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Mammary-digital-nail (MDN) syndrome: a novel
phenotype maps to human chromosome 22q12.3-13.1

Mira Genzer-Nir!*2, Morad Khayat2, Leonid Kogan3, Hector I Cohen?, Miriam Hershkowitz?, Dan Geiger6 and

Tzipora C Falik-Zaccai*!?

Mammary-digital-nail syndrome is a novel phenotypic association consisting of anonychia onychodystrophy with hypoplasia or
absence of distal phalanges in males and females, accompanied by juvenile hypertrophy of the breast in affected females. This
newly described genetic trait presents an autosomal dominant inheritance pattern, with either reduced penetrance or germ-line
mosaicism. Analysis of the pedigree, linkage studies followed by a genome-wide screen and by haplotype analysis defined the
locus for the phenotype within a 12 cM (4.3 Mb) interval on chromosome 22q12.3-13.1. This chromosomal region has not been
implicated before in genetic disorders of the mammary tissue or limbs. These data suggest a possibly novel signaling pathway
affecting the organogenesis of limbs and mammary glands in humans.
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INTRODUCTION

Familial juvenile hypertrophy of the breast (JHB) is a rare
condition with very little known documentation'=> characterized by
gigantomastia in peripubertal females. The pathology in JHB is limited
to the breast, with otherwise normal growth and development.l’z’4 We
previously described a familial case of JHB comprising four affected
females.? Another affected family consists of a mother—daughter pair.! A
third familial case of breast hypertrophy was reported in two sisters’®
who experienced abnormal breast enlargement during pregnancy,
though this phenotype seems different from JHB. Over 100 cases of
sporadic JHB have been documented.* Clinical features include
bilateral or unilateral rapid breast enlargement, skin hyperemia, and
widened subcutaneous veins.? The growth of the glands begins between
ages 8 and 16, just before or shortly after menarche. Gigantomastia is
treated surgically by breast reduction or mastectomy.>* JHB is a major
source of psychological and social distress.>*

The genetic basis for familial JHB has not been deciphered. A single
report links a mutation in PTEN to virginal breast hypertrophy and
neoplasia in the mammary gland.®

Familial onychodystrophy/anonychia with abnormalities of
the distal phalanges (ODP; Cooks syndrome, OMIM 106995) is
another rare disorder, characterized by onychodystrophy, anonychia,
brachydactyly of the fifth finger, and digitalization of the thumbs,
with absence or hypoplasia of the distal phalanges of the hands and
feet. Generally, the nails of the first to third digits are progressively
deformed with total anonychia in the two last digits and in all
toes.”® Although all four documentations of this syndrome
report that the affected individuals in the first generation were
born to unaffected parents, an autosomal dominant (AD) mode
of inheritance has been proposed based on the pedigree structure
seen in the following generations, with affected offspring born

to an affected parent (male and female) along two to three
generations.””

We present here for the first time a clinical, molecular, and genetic
study of three successive generations of a large kindred, in which ODP
afflicted eight males, and co-segregation of JHB and ODP presented in
six females. We have denoted this newly described genetic syndrome
Mammary-Digital-Nail syndrome (MDN).

PATIENTS AND METHODS

The institutional ethics review committee and the national committee for
genetic studies of the Israeli Ministry of Health approved the study protocol. All
participants or their legal guardians signed informed consent.

Patients
Patient Vs, the first affected individual to be identified, was referred for breast
reduction surgery due to premenarche massive breast enlargement, as we previously
reported.” Her immediate and extended family lives in an isolated village of 13 000
Druze residents in northern Israel. Ancestors of this kindred immigrated to Israel
from Lebanon in 1711.!° Two physicians conducted complete physical examinations
and detailed interviews of the medical and family history of the 41 members of the
kindred who agreed to participate in the study. Patients 1o, IV, IVys, and IV,g
(Figure 2) underwent X-rays of hands, feet, and long bones.

Skin and breast tissues were frozen and fibroblast cultures were established

from patients who underwent surgeries.?

Genotyping

Blood was drawn and DNA was extracted from 41 members of the investigated
kindred, and from 100 unaffected Druze individuals residing in the same
village. Whole-genome screening was performed using 400 polymorphic
microsatellite markers (Linkage Mapping Set version 2.5 MD10; Applied
Biosystems, Foster City, CA, USA) spaced at an average of 10cM, and with
an average heterozygosity of 79%.
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DNA fragments were PCR amplified using fluorescently labeled PCR primers
according to the manufacturer’s instructions. Genotypes were determined using the
ABI Prism 3100 DNA analyzer (Applied Biosystems) and GeneScan 3.1, Genotyper
3.1, and GeneMapper 1.1 software. The data were evaluated for Mendelian
inheritance of marker alleles by two-point analysis and haplotype analysis
programs, using the Superlink-online software.!'2 Additional polymorphic
microsatellite markers, based on the Genethon human linkage map, were used
for fine-mapping and to refine the boundaries of suspected candidate regions.

Linkage analyses

Genome-wide linkage analyses were initially performed for 17 family members
(9 affected, 8 unaffected) using the Superlink-online software.!"1> Two point
and multipoint LOD score analyses were performed under both AD and
AR modes of inheritance, based on the compatibility of the pedigree with
both modes of inheritance. We used a penetrance of 50-99% for AD and 99%
for AR modes of inheritance, with a hypothetical prevalence of 0.1% for the
disease, based on the rarity of this syndrome. Fine-mapping data were analyzed
using the same software with an increasing number of markers in the suspect
areas, and with an increasing number of genotyped persons. Using genotyping
data from 11 affected and 31 unaffected individuals, we constructed haplotypes
and a recombination map for all genomic intervals suggestive for linkage.

Cytogenetic and SNP array analyses

Formal cytogenetic analysis was carried out for two affected females using
routine Giemsa staining. Whole-genome SNP analyses used the Affymetrix
GeneChip Mapping 250K Sty array, which is enriched with chromosome 22
markers. Analyses were performed for eight individuals, including three
affected (two males and one female), and five unaffected, including two carriers
of the haplotype (one family member and one from the control group)
associated with the disease (see text in Results). Following genotyping and
copy number variation (CNV) analysis using Partek software (Weizmann
Institute Facilities), haplotypes and a recombination map were constructed.

Sequence analysis

The sequences of all exons and the flanking splice junctions of 38 candidate
genes in the linked interval were determined using genomic DNA from
unaffected and affected family members. Sequences were determined using
the BigDye Terminator cycle sequencing kit version 1.1 (Applied Bio-
systems), and analyzed using the ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems), according to the manufacturer’s instructions.

Expression studies

Real-time PCR (RT-PCR) analyses were carried out for five sequenced genes
(CIQTNF6, SSTR3, RAC2, LGALSI, and ANKRD54) that exhibited sequence
alterations segregating with the phenotype in the investigated kindred. We
compared cDNA isolated from skin and/or mammary tissues of four affected
family members (two males and two females), IVi9, IV,s, IV;), and IVyg
(Figure 2) to that of five unrelated unaffected individuals (three males and
two females). Breast tissue was removed solely from females. The samples were
electronically homogenized using Kinematica polytron homogenizer PT 2100.
Total RNA was extracted using the RNeasy lipid tissue mini kit (Qiagen GmbH,
Hilden, Germany). cDNA was synthesized using the high-capacity cDNA
reverse transcription kit (Applied Biosystems). RT-PCR analysis was performed
using the miScript reverse transcription kit (Qiagen) and commercial primers
suitable to SYBR Green (QuantiTect Primer Assays; Qiagen). The primary
cDNA levels were calibrated according to the expression of the housekeeping
genes GAPDH and GUSB. Samples were run on the ABI PRISM 7300 analyzer
and the relative quantification rates were calculated based on the C; values.
Statistical analysis was performed using the Wilcoxon rank sum test.

RESULTS

Clinical phenotype

Eleven of the individuals examined in this extended family (six males
and five females), presented with ODP since birth (Figure la—c). In
addition, ODP was described in three deceased members of the family
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(two males and one female). The clinical presentation comprises
digitalization of thumbs, hypoplasia of the distal phalanges of digits
24, total absence of distal phalanges of digit 5, bilateral absence of all
distal ceases of digits 25, and hypoplasia and complete absence of
distal phalanges and nails of the great toes (Figure la—c).

The JHB phenotype presented only in females. In patients IVys, III;(,
V19, and IV, (Figure 2) breasts enlarged dramatically, reaching enor-
mous proportion during a 3-month period before and shortly after
menarche.? Of note, female patient IIly, who died at the age of 3 years,
well before her premenarche time, presented with ODP only. Female
patient V7 is presently 2 years old, and presents with ODP since birth.

The one or two breast reduction and reconstruction surgical opera-
tions performed in each of the four females affected with gigantomastia
were previously described? (Figure 1d). The four affected individuals
have regular menses, and normal laboratory work-up including endo-
crine profile, lipid profile, liver and kidney function, and basic hema-
tology. None was exposed to drug or hormonal therapy. All became
victims of social ridicule and stopped attending school.

All unaffected females in the kindred have normal fingers, toes, and
nails; and no symptoms of JHB. All examined males had normal
breasts. Other than the symptoms of JHB and ODP described, the
physical examinations for all 41 family members, including secondary
sex characteristics, were unremarkable, as was independently verified
with their respective family physicians. We thus conclude that the
phenotype is ODP in males and ODP plus JHB in females.

Inheritance pattern and genetic mapping

None of the individuals in the first and second generations of the
investigated pedigree was affected. In the third generation, the disease
phenotype presented in 6 of 14 (43%) offspring of one unaffected
couple. We examined the unaffected mother and received information
regarding the deceased unaffected father from several sources. All
affected individuals in the fourth and fifth generations, both males and
females, were offspring of affected fathers. Affected females are socially
isolated and have remained unmarried and without offspring.

In the fourth generation, four of five, and three of six, offspring
from the nuclear families of two affected brothers IIl;; and IIl;¢
(Figure 2) were affected. The only affected individual in the fifth
generation is a 2-year-old daughter of an affected father.

Because the kindred is part of an isolate with both overt and ancestral
consanguinity, pseudodominant inheritance of a recessive disorder
should be considered. However, the pedigree structure is also compa-
tible with AD inheritance with either reduced penetrance or germ-line
mosaicism (GM) in a parent of the sibship with the initial affected
individuals. The log likelihood ratio between AD and AR inheritance
was insignificant (LOD < 1.5) for penetrance values in the range of
50-99%, assuming a disease prevalence of 0.1%. Hence, genome-wide
LOD scores were computed under both modes of inheritance. Using
genotypes from 25 family members, we could not obtain significant
LOD score values under an AR model with pseudodominant inheri-
tance throughout the genome. Because the pedigree contains a number
of nuclear families with MDN in generations III, IV and V, and one
family with parental consanguinity, we reanalyzed each nuclear family
independently under the pseudodominant model. No common linkage
was obtained among the nuclear families and no significant combined
LOD score was achieved. When performing the analysis two considera-
tions were applied: first, evidence of homozygosity for an ancestral
mutation was the most likely explanation for this population under this
model. Second and less likely was the presence of two mutations and
compound heterozygosity in the affected individuals. The linkage
studies ruled out all regions of the genome under a recessive model.
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Figure 1 The onychodystrophy/anonychia with abnormalities of the distal phalanges (ODP) phenotype. (a) The hands of patients Ill;9 and 1Vog (male)
showing onychodystrophy, anonychia, brachydactyly of the fifth digits, and digitalization of thumbs. The hands of 1V,5 (female) showing anonychia and
brachydactyly of the fifth digits. (b) X-rays showing digitalizing of both thumbs (Ill19, IV2g), hypoplasia of the distal phalanges of digits 2-4 and total
absence of all distal phalanges of digit 5 (lll1g, Vo5, 1V2g). (c) X-rays showing total bilateral absence of all distal phalanges of digits 2-5; hypoplasia
of distal phalanges of great toes in Ill;g9 and 1Vog; complete absence of distal phalanges of the great toes in IV,s5. Patient numbers are according to a.
(d) Gigantomastia in patient Vo5 that appeared 3 months before and shortly after menarche. Congenital anonychia of hands can also be seen? (published

with permission).

A maximum LOD score of 4.27 was obtained under AD inheritance,
with full penetrance and allele prevalence of 0.1%, at three continuous
loci (D22S1154, D22S277, and D22S283) (Table 1), located within a
30cM (19.3Mb) interval on chromosome 22. Linkage analysis using
70% penetrance led to similar results with a maximum LOD score of
3.6 at the same three markers.

No significant linkage was obtained to any other chromosome.
Nevertheless, to rule out other options for linkage throughout the
genome, suspected regions with LOD scores higher than 1.0 were
reanalyzed under both AD and AR inheritance models, using addi-
tional markers and additional members of the kindred. Also here,
no supporting linkage was obtained. The possibility of X-linked
inheritance was excluded.

Fine-mapping and haplotype analyses
Haplotype analysis using 22 markers along the primary linked interval
revealed a common haplotype, derived from the unaffected founder
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father IIy, in all 11 affected individuals. The genotypes of patient V;
identified a crossover event between the markers at loci D225424 and
D22S277, leading to significant narrowing of the suspected interval,
from 30cM (19.3Mb) to 12.5cM (4.3 Mb). The narrowed interval
includes the markers at loci D22S277 and D22S283, which exhibited
the highest LOD score.

Surprisingly, 9 of the 30 unaffected family members examined carry
the same haplotype as the affected individuals. Possible explanations
for these findings are reduced penetrance of MDN or GM in the
patriarch (II;) of this family. The former implies a possible modifier
gene responsible for the reduced penetrance. To evaluate this possi-
bility, we analyzed genotypes to determine whether the nine unaf-
fected individuals with the disease-associated haplotype shared an
additional common genomic interval not carried by the affected
individuals. The analysis was performed as described above, under
both AD and AR inheritance models with full penetrance and with
1% theoretical allele prevalence, based on the assumption that the



Table 1 Results of linkage to chromosome 22

Recombination fraction

Marker information 0.00 0.01 0.05
1 D22S420 —16.44 -7.12 -3.97
2 D22S539 -0.11 -0.09 -0.03
3 D22S1174 -15.82 -3.14 -1.13
4 D22S315 -15.83 -1.57 -0.13
5 D22S1154 4.27 4.2 3.91
6 D22S1163 2.59 2.54 2.32
7 D22S280 2.76 2.72 2.55
8 D22S277 4.27 4.20 3.91
9 D22S283 4.27 4.20 3.91

10 D22s423 2.27 2.50 2.70

11 D22S274 -0.12 0.15 0.53

12 D22S1170 -0.55 -0.27 0.13

13 D22S1169 -2.61 -2.03 -1.12

The numbers represent the LOD scores obtained using computed two-point analysis under AD
mode of inheritance with full penetrance and 0.1% of mutant allele frequency. The analysis was
performed in 25 family members of whom 9 were affected, using 13 dinucleotide markers with
an average of 5¢cM interspacing across chromosome 22. The six markers representing the linked
interval with their correspondingly significant LOD scores (>3) are shown in bold. The maximal
LOD scores are shown in bold italics. Bold lines delimit the former linked interval of ~30cM
(19.3Mb).

protective allele should be more common than the disease-causing
allele. No significant linkage was obtained, based on low LOD scores
across the genome, and haplotype analyses that excluded each locus
in which LOD scores were positive.

Because the disease-associated haplotype was carried by three
unaffected offspring, IIl,, IIlg, III;5 (Figure 2) of the founding father
(I1y), and all of his affected offspring, it is possible that the founder is a
germ-line mosaic for a dominant mutation. Under this model, the
haplotype shared by the nine unaffected individuals is not relevant to
the disease mutation and should not be included in the linkage
analysis. Similar conclusions have been reached in the genetic analysis
of other disorders.!>"'# Reanalysis of the genotypes under the germ-
line mosaic model revealed a maximum LOD score of 4.87 at a
recombination fraction of zero at the loci for four continuous fully
informative linked markers within the narrowed linked interval
(D22S277, D22S1142, D22S683, and D22S283) (Supplementary
Table 1).

Candidate gene analysis

A total of 92 known genes, and about 40 hypothetical proteins, and
ESTs are reported within the minimal common interval described
above. None of the genes was known to be involved in the develop-
mental processes of limbs and mammary glands, or in other limb- or
mammary-gland-associated diseases. On the basis of published data
for each gene (NCBI, GeneCard, UCSC), we set a priority list of
candidate genes for direct sequencing. We considered any gene known
to be expressed in tissues related to the MDN syndrome (mammary
gland, bone, cartilage, and nails), or that could be involved in the
development of those tissues through known molecular pathways.!>1¢
No disease-associated sequence changes were found in any of the 38
candidate genes selected for sequence analysis. However, sequence
changes were identified in six of the genes (CIQTNF6, SSTR3,
RAC2, LGALS1, ANKRD54, and miRN658) (Supplementary Table 2),
within the interval that co-segregate with the ‘disease haplotype’.
These sequence alterations were also identified in four unaffected
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individuals from our 100 individual control group who carry three
‘disease alleles’ from the ‘disease haplotype’ and are thus unlikely to
be causative.

The sequence alterations are not identified as known polymor-
phisms in the NCBI and ensemble databases, and are either in-frame or
localized in intronic regions. RT-PCR and ¢cDNA analyses in five of the
genes did not detect significant quantitative or qualitative differences
in the expression of these genes compared with normal controls.
Regarding miRN658, the sequence alteration we found is located in a
nonfunctional domain at the 3" end of the gene, a region that is not
conserved among lower species.

Cytogenetic and SNP array analyses

Cytogenetic analysis of patients III;, and IV,s (Figure 2) revealed
normal karyotype 46, XX in both. No CNV was identified in any of
the samples along the linked interval. We did not find short homo-
zygous regions of adjacent polymorphic DNA markers and SNPs shared
by the three affected individuals tested, heterozygous in their parents
and different or heterozygous in the two healthy individuals from the
control group. These data further exclude the possibility of AR
inheritance of MDN in this family.

DISCUSSION

This study presents a newly described AD genetic disorder involving
the breast, digits, and nails, which we have denoted MDN syndrome.
We localized the disease gene to a 12cM (4.3Mb) interval on
chromosome 22q12.3-13.1. This region has not been associated with
any mammary gland or limb/digits/nails disease phenotype.

Clinical manifestations

The clinical manifestation of ODP in this cohort is similar to that
previously described.”” The clinical manifestations and natural
history of JHB described here are similar to those of the previously
described mother and daughter with familial JHB.! The Ulnar
mammary syndrome (OMIM 181450), the limb mammary syndrome
(OMIM 603543), and the Holt Oram syndrome (OMIM 142900) are
other genetic syndromes affecting both mammary glands and limbs.
However, ODP concomitant with JHB has not been documented.
Evidence for molecular connections between breast and bone!”2°
indicate complex interactions between Wnts, FGFs, and Tbx gene
families. However, the precise genetic basis and signaling pathways
in embryogenesis and in the peripubertal period that affect the
normal biological development of breast, digits, and nails are not
yet understood.

Inheritance pattern

The dichotomy of recessive versus dominant inheritance for a novel
phenotype in an isolated population is indeed a challenge in the
absence of disease-associated mutations.

The AR pattern of inheritance is neither supported by the pedigree
analyses nor by the molecular analyses performed.

The AD inheritance pattern of the investigated pedigree structure is
consistent with other documentations of ODP.’® This is the first
report of AD inheritance for JHB. Linkage and haplotype analyses
performed in this study exclude pseudodominant inheritance of a
recessive disorder, and support the possibility of a single mutation or
of mutations in two tightly linked genes, causing both ODP and JHB
transmitted in an AD mode of inheritance. Though we cannot exclude
the possibility of reduced penetrance, we did not observe heterogeneity
in phenotype or in disease severity, which is typical when a modifier
gene is involved.?=22
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Haplotype analysis revealed a common haplotype encompassing a
12cM interval (4.3Mb) in all 11 affected individuals who originate
from the unaffected founder father, and in nine unaffected individuals
who originate from the same patriarch in the pedigree. Such a
pattern supports GM for the MDN mutation in the patriarch I,
rather than AD inheritance with reduced penetrance in this
pedigree.!323

MDN syndrome locus

The MDN syndrome was mapped to chromosome 22ql12.3-13.1
with a maximum LOD score of 4.87 at a recombination fraction
of zero, for four informative DNA markers. Direct sequencing
of 38 candidate genes in the linked interval did not reveal
any disease-associated mutations. Although complete exclusion is
not possible at present, the sequence alterations that were identified
in five genes seem to be polymorphisms common to the
Druze population in this village, rather then causative mutations for
MDN.

Identification of the causative gene and mutation for MDN is of
particular interest, given the unique combination of symptoms. To
determine the disease-causing gene and mutation, we plan to use
next-generation sequencing platforms?*?> within the linked interval,
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followed by further studies to elucidate the pathogenesis of the
syndrome, and identify molecular and biochemical interactive
pathways that may involve breast, bones, and nails.
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