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Abstract

Callus samples from the ball and the arch of the foot, collected on tape circles, were compared by
shotgun proteomic profiling. Pachyonychia congenita subjects were sampled who exhibited a
mutation in KRT6A, KRT6B, KRT6C, KRT16 or KRT17, and the proteins were digested and
analyzed by tandem mass spectrometry. In comparison with samples from unaffected control
subjects, those from subjects with KRT6A or KRT16 mutations displayed the most differences in
profile from normal, while those from subjects with KR76C or KRT17 mutations showed few
differences from normal. The profiles from subjects with KR76B8 mutations were intermediate in
protein profile differences. Degree of departure from the normal profile could be estimated by
expression of numerous proteins in callus from the ball of the foot that were consistently different.
By contrast, the protein profile from the arch of the foot was hardly affected. The results provide a
foundation for noninvasive monitoring of the efficacy of treatments with quantitative assessment
of departure from the normal phenotype.
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1. Introduction

Pachyonychia congenita (PC) is characterized by palmoplantar keratoderma and
abnormalities of the nail unit, generally appearing within the first decade of life [1]. Other
symptoms can include mucosal leukokeratosis, follicular hyperkeratosis, cysts, hoarseness,
hyperhidrosis and natal teeth [2]. The most important feature affecting the quality of life is
the pain associated with plantar hyperkeratosis, which can severely restrict mobility, and the
abnormal appearance of the nail unit has a negative impact, particularly in adolescence [3].
Genetic testing has led to recognition that the syndrome results from a mutation in KR76A,
KRT6B, KRT6C, KRT16 0or KRT17[4]. The mutation is transmitted in an autosomal
dominant fashion, representing a gain of function, such as interfering with keratin filament
formation, demonstrated for a mutation in KR76C [5], and loss of barrier integrity. However,
the observation that KrzZ6 null mice exhibit palmoplantar keratoderma point to a possible
additional, recessive origin for this syndrome [6] not yet obvious in humans.

Protein profiling is now capable of demonstrating major perturbations in epidermis and
corneocytes from mouse models of genetic defects [7-9]. Such analysis has shown that the
profile of human lamellar ichthyosis epidermis with defective TGML1 is distinct from normal
and preserved upon grafting to the mouse [10]. They also permit distinguishing the profiles
of lamellar ichthyosis from ichthyosis vulgaris and normal epidermis [11]. Initial application
to PC, generally supporting findings obtained by DNA microarray, indicate that mutation of
KRTB6A leads to readily detectable perturbations in levels of several keratins and other
proteins [12]. Present work explores the perturbations more generally in plantar epidermis
among PC subjects for possible applications to understanding the disease pathogenesis and
to assessment of treatment.

2. Materials and methods

2.1 Sampling

Subjects (6 normal controls, 9 with KRT6A mutations, 5 with KR768 mutations, 3 with
KRT6C mutations, 10 with KRT16 mutations, 5 with KR717mutations; see supplementary
Table S1) were recruited with informed consent by the Pachyonychia Congenita Project
(http://pachyonychia.org). In their own homes, subjects wiped with alcohol the areas of the
foot sole to be sampled. After air drying, each site was sampled (applied using tweezers and
pressed against the skin with circular motion using a gloved finger) with three 22 mm
diameter D-Squame Pro tape circles (CuDerm Corp, Dallas, TX). The most superficial layer
of corneocytes adheres to the adhesive on the bottom of each tape circle. Unaffected areas
(no blisters/calluses) in the arch region and affected areas (with blisters/calluses) from the
ball of the foot were sampled from the same subjects. Normal subjects sampled the same
regions. The three circles for each site were placed in a new 15 ml plastic sterile cell culture
centrifuge tube (two tubes per subject) and the cap was tightly affixed. The samples were
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collected from subjects by the Pachyonychia Congenita Project and mailed together to the
University of California Davis for processing and analysis.

2.2 Sample processing

After the tape circles (three per site) were immersed in 2% SDS — 0.1 M sodium phosphate
(pH 7.8) for a day, the eluted corneocytes were collected by centrifugation and rinsed twice
with water. The pellets were rinsed with 2% sodium dodecanoate — 50 mM ammonium
bicarbonate, resuspended in 0.5 ml of this buffer adjusted to 25 mM dithioerythritol, heated
10 min in a 95°C water bath and incubated at room temperature with stirring for 45 min.
Samples were then stirred at room temperature for 45 min in the dark after addition of
iodoacetamide to 50 mM. The pH was adjusted to 3 with 8 pl of trifluoroacetic acid, and the
samples were extracted three times with ethyl acetate. The pH was then adjusted to 8 with
2.5 pul of ammonia and 25 ul of 1 M ammonium bicarbonate, after which were added 20 g
of reductively methylated bovine trypsin daily, and the digest was gently stirred
magnetically for a total of three days. The digests were then clarified by centrifugation and
submitted for mass spectrometric analysis.

2.3 Mass spectrometry

Digested protein samples were block randomized into 10 blocks, and the digested peptides
were analyzed by LC-MS/MS on a Thermo Scientific Q Exactive+ Orbitrap Mass
spectrometer in conjunction with a Proxeon Easy-nLC Il HPLC (Thermo Scientific) and
Proxeon nanospray source. Peptides were loaded on a 100 micron x 25 mm Magic C18
100A 5U reverse phase trap where they were desalted online before being separated using a
75 micron x 150 mm Magic C18 200A 3U reverse phase column. Peptides were eluted using
a 120 minute gradient with a flow rate of 300 nl/min. An MS survey scan was obtained for
the m/z range 350-1600, MS/MS spectra were acquired using a top 15 method, where the
top 15 ions in the MS spectra were subjected to HCD (High Energy Collisional
Dissociation). An isolation mass window of 2.0 m/z was employed for precursor ion
selection, and normalized collision energy of 27% was used for fragmentation. A five
second duration was used for dynamic exclusion.

2.4 Database searching

Tandem mass spectra were extracted by Proteome Discoverer version 1.2. Charge state
deconvolution and deisotoping were not performed. All MS/MS samples were analyzed
using X! Tandem (The GPM, thegpm.org; version X! Tandem Sledgehammer,
2013.09.01.2). X! Tandem was set up to search the NCBI human refseq database (Feb 2015)
and all non-human common laboratory contaminants (http://www.thegpm.org/crap/) and an
equal number of reverse sequences (144593 entries total) assuming the digestion enzyme
trypsin. X! Tandem was searched with a fragment ion mass tolerance of 20 PPM and a
parent ion tolerance of 10.0 PPM. 57.021464@U of selenocysteine and carbamidomethyl of
cysteine were specified in X! Tandem as fixed modifications. Glu->pyro-Glu of the N-
terminus, ammonia-loss of the N-terminus, GIn->pyro-Glu of the N-terminus, deamidation
of asparagine and glutamine, oxidation of methionine and tryptophan and dioxidation of
methionine and tryptophan were specified in X! Tandem as variable modifications.
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2.5 Criteria for protein identification

Scaffold (version Scaffold_4.7.5, Proteome Software Inc., Portland, OR) was used to
validate MS/MS based peptide and protein identifications. Peptide identifications were
accepted if they could achieve a peptide threshold of 97% using Scaffold’s LFDR algorithm
and protein identifications were accepted if they contained at least two peptides at this
threshold. This resulted in an overall peptide decoy FDR of 0.0% and a protein decoy FDR
of 0.7%. Proteins that contained similar peptides and could not be differentiated based on
MS/MS analysis alone were grouped to satisfy principles of parsimony. Proteins sharing
significant peptide evidence were grouped into clusters, where spectral counts were adjusted
for shared peptides. Spectral counts of exclusive peptides (present in only one protein) were
compiled and compared to the weighted counts (adjusted according to the number of other
proteins sharing the same peptide sequence) to permit removal of a small fraction of the
proteins with many more weighted than exclusive counts and thus not certain to be present.
The Scaffold file containing all the peptide data used in the analysis is available on the
MassIVE repository (http://massive.ucsd.edu) MassIVE ID = MSV000080891.

2.6 Statistical analysis

3. Results

Proteins or clusters with an average count less than 1 across samples were filtered prior to
analysis. Count data were transformed using a variance stabilizing transformation for
negative binomial data, which takes the form fg(x) = In [x + (x2 + x/6)%> + 1/26]. This
transformation, when 8 is selected to minimize the correlation between the variance and
standard deviation of the transformed data, removes mean-variance dependency from the
data so that they may be analyzed assuming constant variance across the range of the data.
Data were then analyzed using the Bioconductor package for gene expression analysis
limma [13], which fits linear models to each protein separately then applies empirical Bayes
shrinkage to the estimated variances in order to increase power. The linear model used
included effects for location, genotype, and their interaction, and a random effect for subject
in order to address sample pairing. Tests for differences between genotypes in arch samples,
in ball samples, and in general were conducted as contrasts of this model. The application of
the above transformation to RNA-Seq data is discussed in Rocke et al. (http://biorxiv.org/
content/biorxiv/early/2015/06/11/020784.full.pdf). The overall analysis approach is similar
to that called “limma-trans™ in [14], which employs the variance stabilizing transformation
from the DESeq RNA-Seq analysis package [15]. Analyses were conducted using R, version
3.1.3[16].

To provide a baseline for comparisons among samples, since epidermal profiles differ at
anatomic sites [11], the profiles of the ball and arch of the foot were compared among
normal control subjects. Of the 173 proteins subjected to statistical analysis, 20 were seen to
be significantly different in pairwise comparisons (Figure 1A). Of these, K10 and K14/16
were highly prevalent, with spectral counts an order of magnitude greater than the rest. The
weighted spectral counts for K10 were only half as high in samples from the ball of the foot
as in samples from the arch, whereas the counts of K14/16 were twice as high in the ball as
in the arch samples. The high variance among the samples analyzed, as seen in Figure 1B,
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reflects the considerable variability in profile among individuals, as noted previously [11].
While K14 and K16 were analyzed as a cluster due to their shared peptides, they exhibited
parallel differences between arch and ball of the foot as seen by analysis of their exclusive
peptides (Figure 1C). These results, consistent with our previous study of different
epidermal sites, indicate that comparison of the normal and PC samples are best conducted
comparing the same anatomic site.

To detect differences from normal and among the various mutation categories, protein
profiles for the ball of the foot from control and PC patients, aggregated by keratin mutation,
were subjected to two way comparisons. As shown in Table 1A, samples from subjects with
KRT6A or KRT16 mutations showed wide divergence in protein profile from samples
provided by normal controls subjects. While ~100 of the 173 proteins analyzed differed
significantly in spectral counts in two way comparisons with normal, samples from subjects
with the KRT6A or KRT16 mutations differed little from each other. By contrast, samples
from subjects with mutations in KR76C or KRT17 exhibited few differences in two way
comparisons with normal (2 or 4, respectively), and also did not show differences from each
other. Samples from subjects with KR768 mutations displayed an intermediate number of
differences in two way comparisons with normal (36), a small number of differences from
samples with KRT6A and KR716 mutations (7 or 6, respectively) and none from samples
provided by individuals with KR76C and KRT17mutations. By contrast, as shown in Table
1B, few proteins differed in the two way comparisons of arch samples from control and PC
subjects.

As suggested by the results above, samples from subjects with different keratin mutations
showed considerable overlap in proteins by which they differed from normal controls. To
find the degree to which this was the case, the proteins that differed were compared. As
shown in Table 2, comparison of the profiles showed that most of the proteins differing from
normal in samples from subjects with mutant KR76A and KR716 were the same (90).
Similarly, virtually all of the proteins differing from normal from subjects with KR768 and
KRT6C mutations were also different in those from samples with KR76A and KTR16
mutations. The few differences from normal observed in samples with KR717mutations (4)
were seen to varying extents in the other samples (0-4).

Among the proteins with the largest absolute differences in expression level between normal
and diseased were certain keratins that were expressed at high levels. In samples mutated in
KRT6A, KRT6B and KTR16, as shown in Figure 2, K1 and K9 levels were suppressed
approximately by half, while K14/16 levels were stimulated two fold and K73 (though much
lower in spectral counts) was stimulated 3—4 fold. (The differences in relative number of
spectral counts are shown in Figure S1.) Although not statistically significant in most cases,
differences in expression level in the same direction were noted for samples with mutant
KRT6Cand KRT17. In all cases, as judged by exclusive spectral counts, differences seen in
expression levels of K14 and K16 were parallel to the value for the cluster. However, the
degrees of difference from normal in K16 in each case were nearly double those seen in
K14,
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Of the proteins judged significantly altered in samples from subjects with KR76A and
KRT16 mutations, 8 were judged to be lower in expression level than normal. In addition to
K1 and K9 illustrated in Figure 2, the other 6 (CDSN, DSC1, CAT, ECM1, DCD2, DSG1)
are illustrated in Figure 3A. Although not significantly altered in samples with KR7685,
KRT6C and KRT17mutations, a trend was evident where the values were noticeably lower
than in control samples. To examine whether a corresponding trend was evident in proteins
with higher expression levels in PC samples, 15 of the proteins with the highest deviations
from normal were examined. As shown in Figure 3B-3D, a gradient was apparent where the
degree of deviation was lower in the direction of KRT16, KRT6A, KRT6B, KRT6C and
KRT17. The differences are illustrated as fold change from control in Figure 3 and in
relative numbers of spectral counts in Figure S2.

4. Discussion

Understanding the molecular basis of the keratinopathies was greatly facilitated by findings
that mutant keratins can disrupt the cytoskeletal network in cell culture [17] and in
transgenic mice [18]. From such observations in many laboratories [19], the keratin
cytoskeleton is demonstrably critical for structural stability within keratinocytes. Through
interactions with desmosomes, keratins are important for proper intercellular adhesion, and
they are major participants in cross-linked envelope formation [8, 9]. Such work helps
understand how impairment of the barrier function could rationalize development of the
observed keratoderma in PC [20].

A simple hypothesis to rationalize the sites that are most affected by PC mutations is that the
affected keratins are most highly expressed at those sites [4]. Relative levels of different
proteins are not easily judged from spectral counts, especially in view of substantial peptide
sharing in K6A, K6B and K6C. Estimates using iBAQ values from Maxquant intensity data
indicate that K9 and K1 together account for over half the total protein in callus from the
ball of the foot (Table S2), while K6a, K6b, Kéc, K16 and K17 each account for an order of
magnitude less protein. However, levels in the basal and spinous layers may differ
considerably from those observed in the superficial callus. Consistent with PC symptoms
commonly showing effects on nail plate, proteomic profiling of the latter from human finger
reveals similar or slightly higher levels of K17 compared to K6 and K16 [21]. In any case,
that mutations in KR76C and KRT17 produce few alterations in protein level in the ball of
the foot in this study is consistent with observations that these mutations often have milder
clinical effects.

The significance of the present proteomic profiling results is unclear for understanding the
generation of severe plantar pain in PC, which may be as important for mutations in KR717
as in KRT6A [22]. This difficulty may reflect the participation by keratins in various
signaling pathways and in cell migration [23] or keratin-specific feedback mechanisms.
Deletion of some keratins can lead to oxidative stress, to which perturbation of certain
signaling pathways [24] and alteration of mitochondrial lipids and protein may contribute
[8]. Whether such perturbation leads to pain sensitization in the epidermis and, if so, how
(e.g., secretion of neurotrophic factors), or whether an effect on the skin architecture is
involved, is unknown [25].
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5. Conclusion

Despite a lack of direct relevance to pain generation, proteomic profiling could provide a
quantitative foundation for judging effectiveness of treatment regimens [12]. As observed in
other proteomic studies of epidermis [9] and hair [26], changes in a single gene can
profoundly alter the protein profile. Indeed, alterations in the profiles are distributed among
many protein functional categories in the cell. For the present purpose, observed
perturbations of many proteins, including K1, K9, K16 and K73 are available for
noninvasive monitoring using tape circles as demonstrated here. Moreover, since inter-
individual differences can be quite large in population studies such as this one, sampling of
single individuals for this purpose could provide more dramatic shifts as the treated
epidermis approaches a normal phenotype than the averages reported here.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Pachyonychia congenita is an orphan disease in which the connection between the basic
defect (keratin mutation) and debilitating symptoms (severe plantar pain) is poorly
understood. Present work addresses the degree to which the protein profile is altered in
the epidermis where the severe pain originates. The results indicate that the mutated
keratins differ greatly in the degree to which they elicit perturbations in protein profile. In
those cases with markedly altered protein levels, monitoring the callus profile may
provide an objective measure of treatment efficacy.
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. Protein profiles of the arch and ball of the foot were distinguishable.
. The KRT mutations had little effect on protein profile of the arch.
. Samples of ball of the foot with mutated KR76A or KRT16 had many protein

. Samples with mutated KR76A or KRT16 exhibited many perturbations in

. Samples with KRT6C or KRT17had few protein alterations.

Highlights

alterations.

common.
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Arch

Ball

Comparison of profiles of the arch and ball of the foot in 6 normal subjects. (A) Ratios of
weighted spectral counts (fold difference) from ball to arch samples among the 20 proteins
judged significantly different in aggregate analysis. (B) Weighted spectral counts of K10 and
K14/16 (bold in the X-axis of panel A) in the arch and ball of the foot. (C) Exclusive counts

of K14 and K16 in the arch and ball of the foot.
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Fig. 2.

*

KRT17

Relative keratin expression levels as a function of keratin mutation. The fold change
observed in samples from each of the 5 PC groups (keratin mutations in the horizontal axis)
to those in control samples are shown for K1, K9, K14/16 and K73. Asterisks indicate the

ratios significantly different from control (dashed line at the value of 1).
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Fig. 3.
Relative expression levels of various proteins as a function keratin mutation. Keratin

mutations are listed on the horizontal axis. Fold difference in the vertical axis gives the ratio
of weighted spectral counts in samples with the indicated mutations compared to control.
(A) Proteins with lower levels in PC samples. (B-D) Proteins with higher levels in PC
samples. Asterisks indicate the ratios significantly different from control (value of 1).
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Table 2

Number of proteins with shared differences from normal samples (ball).

KRT16
KRT6A
KRT6B
KRT6C

KRT6A KRT6B KRT6C KRT17

90

35
36

2 2
2 4
2 2

0
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