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Abstract

Background: The plantar cerebriform connectiveugssevus (CCTN) is the most common and

problematic cutaneous manifestation of Proteus reyne.

Objective: To gain insights into CCTN pathogenasid natural history.

Methods: The size and location of plantar CCTN masasured on 152 images from 22
individuals with Proteus syndroniy two independent, blinded reviewers. Aver age measures

of plantar CCTN weretransformed into a linear mixed model to estimate proportionate
changein sizewith age.

Results: Median patient age was 6.9 yeauisudy onset. The intraclass correlation coefficient
between two blinded reviewers was 0.946 for CCTiglsei measures. The CCTN relative area
increased with age in children (n=18, p<.0001) B¢ per year. Confluent papules and nodules
extending beyond the boundaries of CCTNs were gidreplaced by typical CCTN over time.
The location of CCTN in different individuals ovaplped near the ball of the foot. A positive
relationship between CCTN growth rate aiIT1 mutant allele frequency was observed (.62,

p=0.10, n=8).

Limitations: This was a retrospective review uguogptographs.

Conclusion'CCTN growth is affected by age, and extent of the CCTN precursor lesion.
Monitoring of CCTN size may prove useful for evaluating drug responsein the treatment

of Proteus syndrome.
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Capsule summary:

» Plantar cerebriform connective tissue nevus (CC3ik§ increases in children with
Proteus syndrome, but not in adults.

* Thepresenceand growth of a plantar CCTN are affected by age of the patient and
extent of the precursor lesion.
* Knowledge of CCTN growth patterns may be usefulpi@dicting the rate of expansion

and eventual extent of sole involvement.
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Proteus syndrome is characterized by progresseggnental overgrowth of the skin,
subcutis, and other organs secondary to a mostiv@geg mutation inAKTL.> 2 The plantar
cerebriform connective tissue nevus (CCTN) is tlsingpecific cutaneous manifestation of
Proteus syndrom®&> While not present at birth, plantar CCTNs gengralanifest and grow
during childhood: *

An activating mutation in thAKT1 oncogenes considered to be lethal in the germline;
individuals with Proteus syndrome survive with anstic c.49G>A, p.(Glul7Lys) activating
mutation inAKT1 that results in a mixture of mutant and normalséef The relative numbers
and locations of cells bearing tAKT1 mutation, as well as the specific cellular linesage
involved, are hypothesized to result in the heten@gpus abnormalities and apparently random
and variable regions of body overgrovithi® For example, mutant keratinocytes are found in
epidermal nevi but not in CCTNSs or unaffected skifProteus syndrome, suggesting that mutant
keratinocytes generate epidermal névMutant fibroblasts are observed in CCTNs as might
expected, but are also observed in variable numbensaffected skin and epidermal nevi,
suggesting that the presence of mutant fibroblasiecessary, but not sufficient, to drive CCTN
formation™®

In a previous study assessing the growth of seWrkeus-related skin lesions, we found
that CCTNSs increased in size during childhddthe method used for assessing CCTN growth
was semi-quantitative and did not allow accuraegljgtion of CCTN growth, nor was it
sufficient to reproducibly detect small changesvasld be advantageous for monitoring CCTN
size as an endpoint for therapeutic trials. In shigly, we sought to create an image analysis

process that would permit simple and reliable assest of the size and location of plantar
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CCTNs to describe their growth patterns and nahistbry, and to correlate these observations
with relative numbers of mutant cells.
Materialsand M ethods
Patients

Patients were recruited for studies of Proteus ymd at the National Institutes of
Health Clinical Center in Bethesda, Maryland betw#&897 and 2014, under an IRB-approved
protocol 94-HG-0132 NCT00001403. A retrospectiweaw of patient medical charts, including
skin photography, was performed. Patients who ti@tal criteria for a diagnosis of Proteus
syndrome' and had two or more serial images of at leastsoteewere included in this study. A
blinded database of images from each patient westenl by concealing the chronological order
of the images while keeping those from the samieptatogetherT he same two blinded
reviewers used this database to measure all vasasscribed below.
Image analysis system

To map Proteus-related skin abnormalities on thatpt surface, the entire visible area
of the sole, the total lesional area, and CCTN weeasured for each foot using ImageJ software
(version 1.48 for Mac OS X; available as a free dioad from

(http://rsb.info.nih.gov/ij/download.html). The @w®t sole was defined as the area of the sole,

excluding the toes, and included the outline of playtar CCTNs. The total lesional area was
defined as the space encompassing CCTN and nohrigerm, confluent papules and nodules.
The CCTN was defined as a nevus with at least tyvioagnd three sulci. The relative size of the
CCTN and total lesional area were calculated biddig each by the entire area of the sole of
the foot. These areas were measured on the leftiginidsoles of each patient by both reviewers

and intraclass correlation coefficients (ICC) weagulated to determine the degree of reviewer
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agreement. The ICC model is based on absolutemgm and assumes that both reviewers and
patients are random.
Growth Patterns

Using data generated from the photographic analgsksear mixed model was created
using SPSS software (IBM Corp. Released 2013. IBNS Statistics for Windows, Version
22.0. Armonk, NY: IBM Corp.) to estimate proportade change of total lesional area and
CCTN with age. Adults (at least 18 years of agstady onset) and children (less than 18 years)
were separated in this study as we previously ebskeain age-dependent difference in groith.
Each proportion was transformed into the logittha natural log of the proportion over one
minus the proportion, then changed back to a ptapoto facilitate graphic depiction. The
maximum proportion value was limited to .99 and prgportions of “0” were removed from the
model. The mixed model accounts for repeated measuthin subjects by including a random
intercept and slope over time for each foot.

To estimate annual CCTN growth rate, percent changslative size oeach CCTN
between interval visits was calculated then dividgdhe corresponding change in age. The
average yearly change was then derived using admraglel with a random effect for each sole
to account for multiple measures.

To assess for a relationship between allelic frague@and CCTN growth rate, a
retrospective review of patients that underwentatiomal analysis of their plantar CCTNs for
diagnostic or research purposes was performedfBnmantar CCTNs were biopsied and
fibroblasts were cultured from samples followeddyA extraction or DNA was extracted
directly as describetTo determine the CCTN growth rate, a slope wamaesed for each

CCTN using the logit and total time followed. Spwan’s rank correlation coefficient was
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calculated to measure statistical dependence ofNC@te of growth on mutant allele frequency.
To determine the center of CCTN overlap, CCTNs titaupied 20% or less of the sole on
initial imaging (arbitrarily selected as a cut-tdfreflect origination site) were identified and
plotted with respect to size and location ontoinafl of their respective sole.
Results

Twenty-two patients (13 male, 9 female) with twanmore sequential photographs of at
least one sole were identified. Eighteen patier@sevehildren (<18; median age 6.3; range 1.5-
12) and four were adultz18; median age 31; range 18-41) at study onsepaiieénts had non-
cerebriform confluent papules and nodules on bolissson baseline examination. Nineteen
patients (15 children, 4 adults) had CCTNs on lisaxamination; of these, seven (6 children,
1 adult) had CCTNs on both soles and twelve had \&Gan one sole only. Three children
lacked CCTNSs on baseline examination.

The CCTN and total lesional area (Fig 1) were messan a total of 152 images from
22 patients (median age @Bstudy onset, range 1.5- 41). The ICC between reviewers was
0.946 for CCTN single measures and 0.709 for tetabnal area single measures.

Using a mixed linear regression modék proportion of CCTN to sole of foot
increased with age in children (p<.0001) (Fig 2)eproportion of non-cerebriform confluent
papules and nodules, calculated by subtracting C£diN total lesional area, appeared to
decrease with age in children (p=0.09) (Fig 3aylhjje total lesional area increased with age in
children (p<.0001) (Fig 3c). These analyses wetesigmificant in adults (p=0.76; p=0.72,
p=0.95).

Using data from 18 children, an approximation dfifa CCTN size was modeled based

on current CCTN size and time in one-year intervalso five years (Fig 4). CCTNs increased
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by 5.6% per year (95% CI [3.7, 7.6]). The modeC&TN growth rate predicts that a CCTN
involving about 20% of the sole will increase tarig 50% over a five-year period.

To determine the relationship between growth rateralative number of mutant cells,
we analyzed mutant allele frequency from cells grék@m a single biopsy generally obtained at
the non-weight bearing margin of a CCTN. Eight @atis were identified that underwent plantar
CCTN biopsy and subsequent mutational analysisogitipe relationship between CCTN
growth rate and mutant allele frequency was obsk(@®&62, p=0.10) (Fig 5).

The CCTNs from 14 patienthat occupied 20% of less on the sole on initial imaging
were plotted with respect to size and location ailtoouettes of the right and left soles. Nearly

all CCTNs overlapped just proximal to the ball lo¢ foot bilaterally (Fig 6).

Discussion

The image analysis system created to describe grpatterns in this study was a reliable
tool to measure relative size of plantar CCTNs taal lesional area over time. Useful features
of this system include retrospective analysis afaed images, remote evaluation by multiple
observers, and the ability to mask the temporatioofiimages. We found that thelative size
of the plantar CCTN to the sole of foot significantly increased in children by 5.6% peaye
The non-cerebriform, confluent papules and nodptegressed into fully developed CCTN over
time, as supported by clinical observation andative decrease in size of this skin finding.
Thus, the extent of non-cerebriform, abnormal-agpgaskin, in conjunction with current
CCTN size, may help predict rate of growth and &valnextent of CCTN in a child with Proteus

syndrome.



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

10

In mosaic skin disorders, the distribution of lesias expected to be random, albeit
following known patterns of development, such aslihes of Blaschko for an epidermal nevus.
Instead, mapping supported non-random distribudfdBCTNs on the soles, since CCTNs from
fourteen children appeared to overlap near thedbdhe foot. One possible explanation for
frequent CCTN formation in this region is that macical stresses from walking and running
stimulates overgrowttChildren with Proteus syndrome may have genu valgum,* which
places stress on the medial plantar fascia just proximal to the ball of the foot,"* wher e most
of the CCTNs appear to originate. A potential role for stress is supportedibyitro studies
that have shown that mechanical strain may acti&té® Additional studies are necessary to
confirm this speculation.

There was a non-significant trend towards fastexsraf CCTN growth in patients with a
greater fraction of AKT1 mutant cells in the dernfAsprior study did not find a correlation of
either gross or microscopic pathology with tissugtant allele frequency in a single patiéhin
this study, we correlated samples from a singiiggype in the same anatomic location across
multiple patients, which may account for our pegtiesult, although larger sample sizes are
needed to confirm our findings.

Limitations of this study include inability to quiEy the thickness of the CCTN using
our image analysis method, and measurement oivelatrsus absolute CCTN size tlad not
account for growth of the foot, which grows most during childhood. Nonetheless, this
methodology shows that CCTNs outgrow foot growth in childhood and often eventually
involve most of the sole. It is possible that the apparent lack of growtlC&fTNs in adults may
have missed subtle changes in thickness or neanlesin the toes, as reported by one

individual. Further, predictions of interval per cent change of CCTN wer e extrapolated
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from modelsthat directly measured patient age, rather than CCTN size, against lesion
growth. The range of age was broad, but separ ate analyses between adults and children
helped to discern distinct growth patternsin each subset.

The progression of the plantar CCTN and its assettimorbidities make this lesion a
potential focus of drug trials targeting the cawsasomatic mutation iIAKT1. Our results
indicate that analyses of serial images would léulisnd reliable for measuring changes in
plantar CCTNs and for assessing treatment respdhgegrowth patterns described in this study
may also help to direct selection of patients Baged for assessing effects of treatment on
CCTN growth. A therapeutic trial using tA&T1 inhibitor ARQ 092 is underway
(NCT02594215).

Acknowledgements
The authors thank the NIH medical photographerstlaadndividuals who generously gave their
time to be in the study. This study was supportethb Intramural Research Program of the

National Human Genome Research Institute, granteutdG200388-03.



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

12

References

1. Biesecker LG, Happle R, Mulliken JB, Weksberg®aham JM, Jr., Viljoen DL, et al.
Proteus syndrome: diagnostic criteria, differendialgnosis, and patient evaluation. Am J Med
Genet 1999;84:389-95.

2. Lindhurst MJ, Sapp JC, Teer JK, Johnston Jh EM, Peters K, et al. A mosaic
activating mutation in AKT1 associated with the teus syndrome. N Engl J Med
2011;365:611-9.

3. Beachkofsky TM, Sapp JC, Biesecker LG, Darlidyy Progressive overgrowth of the
cerebriform connective tissue nevus in patientd Witoteus syndrome. J Am Acad Dermatol
2010;63:799-804.

4. Twede JV, Turner JT, Biesecker LG, Darling TNoHltion of skin lesions in Proteus
syndrome. J Am Acad Dermatol 2005;52:834-8.

5. Nguyen D, Turner JT, Olsen C, Biesecker LG, iDgrTN. Cutaneous manifestations of
proteus syndrome: correlations with general clindesverity. Arch Dermatol 2004;140:947-53.
6. Biesecker LG, Spinner NB. A genomic view of mosan and human disease. Nat Rev
Genet 2013;14:307-20.

7. Happle R. The categories of cutaneous mosaidspnoposed classification. Am J Med
Genet A 2016;170:452-9.

8. Happle R. Mosaicism in human skin. Understantiegpatterns and mechanisms. Arch
Dermatol 1993;129:1460-70.

9. Nathan N, Keppler-Noreuil KM, Biesecker LG, MakdDarling TN. Mosaic Disorders of

the PIBK/PTEN/AKT/TSC/mTORCL1 Signaling Pathway. Datol Clin 2017;35:51-60.



234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

13

10. Lindhurst MJ, Wang JA, Bloomhardt HM, WitkowgkM, Singh LN, Bick DP, et al.
AKT1 gene mutation levels are correlated with t§yyetof dermatologic lesions in patients with
Proteus syndrome. J Invest Dermatol 2014;134:543-6.

11. Biesecker LG, Sapp JC. Proteus Syndrome. lgoPRA, Adam MP, Ardinger HH,
Wallace SE, Amemiya A, Bean LJH, et al., editoren€Reviews(R). Seattle (WA)1993.

12. Stricker S. Musculoskeletal manifestations ft®us syndrome: report of two cases with
literature review. J Pediatr Orthop 1992;12:667-74.

13.  Van Gheluwe B, Kirby KA, Hagman F. Effects ohalated genu valgum and genu
varum on ground reaction forces and subtalar foim¢tion during gait. J Am Podiatr Med Assoc
2005;95:531-41.

14. Krepinsky JC, Li Y, Chang Y, Liu L, Peng F, Wy et al. Akt mediates mechanical
strain-induced collagen production by mesangidscélAm Soc Nephrol 2005;16:1661-72.

15. Doucet ME, Bloomhardt HM, Moroz K, Lindhurst M3iesecker LG. Lack of mutation-
histopathology correlation in a patient with Pratsyndrome. Am J Med Genet A

2016;170:1422-32.



252

253

254

255

Abbreviations
CCTN; cerebriform connective tissue nevus
ICC; intraclass correlation coefficients

Cl; confidence interval

14



256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

15

Figure Legends

Figure 1. Proteus syndrome. Acral manifestatiomgalllesional area (yellow dashed line)
including cerebriform connective tissue nevus (CE{md solid line) and non-cerebriform,

confluent papules and nodules.

Figure 2. Proteus syndrome. The cerebriform comretssue nevus (CCTN) size increased
with age. A, Increase in CCTN from age 8 to aggddrs. B, The proportion of CCTN to sole

increased with age in children (blue shading) (p81) but not in adults (red shading).

Figure 3. Proteus syndrome. Confluent papules addlas are a cerebriform connective tissue

nevus (CCTN) precursor lesion. A, Confluent papaled nodules cover the majority of the sole
at baseline, then eventually become replaced byNC&/er time. B, The confluent papules and

nodules decreased with age, most prominently imgeuindividuals. C, The concurrent

increase in total lesional area (p<.0001 in chilfisuggests conversion into CCTN.

Figure 4. Proteus syndrome. Prediction of futurelzeéform connective tissue nevus (CCTN)
size. Composite longitudinal data from children wasd to estimate the expected annual

increase in size of a CCTN based on present priopast CCTN to the sole.

Figure 5. Proteus syndrome. Relationship betweelamhallele frequency and cerebriform
connective tissue nevus growth rate in childrerchEdata point represents one patient and a

nominally positive correlation is shown (r=.62, pt0).

Figure 6. Proteus syndrome. The center of cerebmifinnective tissue nevus (CCTN)
overlapped in pediatric patients. Each child witi@TN that occupied 20% or less of the sole

on initial image was assigned a unique color. Tlea aroximal to the ball of the foot appears to
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277  be the point of convergence of the center of m@&Ts. We hypothesize that mechanical stress

278  from pressure or impact is a contributing factoleision formation.
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