quantitative proteomic technology, identified 1360
proteins, of which 213 proteins were differentially expressed between CM from early-passage
vs. late- passage DPCs. KEGG enrichment analysis showed that the differentially expressed
proteins are involved in 153 KEGG pathways. Among the most enriched pathways (P<0.01),
the TGF- signaling pathway has been shown to be essential for regeneration, as it activates
the Smad2/3 pathway in HF stem cells, which is crucial for avoiding delayed regeneration [3].

PLOS ONE | DOI:10.1371/journal.pone.0167474 December 1,2016 12/19



o @
@ : PLOS | ONE iTRAQ Comparison of Early- and Late- Passage Human Dermal Papilla Cell Secretome

X b - ; } A S 2 R A BN S = Py
M s TG d - o WP e JREDY IV el T

Fig 6. Expression pattern of SDF1 and MMP3 proteins determined by immunohistochemistry. (A-B) the expression of SDF1 in the skin of
untreated and passage 9 DPC-CM injected mice (20x objective), (C) the expression of SDF1 in the skin of passage 3 DPC-CM injected mice (20x
objective), (D) the expression of SDF1 in the epithelium of skin form passage 3 DPC-CM injected mice (40x objective); (E-F) the expression of MMP3
in the skin of untreated and passage 9 DPC-CM injected mice (20x objective), (G) the expression of MMP3 in the ORS of skin from passage 3
DPC-CM injected mice (20x objective), (H) the expression of MMP3 in the epithelium of passage 3 DPC-CM injected mice skin (40x objective).

doi:10.1371/journal.pone.0167474.9006

Fig 7. Expression pattern of biglycan and LTBP1 proteins determined by immunohistochemistry. (A-B) the expression of biglycan in the skin
of untreated and passage 9 DPC-CM injected mice (20x objective), (C) the expression of biglycan in the skin of passage 3 DPC-CM injected mice
(20x objective), (D) the expression of biglycan in the epithelium of skin form passage 3 DPC-CM injected mice (40x objective); (E-F) the expression of
LTBP1 in the skin of untreated and passage 9 DPC-CM injected mice (20x objective), (G) the expression of LTBP1 in the ORS of skin from passage 3
DPC-CM injected mice (20x objective), (H) the expression of LTBP1 in the epithelium of skin from passage 3 DPC-CM injected mice (40x objective).

doi:10.1371/journal.pone.0167474.9007
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For the subsequent analyses, we used bioinformatic tools (ExoCarta, SignalP, SecretomeP,
AmiGO) to select proteins previously identified as secretory products [20]. Of the 1360 pro-
teins detected by our analysis, 959 (71%) have been previously recognized, as being secreted,
by one of the 4 bioinformatic methods. These results support the reliability of our data. In
order to validate the different DPC-secreted proteins identified by iTRAQ, we selected 12
overexpressed proteins and 7 underexpressed polypeptides, from early-passage DPC-CM, for
validation, of differential protein expression, by MRM, and to verify key candidate proteins
regulating HF regeneration. The validated proteins were selected according to their GO func-
tion annotation and involvement in signal pathways that are relevant to hair follicle (HF)
regeneration, such as the Wnt, BMP, TGF-f, and IGF1 pathways [3]. Successful validation pro-
vides a high confidence level for the secreted proteins identified by iTRAQ.

In this study, we focus on identifying the key factors responsible for hair inductive capacity.
HF regeneration involves BMP antagonism and subsequent activation of Wnt and other
underlying pathways. The initial steps of regeneration involve crosstalk between quiescent epi-
thelial stem cells and mesenchymal dermal papilla, forming a repressive environment for BMP
signaling [3, 21]. In our proteomic analysis, we searched for factors involved in the Wnt and
BMP pathways and identified SDF1, MMP3 and biglycan, which participate in the Wnt signal-
ing pathway, as well as LTBP1, which participates in the BMP signaling pathway.

We identified stromal cell-derived factor 1 (SDF1, also known as CXCL12) as being one of
the most overexpressed in early-passage DPCs, compared to late passage DPCs. SDF-1 is a
ligand for CXCR4, is a powerful chemoattractant for stem cells, and plays an important role in
several developmental and regenerative phenomena, such as cardiogenesis, neovascularization,
hematopoiesis, and hepatic development [22]. SDF-1 is localized to the hair follicle dermal
papilla (DP), but is excluded from the epidermis. CXCR4 is specifically expressed in the hair fol-
licle dermal papilla, where it is localized to a few epidermal cells at the mouth of developing hair
follicles. The close juxtaposition and complementary nature of CXCR4 and SDF-1 expression
patterns suggest that SDF-1/CXCR4 signaling might play a role in HF development [23]. How-
ever, in our induced HF regeneration, compared with passage 9 DPC-CM injected mice, SDF1
was strongly expressed not only in the HF, but also in the epithelium of passage 3 DPC-CM-
injected mice. Those findings indicate that SDF1 may be a key factor for initiating hair follicle
regeneration. A recent report suggests that SDF-1 promotes epidermal stem cell (ESC) migra-
tion and accelerates wound healing in vivo [22]. Based on previous studies, SDF1 has the poten-
tial to regulate HF regeneration. However, the molecular mechanisms have not been
demonstrated. Based on the interaction between SDF1/CXCR4 signaling and Wnt/p-catenin in
some cancer cells and neural progenitors [24-26] and the important role in HF initiation as
well as primary hair placode maintenance of Wnt/B-catenin signaling pathway, we hypothesize
that SDF1 may participate in HF regeneration by regulating Wnt/B-catenin signaling.

Another identified DPC-secreted factor, matrix metallopeptidase 3 (MMP3), belongs to the
matrix metalloproteinase (MMP) family of proteases that has been implicated in a large variety
of physiological and pathological conditions associated with tissue remodeling [27]. Although
the function of MMP3 in HF regeneration has not yet been reported, MMP can modify the
microenvironment of stem cells in bone, and MMP3 has been shown to have an impact on the
maintenance of adult epithelial stem cells [28], implying MMP3, which we show is increased
in early passage DPCs, has the potency to modify the hair follicle stem cell (HFSC) microenvi-
ronment “niche”, which plays a crucial role in cell fate decision. MMP3 could affect adult epi-
thelial stem cells though activating Wnt/B-catenin signaling by antagonizing the function of
Wnt5b (Fig 8), a non-canonical Wnt ligand and inhibitor of Wnt/f-catenin signaling [29].
Another report showed that MMP3 cooperates with Wnt3a to increase the transcriptional
activity of f—catenin in C57MG cells (Fig 8) [27]. Additionally, a recent study suggested that
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Fig 8. The molecular mechanisms of Wnt signaling pathway regulation by MMP3 and biglycan. MMP3 activates the canonical Wnt signaling
pathway by cooperating with Wnt3a or antagonizing Wnt5b function, which is a non-canonical Wnt ligand and inhibitor of Wnt/B-catenin signaling.
Biglycan enhances Wnt-induced -catenin/TCF-mediated transcriptional activity via the LRP6 receptor.

doi:10.1371/journal.pone.0167474.9008

MMPs serve as paracrine factors to activate Wnt signaling in mesenchymal stem cells (MSCs)
[30]. It is well known that the Wnt signaling pathway plays a crucial role in the maintenance
and proliferation of HFSC reservoirs [3]. In addition, MMP3 was highly expressed in the ORS
of passage 3 DPC-CM-injected mice, which is close to the bulge where hair follicle stem cells
(HFSCs) are located. Taken together, we speculate that MMP3 participates in the process of
HF regeneration by activating Wnt/p-catenin in HFSCs (Fig 8).

A third important factor is biglycan, a member of the small leucine-rich proteoglycan fam-
ily, and an important structural component of the ECM [31, 32]. Biglycan functions as a sig-
naling molecule released from the ECM. Proteoglycans are known to play key roles in many
cellular signaling pathways involved in hair follicle biology [33]. Interestingly, although the
expression level of biglycan was increased in the skin of passage 3 DPC-CM-injected mice and
was highly expressed in the induction of HFs, it was rarely expressed in the skin of passage 9
DPC-CM injected mice in this study, consistent with a prior demonstration that the DP con-
tains a high level of biglycan [33], and suggests that biglycan is involved in key functions of HF
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biology. Furthermore, both biglycan proteoglycan and biglycan core protein enhance Wnt-
induced B-catenin/TCF-mediated transcriptional activity via the LRP6 receptor (Fig 8) [31].
Recently, additional research has demonstrated that biglycan, as a component of the ECM,
mediates suture expansion osteogenesis through the Wnt/p-catenin signaling-activated Runx2
pathway [32]. Therefore, it is possible that DPC secretion of biglycan impacts HF regeneration
by also regulating the Wnt/B-catenin signaling pathway (Fig 8).

Although, we do not discuss the direct regulators involved in BMP antagonists in our
study, we confirmed that latent TGF-B-binding protein 1 (LTBP1) is over-expressed in passage
3 DPC-CM. In addition, we show that LTBP1 was not expressed in the skin of passage 9
DPC-CM injected mice, but was strongly expressed in the regenerated HF, epithelium and
dermis. LTBP-1 covalently binds to the small latent TGF-p complex and regulates its function,
presumably via interaction with the ECM (34). Several prior reports illustrate that LTBP1is a
positive modulator of TGF-B1 activation [34-36], and is considered an antagonist of BMP4
signaling through activating TGF-1 signaling via the TGF-1 type I receptor [37]. Dermal
papillae produce a paracrine TGF-B2 signal to activate canonical TGF-B-mediated transcrip-
tion and induce proliferation in quiescent HFSCs, and propels them into a tissue-regenerating
mode. Additionally, BMP signaling is prolonged when HFSCs cannot respond to TGF-f2.
Tmeffl, a relevant TGF-B2 target gene, is an antagonist of the BMP pathway. Intriguingly,
LTBP1 increases TGF-B1 and TGF-f2 at the same time in glioma cells [34].Thus, LTBP1 could
inhibit BMP signaling by activating the TGF- signaling pathway.

Conclusion

Our results suggest that DPCs regulate hair follicle regeneration in paracrine fashion by secret-
ing SDF1, MMP3 and biglycan, to activate Wnt/B-catenin signaling, and LTBP1 to block BMP
signaling, as part of establishing a microenvironment for the induction of HF regeneration.

Supporting Information

S1 Table. Selected peptides for 19 target proteins. Details of all the peptides used in this
study and their corresponding proteins were listed.
(XLS)

S2 Table. Proteins identified by iTRAQ. There were 1360 proteins identified from CM of
early-passage and late-passage DPCs by iTRAQ.
(XLS)

S3 Table. Identified and quantified individual peptides. All the identified and quantified
individual peptides were listed.
(XLS)

$4 Table. Decreased proteins in passage 3 DPC-CM. There were 125 proteins decreasing in
passage 3 DPC-CM.
(XLS)

S5 Table. Increased proteins in passage 3 DPC-CM. There were 88 proteins increasing in
passage 3 DPC-CM.
(XLS)

S6 Table. Secreted proteins identified by bioinformatics tools. Of the 1360 proteins, 959
(71%) were recognized as being secreted proteins by at least of one of the 4 bioinformatic
methods.

(XLS)
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$7 Table. GO information of each identified protein. The entire list of identified extracellu-
lar proteins and some important GO information were shown.
(XLS)

S8 Table. KEGG analysis. Proteins differentially expressed between CM from early- vs. late-
passage DPCs were involved in 153 KEGG pathways.
(XLS)

S9 Table. Detailed information from iTRAQ analysis of the 19 target proteins. Detailed
information from the iTRAQ analysis of the 19 target proteins, including the fold changes was
displayed.

(XLS)

$10 Table. Optimization of MRM transitions. It showed the MRM transitions of each tar-
geted peptide and CE.
(XLS)

S11 Table. MRM ratios. The detailed MRM ratios were listed.
(XLS)
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