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IMPORTANCE Linear porokeratosis features linear and whorled configurations of keratotic

papules and plaques, with coronoid lamellae present on histologic examination. Because

linear porokeratosis manifests in the lines of Blaschko representing the dorsoventral

migration patterns of keratinocyte precursors, it has been suggested that postzygotic somatic

mutation underlies the disease. However, no genetic evidence has supported this hypothesis

to date.

OBJECTIVE To identify genetic mutations associated with linear porokeratosis.

DESIGN, SETTING, AND PARTICIPANTS Pairedwhole-exome sequencing of affected skin and

blood/saliva samples from 3 participants from 3 academic medical centers with clinical and

histologic diagnoses of linear porokeratosis.

INTERVENTIONS OR EXPOSURES Whole-exome sequencing of paired blood/saliva and

affected tissue samples isolated from linear porokeratosis lesions.

MAIN OUTCOMES ANDMEASURES Germline and somatic genomic characteristics of

participants with linear porokeratosis.

RESULTS Of the 3 participants, 2 were male. Participant ages ranged from 5 to 20 years old.

We found a combination of a novel germline mutation and a novel somatic mutation within

affected tissue in all cases. One participant had a germline heterozygous PMVK c.329G>A

mutation and a somatic copy-neutral loss of heterozygosity confined to the lesional skin,

while a second had a germline heterozygous PMVK c.79G>Tmutation and an additional PMVK

c.379C>Tmutation in the lesional skin. In a third participant, there was a germline splice-site

mutation inMVD (c.70 + 5G>A) and a somatic deletion inMVD causing frameshift and

premature codon termination within the lesional skin (c.811_815del, p.F271Afs*33 frameshift).

CONCLUSIONS AND RELEVANCE Our findings suggest that linear porokeratosis is associated

with the presence of second-hit postzygotic mutations in the genes that encode enzymes

within themevalonate biosynthesis pathway, and provide further evidence that the

mevalonate pathwaymay be a potential target for therapeutic intervention in porokeratosis.
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P
orokeratosis is a disorder of keratinization tradition-

ally classified into 5main variants basedon clinical ap-

pearance: porokeratosis of Mibelli, disseminated su-

perficial actinicporokeratosis (DSAP),disseminatedsuperficial

porokeratosis (DSP), porokeratosis palmaris et plantaris dis-

seminata, and linear porokeratosis (LP).1 Other rarer types of

presentation such as porokeratosis ptychotropica, solar fa-

cial porokeratosis, and porokeratoma have been described

as single presentation or part of themain clinical variants. All

variants share the histopathological feature of a cornoid

lamella, a vertical column of parakeratosis situated above

dyskeratotic cells within the granular layer of the skin.2

The most common variant of porokeratosis, DSAP, pre-

sents in adults as small atrophic plaques with a keratotic rim

over sun-exposed areas.1,3 Solar facial porokeratosis could be

considered as a forme fruste of this variant. Similar lesions

localized to exposed and unexposed areas are seen in DSP.

Porokeratosis palmaris et plantaris disseminata appears on

palms and soles as small punctate papules, andgradually pro-

gresses to involveotherareasof theskinwithDSP-likeplaques.3

Theclassic formofporokeratosis, porokeratosisofMibelli, pre-

sents as large atrophic plaques with a prominent keratotic

rim, typically appears at an early age, and can be localized to

all areas of skin andmucousmembranes.1The characteristics

ofLPpresentduring infancyasstripesofporokeratoticplaques.

Theplaques associatedwithLP canbe either small and super-

ficial or large and thick. Involvement of the palmar skin ap-

pears as stripes of punctate papules. Fingernails and toenails

may also be involved. Recently, heterozygous germline mu-

tations of themevalonate pathway genesMVK (MIM 251170),

PMVK (MIM 607622), MVD (MIM 603236), and FDPS (MIM

134629) were identified in familial and sporadic porokerato-

sis, while 1 study identified germline mutations in SLC17A9

(MIM 612107) in familial DSAP.4-7

Mosaicismrefers to thepresenceofgeneticallydistinctcells

withinanorganismthat result frompostzygoticmutation.8The

patterning and appearance of cutaneousmosaic disorders are

largely determined by mutation timing, its pathophysiologi-

cal effects, and by the affected cutaneous progenitor cells. In

the constitutional state, autosomal dominant and autosomal

recessive mutations are present in all cells, and are transmit-

ted through the germline to affected offspring. Mosaicism

manifests in cutaneous disease via 2 primarymechanisms. In

the first mechanism, a dominant, heterozygous, postzygotic,

somaticmutation is confined to a subpopulation of precursor

cells in an otherwisewild-type individual, andmanifests as a

stripe or patch of affected skin. In the secondmechanism, an

independent somatic mutation arises in a subpopulation of

precursor cells in an individual already carrying a germline

heterozygous mutation, generating areas of more severely

affected skin.9 In recessive disorders, somaticmosaicism can

alsooccurviaa2-hitmechanism; forexample,an inheritedhet-

erozygous loss-of-functionmutationmaybepairedwith a so-

matic mutation of the remaining wild-type allele, generating

segmental disease.

In LP, porokeratotic plaques aredistributed in aBlaschko-

linearpatterncorrespondingto thedorsoventralmigrationpath

of keratinocyte precursors during embryogenesis, suggest-

inganunderlyingpostzygotic somaticmutation.10While it has

been speculated that LP may result from second-hit postzy-

goticmutation,9no genetic evidence has proven this hypoth-

esis to our knowledge. To identify the genetic characteristics

associatedwith LP,we used pairedwhole-exome sequencing

(WES) of affected skin and blood or saliva in 3 cases.

Methods

ThestudywasapprovedbytheYaleHumanInvestigationCom-

mittee and complied with the Declaration of Helsinki prin-

ciples. Participantswere referredbydermatologistswitha sus-

pected diagnosis of LP. Individual consent or parental

permissionwasobtained inwriting foreachcase.GenomicDNA

from lesional skinwasobtained from fresh full-thickness skin

biopsies or 1-mm cores from affected epidermis of formalin-

fixedparaffin-embedded specimens, using theDNeasyMicro

Kit (Qiagen) with added deparaffinization performed for for-

malin-fixed paraffin-embedded tissue. Genomic DNA from

blood was isolated via a standard phenol-chloroform proto-

col, and genomic DNA from saliva was isolated using the

Saliva DNA Isolation Reagent Kit (Norgen).

Whole-Exome Sequencing

Genomic DNA of blood or saliva and affected tissue from all 3

participants, as well as the DNA from participant 3’s mother,

were sheared and bar coded. Whole-exome capture was per-

formed(IDTxGenExomeResearchPanelV1.0)by theYaleCen-

ter for Genome Analysis. Illumina HiSeq4000 instruments

wereusedforhigh-throughputsequencing,withbloodsamples

pooled at 16 per lane, and tissue samples pooled at 4 per lane

with 100-bp paired-end reads. Resulting reads were aligned

to thehumanreferencegenome (UniversityofCaliforniaSanta

Cruz Genome browser, hg19) using the Burrows-Wheeler

Aligner (BWA-MEM).11 Reads were then trimmed, and poly-

merase chain reaction (PCR) duplicates were removed using

Picard (Broad Institute). Resulting BAM files were calibrated

using the GenomeAnalysis Toolkit (Broad Institute).12Germ-

line single-nucleotide variants (SNVs) and insertions/

deletions were identified using HaplotypeCaller,13 and so-

matic SNVs and insertions/deletions were identified using

Key Points

Question What genetic characteristics are associated with linear

porokeratosis?

Finding This study of 3 participants with linear porokeratosis used

whole-exome sequencing of unaffected and affected tissue and

finds a combination of germline mutations and novel somatic

mutations or loss of heterozygosity within the lesional skin in all

cases. While 2 participants had a germline PMVKmutation and

somatic loss of heterozygosity or a secondmutation, the third had

a germline splice site mutation inMVD and somatic frameshift

deletion inMVD.

Meaning Our findings suggest that linear porokeratosis is a

mosaic disorder associated with mutations in the genes that

encode enzymes within themevalonate biosynthesis pathway.
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Mutect2.14 A Fisher exact test was also used to compare mu-

tant and wild-type read numbers in tissue and blood with

P = .001 used as a cutoff for somatic variants. Subsequently,

all variants were annotated for functional impact with

AnnoVar.15 The resultant SNVs and insertions/deletions were

filtered inMicrosoft Excel to exclude thosewitha somaticmu-

tant allele frequency of 5% or less, a 1 or moremutant read in

the blood sample, or a prevalence of greater than 1% in the

exomeAggregationConsortiumrepository.Aligned readswere

then examined with the Broad Institute Integrative Genom-

icsViewer toexcludevariants resulting frommiscallsandalign-

ment error.16

Figure 1. Clinical and Histologic Features of Linear Porokeratosis

Participant 1A Participant 1B Participant 2C

Participant 2D Participant 3E Participant 3F

A, Participant 1 presented with whorls of pink verrucous papules and plaques. B, Histopathologic examination of affected skin revealed striking columns of

parakeratosis overlying hypogranulosis and dyskeratotic cells (corresponding to cornoid lamellae) alternating with hyperorthokeratosis, acanthosis, and

papillomatosis. C, Participant 2 presented with extensive whorls of pink plaques, some covered with yellowish crusts, clinically thought to be inflammatory linear

verrucous epidermal nevus. D, Histopathologic evaluation showed alternate parakeratosis overlying hypogranulosis (corresponding to wide cornoid lamellae) and

orthokeratosis, acanthosis, and papillomatosis with perivascular and interstitial lymphocytic infiltrate in the superficial dermis. E, Participant 3 had linear

erythematous depressed plaques with prominent keratotic collar at lesional borders. F, Histologic examination of affected skin showed subtle columns of

parakeratosis overlying hypogranulosis alternating with orthokeratosis andmild acanthosis. Histologic slides stained with hematoxylin-eosin. Scale bar = 100 μm.

Table. Second-Hit Postzygotic PMVK andMVDMutations in Linear Porokeratosis

Patient Germline Mutation

Reads in Blood, No. Reads in Tissue, No.

Somatic Mutation

Reads in Blood, No. Reads in Tissue, No.

Ref Non-Ref Ref Non-Ref Ref Non-Ref Ref Non-Ref

1 PMVK c.329G>A,
p.R110Q

21 15 16 61 CN-LOH Chr
1:146-248Mba

NA NA NA NA

2 PMVK c.79G>T,
p.E27X

77 63 86 88 PMVK c.379C>T, p.Q127X 113 0 119 34

3 MVD c.70 + 5G>A 18 8 45 44 MVD c.811_815del,
p.F271A fs*33

68 0 83 10

Abbreviations: Chr, chromosome; CN-LOH, copy-neutral loss of heterozygosity; Mb, megabases; NA, not applicable; Ref, reference.

a PMVK spans Chr 1:154 897 208-154 909484.
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Copy Number Variation and Loss of Heterozygosity

Loss of heterozygosity (LOH) data was plotted by dividing the

number of B-allele (nonreference) reads by the total number of

reads, independently for both tissue andbloodat eachSNVpo-

sitionusingPythonandRscripts. Thedifference inB-allele fre-

quencyvaluesbetweentissueandbloodwasplottedagainst the

genomiclocation.Forparticipant1,copynumbervariationswere

evaluated from whole-exome data using CoNIFER.17 In addi-

tion, we used quantitative real-time PCR to quantify genomic

PMVKcopynumberusing theSYBRGreenmastermix (Thermo

FisherScientific)ona7500RealTimePCRsystem(AppliedBio-

systems). Quantitative PCR was performed in triplicate, with

ACTB as a control. Relative difference in the copy number of

PMVK inaffectedskincomparedtobloodwasdeterminedusing

therelativestandardcurvemethod.Thefoldchangeof thecopy

numberofPMVK inaffectedskinwascomparedwithbloodand

normalized toACTB using relative quantification.

Mutation Verification

Verification of mutations identified by exome sequencing of

affected tissue and blood was performed via PCR using Kapa

2GFast polymerase (KapaBiosystems) followedbySanger se-

quencing. For participant 3, PCRwas used to amplifyMVD in

DNA isolated from skin and blood, and digestion with the re-

striction endonuclease HpyAV (NEB Biolabs) was used to test

for theMVD c.811_815del restriction fragment lengthpolymor-

phism (RFLP).

Splice-SiteMutation Analysis

Total RNA was isolated from wild-type and mutated MVD

humankeratinocyte cell lineswithDNase on columndigestion

(Allprep,Qiagen)andsubjectedtoreversetranscriptase(RT)-PCR

(SuperScriptIIIRT,Invitrogen), followedbyPCRwithMVDexon–

specificprimers (eTable 1 in theSupplement).Productswerevi-

sualizedviaagarosegelelectrophoresis, andSangersequencing

Figure 2. Second-Hit SomaticMosaicism for PMVK andMVDMutations AssociatedWith Linear Porokeratosis
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Germline and somatic mutations

were identified via whole-exome

sequencing of DNA isolated from

tissue and blood/saliva of all 3

participants. Sanger sequencing was

used to confirmmutations found in

exome sequencing data. A, In

participant 1 there was a germline

heterozygous PMVK p.R110Q

mutation. This mutation was

enriched in affected skin due to loss

of heterozygosity. B, In participant

2 there was a germline heterozygous

PMVK p.E27Xmutation, as observed

in blood and affected skin.

C, In participant 2 there was also a

somatic PMVK p.Q127Xmutation in

the affected skin leading to a

compound heterozygous state.

D, In participant 3 there was a

germline heterozygousMVD

c.70 + 5G>Amutation, as observed in

the blood and affected skin. The

samemutation was found in his

mother (data not shown).
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wasperformed.Toanalyzetheexpressionlevelsof thewild-type

MVD isoforminthemutatedkeratinocytes,quantitativeRT-PCR

wasperformedandcomparedwithACTBas anexpressioncon-

trol. Results are expressed as a relative quantification.

Results

Of the3participants, 2weremale.Participantages ranged from

5 to 20years old. Participant 1was a 20-year-oldmanpresent-

ingwithwhorls of linear pink verrucous papules and plaques

on his upper extremities and left lower extremity that ap-

peared at birth and became thicker over time (Figure 1A). Par-

ticipant 2, a 5-year-old girl, presentedwith slightlypruritic ex-

tensivewhorled-linear scaly pink plaques over the left side of

her bodywhich had been present since birth (Figure 1C). Par-

ticipant 3 was a 13-year-old boy who had asymptomatic lin-

earerythematousdepressedplaqueswithakeratoticcollarover

his right upper and lower extremities, as well as central lon-

gitudinal dystrophy of the right first toenail (Figure 1E). His

mother had bilateral photodistributed small, thin depressed

pinkpapuleswitha collaretteof scale. Inall participants, a cor-

noid lamella was evident on histopathologic examination of

affected tissue, which varied in width (Figure 1B, D, and F).

FollowingpairedWES,germlineandsomaticvariantswere

identified (Table; eTable2 in theSupplement).14Candidatemu-

tations were confirmed via Sanger sequencing or RFLP analy-

sis.Participant 1hadagermline-heterozygousPMVKc.329G>A,

p.R110Qmutation in the blood aswell as in the lesional skin. A

highermutantallele fraction in theskinsuggestedsomaticLOH

(Figure 2A), and this was confirmed by plotting B-allele fre-

quency across the genome to demonstrate a large segment of

LOHonchromosome1qextending from14.66megabases to the

telomere at 24.86 megabases (Figure 3A). Further analysis of

copynumbervariation includingcomparativequantitativePCR

of the target regionconfirmedcopy-neutralLOH(Figure3Band

C).ThePMVKgenecatalyzesthereactionofmevalonate5-phos-

phate with ATP to form mevalonate 5-diphosphate and ADP

(Figure 4). The arginine at position 110, which is conserved in

76 vertebrate species, is located within the acceptor substrate

binding region and is assumed to contribute to the neutraliza-

tion of the negatively charged pentacoordinate phosphate re-

action intermediate.18 Mutagenesis of this residue was found

to diminish the specific activity of the enzyme by over

10000-fold,19 suggesting that thep.R110Qmutation inpartici-

pant 1 reduced PMVK enzymatic activity.

Participant 2 had germline heterozygous PMVK c.79G>T

p.E27X and somatic PMVK c.379C>T, p. Q127X mutations

Figure 3. Copy Neutral Loss of Heterozygosity Is Evident in Affected Tissue FromParticipant 1
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Abbreviations: BAF, B-allele

frequency; RQ, relative

quantification; SVD, singular value

decomposition; ZRPK, z-scores of

reads per kilobase. A, B-allele

frequency differences between the

affected tissue and blood are plotted

across the genome for participant 1

by chromosome and physical

position. Dashed vertical lines

separate individual chromosomes.

Somatic loss of heterozygosity on

chromosome 1q of participant 1

extends from 14.66megabases to the

telomere, and contains the PMVK

gene. B, The CoNIFER programwas

used to detect copy number

variations on chromosome 1. Singular

value decomposition of standardized

z-scores of reads per thousand bases,

per million reads is plotted against

positions on chromosome 1 and

shows no evidence for copy number

variation. C, This is further

corroborated by comparative qPCR

assessing the PMVK R110Q location.

The fold change of the copy number

of genomic PMVK from affected skin

is calculated using relative

quantification (RQ): RQ, 1.01 (range,

0.91-1.13) for affected skin when the

blood of participant 1 was used as the

reference sample.
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(Figure2BandC),previously suggested toattenuatePMVKen-

zymeactivityandATP-bindingcapacity, respectively.18,19There

was no evidence for somatic LOH (eFigure 1 in the Supple-

ment). A recent study of a PMVK p.P138X nonsensemutation

found reduced solubility anddisrupted cellular localizationof

the enzyme in transfected HaCaT cells, as well as abnormal

apoptosis and differentiation of keratinocytes in the lesional

skin of affected individuals.7

Participant 3 andhismother shared a novel germline het-

erozygous MVD c.70 + 5G>A mutation (Figure 2D). In silico

analysis predicted this variant to alter splicing with a

dbscSNV11 score of 0.99.20 To assess the consequence of this

mutation on MVD splicing, reverse transcription and ampli-

fication of a portion ofMVD RNA spanning exons 1 through 5

from bothwild-type and heterozygousMVD c.70 + 5G>A hu-

man keratinocyte cell lines was performed. In both cell lines,

only awild-type spliceproductwas identified, suggesting that

the aberrant splice variant undergoes degradation. Indeed,

quantitative RT-PCRdemonstrated that the expression of the

wild-type allele was largely reduced in mutated keratino-

cytes comparedwith normal human keratinocytes (eFigure 2

in the Supplement). The affected skin of participant 3 har-

boredsomaticMVD c.811_815del, p.F271Afs*33 frameshiftwith

no evidence for LOH (eFigure 1, eFigure 3 in the Supple-

ment). GermlineMVD frameshift heterozygousdeletions dis-

tal to thismutation have been previously reported to be asso-

ciated with DSAP.6

Discussion

Our findings suggest thatLP isa segmentalmosaicdisorderdue

to second-hit postzygotic mutations in genes encoding

enzymeswithin themevalonatebiosynthesispathway.All par-

ticipants had germline heterozygous PMVK or MVD patho-

genic mutations with a somatic second mutation or allelic

loss,whichclinicallymanifestedassegmentallydistributedskin

lesionsonthebackgroundofnormal-appearingskin.Whilegerm-

lineheterozygousPMVKandMVDmutationsareknowntocause

generalized formsofporokeratosis,6 lesionsappear later in life,

presumably via a 2-hitmechanism. Themore severe presenta-

tionofourLPcases isassociatedwithsegmental lossof function

in these genes, and it is expected that affected individualswill

developgeneralizedDSAPlesionsinsun-exposedskinovertime.

Ashasbeenobservedinheritablegeneralizedporokeratosis,6 the

participantswithLP in thepresent studywithPMVKmutations

hadlargeandthickenedplaques,whiletheparticipantwithMVD

mutations had thinner plaques (Figure 1).

Importantly, althoughweconsideredparticipant 2 tohave

LPbasedonher histologic evaluation, her clinical appearance

was not typical of porokeratosis (keratotic edge and atrophic

center), but ratherof inflammatory linearverrucousepidermal

nevus (ILVEN).21 Cornoid lamellae are not pathognomonic to

porokeratosis, as thesecanbe found inarangeof inflammatory,

hyperplastic, andneoplastic skinconditions.2 Indeed,coronoid

lamellae have been found in ILVEN and in 1.2% of 167 epider-

malnevi in studies thatdidnot includegenetic evaluation.22,23

Thepresentcasesuggests thata fractionof individuals thought

to have ILVENmay, in fact, have LP, and emphasizes the util-

ity of histopathologic evaluation of Blaschkoid lesions. If

pathogenesis-based therapy for porokeratosis is developed

based on targeting themevalonate pathway, genetic analysis

should also be considered.

While our findings show that recessive, loss-of-function

mutations in PMVK and MVD were associated with LP, the

mechanism by which solitary lesions arise in heritable, non-

mosaic forms of porokeratosis remains unclear. Prior reports

using allelic expression imbalance assays showed decreased

wild-type alleleDNAandRNAexpression in lesions frompar-

ticipantswithMVK andMVDheterozygousmutations, but no

copy-number variation or methylation of the promotor re-

gion was observed.6 In a single lesion of the participant with

heterozygous MVK mutation, RNA editing of the wild-type

allele was found,6 and in another study, no second somatic

mutations were discovered via direct sequencing of MVK in

Figure 4. TheMevalonate Pathway
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microdissected lesionalkeratinocytes frompatientswithDSAP

bearingheterozygousMVKmutations.4While admixturewith

wild-type cells could contribute, our data suggest that fur-

ther investigation using a broader array of screeningmethod-

ologies will reveal loss-of-function mutations affecting the

mevalonate kinase pathway.

In both LP and DSAP, a germline heterozygous mutation

inmevalonate pathway genes is present, but while LP is con-

genital or recognized during childhood, DSAP lesions de-

velopduringadulthood.The timingof second-hit somaticmu-

tation could explain the difference in skin lesion distribution

and onset. Since in LP lesions the second-hit somatic muta-

tion in mevalonate pathway genes appears in utero, skin le-

sions are congenital and segmentally distributed, deriving

from a clonal expansion of mutated keratinocyte progenitor

cells that migrate during embryogenesis along the lines of

Blaschko. In DSAP, however, it is suggested that since skin le-

sions are photodistributed and appear in adulthood, second-

hit somaticmutations leading to loss of function inmevalon-

atepathwaygenesmayoccurover timeduetoUV-inducedDNA

damage.

In themevalonate pathway,MVK, PMVK, andMVD cata-

lyze 3 rate-limiting steps sequentially to produce isopentenyl

diphosphate, a fundamental buildingblock for thebiosynthe-

sis of isoprenoid compounds such as sterols, including cho-

lesterol, ubiquinone, dolichols, carotenoids, and someclasses

of isoprenylated proteins (Figure 4).18 The mevalonate path-

way’s products are essential for the regulationof gene expres-

sion, cell growth and differentiation, cytoskeleton assembly,

and posttranslational modification of proteins involved in

intracellular signaling.24Cholesterol is 1 of the components of

the extracellular lipid matrix in the stratum corneum, play-

ing an essential role in providing and maintaining the skin

barrier. Depletion of cholesterol has been reported to result

in increased sensitivity of keratinocytes to stimuli driving

apoptosis.25 Premature apoptosis and dysregulated differen-

tiation of keratinocytes have been identified in several types

of porokeratosis.26 Increased apoptosis beneath and at the

cornoid lamella has been found in PMVK-mutated individu-

als with disseminated superficial porokeratosis,7 and human

keratinocytes overexpressing MVK were more resilient to

UV-A radiation compared with MVK-depleted cells.4

Although the link between increased keratinocyte apoptosis

and disrupted keratinocyte differentiation seen in lesions of

porokeratosis4,7,26 and anomalies in isoprenoidmetabolism is

incompletely understood, our findings provide further evi-

dence that the mevalonate pathway may be a potential target

for therapeutic intervention in LP and DSAP.

Limitations

For the present study, we were able to enroll a limited cohort

of 3 participants with linear porokeratosis in which we could

perform genetic analysis.

Conclusions

Thepresent findings indicate thatLP isassociatedwiththecom-

bination of germline and second-hit postzygotic mutations in

the genes encoding enzymeswithin themevalonate pathway,

and suggest that the mevalonate pathway may be a potential

target for therapeutic interventions in porokeratosis.
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