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Herein, we demonstrate the efficacy of an unbiased pro-
teomics screening approach for studying protein expres-
sion changes in the KC-Tie2 psoriasis mouse model, iden-
tifying multiple protein expression changes in the mouse
and validating these changes in human psoriasis. KC-Tie2
mouse skin samples (n � 3) were compared with litter-
mate controls (n � 3) using gel-based fractionation fol-
lowed by label-free protein expression analysis. 5482 pep-
tides mapping to 1281 proteins were identified and
quantitated: 105 proteins exhibited fold-changes >2.0 in-
cluding: stefin A1 (average fold change of 342.4 and an
average p � 0.0082; cystatin A, human ortholog); slc25a5
(average fold change of 46.2 and an average p � 0.0318);
serpinb3b (average fold change of 35.6 and an average
p � 0.0345; serpinB1, human ortholog); and kallikrein re-
lated peptidase 6 (average fold change of 4.7 and an
average p � 0.2474; KLK6). We independently confirmed
mouse gene expression-based increases of selected
genes including serpinb3b (17.4-fold, p < 0.0001), KLK6
(9-fold, p � 0.002), stefin A1 (7.3-fold; p < 0.001), and
slc25A5 (1.5-fold; p � 0.05) using qRT-PCR on a second
cohort of animals (n � 8). Parallel LC/MS/MS analyses on
these same samples verified protein-level increases of
1.3-fold (slc25a5; p < 0.05), 29,000-fold (stefinA1; p <
0.01), 322-fold (KLK6; p < 0.0001) between KC-Tie2 and
control mice. To underscore the utility and translatability
of our combined approach, we analyzed gene and protein
expression levels in psoriasis patient skin and primary
keratinocytes versus healthy controls. Increases in gene

expression for slc25a5 (1.8-fold), cystatin A (3-fold), KLK6
(5.8-fold), and serpinB1 (76-fold; all p < 0.05) were ob-
served between healthy controls and involved lesional
psoriasis skin and primary psoriasis keratinocytes. More-
over, slc25a5, cystatin A, KLK6, and serpinB1 protein
were all increased in lesional psoriasis skin compared
with normal skin. These results highlight the usefulness of
preclinical disease models using readily-available mouse
skin and demonstrate the utility of proteomic approaches
for identifying novel peptides/proteins that are differentially
regulated in psoriasis that could serve as sources of auto-
antigens or provide novel therapeutic targets for the devel-
opment of new anti-psoriatic treatments. Molecular &
Cellular Proteomics 14: 10.1074/mcp.M114.042242, 109–
119, 2015.

One in three individuals in the United States is afflicted with
a skin disease, with �2–3% of the American population suf-
fering from psoriasis (1–3) a chronic, immune-mediated in-
flammatory skin disease characterized by well-demarcated
areas of “involved” red, raised, and scaly skin adjacent to
areas of “uninvolved” normal appearing skin. The underlying
cause of psoriasis remains unknown and the specific signals
that trigger disease onset have yet to be identified; however,
several lines of evidence suggest the involvement of antigen-
specific T cells, although the antigens involved remain elusive
(4). A combination of human and animal studies have led to
the understanding that in patients with a genetically suscep-
tible background, some initiating stimulus, often a stressful
event, an injury to the skin, or an infection, leads to a coordi-
nated series of signaling events involving cytokines, resident
skin cells, and skin-infiltrating immune cells, that once started,
initiates a vicious pro-inflammatory hyperproliferative cycle.
Once initiated, this cycle perpetuates sustained inflammatory
responses. Intervention at several points in this cycle results
in clinical resolution, however, durable remission and/or per-
manent clearance has not yet been achieved.

Current psoriasis therapies are directed toward sympto-
matic relief and none of them represent a cure for this chronic
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illness. Current treatments include topical therapies, photo-
therapy, and systemic administration of immune-suppres-
sants, anti-metabolites, oral retinoids, and biologics targeting
immune cells or inflammatory cytokines (5, 6). Many of the
most effective therapeutics however, also have the greatest
adverse reactions; moreover, psoriasis can become resistant
to specific therapies over time. Therefore, an ongoing need for
discovery of new biological pathways and targets for psoriasis
is obvious.

We studied a mouse model of psoriasis using an unbiased
proteomics screening approach to identify dysregulated pep-
tides of interest in psoriasiform-inflamed mouse skin and ul-
timately compared these findings to psoriasis patient skin. We
used in-gel label-free protein expression analysis to observe
quantitative changes in protein expression. The peptides that
were determined to be top-scoring from a statistical perspec-
tive and of biological interest were subjected to further anal-
ysis and confirmation using a targeted mass spectrometry
approach along with qRT-PCR to assess gene expression in
a distinct set of animal samples. Further validation of the
translational importance of these novel proteins was then
conducted in primary keratinocytes expanded from psoriasis
skin as well as human skin taken directly from psoriasis pa-
tient lesional and nonlesional areas. The results of these ex-
periments confirm the ability of a discovery in-gel label-free
expression model to identify proteins that are in the moderate
to high abundance range that are significantly different in their
distribution between control and genetically modified psori-
asiform mouse skin and demonstrate the usefulness of mouse
models and proteomic approaches for identifying novel pro-
teins that are differentially regulated in human psoriasis, pro-
viding future biomarkers and targets for development of trans-
lational approaches to disease improvement.

EXPERIMENTAL PROCEDURES

Mice—Adult KC-Tie2 mice (C57Bl/6) and littermate controls (n � 3
each) were euthanized and dorsal skin harvested as previously de-
scribed for use in the label-free expression discovery experiments (7).
A second distinct group of mice (n � 8 each) was used for validation
at the RNA and protein levels. All animal protocols were approved by
the Case Western Reserve University Institutional Animal Care and
Use Committee and conformed to the American Association for Ac-
creditation of Laboratory Animal Care guidelines.

Sample Preparation for Gel-based Label-free Expression Discov-
ery—Tissue protein samples that had been isolated and prepared as
previously described (7) were thawed and total protein concentrations
were determined using a Bio-Rad Protein Assay as described by the
manufacturer. Samples were reduced for 15 min at 80 °C using DTT
with a final concentration of 10 mM. The samples were then cooled to
room temperature and alkylated with iodacetamide for 30 min with a
final concentration of 25 mM. Fig. 1 summarizes the gel-based work-
flow used. Briefly, 30 �g of each sample were loaded per well of a
1D-SDS-PAGE gel (4–20% Tris-HCl). The gel was stained using
Bio-Rad Biosafe Coomassie (BioRad Laboratories, Hercules, CA) and
then cut into eight distinct regions based on apparent protein molec-
ular weight (supplemental Fig. S1).

Isolated gel regions were washed using 25 mM ammonium bicar-
bonate (ABC; Fisher Scientific, Fairlawn, NJ) followed by 50% aceto-

nitrile (ACN; Burdick and Jackson, Morristown, NJ) twice. Then the
gel regions were crushed and proteolytic digestion was performed
using 200ng of bovine trypsin (Promega, Madison, WI) for 18 h at
37 °C. Digests were then removed and stored at �80 °C until needed.
The remaining gel pieces were washed with 25 mM ABC followed by
50% ACN three times to extract any remaining peptides. These
supernatants were combined with the original digests and dried com-
pletely via speed vac. Resulting peptides were then stored at �80 °C
for LC-MS/MS analysis and resolubilized in 11 �l of 0.1% formic acid
(Acros, Geel, Belgium) for LC/MS/MS analysis.

Quantitative (q)RT-PCR Verification on Mouse Skin—RNA was iso-
lated from the second, independent group of KC-Tie2 and control
littermates (n � 8 each) and qRT-PCR performed according to the
manufacturer’s instructions and as described previously (13) using the
following primer-probe sets Rab18 (Mm00441057_m1), Serpinb3b
(Mm03032256_uH), Stefin A1 (Mm01973758_gH), KLK6 (Mm00478322_
m1), and Slc25a5 ADP/ATP translocase 2 (Mm00846873_g1; Applied
Biosystems, Grand Island, NY).

Sample Preparation for Solution-based Label-free Expression Ver-
ification—Skin adjacent to that used for RNA isolation and analyses
described above was collected and used to perform a second solu-
tion-based label free expression assay. KC-Tie2 and control mouse
skin (n � 4 each) was placed into ice-cold 25 mM Tris, pH 8.5,
containing protease inhibitor mixture (Sigma Aldrich, St. Louis, MO),
and thoroughly rinsed to remove any remaining blood from the tissue.
Fig. 1 highlights the solution-based workflow. The tissue was trans-
ferred to a cryo bag (Covaris, Woburn, MA), capped, and frozen in
liquid nitrogen prior to being pulverized. Once pulverized, each sam-
ple was again frozen in liquid nitrogen and subjected to an additional
round of pulverization. From each sample, �10 mg was transferred to
a 1.5 ml tube and 300 �l of 3% SDS was added. Pulverized tissue was
then incubated on ice for 30 min. Aliquots were sonicated at 50%
amplitude followed by vortexing; this cycle was repeated four times
with samples sitting on ice between each round. SDS detergent
removal and reduction and alkylation was performed using the Filter
Assisted Sample Preparation method (FASP) (8). Total protein con-
centration was determined using a modified Bradford assay (Bio-Rad
Laboratories, Hercules, CA), and 10 �g of protein was digested as
previously described (9).

Liquid Chromatography and Mass Spectrometry for Discovery and
Verification—LC/MS/MS was performed using a Waters ultra high-
pressure liquid chromatography NanoAcquity (Waters Corporation,
Milford, MA), an LTQ Orbitrap Velos, and an Orbitrap Elite (Thermo-
Fisher Scientific, Waltham, MA). The order of sample injections was
randomized across all samples. The instrument was mass calibrated
immediately before the analysis using the instrument protocol. Mobile
phase A (aqueous) contained 0.1% formic acid in 5% ACN and
mobile phase B (organic) contained 0.1% formic acid in 85% ACN.
Samples were trapped and desalted on-line in mobile phase A at 10
�l/min for 10 min using a Waters UPLC PST C18 nanoACQUITY 300
(75 �m � 25 cm) reversed phase column with 5% mobile phase B.
Gel based discovery separation was obtained by employing a gradi-
ent of 6–28% mobile B at 0.300 �l/min over 150 min. The column was
washed at 99% mobile phase B for 10 min, followed by a re-equili-
bration at 100% A for 15 min. Positive mode electrospray was con-
ducted using a nanospray source and the mass spectrometer was
operated at a resolution of 60,000. Quantitative and qualitative data
were acquired using alternating full MS scan and MS/MS scans in
normal mode. Survey data were acquired from m/z of 400 to 1600 and
up to 20 precursors based on intensity were interrogated by MS/MS
per switch. Two micro scans were acquired for every precursor inter-
rogated and MS/MS was acquired as centroid data. All mass spec-
trometry analytical parameters for the verification samples were the
same as the discovery samples with exception of the LC/MS/MS
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analytical run time that was extended to 240 min. For the gel based
discovery study, excised gel regions for each animal were processed
and analyzed as a separate LC/MS/MS for a total of 48 individual
LC/MS/MS runs. One LC/MS/MS run was acquired for each animal in
the verification set for a total of eight LC/MS/MS runs. The discovery
set was processed via Rosetta Elucidator (Rosetta Biosoftware, Se-
attle, WA) (Version 3.3.01 SP4 25). The MS/MS peak lists were sub-
sequently searched by Mascot (version 2.2.0, IPI_mouse_06_2010)
(Matrix Science, London, UK). The database used was mouse Inter-
national Protein Index (IPI) (56,957 sequences). Search settings were
as follows: trypsin enzyme specificity; mass accuracy window for
precursor ion, 10 ppm; mass accuracy window for fragment ions,
0.8Da; variable modifications including carbamidomethlylation of cys-
teins, one missed cleavage, and oxidation of methionine. The false
discovery rate for these settings was calculated to be 1.13% for the
discovery set. Automated differential quantification of peptides was
performed with Rosetta Elucidator as previously described (10, 11).
The processing workflow that was used for differential quantification
in the discovery set is shown in supplemental Fig. S2. LC/MS/MS raw
data was imported and for each MS spectrum profile of each LC/
MS/MS run, chromatographic peaks and monoisotopic masses were
extracted and aligned. Specifically, chromatographic peaks were first
aligned by retention time and monoisotopic mass across each sample

by gel region. Next, intensities of monoisotopic masses found in
multiple gel regions (within a RT tolerance) of a sample were summed.
Peaklists with the monoisotopic mass and corresponding MS/MS
data were then generated for each sample and searched using Mas-
cot. Resultant peptide identifications were imported into Elucidator
and monoisotopic masses annotated with peptide identifications.
Statistical analysis of the dataset was performed using a Student’s t
test and peptides from the same protein were summed together to
provide fold changes for each protein identified. The verification da-
taset was searched using the same database and search engine
parameters as described above with a false discovery rate of 3.7% for
the verification set. Peak areas from peptides of targets that were
identified via the Mascot database search were subsequently deter-
mined by manual extraction and integration using the Qual browser in
the Xcalibur software (version 2.2) (ThermoFisher Scientific, Waltham,
MA). The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium (12) via the PRIDE partner repos-
itory with the dataset identifier PXD001387 and 10.6019/PXD001387.

Psoriasis Patient Population—Seven individuals with chronic moder-
ate to severe plaque psoriasis and six healthy controls were recruited
(age range 18–75 years) with inclusion criteria including the presence of
one or more well-demarcated, scaly, erythematous psoriatic plaques
not limited to the scalp. Individual patients had no systemic anti-

FIG. 1. Workflow summaries for the gel based label-free discovery and verification of target proteins approaches. Gel based label-free
discovery workflow: Lysates from control and KC-Tie2 mice were separated by 1D SDS-PAGE. Eight gel regions per sample were excised
resulting in 48 total regions. Each region was digested with trypsin individually and analyzed for a total of 48 LC/MS/MS runs. Proteins and
peptides were identified and quantified using Rosetta Elucidator software. This analysis yielded candidate proteins that were selected for
verification A. Verification of candidate proteins workflow: Tissue from four control and 4 KC-Tie2 mice was flash frozen in liquid nitrogen and
then cryo-pulverized in preparation for verification of identified candidate proteins. The pulverized tissues were then subjected to FASP and
analyzed individually by LC/MS/MS. Raw data files were searched using Mascot and target proteins were identified for verification. Peptides
from elected candidate proteins were manually quantified and fold-changes were determined, B.
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psoriatic treatments for 4 weeks and no topical treatments for 2
weeks prior to skin biopsy. Biopsy sites varied between psoriasis
patients depending on location of active plaques, whereas biopsies of
uninvolved and control skin were taken from the buttocks.

Informed consent was obtained from all subjects under protocols
approved either by the Institutional Review Board of the University of
Michigan or University Hospitals Case Medical Center/Case Western
Reserve University. Moreover, all aspects of the study were con-
ducted in compliance with good clinical practice and according to the
Declaration of Helsinki Principles.

Verification on Human Psoriasis Skin—RNA was isolated from har-
vested skin and qRT-PCR performed according to the manufacturer’s
instructions and as described previously (13) using the following
primer-probe sets KLK6 (Hs00160519_m1), Slc25a5 (Hs00854499_
g1), Rab18 (Hs00222021_m1), Cystatin A (CSTA; Hs00193257_m1),
and SerpinB1 (Hs00961948_m1; all Applied Biosystems, Grand Is-
land, NY).

Immunohistochemistry was completed on control human skin and
psoriasis patients’ uninvolved and involved lesional skin using primary
antibodies targeting human KLK6 (10 �g/ml; polyclonal, goat IgG;
R&D, Minneapolis, MN), human Slc25a5 (10 �g/ml, polyclonal, rabbit
IgG; Proteintech, Chicago, IL), Cystatin A (0.5 �g/ml, clone WR-23/
2/3/3, mouse IgG; Abcam, Cambridge, MA), SerpinB1 (1 �g/ml, poly-
clonal, rabbit IgG; Sigma-Aldrich), and Rab18 (5 �g/ml, polyclonal,
rabbit IgG; Novus Biologicals, Chicago, IL) following manufacturer’s
instructions.

Primary Human Keratinocytes—Control and psoriasis primary hu-
man keratinocyte (KC) cultures were established from adult skin (n �
5 each) and grown to confluence as previously described (13–16).
RNA was isolated (RNeasy, Qiagen, Germantown, MD), reverse tran-
scribed (High capacity RNA transcription kit, Applied Biosystems),
and qRT-PCR performed (Applied Biosystems, Grand Island, NY) as
described previously (13) using the same human primer-probe sets
described above.

RESULTS

To identify differentially expressed peptides in KC-Tie2
mouse skin (n � 3) compared with littermate controls (n � 3),
we used a gel-based label-free expression approach to re-
duce sample complexity by fractionation of the sample by
molecular weight over eight gel regions (Fig. 1). The regions
were selected to differentially fractionate multiple abundant
skin proteins, such as albumin, keratin, and myosin. This
allowed us to probe proteins of lower abundance, which
would otherwise have been difficult to detect in a combined
sample. This protocol resulted in high reproducibility across
all samples (supplemental Fig. S1), with good separation of
abundant proteins. Peptides were quantified using label-free
expression analysis by determining the intensity of the pre-
cursor ion and its retention time across each sample. The
isotopic pattern was integrated and a charge state was as-
signed to produce a unique signal for each peptide. Intensities
of peptides shared by the same protein were then summed
and a Student’s t test was performed to identify peptides
whose expression changed between control and KC-Tie2
mice. Overall, 5482 peptides mapping to 1281 proteins were
identified (supplemental Table S1 and http://proteomics.case.
edu/LabelFreePsoriasis/). Of these, 105 proteins had peptides
that exhibited intensity changes significant at the level of
p � 0.05 with overall protein fold-changes greater than 2.0

(supplemental Table S2 and http://proteomics.case.edu/
LabelFreePsoriasis/). Of the 105 differentially expressed pro-
teins, 14 had fold-change values reflecting a decrease in
expression, whereas 91 were increased (supplemental Table
S2). The proteins showing most significance (i.e. smallest p
values) included: Stefin A1, Slc25a5 ADP/ATP translocase 2,
Hsd17b10 3-hydroxyacyl-CoA dehydrogenase type-2,
Serpinb3b, Tgm3 77 kDA protein, and BC117090 cDNA se-
quence BC1179090, while decreases in Cacna2d1 Isoform 2B
of voltage-dependent calcium channel subunit alpha-2/del-
ta-1 and acox3 peroxisomal acyl-coenzyme A oxidase 3 were
observed. Although the calculated p value of KLK6 was not
significant (p � 0.2474), because of biological interest and the
overall fold change it was included as a protein target in our
verification study (Fig. 2).

Proteins were selected for verification based upon either
statistical or biological significance or correlation with mi-
croarray data (17–20) and included murine Stefin A1 (average
fold change 342.4; average p � 0.0082; cystatin A, human
ortholog); Solute Carrier Family 25 (Mitochondrial Carrier; Ad-
enine Nucleotide Translocator), Member 5 (average fold
change 46.2; average p � 0.0318; Slc25A5); Serpinb3b (av-
erage fold change 35.6; average p � 0.0345; serpinB1, human
ortholog); Ras-related protein (average fold change 4.9; aver-
age p � 0.0600; Rab18), and Kallikrein related peptidase 6
(4.7-fold change; average p � 0.2474; KLK6). In KC-Tie2
mouse skin, verification approaches included examining ex-
pression changes using qRT-PCR and performing label-free
targeted mass spectrometry analysis. The latter was pursued
to verify protein expression changes for two reasons. First, we
had identified detectible peptides with favorable ionization
efficiency in the discovery analysis and second, we were
limited by commercially available antibodies suitable for
Western blotting, therefore, an alternative MS-based ap-
proach was necessary. These confirmatory experiments were
followed up by examining changes in protein and gene ex-
pression of the identified targets in human psoriasis samples.

Using a distinct group of mice (n � 8 each group), we
performed qRT-PCR on the identified targets of interest, and
confirmed significant increases in four of the five identified
targets, including Serpinb3b (17.4-fold, p � 0.0001), KLK6
(9-fold, p � 0.002), Stefin A1 (7.3-fold; p � 0.001), Slc25A5
(1.5-fold; p � 0.05), and no change in expression of Rab18
(Fig. 3). Additionally, from a subset of these mice (n � 4),
newly isolated protein was subjected to LC/MS/MS analysis
using the FASP protocol for detergent cleanup as opposed to
the gel-fractionation method, to verify the targets identified in
the initial screen and confirmed as being increased at the RNA
level. Peptides were quantified in all samples for the verifica-
tion analysis. Of the five proteins selected for verification,
solution- based label-free analysis identified one peptide for
ADP/ATP translocase 2 (Slc25a5), two peptides for Stefin A1,
three peptides for KLK6 serine protease, and three peptides
for Rab18 (Table I). Overall, the solution-based method iden-
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FIG. 2. Discovery study using Rosetta Elucidator identifies highly significant differential protein expression between KC-Tie2 and
control mouse skin. Proteins showing the highest levels of significance between control (n � 3) and KC-Tie2 (n � 3) skin include increases
in Stefin A1, Slc25a5 ADP/ATP translocase 2, Serpinb3b, Tgm3 77 kDA protein, and BC117090 cDNA sequence BC1179090 and decreases
in Cacna2d1 Isoform 2B of voltage-dependent calcium channel subunit alpha-2/delta-1, acox3 peroxisomal acyl-coenzyme A oxidase 3. * The
calculated p value of KLK6 was not significant (p � 0.2474). However, because of biological interest and the overall fold change it was included
as a protein target in our verification study.

FIG. 3. Candidate molecules identified from the gel-based label-free expression experiments are verified at the RNA level in control
and KC-Tie2 mouse skin using qRT-PCR. qRT-PCR results for control (n � 8) and KC-Tie2 (n � 8) mice verified significant increases in
Serpinb3b, KLK6, Stefin A1, and Slc25a5. No significant change in gene expression of Rab18 was observed (* p � 0.05).
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tified 1544 proteins (6775 peptides). This total was larger than
the number seen in the gel-based method (1281 proteins,
5482 peptides) presumably because of two factors; first, lon-
ger gradients were used in the solution-based LC/MS; and
second, the Orbitrap Elite was used as the MS instrument
rather than the Velos. Nonetheless, comparable numbers of
peptides for the proteins selected for verification were ob-
served with a total of nine identified in the solution-based
verification and 12 identified in the gel-based discovery data-
set. We observed an increase in protein coverage for KLK6
using the solution based method with three peptides identi-
fied in the verification and one identified in the initial discovery
analyses. However, we were unable to detect any peptides
specific to Serpinb3b using the solution-based workflow.
Overall, there was a 50% overlap in peptide identifications for
target proteins between the discovery and verification ana-
lyses with six of the initial 12 peptides identified in the verifica-
tion. Using the peptide intensities we detected in the verification
assay to infer protein changes, we observed increases in the
average protein intensity of KC-Tie2 psoriasiform animals and
control mice to be �1.3-fold for Slc25a5, �29,000-fold for
Stefin A1, and �322-fold for KLK6. Rab18 showed an increase
but it was not significant (4.9-fold; Table 1).

To emphasize the utility of a preclinical mouse model and
our label-free proteomic screening approach in the identifica-
tion of potential novel targets directly translatable to human
psoriasis, we next examined the expression of our five target
molecules in psoriasis patient skin and primary keratinocytes
expanded from patient skin. In accord with our observations
in mouse skin, we found significant increases (p values all �

0.05) in gene expression between healthy controls (NN)1 and
involved lesional psoriasis skin (PP) for SerpinB1 (76-fold),
KLK6 (5.8-fold), Cystatin A (3-fold), and Slc25a5 (�1.8-fold)
but no significant change in Rab18 (Fig. 4). These increases in
gene expression were also observed in primary keratinocytes
expanded from involved lesional psoriasis skin, where we
observed a �7.8-, �4.7-, and �2.4-fold increase in SerpinB1
(p � 0.02), KLK6 (p � 0.02), and Cystatin A (p � 0.07),
respectively (Fig. 5) compared with control keratinocytes ex-
panded from skin biopsies obtained from individuals without
skin disease. No significant change was observed for Slc25a5
or Rab18.

The final critical confirmation of changes in these proteins in
psoriasis patient skin was completed using skin biopsies and
in situ immunohistochemical (IHC) staining approaches. All
five proteins were increased in lesional (PP) psoriasis skin
compared with normal skin (NN); each with a unique staining
pattern (Fig. 6). SerpinB1 was expressed in normal skin epi-
dermis by basal keratinocytes and peri-vascular cells and this
expression did not change between NN and nonlesional pso-
riasis (PN) skin. In PP skin, staining was increased in all layers
of the proliferating epidermis and was no longer confined to
the basal layer. KLK6 levels were very low in NN and PN skin;

1 The abbreviations used are: NN, normal skin; PN, nonlesional
psoriasis skin; PP, lesional psoriasis skin; KC, keratinocyte; Rab18,
Ras-related protein 18; KLK6, kallikrein related peptidase 6; Slc25a5,
Solute Carrier Family 25 (Mitochondrial Carrier; Adenine Nucleotide
Translocator), Member 5; qRT-PCR, quantitative reverse-transcrip-
tase PCR; LC/MS, Liquid chromatography–tandem mass spectrom-
etry; ABC, ammonium bicarbonate; IPI, International Protein Index.

TABLE I
Candidate molecules identified from the gel-based label-free expression experiments are verified at the protein level in control and KC-Tie2
mouse skin. Fold- changes are computed for peptides identified in control and KC-Tie2 mice of candidate proteins. An imputed intensity value

of 1000 was used in samples for which the target peptide mass was not observed.
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however, modest increases in KLK6 staining was seen in the
endothelium of dermal blood vessels (arrows in Fig. 6) in PN
skin; and this staining increased in the dermal vasculature of
PP skin, specifically between the rete pegs (arrows in 6); KLK6
staining was strongly evident in the upper layers of keratino-
cytes in the epidermis. Cystatin A IHC in NN skin labeled the
most apical keratinocytes in the epidermis, confined to a
single layer of cells at the outer most terminally differentiated
region. Similar staining was observed in PN skin. In PP skin,

increased numbers of keratinocytes stained positive for Cys-
tatin A in the apical layers of the epidermis and with greater
intensity, and staining was also seen in keratinocytes deep in
the rete pegs (asterisks in Fig. 6). Slc25a5 was expressed in
the epidermis of healthy skin by keratinocytes and this level
did not change between NN and uninvolved nonlesional pso-
riasis (PN) skin. In PP skin, Slc25a5 was increased in the
proliferating epidermis and was also evident in infiltrating
immune cells abundant in the inflamed dermis. Rab18 was

FIG. 4. Translation to human psoriasis verifies the increases in candidate molecules identified using proteomic assessment of the
KC-Tie2 mouse model. Using qRT-PCR we confirmed significant increases in mRNA for SerpinB1 (the human ortholog of Serpinb3b), KLK6,
Cystatin A (the human ortholog of Stefin A1), and Slc25a5; and a lack of change in Rab18 between healthy control skin (NN) and involved
lesional psoriasis skin (PP; *p � 0.05). No significant differences were observed between nonlesional psoriasis skin (PN) and NN skin.

FIG. 5. Human psoriatic keratinocytes express higher levels of candidate gene transcripts compared with healthy control kerati-
nocytes. Primary keratinocytes were isolated and grown from skin of healthy controls (NN; n � 5) and involved lesional psoriasis skin (PP; n �
5) and gene expression measured and normalized to RPLPO. Significant increases (*p � 0.05) were observed for SerpinB1 and KLK6 and
modest increases in Cystatin A (� p � 0.07) indicative of keratinocytes serving as a key cellular source of each molecule. No increases were
observed for Slc25a5 and Rab18.
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present in epidermal keratinocytes and blood vessel endothe-
lial cells in healthy skin, and levels remained unchanged in
uninvolved nonlesional psoriasis (PN) skin. Staining intensity
remained consistent in involved lesional skin, confined to
keratinocytes and vascular cells, however, protein levels ap-
peared to increase, perhaps reflective of the presence of more
keratinocytes and blood vessels in lesional psoriasis skin (Fig.
6). Non-specific staining related to antibody host IgG was
controlled by performing separate IgG control staining at
matching concentrations and development times for each
primary antibody (supplemental Fig. S3).

DISCUSSION

We utilized a gel-based label-free MS proteomic approach
to fractionate and identify differentially expressed proteins in
the skin of an established mouse model of psoriasis, the
KC-Tie2 mouse (7, 21). We identified 5482 peptides that
mapped to 1281 proteins, of these, 105 proteins were either
increased or decreased by more than twofold in KC-Tie2 skin.
We then verified increases in serpinb3b, KLK6, stefin A1, and

Slc25A5 at the mRNA and protein levels using a second
cohort of mice. Importantly, we confirmed these proteins were
increased in lesional skin from psoriasis patients, demonstrat-
ing the ability and translational relevance of identifying novel
proteins in a mouse model and then confirming these changes
in human disease. This approach permitted an unbiased com-
parison of over 1200 skin proteins using readily available
mouse skin; and demonstrates the utility of proteomic ap-
proaches for identifying proteins of interest in human disease
using a bench-to-bedside approach. Further proteomics anal-
ysis of similarly prepared samples could assess protein re-
sponse following anti-psoriatic treatments well as changes in
potential post-translational modifications significant to disease.

Previous proteomic approaches for studying skin have
used both human and mouse tissue (22–24) and have exam-
ined chronic plaque psoriasis (25–27). An early manuscript
(24) utilized MALDI-TOF to study skin from Balb/c and C3H/
HeN mice in order to identify proteins from different skin
regions and different skin compartments. They identified 28
proteins, 25 of which were expressed in the epidermis where
the majority of proteins identified included keratins (K10, K14,
and K15), albumins, and myosins; abundant essential proteins
of the epidermal compartment. They failed to identify any
integral membrane proteins or signaling molecules and attrib-
uted this to solubility constraints and difficulties with extrac-
tion, as well as the inability to detect less abundant proteins,
membrane associated proteins, and proteins with extreme pI
values based on their 2D approach. More recent studies (22)
sought to examine differences between human leg and breast
skin. Using a combination of laser microdissection and MS,
they identified differences in protein content based upon an-
atomical location. An abundance of collagens, keratins, and
cellular proteins similar to those previously reported were
identified and were typically related to the extracellular matrix.
Eleven highly expressed proteins were identified in leg skin
that were absent from breast tissue, including two collagen
isoforms, an isoform of elastin, annexin A5, desmoglein 1,
histone H2A.V, tubulin beta-2C chain, serum amyloid P-com-
ponent, an isoform of fibrinogen alpha chain, and several
uncharacterized proteins. Little difference in the proteomes
between the reticular and papillary dermis were observed (22).

Proteomics approaches have also been used to study and
identify differentially expressed proteins between healthy skin
and nonlesional and/or lesional psoriasis skin. An initial study
(23) examined fluid proteins collected from clinically induced
suction blisters from normal and nonlesional psoriasis skin
following intradermal IL-1� exposure using 2D gel electropho-
resis (PAGE) proteomic profiling (MALDI-TOF). Only nine pro-
teins were identified as different between one psoriasis pa-
tient and one healthy control, and included ceruloplasmin
precursor, apolipoprotein A1, vitamin D binding protein (DBP),
haptoglobin, and endoplasmic reticulum luminal protein 28.
More recent work (26), also attempting to identify differential
expressed proteins in psoriasis skin, modified their tissue

FIG. 6. Candidate proteins identified from gel-based label-free
expression analyses of KC-Tie2 mouse skin are increased in
lesional psoriasis patient skin. Immunohistochemistry of SerpinB1,
KLK6, Cystatin A, Slc25a5, and Rab18 in normal control skin (NN),
and uninvolved (PN) and lesional involved (PP) psoriasis skin reveals
increases in protein staining in PP skin. Arrows indicate blood vessel
staining; asterisks’ indicate staining deep in the rete pegs.
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collection approach to reduce the cellular and proteome com-
plexity. Using a keratome approach, they focused on isolating
epidermal tissues, using the logic that decreasing sampling
depth (they only went to 0.5 mm depth) would reduce the
cellular and proteome complexity. Albeit true, this approach
also biases the proteins that will be identified, and because
psoriasis is an immune-centric disease, this approach may
not necessarily identify proteins critical to disease pathogen-
esis. Moreover, they also enriched the “secretome” by short-
term culture of dissociated tissue to enhance their analysis.
Stable isotope dimethyl labeling was then used to identify 128
proteins, 59 of which were ranked as possibly important
based on their prior scaling system; including 22 proteins that
previously had an association to psoriasis, including FABP,
S100A7, CRABP2, and IL-1F9, and 36 proteins which had not
been described in psoriasis skin, including gasdermis A,
PA2G4, CRB1, and CRB3. One additional group has reported
protein differences in psoriasis versus healthy controls using a
proteomic approach; Ryu and colleagues (25) used 2D LC/
MS/MS approach to examine nonlesional and lesional psori-
asis skin and identified 74 and 145 differently expressed
proteins compared with healthy control skin (respectively) and
grouped these broadly using GO and IPA analytic tools. The
peptides identified were all epidermal derived, with many
redox-specific peptides reported. Of particular relevance to
the results we present here, was the identification across
many studies of psoriasis-associated increases in serine pro-
tease inhibitors, Serpins (25–27).

Multiple -omic based approaches for studying differences
in psoriasis patient skin and serum are widely reported, and
include cytokine profiling, transcript array analyses, and
RNAseq; however, very few studies have examined psoriasis
at the proteome level. In addition to those mentioned above,
a study evaluating acute guttate versus chronic plaque pso-
riasis (28) as well as several original papers studying protein
expression differences from epidermal keratinocytes from in-
volved psoriasis skin (29, 30) have appeared; however, global
proteomic analyses of psoriasis skin is still rather uncommon
compared with the abundant gene expression based ap-
proaches (see a meta analyses of genomics approaches (20)).

Our approach utilized a well-established mouse model of
psoriasis, providing readily available and abundant levels of
full-thickness skin for sensitive nano-proteomic analyses. We
identified more than 1200 proteins with differentially ex-
pressed peptides many with biological functions of interest in
psoriasis; from these over 100 proteins were changed �two-
fold comparing lesional to healthy skin. Both gel- and solu-
tion-based methods (Fig. 1) were effective for probing a wide
range of proteins with excellent relative quantification of pep-
tide isoforms in a label-free workflow. An efficient detergent
removal approach, coupled with long liquid chromatography
gradients using ultra-high pressure liquid chromatography,
was effective for probing the skin proteome. For coverage
beyond 1200–1500 proteins identified in this study, a combi-

nation of the fractionation-based method and long gradients
using the FASP protocol would likely be recommended. How-
ever, each method showed acceptable quantification vari-
ances suitable for both proteomics discovery and targeted
validation of proteins of interest.

Increases in serpins, cystatin, and kallikreins, representing
biological proteases or protease inhibitors known to contrib-
ute to inflammation and to inflammatory skin diseases, includ-
ing Netherton syndrome, atopic dermatitis, rosacea, and oth-
ers were identified in the discovery set. Our ability to identify
increases initially in mouse skin, and then verify the increase
in psoriasis lesional skin from patients, provides further proof
of the translational ability of proteomics and takes better
advantage of access to human skin, which can be difficult to
obtain in sufficient quantity, and specific to a diseased state,
such as psoriasis, for a full proteomic screen with accurate
quantitation.

Recent findings have identified key functions for proteases
(like KLK6, cathepsins), protease-inhibitors (serpins, cystatin)
and protease targets (keratinocytes, endothelial cells, process-
ing of fillagrin, desquamation, antimicrobial defense, activation
of receptors, and cytokines) in inflammatory skin diseases (for
review see (31)). Serine protease inhibitors (SERPINS) are in-
volved in epidermal permeability barrier homeostasis; ser-
pinB1 (serpinb3b in mouse) is a protease inhibitor and is
known to be anti-apoptotic (31). Cystatin A is known to have
antimicrobial properties, is an epidermal protease and a skin
barrier gene and is an early differentiation marker of keratino-
cytes. Interestingly, cystatin A is one of the candidate genes in
the PSORS5 susceptibility locus for psoriasis (32); and it has
been suggested that the cystatin A risk allele confers a 100-
fold increased risk for developing psoriasis (33). The identifi-
cation of cystatin in lesional mouse skin using an unbiased
free label approach provides an added validation of the KC-
Tie2 mouse model and allows us to examine newly identified
peptides to determine what their importance may be specifi-
cally in human psoriasis.

KLK6 was also increased in KC-Tie2 mouse skin and le-
sional psoriasis skin; and appears to increase in the endothe-
lium of nonlesional psoriasis skin, preceding significant
changes in skin anatomy characteristic of psoriasis. KLKs are
secreted proteases (34), with KLK5, 7, 8, and 14 being the
most well understood (35, 36), specifically for their role in
other skin diseases such as Netherton syndrome (KLK5) (37)
and wound healing (KLK7 and 8) (38). Less is known about
KLK6, although its regulation in psoriasis at the transcript level
(17–20) and its quick response to therapeutics is also well
documented (39). We present data demonstrating early in-
creases in KLK6 protein expression in the vasculature of
uninvolved psoriasis skin; which further increases in both the
keratinocytes of the epidermis and the immune cell infiltrate of
lesional skin. A recent report (40) demonstrates KLK6 in-
creases in response to stimulation of organotypic epidermal
cultures with a cytokine mixture of IFN-�, IL-3, and GM-CSF.
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In summary, we present data demonstrating a discovery-
based, in-gel, label-free expression platform suitable for iden-
tifying differentially-expressed proteins in the skin of a mouse
model of psoriasis and in the lesional skin of human psoriasis.
We identified and verified in both the KC-Tie2 mouse model and
psoriasis patient skin significant increases in the proteins ser-
pinB1 (serpinb3b), KLK6, cystatin A (stefin A1), and slc25a5.
These results demonstrate the usefulness of mouse models and
proteomic approaches for identifying novel peptides/proteins
that are differentially regulated in human psoriasis.
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