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INTRODUCTION
Patients with Split Hand Foot Malfor-

mation (SHFM) may present with polydac-
tyly,  syndactyly, median clefts, hypoplasia, or 
hyperplasia of  the digits of  the hands and 
feet.1  Abrogation of  central-ray formation in 
developing limbs is thought to cause SHFM.2  
Multiple genetic mutations can cause SHFM 
through putative alteration of  gene expres-
sion in the proliferating zone of  the apical 
ectodermal ridge in a developing limb bud.1 

In some patients, SHFM is present as 
an isolated condition without other abnor-
malities, and these patients are properly diag-
nosed with nonsyndromal SHFM.3  In other 
patients, SHFM occurs along with additional 
abnormalities such as long-bone defi ciency 
or cleft lip/palate, and these cases are known 
as syndromal SHFM.4,5  In both nonsyndro-
mal and syndromal SHFM, penetrance and 
expressivity of  the malformation varies.3,6  
Thus, penetrance and expressivity need to be 
considered to accurately interpret segrega-
tion analyses. 

 Family K6821 presented a nonsyndro-
mal SHFM phenotype.  The family elected 
to undergo genetic testing to determine the 
cause of  their condition.  Through a variety 
of  screening and diagnostic procedures, this 
family was found to lack mutations in any of  
the six unique chromosomal loci associated 
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Figure 1: A) Pedigree of  family K6821.  Individuals with the SHFM phenotype are shaded 
gray.  Square = male; circle = female, triangle = identical twins, and a bar over square or 
circle denotes Whole Exome Sequencing (WES). 

B) Chronology of  events in this study. 
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with nonsyndromal SHFM (7q21.2-q21.3, 
Xq26, 10q24, 3q27, 2q31, and 12q31).1  Fur-
thermore, the family lacked a rearrangement 
at the three chromosomal loci associated 
with SHFM or SHFM with long-bone de-
ficiency (1q42.2-q43, 6q14.1, and 17p13.3).1  
In summation, these data indicated the fam-
ily lacked a chromosomal rearrangement as-
sociation of  known nonsyndromal SHFM 
genes. 

An investigation was designed and ini-
tiated with the goal of  elucidating the un-
known molecular etiology of  SHFM in this 
family.  Due to the family history of  SHFM, 
the underlying etiology was hypothesized to 
involve genetics, rather than being solely en-
vironmental.  A genetic mutation in known 
exonic DNA was hypothesized to underlie 
SHFM in this family.  Thus, whole exome 
sequencing (WES) was selected as the ge-
netic test of  choice.  WES enables analysis 
of  all the variation present in known exonic 
regions of  DNA. From the wealth of  vari-
ants detected by WES, bioinformatic analy-
sis of  the WES data was conducted with the 
goal of  identifying novel candidate SHFM 
genes for further investigation based on the 
putative biologic functions of  the encoded 
proteins.  These candidate genes were then 
studied further using DNA sequencing and 
segregation analyses.  In this exposition, the 
methods and thought processes used to sys-
tematically search for a novel cause of  a rare 
genetic condition are discussed, with empha-
sis upon the value of  an extended pedigree 
when studying a genetic condition.  

MATERIALS AND METHODS 
Whole Exome Sequencing

Initial WES was conducted by Beijing 
Genomics Institute on four affected indi-
viduals (Figure 1A). Genomic DNA from 
all members of  family K6821 was isolated 
from blood samples after informed consent 
was obtained. The chronology of  events is 
shown in Figure 1B to highlight that WES 
and an initial segregation analysis were con-
ducted before the birth of  a set of  identical 
twins.  

Bioinformatic Analysis 
The WES data from four individuals in 

family K6821, consisting of  approximately 
100,000 single nucleotide variants, were im-

primers, dNTPs, and other short DNA se-
quences, was labeled with BigDye® (Ther-
mo Fisher Scientific, Grand Island, NY) by 
first disrupting the hydrogen bonds in the 
duplex DNA at 96°C for 1 minute, then 
subjecting the samples to 25 cycles consist-
ing of  denaturation at 96°C for 10 seconds, 
with 5 seconds of  labelling at 50°C and 1 
minute 15 seconds of  extension at 60°C.  
BigDye® Terminator v1.1 and v3.1 5X Se-
quencing Buffer (Thermo Fisher Scientific, 
Grand Island, NY) were used to stabilize 
the sequencing reagents.  The DNA prod-
uct labelled with BigDye® was purified using 
Qiagen DYE-EX 96-well processing plates 
(Quiagen, Venlo, Limbug).  Capillary electro-
phoresis using a 3730 DNA Analyzer (Ther-
moFischer Scientific, Grand Island, NY) was 
performed. 
RESULTS

WES, followed by bioinformatic analy-
sis, identified single nucleotide polymor-
phisms (SNPs) in MAP1b, NEK1, and 
CHD6 as candidate mutations causing the 
SHFM phenotype in family K6821.  Se-
quencing of  exon 4 of  MAP1b identified an 
adenosine to guanine change, c.437 A>G, in 
three affected individuals: II-3, III-3, III-4 
(Figure 2).  This DNA variation was predict-
ed to encode an amino acid change from as-
paragine to serine at residue 146 (p.A146S).  
Each family member with SHFM was het-
erozygous for the c.437G>A change except 
for the affected newborn twin IV-1(Figure 
2). These data indicated that the missense 
mutation in MAP1b does not co-segregate 
with SHFM in K6821.  

DNA sequencing data for NEK1 (Fig-
ure 3) revealed that individuals II-3, III-3, 
and III-4 were heterozygous for the muta-
tion at c.2975-2 A>T.  Furthermore, the 
polymorphism was not present in individuals 
lacking the SHFM phenotype.  Analysis of  
the newborn twins revealed lack of  segrega-
tion of  this alteration in the affected twin, 
IV-1, thereby demonstrating that this muta-
tion in NEK1 is not associated with SHFM 
in this family.

A third mutation identified by the bio-
informatic analysis of  the WES data was a 

ported into Ingenuity Variant Analysis (IVA).  
IVA was used to analyze the variants and 
calculate allele frequencies using the 1000 
Genomes database.  IVA was also utilized 
to predict whether the variants were likely 
to be pathogenic.  The screened data were 
imported to Excel and selected for variants 
that were heterozygous in the three affected 
individuals (II-3, III-3, III-4) but not pres-
ent in the single unaffected individual (II-4).  
Rare variants (allele frequency <1%) were 
then screened for nonsynonymous variants.  
Using these data, the Sorting Intolerant from 
Tolerant (SIFT) program, which sorts intol-
erant from tolerant amino acid substitutions; 
and Polyphen, a program that predicts ef-
fects of  amino acid substitution, were used 
to predict pathogenic variants for further 
analyses.  The data were then filtered to only 
include alterations identified in genes with 
expression in bone.  From this analysis, het-
erozygous mutation in three bone-expressed 
genes was identified: MAP1b, NEK1, and 
CHD6. 

Gene-Specific Sequencing of  MAP1b, NEK1, 
& CHD6 

Amplifications of  MAP1b exon 4, 
NEK1 exon 31, and CHD6 exon 23 were 
conducted using intronic RNA primers con-
jugated to M13 tags (Table 1).  

To amplify MAP1b exon 4, NEK1 exon 
31, and CHD6 exon 23, annealing tempera-
tures were optimized by gradient PCR.  Us-
ing primers shown in Table 1, each exon was 
amplified by initially denaturing the sample 
for 5 minutes at 95°C, then conducting 35 
cycles of  denaturation (95°C, 30s), anneal-
ing (optimized temperature, 30s), and adding 
extension (72°C, 40s), with a final extension 
of  72°C for 5 minutes.  GoTaq® DNA Poly-
merase and 5X Green GoTaq® Reaction 
Buffer (Promega, Madison, WI) were used in 
all DNA amplifications. Electrophoresis us-
ing 2% agarose gels was then conducted to 
qualitatively assess DNA amplification.

ExoSAP-IT (Affemytrex, Santa Clara, 
CA) enzyme cocktail was added to the am-
plified DNA product, and the solution was 
heated to 37°C to degrade the primers and 
dNTPs.  Then the reaction mixture was 
heated to 80°C to denature the enzyme 
without reaching the Tm of  the duplex DNA 
products.  This purified sample, devoid of  

Table 1:  RNA primer sequences used to amplify MAP1b Exon 4, NEK1 Exon 31, and CHD6 Exon 23.  
Gene 1Forward Primer (5’ to 3’) 2Reverse Primer (5’ to 3’)
M13 Tag TTGTAAAACGACGGCCAGTG CACACAGGAAACAGCTATGACCATG
MAP1b 
Exon 4 M13F-CTAGCCCTGTCCTGAAGGTG M13R-TTCTTTTGTCTCCCCCAGTG
NEK1
Exon 31 M13F-TTGTGTTACATACTGTGCCTTATCAA M13R-TGCAAAGGATTCTTCTGGTG
CHD6
Exon 23 M13F-CCACTTGCCCTATGCTGTCT M13R-CAGAAGTAGCACAAGAGCATGAA

1Forward primers target intronic DNA upstream of  target genes.   
2Reverse primers target intronic DNA downstream of  target genes.
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missense mutation in CHD6.  Sequencing 
showed a change from cytosine to guanine, 
c.3675C>G.  This was predicted to change 
the amino acid sequence at residue 1225 
from histidine to glutamine (p.H1225Q) 
within exon 23 of  CHD6 isoform 1.  Segre-
gation analysis, shown in Figure 4, present-
ed a potential case of  variable penetrance 
in the family until DNA from the affected 
newborn twin was sequenced and found to 
lack the c.3675 C>G mutation. Additionally, 
his unaffected mother who married into the 
family had the alteration, thereby effectively 
eliminating the change in CHD6 gene as 
pathogenic. 

DISCUSSION
Once it became apparent that members 

of  family K6821 lacked mutations in the 
known SHFM genes, whole exome sequenc-
ing (WES) was conducted on four individu-
als in the family. WES is a useful tool in the 
study of  rare diseases following a Mendelian 
inheritance pattern because it is the most ef-
fi cient means for detecting point mutations 
in all of  an individual’s genes.  Once WES 
was complete, bioinformatic analysis was 
performed to analyze variants of  unknown 
signifi cance (VUS) detected by WES.  The 
bioinformatic analysis systematically nar-
rowed down the variants to form a list that 
could potentially explain the SHFM in fam-
ily K6821.  As part of  this analysis, genes 
with expression in bone were selected, with 
MAP1b, NEK1, and CHD6 hypothesized 
to be the most signifi cant due to reported 

three genes are summarized in Table 2.  
A limitation of  this study is that the 

SHFM causative gene in this family could 
be expressed in a different tissue other than 
bone.  In fact, many of  the mutations known 
to cause SHFM affect proteins expressed in 
the apical ectodermal ridge of  a developing 
limb bud.1  

After systematically searching the lit-
erature, it remained unclear as to whether 
MAP1b, NEK1, and CHD6 are expressed in 
the AER during limb development.  Further-
more, even if  the causative gene in this fami-
ly were expressed in bone, another limitation 
of  this study is that genes expressed below 
detectable levels could have been excluded 
by the bioinformatic analysis.  Despite the 
limitations of  this analysis, the WES data was 
useful for distinguishing variants in the fam-
ily’s DNA for further study.

Confi rmation of  the variants identifi ed 
by WES was also necessary, and Sanger se-
quencing was utilized to this accomplish this 
end. A possible limitation of  WES is the po-
tential for limited coverage of  the sequence 
containing the causal variant.12 Sanger se-
quencing confi rmed the results of  WES, 
and initial segregation analyses provided 
evidence suggesting the three variants could 
be associated with the SHFM phenotype. 
Once the twins (IV-1, IV-2, Figure 1) were 
born, the extension of  the pedigree offered 
a valuable chance to see whether the muta-
tions in MAP1b, NEK1, and CHD6 contin-

Figure 2:  A) DNA sequence data for II-3 (top) and IV-1 (bottom) showing change c. 437 
A>G (blue arrow).  R denotes A or G.  B) DNA sequence data generated for members of  
K6821 at c. 437 (shown in red).  Individuals exhibiting the SHFM phenotype are shaded 
gray.  

Figure 2:  A) DNA sequence data for II-3 (top) and IV-1 (bottom) showing change c. 437 

Figure 3:  A) DNA sequence data for II-3 (top) and IV-1 (bottom) showing change c. 2975-
2 A>T, w (blue arrow).  W denotes T or A.  B) DNA sequence data generated for members 
of  K6821 at c. 2975-2 A>T (shown in red).  Individuals exhibiting the SHFM phenotype 
are shaded gray. 

 A) DNA sequence data for II-3 (top) and IV-1 (bottom) showing change c. 2975-

biologic functions of  the encoded proteins.  
The normal chromosomal loci for MAP1b, 
NEK1 and CHD6, are shown in Figure 5. 

The reported biological functions of  the 
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ued to segregate with the SHFM phenotype.  
Discussion of  each of  these individual genes 
follows.  

Before the birth of  the twins, segrega-
tion analysis showed that the mutation in the 
MAP1b gene was present only in affected 
family members, which suggested this vari-
ant could underlie the SHFM phenotype.  
MAP1b is located on the forward strand of  
chromosome 5 at 5q13 (Figure 5).  Micro-
tubule-associated protein 1b (MAP1b) has 
a function which we hypothesized could be 
relevant to the SHFM phenotype.  MAP1b 
regulates microtubule dynamics, which is im-
portant for axonal outgrowth and cytoskel-

in the MAP1b protein in affected individuals 
would strengthen the gene’s candidacy as a 
gene underlying SHFM.  However, the data 
presented in Figure 2 show that the MAP1b
mutation is not present in the affected new-
born twin, IV-1.  Therefore, the extended 
segregation analysis decreased the likelihood 
that the MAP1b missense mutation is a risk 
factor for SHFM in family K6821. 

In a similar scenario, prior to the birth 
of  the twins, segregation analysis of  the 
mutation, c.2975-2A>T, in the NEK1 gene 
showed that mutation was only present in 
affected family members.  NEK1 protein 
also has a function we hypothesized could 
be relevant to the SHFM phenotype.  Never 
in Mitosis Gene A related kinase-1 (NEK1) 
is located on the reverse strand of  chromo-
some 4 at 4q33 (Figure 5) and is a kinase with 
dual-specifi city, since it can phosphorylate 
either serine/threonine or tyrosine residues 
on target substrates after appropriate auto-
phosphorylation.17,18  This dual-specifi city 
provides unique functions such as regulation 
of  mitotic and meiotic signal transduction 
cascades.9,10  

Recently, the NEK1 protein was dem-
onstrated to mediate S-phase progression 
by assisting in the loading of  replication 
factors onto chromatin.19  In K6821, we hy-
pothesized a guanine to cytosine variation 
two bases before a 5’ splice site of  intron 
30 (c.2975-2 A>T) caused an alteration in a 
splice site between intron 30 and exon 31, ul-
timately altering protein structure and func-
tion. Although the mutation in NEK1 was 
present in patients II-3, III-3, and III-4, it 
was not found in the affected newborn twin, 
IV-1(Figure 3B). These data suggest that the 
variation seen in NEK1 is not responsible 
for the SHFM phenotype in family K6821. 

The initial segregation analysis conduct-
ed for the c.367C>G mutation in the CHD6
gene presented the possibility of  this variant 
causing SHFM, but with incomplete pen-
etrance.  The CHD6 gene is located at 20q12 
on the reverse strand (Figure 5).  CHD6 en-
codes chromodomain helicase DNA binding 
protein 6 (CHD6), which alters chromatin 
structure to establish cell type-specifi c pat-
terns of  gene expression.11  CHD6 has mul-
tiple domains, including two N-terminal 
chromodomains, a SWItch/Sucrose Non-
Fermentable (SWI2/SNF2)-like ATPase/
helicase domain, and a DNA binding do-

etal growth.13,14 
Additionally, MAP1b binds microtu-

bules in a phosphorylation-state-dependent 
manner when phosphorylated at a serine/
threonine kinase specifi c site.8,15,16  We hy-
pothesized that a mutation in a phosphory-
lated residue could alter MAP1b protein 
function.  The missense mutation present in 
the MAP1b protein detected was p.N146S.  
This acquisition of  a phosphorylatable ser-
ine residue could have enhanced the ability 
of  MAP1b protein to phosphorylate sub-
strates and/or bind microtubules leading to 
abrogation of  central ray formation.  

The presence of  the missense mutation 

Figure 4:  A) DNA sequence data for III-5(top) and IV-2 (bottom) that shows the pres-
ence of  cytosine at c. 3675 (blue arrow), B) DNA sequence data generated for members of  
K6821 at c. 3675 (shown in red).  Individuals exhibiting the SHFM phenotype are shaded 
gray. 

 A) DNA sequence data for III-5(top) and IV-2 (bottom) that shows the pres-

Table 2:  Reported functions of  MAP1b, NEK1, and CHD6 proteins that were hypothesized to be signifi cant to the etiol-
ogy of  SHFM.

Gene Product Overview of  Known Function
MAP1b Regulation of  cytoskeletal dynamics and outgrowth.8 
NEK1 Regulation of  mitotic and meiotic signal transduction cascades.9,10

CHD6 Alteration of  chromatin structure to establish cell type-specifi c patterns of  gene expression.11

Figure 5:  Red boxes, emphasized by arrows, denote the chromosomal loci of  MAP1b, 
NEK1, and CHD6 genes. Images obtained from Ensembl database7

Red boxes, emphasized by arrows, denote the chromosomal loci of  
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main that enable the protein to influence 
gene expression in a cell type-dependent 
manner.20,11,21  In K6821, the heterozygous 
mutation (c.3675G>C) was predicted to cor-
respond to a change from histidine to glu-
tamine at residue 1225 (p.H1225Q).   This 
change was hypothesized to result in abro-
gation of  regulation of  cell type – specific 
gene expression. As shown in Figure 4, each 
affected patient except the affected newborn 
twin (IV-1) is heterozygous for the muta-
tion.  However, individuals who do not have 
the condition also have the mutation (e.g. 
individuals II-2 and III-5). Finally, the data 
shown in Figure 4 also shows that IV-1, an 
affected individual, is homozygous for the 
allele encoding a normal CHD6 gene, which 
suggests that the locus does not play a role in 
the SHFM phenotype in family K6821. 

While the analyses did not elucidate a 
novel cause of  SHFM in family K6821, they 
do outline a scientific methodology that can 
be utilized and improved in future studies.  
Moving forward, it would be ideal to couple 
these methods along with a genome-wide as-
sociation study of  all patients with SHFM 
without a known genetic cause.  Patients 
with similar phenotypes could be grouped 
together, and their exomes could be com-
pared to controls.  In summary, these data 
show that WES followed by confirmatory 
Sanger sequencing and segregation analysis 
constitutes a viable method for identifying 
and evaluating DNA sequence variants in 
families with a rare genetic disease.  When-
ever possible, extension of  the analysis to 
newborn affected family members may aid 
in elucidation of  the true etiology of  the dis-
ease under investigation.
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