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Summary

Progressive cerebellocerebral atrophy (PCCA) is a relatively new autosomal recessive syndrome 
found in Jews of Moroccan ancestry, that is characterized by severe mental retardation, seizures, 
spastic quadriplegia (limbs motor and sensory dysfunction),  progressive microcephally (reduced 
size of the head) and progressive brain tissue atrophy of both the cerebellum and the cerebrum. 
Mutations in a recently identified novel gene discovered by our research group were found to cause 
some of the PCCA cases. However, patients from other Jewish Moroccan families with the same 
syndrome were shown not to carry mutations in the novel gene. 
Moreover,  they  did  not   have  mutations  in  any  of  the  genes  associated  with  pontocerebellar 
hypoplasia type 2 (PCH-2),  a group of rare neurodegenerative diseases characterized by a very 
similar phenotype.

The aim of this thesis was to decipher the molecular basis of PCCA in patients from three Jewish 
Moroccan families that  do not  carry mutations  in  any of  the above disease-associated genes.  I 
assumed autosomal recessive heredity and a founder mutation common to some or all of the 3 
families. Through bioinformatic allele-sharing analysis and a scan for shared homozygous regions 
in a 10K whole-genome SNP-array scan of the families, I narrowed the probable location of the 
mutation down to six loci on chromosomes 1, 3, 9 and 14. Further examination and fine mapping of 
three of those regions (on chromosomes 9 and 14) using polymorphic markers ruled out "founder 
effect"  shared  homozygosity  common  to  affected  individuals  of  the  3  families  in  those  loci. 
However, for one locus on chromosome 14, fine mapping demonstrated a locus of shared between 
affected individuals and their non-affected siblings, somewhat narrowing down the suspected region 
on choromosome 14. The genes in the six loci of the suspected area were then listed and prioritized, 
using the Syndrome to Gene (S2G) web-tool, according to their degree of relation to the known 
disease associated genes for PCCA an PCH-2. Five of the patients' genes in the suspected regions, 
RCL1,  UHRF2,  GLDC, KDM4C and RCL1 were sequenced.  The sequences  were  scanned for 
mutations using the UCSC database as reference. So far, no disease-causing mutations were found. 
Sequencing of the remaining genes in the locus is underway, and  is beyond the scope of this thesis.
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Introduction

Progressive cerebellocerebral atrophy (PCCA) 

During the Jewish diaspora, and to a large extent after the founding of Israel as well, Moroccan 
Jews had kept  a  secluded subculture  marrying within their  community,  causing 'founder  effect' 
diseases  to  be  carried  and  expressed  more  frequently.  Therefore,  the  manifestation  of  genetic 
diseases in  several families where both parents have Jewish Moroccan origins can be reasonably 
suspected to be caused by homozygous founder mutations.

One  such  genetic  disease  is  progressive  cerebellocerebral  atrophy  (PCCA),  a  newly  named 
syndrome that was so far diagnosed only in Jewish Morrocan and Jewish Iraqi families (Ben-Zeev 
et  al.  2003).  PCCA is  characterized  by profound mental  retardation,  progressive  microcephaly 
(reduced  size  of  the  head)  and  severe  spasticity  (involuntary  muscle  contractions)  as  well  as 
epileptic seizures. MRI and CT scans of patients show progressive cerebellar and cerebral atrophy 
of both white and grey matter. While none are evident immediately after birth, PCCA's symptoms 
become  apparent  during  the  first  year  of  life.  Infants  present  some  degree  of  microcephaly, 
spasticity  and  seizures  and,  except  smiling,  achieve  no  developmental  milestones.  Cerebellar 
atrophy becomes apparent during the first year as well, after which, deterioration occurs over time. 
The life span of affected individuals is not yet known but does not seem to be limited by the disease 
itself (Ben-Zeev et al., 2003; Zlotogora et al., 2010). No gene was associated with this syndrome 
until very recently (Agamy et al., submitted). 

Another condition with symptoms very similar to those of PCCA is pontocerebellar hypoplasia type 
2 (PCH-2), a group of autosomal recessive diseases that are characterized by underdevelopment and 
atrophy of the pontocerebellum (Budde et al., 2008). The onset of these neurodegenerative diseases 
is prenatal (as opposed to PCCA's postnatal onset) and the common phenotype after birth includes 
progressive microcephaly, extreme retardation, very limited motor control, involuntary movement 
and seizures. The life span of patients with PCH varies between several years to a couple of dozens. 
Over time, mutations in several genes were found to be associated with PCH: TSEN2, TSEN34, 
TSEN54, VRK1 and RARS2 (Budde et al., 2008; Zlotogora, 2010).

A few years ago, PCCA was identified in offspring of several Israeli families of Jewish Moroccan 
and Jewish Iraqi ancestry. Blood samples were obtained with informed consent from these affected 
individuals and from their parents and healthy siblings. Genomic DNA was exctracted from the 
samples, and EBV-transformed lymphoblastoid cells were generated from the samples of affected 
individuals to produce cDNA. From the genomic DNA, a SNP-array chip analysis was performed 
for all individuals. With these in hand, our group very recently succeeded in identifying a PCCA 
associated gene.  For doing so, since no other genes were previously associated with the newly 
named PCCA, our group had referred to genes that were in some way related to the similar PCH-2 
associated genes,  be it  a  structural,  functional  or  metabolic  relation.  TSEN54, a  known PCH-2 
associated gene, codes for a subunit of the endonuclease that catalyzes the splicing of precursor 
tRNAs (Budde et al., 2008). It was its relation to tRNA that had led our group to identify mutations 
in the gene,  O-phosphoserine-tRNA:Sselenocysteinyl-tRNA-synthase (SEPSECS) as the cause for 
PCCA in some of the above families with Jewish Iraqi and Jewish Moroccan-Iraqi ancestry (Agamy 
et al., submitted). SEPSECS codes for an enzyme that processes the tRNA molecule in the final step 
of the formation of the 21st amino acid, selenocysteine (Sec). This unique amino acid lacks its own 
tRNA synthetase and is synthesized on its cognate tRNA. It is intriguingly coded by the codon UGA 
(a known stop-codon), but recoded with the aid of a "Sec insertion sequence" (SECIS) element on 
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the  3'  UTR  of  the  mRNA and  is  translated  (and  synthesized)  in  a  complex  and  yet  poorly 
understood mechanism (Palioura  et  al.,  2009;  Bellinger  et  al.,  2009).  Only 25 genes  encoding 
selenoproteins (proteins that include selenocysteine in their amino acids sequence) are known to 
exist in the human genome (Kryukov et al., 2003).

Homozygosity mapping 

The genome is large. Therefore, finding a single disease-causing mutation requires a great deal of 
filtering. The first filter to be applied assumes that the disease is caused by  a single gene defect. I 
further  assumed  in  this  study  that  the  disease  is  caused  by  a  homozygous  founder  mutation. 
Moreover,  as  the  vast  majority  (though  not  all)  of  human  monogenic  diseases  are  caused  by 
mutations within the coding sequence or the intron-exon boundaries of genes, I assumed that the 
disease-causing mutation would be within those regions.  

Allele-sharing and SNP-arrays

The second filter relies on inheritance patterns in families that  are affected by the disease. If a 
disease appears to present an autosomal recessive inheritance pattern, as is the case with PCCA, 
then affected siblings in a family can be predicted to homozygously share the mutation in both 
homologous  chromosomes,  non-affected  parents  of  affected  individuals  can  be  predicted  to  be 
heterozygous for the mutation and non-affected siblings of affected individuals can be predicted to 
be either heterozygous for the mutation or non-carriers. Since the chromosomal segregation during 
meiosis is not completely random, proximate chromosomal loci tend to be inherited together, and so 
affected siblings in the same family are predicted to share not only two copies of the same mutation, 
but two mutation-carrying alleles. The same applies to non-affected siblings who are expected to 
either share one allele or none with their affected siblings. This principle can be applied to find 
suspected areas in the genome where the disease's inheritance pattern fits the allele-sharing pattern. 
The allele-sharing pattern can be demonstrated through single nucleotide polymorphism (SNP)-
array analysis. In this study, a 10K SNP-array analysis was used for each family member: thus, 
10,000 SNPs were examined throughout the genome of each family member, producing a large 
spreadsheet file as an output. A bioinformatic tool was used to analyze the output and for every two 
family members, I calculated the probability that they share 2 alleles, the probability that they share 
1 allele and the probability that they share 0 alleles around each of the SNPs. These data can be 
processed  to  determine  which  allele  fragments  fit  the  inheritance  pattern  (and  are  therefore 
suspected areas for carrying the disease-causing mutation) and border them with the locations of the 
SNPs at the edges of the suspected areas. If several affected families are assumed to carry the same 
mutation (or at least carry a mutation in the same gene), then their allele-sharing analysis can be 
intersected to further narrow the suspected area for the mutation (or the gene).

Homozygosity

In  populations  with  a  "founder  effect",  where  the  genetic  diversity  is  low,  the  occurrences  of 
autosomal recessive diseases is greater since it is more common for mutation-carrying alleles to 
mate with copies of themselves. The lesser the diversity, the larger is the frequency of common 
alleles. In a SNP-analysis, this would appear as a group of proximate SNPs with a homozygous 
pattern. As is the case with allele-sharing, non-affected siblings are expected to show in suspected 
areas either a heterozygous pattern r or a homozygous pattern of alleles different than those seen in 
the affected idnividuals. 

5



Fine-Mapping

Once a small  enough suspected area has been established,  it  can often be further reduced with 
polymorphic markers which are based on short tandem repeats (STRs) rather than SNPs. While 
each SNP can only provide binary data, STR markers may carry a much broader range of variance 
and provide more information. When a number of dense STR markers are applied on the suspected 
area, a haplotype pattern can be determined for each individual and exclude more areas where the 
inheritance pattern does not fit the observed alleles. STR markers may also be used to verify or 
refute data from the SNP-analysis, such as homozygosity.

Syndrome to Gene (S2G) software

Even after all the filtering, the suspected area may contain dozens if not hundreds of genes where 
the mutation may be located. These will have to be sequenced for mutations in a, presently, either 
tedious process or very expensive one, or both. If the genes are sequenced consecutively, several at 
a time, then once the mutation is found, there is no longer need to sequence the rest of the genes. To 
put this in other words, the sooner the mutation is found, the less effort, resources and (of-course) 
time are spent. Therefore, the order by which the genes are sequenced is very important. It is very 
beneficial to rank the genes in order of relevance to the disease according to what is known of their 
products, their role in physiological pathways, known outcomes of previously found mutations in 
them, their homology to other similar disease-associated genes and their relation to them. Syndrome 
to Gene (S2G - http://fohs.bgu.ac.il/s2g) is a web tool generated in our lab (Gefen et al., 2010) for 
prioritizing of disease-associated genes, based on association of the genes with other genes whose 
mutations are known to cause similar phenotypes. The software is based on the integration of 18 
databases, including much of the existing literature regarding structural homology, involvement in 
common pathways, protein-protein interactions and transcription factor networks. Some caution is 
advised when prioritizing genes with S2G, since the software is naturally inclined to list those genes 
of which more is known. A very much related gene might never come up in a search simply because 
it was poorly studied. However, it may be fair to note that the same bias occurs when sear-ching the 
literature manually and that S2G provides a much faster and much more thorough search.

Aims

The aim of this study was to decipher the molecular basis of PCCA in 3 of the remaining families of 
Jewish Moroccan ancestry (Fig.  1),  where  the  cause  for  PCCA in the  affected individuals  had 
remained unknown.

Figure 1 - Pedigrees of the three Jewish Moroccan families: Affected individuals are marked black. In 
family 3, no blood sample was obtained from the father.
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Specific aims: 

1. To narrow down the probable genomic locus harboring the disease-causing mutated gene using 
bioinformatic analysis of the SNP-array data that was obtained from the families' genomic DNA.

2. To exclude mutations in SEPSECS and the PCH-2 associated genes as the cause for PCCA in the 
3 families.

3. To further examine (fine-mapping) the suspected loci, ruling out further suspected regions and 
verifying homozygosity with STR markers.

4.  To  generate  a  list  of  likely  candidate  genes  from within  the  remaining  suspected  loci  and 
prioritize them according to their relation to SEPSECS and PCH-2 associated genes.

5. To sequence the suspected genes consecutively and scan their sequence for mutations.

Assumptions

The following assumptions were made when searching for the cause of PCCA in the 3 families:

1. The diagnosis of PCCA in the affected individuals was sound.

2. PCCA in those patients was caused by a single recessive mutation in one gene.

3. All affected individuals carry the same mutation in the same gene.

4. All affected individuals share the same large mutation-carrying allele through a "founder effect".
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Results

Analysis of SNP-array data

Analysis of the SNP-array data, using the Merlin bioinformatic tool (Gonçalo et al., 2001), identi-
fied areas in the genome that are shared in both alleles between the affected siblings and in one 
allele or none between affected and unaffected siblings. This was done for each of the 3 families 
separately. The output was then intersected to produce areas in the genome where this was true for 
all 3 families (Table 1).

Table 1 - Intersected allele-sharing output for all 3 families

Chromosome Starting SNP ID Starting location1 Ending SNP ID Ending location1

1 rs2363556 211,720,158 rs1930300 214,235,585

3 rs953402 5,986,639 rs1391950 7,033,417

3 rs953882 173,580,444 rs725318 179,324,469

8 rs963080 16,867,896 rs725949 17,288,882

9 rs2376227 2,227,390 rs3847230 2,927,654

9 rs952673 3,663,684 rs1407972 8,451,714

9 rs1374499 85,313,710 rs1331445 86,540,505

14 rs720070 54,256,189 rs3912203 55,679,366
1 The SNPs locations are given according to the NCBI genome database, May 2004.

The SNP-array data was then further analyzed to find regions within the above shared alleles where 
all  affected siblings were homozygous with the same  SNP while their  unaffected siblings  were 
either homozygous for the other SNP or heterozygous. Thus, the probable location of the mutation 
was narrowed down to 6 such homozygous regions (that contained genes) in chromosomes 1, 3, 9 
and 14 (Fig. 2).

Exclusion of SEPSECS and PCH-2 associated genes

The locations of SEPSECS and the PCH-2 associated genes (Table 2) were all outside the shared 
alleles output for each of the families (Data not shown) except RARS2 in family 1 and VRK1 in 
families 1 and 6. None were within the intersected output of all 3 families together (Table1).  In 
addition,  these families  were previously scrutinized for mutations  in  the SEPSECS and PCH-2 
associated genes by our group in the process of identifying mutations in SEPSECS as the cause for 
PCCA in the other Jewish Iraqi families (Agamy et al., submitted). Given all the evidence, it was 
safe to exclude SEPSECS and PCH-2 associated genes as the cause for PCCA in those 3 Jewish 
Moroccan families.
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Figure 2 - Shared homozygous regions in the suspected area:  The shared homozygous regions' physical locations are 
marked in shades of blue (the darker the shade, the more informative the markers). An extra SNP was added to each side of the regions in 
order to make sure that no genes are missed between the homozygous region and the cross-over point. For example, although affected 
individuals II7 and II8 are heterozygous in the 4th region for SNPs rs1074449 and rs1575284, the location of the start and the end of the 
homozygous region was set according to those SNPs. In cases where two homozygous regions were very close, they were treated as 
though they were onr region and the non-homozygotic space between them was included in the search area (e.g. the 1st and 5th regions).
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SNP RS ID Chr. Physical Pos. Allele A Allele B SNP27 SNP28 SNP79 SNP80 SNP11 SNP29 SNP30 SNP81 SNP82 SNP21 SNP22 SNP54 SNP14 SNP15

Fam ID 1 1 1 1 1 2 2 2 2 2 2 3 3 3

Fam origin Morocco Morocco Morocco Morocco Morocco Morocco Morocco Morocco Morocco Morocco Morocco Morocco Morocco Morocco

Sample ID I1 I2 II1 II2 II3 I3 I4 II4 II5 II7 II8 I5 II9 II10

Moth/Fath/Child Mother Father Child Child Child Mother Father Child Child Child Child Mother Child Child

GenderU=unaffected F M M M F F M F M F F F M M

Disease statusA=affected U U U U A U U U U A A U A A

rs4129019 1 212,381,255 C T BB AA AB AB AB AB AB BB AB NoCall AB BB BB BB

rs1811900 1 212,684,114 A G AA AB AA AB AB AA AB AA AB AA AA AA AA AA

rs532342 1 212,687,030 C T AA AB AB AA AA AB AA AB AB AA AA AA AA AA

rs951034 1 213,156,484 C G BB AA AB AB AB AA AB AA AB AA AA AA AA AA

1 rs1416615 1 213,319,408 C G AA AA AA AA AA AA AA AA AA AA AA AA AB AB

rs1416527 1 213,625,196 C T AB AA AA AB AA BB BB BB BB BB BB BB BB BB

rs1416526 1 213,625,290 A C AA AA AA AA AA AA AB AA AB AA AA AA AA AA

rs4131971 1 213,811,885 C G BB AB AB BB BB AB AB AA AB AB AB BB AB AB

rs1930300 1 214,235,585 A C AB AB AA AB AB AB BB AB AB AB BB AB AB AB

rs1316579 3 175,782,878 A G BB BB BB BB BB BB AB AB AB BB BB BB AB AB

rs2042125 3 176,537,318 A C AB AB AB AB AB AB AA NoCall AA AA AA AA AA AA

2 rs4566542 3 176,610,712 C G AA AA AA NoCall AA AA AB NoCall AB NoCall AA AA AA AA

rs4129157 3 176,827,123 C T AB AB AB AB AB AB AA AA AB AB AB BB BB BB

rs2141767 3 177,333,023 C T AB AB AB AB AB AB AB AA AB BB BB AB AB AB

rs2376227 9 2,227,390 G T AA AA AA AA AA AA AA AA AA AA AA AA AA AA

rs1331818 9 2,332,217 A T BB AB BB BB BB BB BB BB BB BB BB BB BB BB

3 rs1412179 9 2,332,642 A G AA AB AA AA AA AA AA AA AA AA AA AA AA AA

rs1412180 9 2,332,706 C T AA AB AA AA AA AA AA AA AA AA AA AA AA AA

rs1590979 9 2,549,492 C T AB AB AA AB AB AA AA AA AA AA AA AB BB BB

rs3847230 9 2,927,654 C T AB AB AA NoCall AA AB BB BB AB BB BB AB AA AA

rs952673 9 3,663,684 A G AA AB AB AB AB AB AA AB AA AB AB AA AB AB

rs1074449 9 4,094,571 C G BB BB BB BB BB AB AA AB AA AB AB AA AA AA

4 rs2146042 9 5,256,897 C T AA AA AA AA AA AA AA AA AA AA AA AA AA AA

rs1575284 9 5,257,043 G T AA AA AA AA AA AB AA AB AA AB AB AA AA AA

rs958480 9 5,719,377 A T AB AA AA AA AA AA BB AB AB AB AB AB AB AB

rs721352 9 6,322,901 A C BB BB BB BB BB AB AA NoCall NoCall AB AB AA AA AA

rs1381038 9 6,323,156 A C AA AA AA NoCall AA AB AB NoCall AB AB AB AB BB BB

rs719725 9 6,355,683 A C AA AA AA AA AA AA AB AB AB AA AA AB AA AA

rs1821892 9 6,606,648 C G BB BB BB BB BB BB BB BB BB BB BB BB BB BB

rs1340513 9 6,967,633 C T BB BB BB BB BB AB AA AB AA AB AB AB BB BB

rs1407856 9 7,036,901 C G AA AA AA AA AA BB AB BB BB AB AB AB AA AA

5 rs717381 9 7,087,991 A C AB AA AA AA AA AA BB AB AB AB AB AB AA AA

rs4497020 9 7,097,769 A G AB BB BB BB BB BB BB BB BB BB BB AB BB BB

rs4294242 9 7,097,843 A G AB AA AA AA AA AA AA AA AA AA AA AB AA AA

rs722628 9 7,136,888 A G AB BB BB BB BB AB BB BB AB BB BB AB BB BB

rs966015 9 7,247,213 A G AB AA AA AA AA AA AB AB AB AA AA AA AA AA

rs725987 9 7,560,393 A C AB AB BB BB AB BB AB BB BB AB AB AA AB AB

rs725988 9 7,560,610 C T AA AB AB AB AA BB AB BB BB AB AB AB AB AB

rs720070 14 54,256,189 A T AA AA AA AA AA AB AB NoCall AA AB AA AA AA AA

6 rs434713 14 55,611,787 A G AA AA AA AA AA AA AA AA NoCall AA AA AA AA AA

rs241557 14 55,620,173 C T AB AA AA AA AA AA AA AA AA AA AA AB AB AB

rs3912203 14 55,679,366 A G AA AA AA AA AA AA AB AA AA AB AA AA AA AA



Table 2 - Locations of SEPSECS and PCH2 associated genes

Gene name Chromosome Starting location1 Ending location1

TSEN2 3 12,501,028 12,549,812

SEPSECS 4 24,732,820 24,771,083

RARS2 6 88,280,820 88,356,440

VRK1 14 96,333,437 96,417,704

TSEN54 17 71,024,204 71,032,415

TSEN34 19 59,386,916 59,389,338
1 The SNPs locations are given according to the NCBI genome database.

Fine-mapping the suspected regions

Of the six suspected homozygous regions found, two regions on chromosome 9 and one on chromo-
some  14  were  examined  using  5  STR  markers  (Fig.  3).  At  first  glance,  the  results  (Fig.  3a) 
completely excluded shared homozygosity for all  5  markers in  all  the families.  However,  after 
examining the haplotype (Fig. 3b), only the area beyond one of the markers on chromosome 14 was 
excluded as a possible location for the mutation under normal heritability conditions (non-"founder 
effect" heritability).

Listing and sequencing genes in the suspected regions

With the exclusion of the area beyond one of the markers on chromosome 14, a list of 33 genes  was 
composed for all genes located within the remaining suspected area on chromosomes 1, 3, 9 and 14. 
The listed genes were then ranked using the S2G web tool (Gefen et al., 2010) according to their 
degree  of  relation  to  PCCA associated  gene,  SEPSECS,  and  PCH-2 associated  gene,  TSEN54 
(Table 3). For technical reasons, the ranking was done separately for genes on different chromoso-
mes. The genes were then consecutively sequenced according to their  ranking on the suspected 
genes list but some degree of discretion was practiced when choosing which genes to sequence first 
depending, among other things, on each gene's apparent relevance based on the literature, number 
of splicing variants, length and known outcomes of mutations in the gene. Of the 33 genes on the 
list, 5 were either fully or partially sequenced from the affected individuals' cDNA derived from 
EBV transformed lymphoblasts. Where necessary, a fragment of affected individuals' genomic DNA 
was sequenced as well. The sequences were then scanned for mutations, using the NCBI genomic 
database (NCBI database through UCSC - http://genome.ucsc.edu/cgi-bin/hgGateway) as reference.

RCL1

While  not  the  first  choice  by S2G on chromosome 9,  RNA terminal  phosphate  cyclase-like  1 
(RCL1) was one of the first genes to be sequenced due to its known role in the biosynthesis of the 
40S ribosomal subunit during the early pre-rRNA processing (Karbstein  et al.,  2005). This was 
somewhat  reminiscent  of  the  special  recoding  of  the  UGA Stop/Sec-codon  with  regard  to  the 
translation of selenoproteins. In addition, it appeared to be short and simple to sequence. RCL1 was 
fully sequenced in affected individual II9, and partially sequenced in affected individual II7. No 
mutations were found in any of the sequences.
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a1
Marker Chr. Location on 

chromosome
Family 1 Family 2 Family 3

I1 I2 II1 II2 II3 I3 I4 II4 II5 II6 II7 II8 I5 II9 II10

D9S1686 9 4,634,610 2,3 2,3 2,2 2,2 2,3 2,4 2,2 2,2 2,4 2,2 2,4 2,4 1,3 1,3 1,3

a2
Marker Chr. Location on 

chromosome
Family 1 Family 2 Family 3

I1 I2 II1 II2 II3 I3 I4 II4 II5 II6 II7 II8 I5 II9 II10

D9S1810 9 4,817,622 1,4 2,3 3,4 3,4 2,4 3,3 2,3 3,3 3,3 2,3 2,3 2,3 1,3 3,4 3,4

a3
Marker Chr. Location on 

chromosome
Family 1 Family 2 Family 3

I1 I2 II1 II2 II3 I3 I4 II4 II5 II6 II7 II8 I5 II9 II10

D9S281 9 6,846,365 3,4 3,3 3,4 3,4 3,3 2,3 1,5 1,2 1,3 3,5 2,5 2,5 1,3 2,3 2,3

Figure 3 - STR markers results and analysis: Continued on next page...
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a4
Marker Chr. Location on 

chromosome
Family 1 Family 2 Family 3

I1 I2 II1 II2 II3 I3 I4 II4 II5 II6 II7 II8 I5 II9 II10

D14S1057 14 54,437,065 3,3 3,4 3,4 3,4 3,4 3,5 3,6 3,6 5,6 3,5 3,3 3,3 1,2 2,5 2,5

a5
Marker Chr. Location on 

chromosome
Family 1 Family 2 Family 3

I1 I2 II1 II2 II3 I3 I4 II4 II5 II6 II7 II8 I5 II9 II10

D14S276 14 54,752,769 1,2 2,3 2,3 2,3 2,3 1,2 3,3 1,3 2,3 2,3 2,3 2,3 1,1 1,1 1,2

b
Marker Chr. Location on 

chromosome
Family 1 Family 2 Family 3

I1 I2 II1 II2 II3 I3 I4 II4 II5 II6 II7 II8 I5 II9 II10

D9S1686 9 4,634,610 2
4
♀

3
1
♀

2
3
♂

3
2
♂

2
4
♀

2
3
♂

2
4
♀

2
3
♂

2
4
♀

3
2
♂

2
3
♀

4
3
♀

2
2
♂

2
3
♀

2
3
♀

2
3
♂

4
3
♀

2
3
♂

2
2
♂

2
3
♀

2
2
♂

4
3
♀

2
2
♂

4
3
♀

1?
3?

1
♀

3?
1?

3
♀

3?
1?

3
♀

1?
3?

4
♂

3?
1?

3
♀

1?
3?

4
♂

D9S1810 9 4,817,622

D9S281 9 6,846,365 3
♀

4
♀

3
♂

3
♂

3?
3?
♂

4
♀

3?
3?
♂

4
♀

3
♂

3
♀
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Figure 3 - STR markers results and analysis: a. Silver staining of STR markers on acrylamide gel. The 
arrows point from an individual's STR markers staining to its reading in assigned numbers. The markers from a1-a5: 
D9S1686, D9S1810, D9S281, D14S1057 and D14S276 respectively; b. Haplotypes analysis for all individuals from all 
markers. Markers D9S1686 and D9S1810 were near enough on the chromosome to assign for the same allele. The rest 
of the markers were to distant with too great a chance for intermediate crossovers. Families 1 and 2 show an impossible 
pattern for an autosomal recessive disease causing mutation around marker D14S276.
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Table 3 - Suspected genes and their S2G ranking1

Chromosome Position2 gene/marker2,3 SEPSECS Ranking4 TSEN54 Ranking4

1 213,862,859-214,663,361 USH2A 2 2
1 214,743,211-215,377,720 ESRRG 1 1
3 176,324,890-176,856,045 NAALADL2 1 1
9 2,412,702-2,611,413 FLJ35024
9 4,107,768-4,288,496 GLIS3 5 2
9 4,480,444-4,577,469 SLC1A1 13 10
9 4,543,386-4,656,508 C9orf68 2 11
9 4,634,610 D9S1686 (marker)
9 4,652,298-4,655,258 PPAPDC2 11 13
9 4,669,566-4,696,594 CDC37L1 3 7
9 4,701,158-4,731,227 AK3 1 8
9 4,782,834-4,851,064 RCL1 12 9

9 4,817,622 D9S1810 (marker)
9 4,840,297-4,840,375 AF480540
9 4,850,454-4,875,917 AK021739
9 4,975,086-5,117,995 JAK2 8 5
9 5,153,863-5,175,618 INSL6 7 12
9 5,221,419-5,223,967 INSL4 6 14
9 6,403,151-6,497,051 UHRF2 14 1
9 6,476,821-6,497,051 NIRF 
9 6,522,464-6,635,692 GLDC 4 6
9 6,706,495-6,714,013 BC042976
9 6,706,495-6,714,013 AK098534
9 6,710,863-7,066,853 JMJD2C / KDM4C 9 3
9 6,846,365 D9S281 (marker)
9 6,747,654-6,883,257 KIAA0780
14 54,104,387-54,325,595 SAMD4A 6 6
14 54,224,465-54,271,605 KIAA1053
14 54,221,829-54,224,039 AK096898
14 54,378,474-54,439,292 GCH1 2 4

14 54,437,065 D14S1057 (marker)
14 54,476,692-54,563,557 WDHD1 1 2
14 54,563,594-54,585,959 SOCS4 5 5
14 54,588,115-54,606,665 MAPK1IP1L 7 7
14 54,665,625-54,681,901 LGALS3 3 1
14 54,684,601-54,728,149 DLGAP5 4 3
14 54,684,601-54,728,149 DLG7

14 54,752,769 D14S276 (marker)
1 The six homozygous regions are separated by lines.
2 The STR markers (bold red) and their positions are included for ease of reference.
3 Genes that were fully sequenced (red box) or partially sequenced (orange box) are marked for ease of reference.
4 The genes were ranked according to their degree of relation to SEPSECS and TSEN54 accordingly. For technical 

reasons, the ranking was done separately genes on different chromosomes. Were no ranking is noted, the ranking was 
either very low or nil.
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UHRF2

Ranked first in degree of relation to TSEN54, the ubiquitin-like with PHD and ring finger domains 
2 (UHRF2) gene has a known affinity for methylated DNA and is thought to be involved in the 
regulation  of  methylation-dependent  transcription due to  its  resemblance  to  UHRF1 (Sasai  and 
Defossez, 2009). UHRF2 was partially sequenced in affected individual II9. Apparently, a higher 
concentration of a short splicing alternative of UHRF2 had eclipsed the longer one during sequen-
cing, so genomic sequencing of the short exons 4 and 6 was necessary to complete its sequencing. 
Exon 4 was successfully sequenced in affected individuals II7 and II10. Exon 6 was not sequenced 
successfully, and so the gene remained 183bp shy of complete sequencing. Affected individual II10 
seemed to be heterozygous for an apparently unaccounted-for C/G SNP in exon 4 of UHRF2 (Fig. 
4a), but this mutation was not apparent in affected individual II7 (Fig. 4b) and could not, by nature, 
be the homozygous mutation causing PCCA. No other mutations were found in the sequences.

Figure 4 - A sequencing result for UHRF2: A fragment from Exon 4 in 
the UHRF2 gene. a. Apparent Heterozygousity for a C/G SNP in affected individual 
II10. b. The same fragment in affected individual II7 that appears to be homozygous 
with the same sequence as in the NCBI database.

GLDC

Glycine dehydrogenase (GLDC) was one of the top ranking genes in degree of relation to both 
SEPSECS and TSEN54. Its involvement in the degradation of the amino acid glycine (Boneh et al., 
2005) seemed somewhat appealing in association with SEPSECS' involvement in the synthesis of 
selenocysteine and even more appealing was its known association with glycine encephalopathy 
and mild glycine encephalopathy (Boneh  et al., 2005;  Flusser  et al., 2005), autosomal recessive 
neurometabolic diseases that share several symptoms with PCCA, such as early postnatal onset, 
seizures, abnormal movements, convulsions, mental retardation and compensated motor function. 
Interestingly,  an almost exact copy of the GLDC cDNA (97.4% similarity,  according to  UCSC 
BLAT search - http://genome.ucsc.edu/cgi-bin/hgBlat) can be found in a non-coding area on the 
forward strand of chromosome 4. Even though the PCR amplification for sequencing was perform-
ed on cDNA, there was still some risk that traces of genomic DNA that was used for the production 
of the cDNA might  still  contaminate  the PCR reaction,  giving rise  to either false  mutations or 
worse, eclipsing the real mutation. Bypassing this problem by amplifying the exons individually 
from the genomic DNA was also problematic because of the high number of small exons in this 
gene (25 exons). To circumvent this special case, new "genomic-DNA-free" cDNA working stocks 
were reproduced from RNA samples that had undergone DNAse treatment. The sequencing of this 
gene was performed only on these special stocks. Of the 25 exons of GLDC, exons 1-4, 8-12 and 
18-21 were successfully sequenced in affected individual 25. The sequencing of the other exons was 
either partial or unsuccessful. No mutations were found in any of the sequences.
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KDM4C

Lysine (K)-specific demethylase 4C (KDM4C) codes for Jumonji domain-containing protein 2C 
(JMJD2C), a histone demethylase (Nottke et al., 2009). This epigenetic regulatory trait, as well as 
its high ranking in the degree of relation to SEPSECS and especially to TSEN54, have made it a 
good candidate gene, in spite of its formidable length and splicing variation. All 4 alternative spli-
cing variants ("Refseqs") of KDM4C were successfully sequenced. All sequences were done for 
affected individual II9 except the first exon of Refseq NM_001146696.1, which was sequenced in 
affected individual II7. Individual II10 was also partially sequenced. Affected individual II9 seemed 
to be heterozygous for an apparently unaccounted-for G/A SNP in exon 22 of Refseq NM_015061.3 
(Fig. 5). Obviously, this was not the homozygous mutation causing PCCA.

Figure 5 - A sequencing result for KDM4C: A fragment from Exon 
22 in Refseq NM_015061.3 of the KDM4C gene. There is an apparent Hetero-
zygousity for a G/A SNP in affected individual  II9.

GCH1

GTP cyclohydrolase 1 (GCH1) is involved in the synthesis of tetrahydrobiopterin (BH4), which is 
necessary for the biosynthesis of tyrosine from phenylalanine, among other things (Tatham et al., 
2009). Mutations in GCH1 had been associated with malignant hyperphenylalaninemia, a condition 
that  shares  many symptoms  with  PCCA,  such  as  early  onset,  involuntary  muscle  contraction, 
spasticity, progressive microcephaly and poor development (Horvath et al., 2008). Its S2G ranking, 
probably based on the same data, was among the highest on chromosome 14 for both SEPSECS and 
TSEN54  relation.  On  top  of  it  all,  it  seemed  very  short  and  simple  to  sequence.  GCH1 was 
successfully sequenced in affected individual II8 and partially sequenced in affected individual II9. 
No mut-ations were found in any of the sequences.
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Discussion

From an allele-sharing and homozygosity analysis  of  SNP-array output  from 3 affected Jewish 
Moroccan families, 6 regions on chromosomes 1, 3, 9 and 14 were set as the suspected area for the 
probable location of an autosomal recessive PCCA causing Jewish Moroccan founder mutation. 
One of these regions on chromosome 14 was further reduced using STR markers. All 33 genes in 
the remaining area were listed and ranked according to  their  degree of  relation to the disease-
associated genes, SEPSECS and TSEN54. Five of those genes, RCL1, UHRF2, GLDC, KDM4C 
and GCH1, were either fully or partially sequenced in one or more of the affected individuals. Some 
mutations were found in some of the sequences, but none that can be thought to be PCCA causing.

While the aims of this study are all either fully or partially achieved, some of the assumptions on 
which this study was based, have been possibly refuted in the process. Mainly, the assumption that a 
10K SNP array is  sufficiently dense to apply a homozygousy filter  on the suspected area.  The 
strongest evidence against this assumption is the results of the fine-mapping examination. The STR 
markers used in the fine-mapping were originally chosen to verify or refute shared homozygosity in 
the areas that were thought to be large segments of shared homozygous alleles between affected 
individuals from different families. It turned out that not only were the alleles not shared between 
affected  individuals  from  different  families,  but  the  affected  individuals  themselves  were  not 
homozygous for almost any of the markers except affected individual II3 for marker D9S281 and 
individuals II7 and II8 for marker D14S1057. The image received from this examination was that of 
normal non-"founder effect" inheritance which suggests that Jewish Moroccan Jews, in spite of 
their seclusion, still maintain high genetic variance and sheds a new, darker, light on this study. The 
"founder effect" assumption, same as the other assumptions, was mostly assumed because it made 
sense at the time, but also because without it, with the existing amount of information, the search 
for the mutation becomes extremely difficult to complete, let alone in 6 months. This new finding 
does not discredit the obtained results, but it does expand the suspected area beyond the apparent 
homozygous regions in the SNP-array (Fig. 2) back to that suggested by the allele-sharing analysis 
(Table 1). Regardless, the listed genes in the "homozygous areas" are still fair candidates for PCCA 
association.

The findings in this thesis, based on fine mapping using STR markers and sequencing of candidate 
genes,  suggest that  the 10K SNP arrays  are not sufficiently dense for this  study.  As one is  not 
dealing with a single large family with a founder effect, but, rather, families of the same ethnic 
origin that are only remotely related, their "shared homozygosity region" is likely to be small, and 
thus might well be missed by a 10K SNP array. Based on these results, a 250K SNP-analysis of the 
3 families is under way and nearing its completion as these words are being typed. In this new 
significantly higher resolution, a much narrower suspected area is surely to be generated and greatly 
shorten the list of suspected genes. While this continuation of the project is beyond the scope of this 
thesis, it is likely that as a team effort of our group, I might be able to soon identify the molecular 
basis of PCCA in the 3 families.
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Materials and Methods

Bioinformatics

Allele-sharing

The SNP-array data was analyzed for allele-sharing using the Merlin software (Abecasis  et al., 
2002) to determine the probability of 2, 1 or 0 shared alleles between every two individuals in every 
family for  each  SNP.  The  output  was  then  filtered  for  relevant  SNPs,  based  on  the  predicted 
inheritance pattern in each family, and filtered again to produce a list containing only those SNPs 
for which the allele-sharing analysis  fits  the inheritance pattern in  all  3 families (based on the 
assumption  that  in  all  families  the  affected  individuals  carry  the  same  mutation).  These  SNPs 
defined the suspected area for the search of the mutation.

Homozygosity

Based on the assumption that the probable location of the mutation is within a large homozygous 
area due to "founder effect" in the tested individuals population, the SNP-array data was analyzed 
with spreadsheet functions to produce homozygous regions where all affected individuals carried 
the same homozygous SNP in all families that was also not shared by their siblings. These regions 
were intersected with the above suspected area from the allele-sharing analysis in order to narrow 
the search area.

cDNA synthesis

Total  RNA was  prepared  from  each  cell  line  using  the  RNeasy  kit  (Qiagen)  according  to 
manufacturer's  protocols.  cDNA was  prepared  using  Reverse-iT  kit  (Tamar)  according  to  the 
manufacturer's protocol. The cDNA was used gene sequencing in the affected individuals.
Preparation of "genomic-DNA-free" cDNA: This was needed for the specific amplification of the 
GLDC gene sequences (for which, a sequence similar to its cDNA is located in a non coding region 
on chromosome 4). After purification of RNA, 2.5 μg RNA of each sample was added to a 15μl 
reaction  with 1.5 μg/ml DNAse1 in  10%  DNAse1 buffer.  Genomic  DNA in  the reaction  was 
digested in 37ºC for 20 min. DNAse was then deactivated in 80ºC for 10 min. Production of cDNA 
then continued according to the RNeasy kit (Qiagen) manufacturer's protocols.

Polymerase chain reaction (PCR) amplifications

Polymerase chain reaction (PCR) was used to amplify sequences for sequencing and STR markers 
for silver-staining.
Reagents: PCR Ready mix (Tamar Laboratories). PCR Buffer x10, Q solution x5 and DNA Taq 
Polymerase (QIAGEN). dNTPs (Fermentas), Primers (Sigma-Aldrich Israel Co.).
PCR  amplification  was  carried  out  using  40  ng  of  genomic  DNA in  10  μl  reaction  mixture 
containing 1 μl of 10XPCR buffer,  1.5 mM MgCl2, 200 μM each of dATP, dCTP, dGTP, and dTTP, 
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0.01 μCi of  α-[32P]dCTP, 1 pmol of each primer, and 0.2 units of Taq polymerase (Fermentas). The 
amplification conditions were as follows: initial denaturation at 95ºC for 10 min, followed by 35 
cycles of 94ºC for 30 sec; 50-60ºC (according to the melting point temperature) for 45 sec; 72ºC for 
30 sec.  The primers were designed using UCSC 2006 genome reference and Primer3 web tool 
(Primer3 - http://frodo.wi.mit.edu/primer3).

Polyacrylamide gel electrophoresis and silver-staining of STR markers 

Polymorphic microsatellite markers were selected from the NCBI Human genome database (see 
web  resources):  D9S1686,  D9S1810,  D9S281,  D14S1057  and  D14S276.  PCR products  of  the 
polymorphic markers were separated on polyacrylamide gels using the SEQUI-GEN GT SYSTEM 
gel instrument (Bio-Rad laboratories). Following separation, the DNA fragments were visualized by 
staining with silver.
For each gel, 6% acrylamide solution was prepared by mixing 6 ml of 40% bis-acrylamide, 4 ml of 
TBE x10, 16.8 g of urea and dH2O to a total volume of 40 ml. which was filtered with a vacuum 
pump.  
Preparation of the device: Both glasses of the gel device were cleaned with ddH2O and then with 
70% ethanol. The upper glass was covered with binding saline for 10 min in order to attach the gel 
to the glass. On the bottom glass, sigmacoat (anti binding saline) was spread to prevent the binding 
of the gel to this glass. 
Preparation of binding saline: 1000 ml ddH2O were titrated to pH=3.5 by acetic acid solution. Then, 
3.2 ml binding saline were added and the solution was vortexed until it became clear. 
Preparation of the acrylamide gel: 40 ml of 6% acrylamide solution was mixed with 400 µl of 10% 
ammonium persulfate (APS) and 17 µl of Temed. The solution was injected into the gel device 
gently and steadily to avoid formation of air bubbles.
Preparation of polymorphic PCR products for loading on the gel: PCR products were diluted 1:3 in 
loading buffer containing 95% formamide, 0.25% xylene cyanol, 0.25% bromphenol blue and 40 
mM NaOH. Before loading the PCR products, samples were denatured at 95ºC for 5 min. 1.2 μl of 
the diluted products were run for 1.5-2.5 hours at 50 watt. After electrophoresis, the glasses were 
cooled at room temperature.  After separating the glasses, the gel remained attached only to the 
upper glass. 
For staining of the gel, the following three solutions were prepared:
1 - Fixation solution: 1 l of 10 % acetic acid in water.
2 - Staining solution: 1 g of silver nitrate in 1 l dH2O.
3 - Developing solution: 15 g of NaOH and 100 mg of NaBH4 dissolved in 800 ml of dH2O. When 
the solution was clear, 0.4 ml of formaldehyde were added and the volume was set to 1 l with dH2O. 
The glass with the gel was covered with solution #1 for 10 min, and then for another 10 min with 
solution #2. The glass was then washed briefly with water and finally put into solution #3. At this 
stage, the gel gradually turned yellow–brown and after few minutes the DNA fragments became 
evident as dark brown bands. The glass with the gel was then removed from solution #3 and the gel 
(with the staining PCR products) was separated from the glass using 3 mm Whatman paper and 
dried using a vacuum pump. Pictures of the gel were taken before and after its removal from the 
glass for recording.
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