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Abstract

Melanoma is the most deadly form of skin cancer and DiGeorge syndrome (DGS) is the most
frequent interstitial deletion syndrome. We characterized a novel balanced t(9;22)(p21;q11.2)
translocation in a patient with melanoma, DNA repair deficiency, and features of DiGeorge
syndrome (DGS) including deafness and malformed inner ears. Using chromosome sorting we
located the 9p21 breakpoint in CDKNZA intron 1. This resulted in under-expression of the tumor
suppressor pI4ARF, the reduced DNA repair was corrected by transfection with pZ4ARF. UV-
type pI14ARF mutations in his melanoma implicated pZ4ARF in its pathogenesis. The 22q11.2
breakpoint was located in a palindromic AT-rich repeat (PATRRZ2). We identified a new gene,
FAMZ230A that contains PATRR22 within an intron. The 22¢q11.2 breakpoint was located 800 kb
centromeric to 7BX1, which is required for inner ear development. 7BX1 expression was greatly
reduced. The translocation resulted in a chimeric transcript encoding portions of pZ4ARFand
FAMZ230A. Inhibition of chimeric pI4ARF-FAMZ230A expression increased pI4ARFand TBX1
expression and improved DNA repair. Expression of the chimera in normal cells produced
dominant negative inhibition of pZ4ARF. Similar chimeric MRNAs may mediate
haploinsufficiency in DGS or dominant negative inhibition of other genes such as those involved
in melanoma.
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INTRODUCTION

We identified a patient (DD129BE) with melanoma, DNA repair deficiency, and features of
DiGeorge syndrome (DGS; MIM# 188400) including deafness and malformed inner ears.
The patient has a novel balanced t(9;22) translocation that served as a “Rosetta stone” to
permit determination of the DNA sequence in a chromosome gap region. This resulted in
identification of a new gene that as a chimera appears to play an important dominant
negative regulatory role in melanoma induction and in development of the inner ear.

Melanoma, the most deadly form of skin cancer, has been linked to chromosome
9p21(Kamb et al., 1994; Randerson-Moor et al., 2001), which contains CDKNZA (Cyclin
dependent kinase inhibitor 2A) [MIM# 600160] and CDKNZB (Cyclin dependent kinase
inhibitor 2B) [MIM# 613149]. CDKNZA encodes the tumor suppressors p16/NK4aand
PI4ARF (Ozenne et al., 2010). pI4ARF (p14 alternate reading frame) has been associated
with melanoma predisposition (Freedberg et al., 2008; Harland et al., 2005; Hewitt et al.,
2002; Rizos et al., 2001a; Rizos et al., 2001b; Sherr, 2001; Sherr et al., 2005), but the
molecular mechanisms are not understood.

DGS is a characteristic disorder of pharyngeal development with virtually all the derivatives
of the pharyngeal arches and pouches being affected (Butts et al., 2005; Shprintzen, 2008).
Most DGS cases result from a heterozygous deletion within the 3-Mb DGS critical region
(DGCR) in 22g11.2 (Driscoll et al., 1992; Scambler et al., 1992). Deletion of chromosome
22q11 is the most frequent interstitial deletion in humans with an estimated incidence of 1 in
4000 live births (Oskarsdottir et al., 2004). Only two balanced translocations with partial
DGS, involving t(2;22) and t(21;22), have been reported (Budarf et al., 1995; Holmes et al.,
1997). The 22q11.2 region contains eight DNA low copy repeats (LCR22-A through
LCR22-H) (Shaikh et al., 2007). LCR22-B contains a palindromic AT-rich repeat
(PATRR22) that plays an essential role in mediating clinically relevant rearrangements and
is located in a gap region whose sequence has not been conclusively determined (Kurahashi
et al., 2007; Shaikh et al., 2000). Hearing impairment occurs in 44—-77% of DGS cases
(Digilio et al., 1999; Reyes et al., 1999; Swillen et al., 1999; Ohtani and Schuknecht, 1984)
and some DGS patients have malformed inner ears. 7TBXI1(T-box transcription factor 1)
[MIM# 602054] is involved in inner ear sensory organ development and other features of
DGS in mice (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Vitelli et al., 2003;
Arnold et al., 2006b; Arnold et al., 2006a; Braunstein et al., 2008; Braunstein et al., 2009)
and has been implicated as a DGS candidate gene (Packham and Brook, 2003). We
performed a comprehensive analysis of the clinical features, chromosomal structure, DNA
sequence, gene expression and function of cells from patient DD129BE by investigating his
novel t(9;22)(p21;q11.2) chromosome translocation. We characterized a unique fusion
transcript encoding portions of pZ4ARFand a novel gene, FAMZ230A. We demonstrate that
this chimeric transcript exerts a dominant negative regulatory function on both pZ4ARF and
TBX1 thereby providing a mechanism for his symptoms of melanoma and deafness.

MATERIALS AND METHODS

This study was approved by the National Cancer Institute, Institutional Review Board.
Cultured cells were obtained from the Human Genetic Mutant Cell Repository (Camden, NJ,
USA). Fluorescent in-situ hybridization (FISH) analysis was performed with probes listed in
Supp. Table S1. The derivative chromosomes 9 and 22 were flow sorted as described
previously (Stanyon and Stone, 2008) and analyzed by array comparative genome
hybridization (aCGH). Polymerase chain reaction (PCR) was used to identify the t(9;22)
junction from both the der (9) and der(22) chromosomes using genomic DNA. The fusion
transcript was isolated by use of primers designed to flank the probable breakpoints within
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CDKNZ2A and a hypothetical gene (LOC653203) (Supp. Table S2). 3" rapid amplification of
cDNA ends (RACE) assay was used to extend the sequence. Transcript levels were assessed
by microarray and quantitative reverse transcription polymerase chain reaction (QRT-PCR).
DNA of the melanoma was isolated by laser capture microdissection and sequenced for
mutations in COKNZA. DNA repair capability of DD129BE cells was assessed using post-
UV host cell reactivation (HCR) with the pCMVLuc reporter gene plasmid as described
previously (Khan et al., 2002). For examination of p14ARF protein level cells were treated
with 10 nM MG-132 (Calbiochem, La Jolla, CA) or 0.1% dimethyl sufoxide (DMSO) for 6
h and proteins were extracted for western blot analysis (Magro et al., 2004). For UV
irradiation cells were seeded in 10 cm dishes at a concentration of 8x10° cells/dish. After a
24 h pre-incubation period, cells were exposed to 10 J/m2 of UVC (254 nm) and allowed to
recover for 6, and 24 h (Khan et al., 2002). Immunofluorescence was performed on cells in
glass coverslips fixed in 2% paraformaldehyde as described previously (Dawe et al., 2007).
Confocal images were obtained using a LSM 510 Confocal microscope (Carl Zeiss). The
number of nuclei containing at least one localized area of immunofluorescence was
determined by examination of the confocal images. Small interfering RNA’s (SiRNAs) were
purchased from Ambion. Statistical evaluation was performed using the Student’s unpaired
t-test. Data are presented as mean = s.e.m. and P < 0.05 was considered statistically
significant. For further details, please see the Supplementary Materials and Methods section.

Clinical assessment

The proband (DD129BE) is a 20 year-old Caucasian male with an acquired melanoma,
defective DNA repair, and profound congenital deafness with features suggestive of DGS
(Figure 1a—h and Supp. Table S3). Computed tomography (CT) and magnetic resonance
imaging (MRI) revealed bilateral incomplete partition of the cochleae, and hypoplasia of the
lateral semicircular canals and vestibules. The ostea for the VIlIth cranial nerves were
greatly diminished or absent bilaterally (Figure 1i—j). He had a dilated aortic root, bicuspid
aortic valve, and short stature (<10%-ile) with normal intelligence, serum calcium, thyroid
and parathyroid function. Cultured skin fibroblasts were hypersensitive (2x) to killing by
ultraviolet radiation (UV) (data not shown).

A constitutional translocation within AT-rich repeats in the CDKN2A gene on 9p21 and
LCR22-B on 22q11.2

Chromosome analysis of cultured skin fibroblasts and whole chromosome painting
identified a balanced translocation between chromosomes 9 and 22 [46, XY, t(9;22)
(p22;q11.2)] (Supp. Figure S1 a—c). Fluorescent /n situ hybridization (FISH) analysis
localized the breakpoint between D9S1747 and D9S1752 on 9p21 and within LCR22-B on
22011.2 (Supp. Figure S1d and e and Supp. Figures S2, S3c and Supp. Table S1). We
isolated derivative chromosomes by bivariate flow sorting (Supp. Figure S4 a—d) and
hybridization narrowed the breakpoint on chromosome 9 to a 2-kb region between
CDKNZ2A exons 1B and 1a. The breakpoint on chromosome 22, however, could only be
localized approximately to an 890-kb region within the 3-Mb DGCR due to inability to
identify the sequences containing LCRs within the gap (Supp. Figure S4e and f).

The exact junction sequences of der(9) and der(22) were successfully amplified using a large
series of primers (Figure 2, Supp. Figures S5 and S6 and Supp. Table S2). Both the
chromosome 9 and 22 translocation breakpoints were located within short interspersed
element (SINE) AT repeat regions. The translocation was almost perfectly balanced with a
4-bp region of overlap (GTAT/ATAC) and deletion of only 67 bp in ATRR flanking the
der(9) breakpoint and 76 bp in PATRR22 flanking the der(22) (Figure 2).
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The breakpoint occurred in intron 1 of COKNZA on chromosome 9 and in PATRR22 in
LCR-B on chromosome 22. We theorized that the t(9;22) breakpoint on chromosome 22
might lie in the same location as t(11;22)(Tapia-Paez et al., 2001) and t(17;22) (Kurahashi et
al., 2003). A BLAST search revealed that the region surrounding the PATRR22 (Kurahashi
et al., 2007) had 99% identity to a region including the first 5 exons of a predicted gene,
LOC653203, located approximately 80 kb away from the gap (Supp. Figures S5b, S6a, S7
and S8b). Due to the duplicated-sequence character of LCR-B, we theorized that PATRR22
might lie in the gap within a new gene with high homology to LOC653203. This putative
gene was named FAM230A by the Human Genome Organization (HUGO) (Supp. Figure
S7). A 5-kb genomic DNA chimeric PCR product including intron 1 of CDKNZA on
chromosome 9 and introns 1 to 3 of FAMZ30A was obtained from DD129BE, but not from
the control cells, using long nested PCR (Supp. Figure S9). Our results indicate that the
t(9;22) breakpoint on chromosome 22 lies within the gap in a similar PATRR22 location to
recurrent translocations t(11;22) and t(17;22) (Supp. Table S4 and Supp. Figure S8) within
FAMZ230A (GenBank accession number: JX456222). For further details, please see the
Supplementary Results section.

The 9p21 breakpoint results in a unique chimeric transcript

We characterized chimeric COKNZ2A-FAMZ30A at the nucleotide sequence level. We
hypothesized that the t(9;22) translocation might be involved in the generation of fusion
transcript(s) (Figure 3a). Sequencing of RT-PCR products from DD129BE cells generated
with forward primers in CDKNZA and reverse primers across exons 2 through 10 of
FAMZ30A (Figure 3a and Supp. Table S2) revealed an in-frame fusion of exon 1p of
p14ARF with exon 2 of FAMZ30A (Figure 3b and c) and containing the pZ4ARF initiation
codon.

Using “mRNA walking” we were able to obtain an approximately 800-bp cDNA product
from exon 1B of CDKNZA to exonl0 of FAMZ30A3 (Figure 3c and Supp. Figure S10c).
This chimeric pZ4ARF-FAMZ230A transcript variant 2 contained at least 10 exons (GenBank
accession number: JX456220), that allowed us extend the 13.8-kb sequenced genomic
region surrounding PATRR22 in LCR-B to 21 kb (Supp. Figure S8). A full-length ~1.3-kb
PI4ARF-FAMZ230A chimeric mMRNA transcript variant 1 (GenBank accession number:
JX456221) from DD129BE was characterized by 3’ RACE (Supp. Figure S10a, d and e). At
the protein level, using bioinformatics and the in-frame fusion transcript, we predicted
formation of a fusion protein (Supp. Figure S10b). Using anti-p14ARF antibody We
detected extra bands of the predicted size in the DD129BE cells compared to normal cells
using anti-p14ARF antibody (data not shown). Thus there was evidence of chimeric MRNA
and protein in the DD129BE cells.

Reduced CDKN2A expression

cDNA microarray analysis of RNA isolated from DD129BE fibroblasts indicated that
expression levels of two genes, COKNZA and TBX1, were substantially lower (Supp.
Figure S11) in comparison to cells from his parents and two normal controls. Low mRNA
and protein levels of pZI4ARF, but not of p16/NK4a, was found in DD129BE by qRT-PCR,
western blot and immunohistochemistry indicating that the abnormality was restricted to
P14ARF within the CDKNZA locus (Figure 4a—c and Supp. Figure S12). In contrast to the
response in normal cells, pZ4ARF mRNA levels did not increase in the patient cells at 6 hr
or 24 hr after treatment with UV (Figure 4d), indicating impaired post-UV responsiveness
associated with the abnormal pZ4ARF.

DNA repair capability of DD129BE cells was reduced in comparison to parental cells as
measured by post-UV plasmid host cell reactivation (HCR). Impaired DNA repair is
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associated with increased risk of melanoma in patients with xeroderma pigmentosum (XP)
(Bradford et al., 2011; Wei et al., 2003). DNA damage induced by UV is repaired by the
nucleotide excision repair (NER) pathway which involves XP proteins (DiGiovanna and
Kraemer, 2012). However, transfection of patient cells with XP NER genes did not increase
DNA repair (Figure 4f) but transfection with pZ4ARF led to a markedly increased post-UV
HCR (Figure 4g). This is evidence that pZ4ARF function plays a critical role in the DNA
repair deficiency in the DD129BE cells.

No base substitution mutations were found in pZ4ARF or p16/NK4ain blood cells or
fibroblasts from DD129BE. In contrast, in laser-captured melanoma tissue, but not in
adjacent normal tissue, we found two heterozygous missense mutations [(p.Q57R) and
(p-R62G)] in exon 1B of CDKNZA (GenBank NG007485) (Figure 4e). These mutations
occurred at sites of adjacent pyrimidines, consistent with UV mutagenesis (Wang et al.,
2009). Thus the truncated pZ4ARF may contribute to development of the melanoma via a
“two-hit” model (Knudson, 2001). The first hit would be the translocation and the second hit
would be mutations induced by UV exposure, however, we were not able to determine
conclusively that these melanoma-associated mutations are on the non-translocated allele.

Reduced TBX1 expression

The markedly low expression of 78X in the microarray (Supp. Figure S11b) was
confirmed by qRT-PCR, western blot and immunchistochemistry (Figure 5a and b). 7BX1
is approximately 800 kb away from the breakpoint in PATRR22 (Supp. Figures S7 and
S13). The high density aCGH of the unsorted and sorted chromosomes (Supp. Figures S3c
and S4e) did not reveal deletions of 7BXI1. We sequenced 78X (including individual
T7BX1 exons belonging to each homologue from the sorted chromosomes) and found no
mutations or deletions to account for the reduced expression (data not shown). Several other
genes [ DGCR6(DiGeorge syndrome critical region 6), SEPT5(septin 5), COMT (catechol-
o-methyltransferase), DGCRS8 (DiGeorge syndrome critical region 8), ZNF74 (zinc finger
protein 74) and MMP11(matrix metalloproteinase 11)] within the 3-Mb DGCR as well as
putative 7BXZ-related genes [(SHH (sonic hedgehog) , GL1 (glioma-associated oncogene
homolog) , FGF8 (fibroblast growth factor 8), and FGF10(fibroblast growth factor 10)] did
not have reduced expression (Supp. Figure S13). Interestingly, CTNNBI (catenin, beta 1), a
Whnt pathway negative regulator of 78X in DGS model mice (Huh and Ornitz, 2010),
showed increased expression in DD129BE cells (Supp. Figure S13).

Dominant negative regulation by chimeric p14ARF-FAM230A

Functional analysis of pZ4ARF-FAMZ30A is shown in Figure 6 a—g. SIRNA duplexes
targeted to the chimeric pZ4ARF-FAMZ230A in the patient’s cells increased mMRNA and
protein expression of pI4ARFand TBXI (Figure 6a,b and c) and increased post-UV DNA
repair (Figure 6d). Using anti-p14ARF antibody we were able to detect extra bands of the
predicted size for chimeric pl4ARF-FAM 230A protein in the DD129BE cells compared to
normal cells by western blotting (Figure 6f — normal control vs patient control lanes ).
Transfection of pZ4ARF-FAMZ230A cDNA into normal cells inhibited expression of
PI14ARFand TBXI mRNA and protein as measured by gRT-PCR and western blotting
(Figure 6e and f). More importantly, the post-UV DNA repair ability of the cells was
significantly impaired after the transfection of the chimeric cDNA into normal cells (p<0.05)
(Figure 69). Thus pI4ARF-FAMZ30A was a dominant negative regulator of pI4ARF,
TBX1 and post-UV DNA repair in normal cells.
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DISCUSSION

This study has generated a comprehensive picture of the molecular mechanism of a unique,
nearly balanced translocation from complete clinical evaluation, cytogenetic and molecular
assessment to functional characterization. Although aCGH is a powerful tool for rapid
detection of genomic imbalances a major weakness of this approach is that it might yield
negative results when the translocated chromosomes are contaminated by the presence of
normal chromosomes or when there is little loss of genomic DNA (Supp. Figure S3).
Mapping of the breakpoint was accomplished by using bivariate flow sorting to separate the
chromosomes of interest followed by aCGH (Stanyon and Stone, 2008) which showed an
unambiguous breakpoint in the intron of CDKNZa on der(9) (Supp. Figure S4f). However,
we were not able to precisely map the breakpoint on the sorted der(22) by aCGH because
the highly repetitive AT sequence in this region did not permit designing a unique tiling
array (Supp. Figure S4e). Determination of the precise breakpoint required use of several
hundred primer pairs spanning the break.

pl4ARF-FAM230A chimera

At the genome level, the breakpoints were located in intron 1 of COKNZA and intron 1 of
FAMZ230A on chromosomes 9 and 22, respectively. This was an almost completely balanced
translocation with only a 4-bp overlap within AT repeat (SINE) regions and deletion of 71-
bp (Figure 2). By using the sequences present in the chimeric transcript, we were able to
identify a new gene, FAMZ230A in the unclonable gap on chromosome 22 associated with
formation of a functional chimera: pI4ARF-FAMZ230A (Figure 7). At the RNA level, the
CDKNZA breakpoint resulted in the split of pZ4ARF between exon 1p and exon 2 and a
chimeric transcript pZ4ARF-FAMZ230A on der(9). The entire p16/NK4awas translocated to
der(22) ( Supp. Figures S1h, S4, S5 and S6). However, we were not able to isolate this
transcript. Interestingly, a mouse model with interruption of pZ9arfin this intron has high
susceptibility to UV induction of melanoma (Ha et al., 2007; Merlino, 2008).

Dominant negative regulation by the chimera

The level of expression of pZ4ARFand of TBX1 was reduced in DD129BE cells despite the
presence of normal chromosomes 9 and 22 which contain non-translocated pZ4ARFand
TBX1 respectively. This appears to be a dominant negative regulation by the presence of the
t(9;22) (Figure 7a). We hypothesized that the chimeric pZ4ARF-FAMZ30A protein would
mediate negative regulation of pZ4ARFand TBX1. Consistent with this hypothesis, SIRNA
treatment of the DD129BE cells produced a reduction in the level of pZ4ARF-FAMZ230A
mRNA and protein that resulted in a significant increase in expression of the pZ4ARFand
TBX1 genes and an increase in DNA repair capacity (Figure 4f, g and 7b). We then
synthesized an expression vector containing nearly full length pZ4ARF-FAMZ230A and
transfected it into normal cells. This vector produced some of the same changes in the
normal cells as in the DD129BE cells, including reduction of expression of pZ4ARF and
reduced DNA repair.

The mechanism of this dominant negative pZ4ARF-FAMZ230A regulation of pZ4ARF and
TBX1 is not known. The pZ4ARF portion of the chimeric cDNA has a high homology with
P19ARF super family while the FAM230A portion has a high homology with Ret finger
protein-like 3 antisense (RFPLI)(Bonnefont et al., 2008; Seroussi et al., 1999) [MIM#
605970]. Since the RFPL3gene may have a role in the antisense regulation of the RFPL
genes which are thought to mediate protein-protein interactions, we proposed that
FAMZ230A might have similar antisense regulation of the protein-protein interactions as the
RFPL genes. Future studies will be needed to explore the role of pI4ARF-FAMZ230A and
the complex relationship between the regulation of pI4ARF, TBX1 and beta-catenin
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(Damalas et al., 2011; Huh and Ornitz, 2010) [MIM# 116806]. Interestingly, the t(8,21)
fusion protein, AML1-ETO associated with acute myeloid leukemia represses transcription
of pI14ARF by binding to its promoter (Linggi et al., 2002).

Dominant negative inhibition of p14ARF by the chimera resulting in reduced DNA repair
and melanoma

The role of CDKNZA, which codes for p16ink4aand p14ARF, in melanoma is well
documented (Merlino, 2008; Udayakumar et al., 2010). DD129BE cells have one truncated
p14ARF allele as a result of the translocation. While the other pZ4ARF allele is intact (Supp.
Figure Sla and b and Figure 7a), the cells nevertheless have low levels of pZ4ARF. The
reduced post-UV DNA repair capability could be corrected by transfection of pZ4ARF but
not by any of the known XP complementation group genes, suggesting an essential role of
the low levels of pZ4ARFin the DNA repair defect (Figure 4f and g). Consistent with our
results, mouse cells with deficient ARF have reduced DNA repair (Sarkar-Agrawal et al.,
2004) and mice lacking pZ9ARF are highly susceptible to UV-induced melanoma (Merlino,
2008). This is similar to the situation in patients with xeroderma pigmentosum who have
markedly increased frequency of post-UV mutations and melanomas in association with
defective DNA repair (DiGiovanna and Kraemer, 2012). Prior reports that ARFis involved
in regulation of XPC (Dominguez-Brauer et al., 2009) are supported by this study in that
transfection of DD129BE cells with XPC cDNA resulted in partial improvement in the DNA
repair defect (Figure 4).

The melanoma from patient DD129BE had an intact pZ6/NK4abut a truncated and mutated
PpI14ARF demonstrating a crucial role for pZ4ARFin his melanoma. As with patients with
xeroderma pigmentosum, the reduced DNA repair resulted in UV-type mutations and an
increased frequency of melanomas (Wang et al., 2009). Laser capture microdissection
followed by DNA sequencing revealed two UV-type missense pZ4ARF point mutations in
the melanoma cells but not in the adjacent normal cells. Our data support a two-hit model
for the melanoma in this patient in which one copy of pZ4ARFis disrupted by the
translocation followed by mutations that affect the other allele. Genetic alteration of the
PI4ARF gene by t(9;22) alters DNA repair capability and suggests a possible therapeutic
approach to melanoma control in patient DD129BE by use of siRNA directed toward
PI4ARF-FAMZ230A.

Dominant negative regulation of TXB1 and the DGS phenotype

The great majority of DGS cases results from a heterozygous micro-deletion in the 3-Mb
DGS critical region (DGCR) in chromosome 22qg11.2, making it difficult to characterize the
DGS candidate gene(s)(Burn et al., 1993; Driscoll et al., 1992; Eymin et al., 2006;
Greenberg et al., 1984; Scambler et al., 1992). Balanced translocations of t(2;22)
(914;911.21)(Budarf et al., 1995) and of t(21;22) (Holmes et al., 1997) had features of
partial DGS. The t(9;22) in this study is the third case of translocation involving the 22q11.2
region (Supp. Figure S8c) with features of DGS (Supp. Table S3).

Transcription factor 78X, located in the 22g11.2 region has been implicated as a cause of
DGS (Yagi et al., 2003; Braunstein et al., 2009; Jerome and Papaioannou, 2001; Scambler,
2010). TBX1 has a DNA binding T-box region and is involved in fetal development.
Interestingly, mouse models with 78X over- or under-expression recapitulate the DGS/
velocardiofacial syndrome (VCFS) phenotype (Liao et al., 2004). TBX1 has been shown to
be involved in development of the cochlea (Arnold et al., 2006b; Arnold et al., 20064a;
Braunstein et al., 2008; Braunstein et al., 2009; Jerome and Papaioannou, 2001). About 95%
of the DGS patients have deletions in the 22g11.2 region and some of those patients without
deletions have been reported to have mutations in the 78X gene (Yagi et al., 2003).
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DD129BE cells did not have a mutation or deletion in 7BXZ but did have an extremely
decreased level of 7BX1 expression while other genes in the 3-Mb DGCR had normal
expression. This reduced 7BXZ expression, along with the profound hearing loss, suggests
that 7BX1 is a critical player in the formation of the cochleovestibula and the inner ear
sensory organ in humans. While others have proposed using 7BXZ FISH probe for
diagnosis of DGS (Beaujard et al., 2009), consideration can also be given to analysis of
TBX1 mRNA or protein expression (Figure 5a and b) in the absence of large deletions or
mutations.

PATRR22 lies within intron 1 of the new gene FAM230A in the unclonable gap of 22q11.2

Chromosome 22g11.2 contains extremely repetitive regions comprised of 8 chromosome-
specific low-copy DNA repeats (LCRs) A—H. The translocation-associated palindromic AT-
rich repeat region on chromosome 22 (PATRR22)(Kato et al., 2012) is located in a 50-kb
gap in LCR22-B that has been difficult to sequence. PATRR 22 plays an essential role in
mediating clinically relevant rearrangements (Supp. Figure S8). A 595-bp PATRR22 was
cloned (Kurahashi et al., 2007) and an approximately 10-kb region surrounding PATRR22
was reconstructed. However, little is known about the function of PATRR22.

Using information from the genomic and transcript sequences of der(9) and der(22), we
detected a new gene, FAMZ30A, with at least 10 exons with high homology to the predicted
gene LOC6E53203 (Supp. Figure S7). PATRR22 resides in intron 1 of FAMZ230A (Supp.
Figure S6 and S7). By combining the sequences of der(9) and der(22) we were able to
expand the 13-kb PATRR22 surrounding sequence to about 21 kb (Supp. Figure S6).

To date, five constitutional translocations involving PATRR22 have been reported (Gimelli
et al., 2009; Gotter et al., 2004; Gotter et al., 2007; Kehrer-Sawatzki et al., 1997; Kurahashi
et al., 2000; Kurahashi et al., 2003; Kurahashi et al., 2007; Ledbetter et al., 1989;
Nimmakayalu et al., 2003; Sheridan et al., 2010; Kurahashi and Emanuel, 2001b) (Supp.
Figure S8f and Supp. Table S4). The clinical phenotype of the PATRR22-associated
translocations is widely variable (Supp. Table S4). Translocations were found in somatic
cells and in neoplasms. For example a high rate of recurrent translocation t(11;22) was
detected in sperm from normal males (Kurahashi and Emanuel, 2001b). Interestingly, the
types of partner sequences of PATRR22 are different between recurrent and non-recurrent
translocations. The partner sequences on recurrent translocation are PATRR and on non-
recurrent translocations are non-PATRR suggesting that the PATRR structures are more
susceptible to translocation. A possible explanation for the distinct phenotypes of disruption
of PATRR22 might be that the individual positions of the translocation in PATRR22 result
in different fusion genes or regulatory sequences which could be responsible for influencing
gene expression. Our data suggests that the novel fusion gene in DD129BE regulates the
expression of both pZ4ARFand TBX1. On the other hand, it is possible that the small
deletions of less than 100-bp in or surrounding the PATRR22 (Figure 2) might be
contributing to the different phenotypes. Since the PATRR22 sequence in FAMZ30A is a
site of frequent translocations and of micro-deletions in DGS patients, these genetic
alterations might create new chimeric mMRNAs (Guo et al., 2011; Kato et al., 2012;
Kurahashi et al., 2007). Chimeric mRNAs derived from FAMZ230A may mediate
haploinsufficiency in DGS or dominant negative inhibition of other genes such as those
involved in melanoma.
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Figurel.

Patient DD129BE. (a—e) At 12 years of age (a) Facial dysmorphism with a broad-based
nasal root. (b) Low-set, simply-formed, posteriorly rotated ear and multiple pigmented nevi;
(c) Small, faint pigmented lesion behind left ear at hairline; (d and e) Bilateral clinodactyly
and arthrogryposis of proximal and distal interphalangeal joints of the 51 finger and the 4t
and 5 toes, and posterior 5™ toes (arrows). (f~h) At 14 years of age, change in pigmented
lesion behind left ear (compare c to g and h). (h) Close-up view of 5x10 mm pigmented
lesion with irregular border and variation in color. Excision revealed a 0.25-mm deep
melanoma. (i and j) Volume rendering of MRI of labyrinth of ear in the patient (i) and a
normal control (j). (i) Labyrinth of patient: Cochlea is hypoplastic (white arrow) exhibiting
less than one turn as compared to the normal ~ 2.5 turns. Lateral semicircular canal is only
partially formed (black arrow) and vestibule is hypoplastic (black arrowhead). (j) Normal
labyrinth for reference.
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1001 AATATTGACA ACTTTAAGCC GAGTGCCTGA

Bluish green region: 127-bp SINE on chr9
ATATA : kY on chx §

Primers:

AGTAGGTGGT AGAACTAGGA CA

TTTTTTTTTTTTGAGACGG

ACTTTAAGCCGAGTGCCTGA

CHR 9- 5R
CHR 8~ &R
CHR 9- 5F
s- &7

CHR 9- 4F

TCGCTCT

<--241-4

ezz
2 <

N

[N

o
)
N

— q
S p—

<

2Zazz
>

DZ>Z
<~

] TCCTCAATTT
TTTTCT TCAT

ATATATTTGA
TTAAAAAATA

TTATTGTACC AAGCAGAGTA TCTTTGAAAT
TGTATCTTGA

CC AGTGTGAATT \GT
TATAT TATAT AT.

TAATATTTAT ATATATTATA TATAATATAT
ATATAATATA TAATTATTTA CATAATATAT
GTGGCTTTGT
TGGAAAGTAA TGATTTCATA GGTTCTTAAC TGGATTAAAA

CT CCCCTGGGGA ATAACTTARA
COTTEANGGA TGCAGGATET ARAAGGARAT

GCCAGGCATG ATGGCAGCTG
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TTACATCCTG CATCH 3 TTC cC
ATTCCCCAGG GGAGAATATG GCAAAGTCTA
CAGTTAAGAA CCTATGAAAT CATTACTTTC
ACAGTAGTAT GGATCCGTTG GAGGCTTTTC
CTTTGTTTTT AACATGTTTT TCCCTTCCTC

TGTATTTACT TTAATATATT TGTAGTAAGT

TTTCCTT
CCCACCCCAC AGTTTAAGTT
TTTTAATGCA GTTTTTAATC
CAARACTTTG GAACAAAGCC
1001 ACACAATAAML ATGTACCTCT
1051 TCTTCTTTTT TTGTGAGATG
1101 CACTTCCATG CACATATTAA

CCAAC

Orange region PATRR22 Centromere
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Primers:

TCAG 22a
CCTCCAACGGATCCATACTACTG 22¢
GATGGAACGTTGAAGGATGCAG 22b
CTCCATCCTTCAACCTTCCATC 226
CAGTAGTATGGATCCGTTGGACE 220
GTCAATCACAGTCAATCACCCAAC 224
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CTCTCATAARG CTACTTCCTA AGGAATTCTC TTTAATTATG GGAGCTTTTC
CAGACTCTGA AATCTTTTTT TCCTGGTAAC ACAAGTGTGA GGTGTCATTT
ATCAGAATGC ATCACCCCAG TCTTCCCTCC TCAAATGATT ACTGTAGGCT
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AGTTATTCCC CAGGGGAGAA TATGGCAAAG TCTATTTTAA TGCAGTTTTT
AATCCAATTA AGAACCTATG ARATCATTAC TTTCCAAAAC TTTGGAACAR
AGCCACAGTA GTATGGATCC GTTGGAGGCT TTTCACACAA TAAAATGTAC

CTCTCTTTGT TTTTAACATG TTTTTCCCTT CCTCTCTTCT TTTTTTGTGA

TTAATTTTTT AAAGTAATAL GTATGTGTAT TGTCTACGTG TGAAATARAM
951 CACACATTTA TTTTTATGCT TTGGAAGTTA TCCAGAATCA TGGAATTGTC
1001 AATCACAGTC AATCACCCAA C
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gTRRZZ Telomere
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22b
22¢
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CAGTAGTATGGATCCCTTGGAGE
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4-bp which cannot be definitely assigned on chr 9 or 22
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51 TTTTCTTCAT
101 A
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201
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451
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CATATATATA TATATATATA TATATATATA
TATTATATAT ATTATATATT ACATAATATA
GTATATATTA TATAATATTT ATATATATTA
ATATATATTN TATACAAAAT TGTGTGAAAA
ACTGTGGCTT TGTTCCAARG TTTTGGAAAG
501 TAATGATCTC ATAGGTTCTT AATTGGATTA AAAACTGCAT TAAAATAGAC
551 TTTGCCATAT TCTCCCCTGG GGAATAACTT AAACTGTGGG GTGGGE

601 TAARAGGA AATTATATAT ATATTATATA

ATGGCAGCTG
TTATTCCCAAR ACTCCCARAT
TATAAAATAT ATATATAATA
TATTATATAR TATATATTAT
TATATAATTH ATTATATHNT
GCCTCCAACG GATCCATACT

701
751
801
851
901
951
1001 CAA GG CGTGAGCCAC CGCGCCTGGC
1051 AGAGAAGCAA ATATATTGAT GGTTGTTACC AATACATGCT CTTGACTAAG
1101 AAACCTTCTT TCTTAATTAA TATTGACAAC TTTAAGCCGA GTGCCTGA

GAGACGGAGT CTCACTCTGT TGCCCAGGCT
GGAGTGCAGT GGTGCGATCT CGGCTCACTG CAAGCTCCGC CCCCCGGGTT
CACGCCATTC TCCTTCCTCA GCCTCCGGAG TAGCTGGGAC TACAGGTGCC
CGCCACCTCE COTGECTAAT TITTTCTATC TTTAGTAGAG ATGGGGTTITC

yed zz

qzzoze ezz
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yed g

651 IALTATATAL TATATATIAT ATATATITTA TATATCATAT ATTATATALL

Orange region
Bluish green region:

PATRR22 Centromere
127-bp SINE on chr9

: 4-bp which cannot be definitely assigned on chr 9 or 22

TAI‘%’IATA PAT] 2 Telomere
TAT \TATATATATA: TARR _on chr 9
Primexrs:

GGTGTAGTCCCAGTGTGAATTGGGATTCAG 22a

CCTCCAACGGATCCATACTACTG 22¢
GATGGAACGTTGAAGGATGCAG 22b
TTTTTTTTTTTTGAGACEE CHR 9- 5%
ACCTCGCCTGGCTAATTTTITCTA CHR 9- 6F
ACTTTAAGCCGAGTGCCTGA CHR 9 -4F

Sequence of the region flanking the t(9;22) breakpoint on 9p21 and 22q11.2 from patient
DD129BE. Orientation of the sequence is centromere to telomere. PCR primers are
indicated by italics. Forward and Reverse primer pairs are labeled with the same color.
ATRR on chromosomes 9 and 22 are underlined. The nucleotide polymorphisms are boxed.
(a) Normal chromosome 9. The portion of 9p21 proximal to the breakpoint and present in
der(9) is depicted in bold type. The 127bp-SINE sequence on chromosome 9 is shown as a
light blue box. The italicized bases in ATRR represent the deletion of 67 bp. (b) Derivative
9. The portions of 9p21 and 22q11.2 are depicted in bold and plain type respectively. Four
base pairs [GTAT] which cannot be definitely assigned to chromosome 9 or 22 are outlined
boxed in red. (c) Normal chromosome 22. The portion of 22 proximal to the breakpoint and
present in der(22) is shown in bold. The 127bp-SINE sequence on chromosome 22 is
presented in dark blue box. Two non-AT rich sequences in PATRR22 are shown in orange
and yellow highlighting. (d) Derivative 22. The portions of 22q11.2 and 9p21 are depicted in
bold and plain type respectively. Four base pairs [ATAC] which cannot be definitely
assigned to chromosome 9 and 22 are boxed in red.
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Figure 3.

Identification of chimeric pZ4ARF-FAMZ30A fusion transcripts. (a) A schematic depiction
of chimeric pI4ARF-FAMZ30A fusion transcripts. Small arrows depict PCR primers.
CDKNZA exonlp is indicated by green boxes, DGCR15 by purple boxes and LOC653203
by yellow boxes. The identical exon sequences of DGCR15and LOC653203 were drawn
with purple boxes. (b) Left panel, expression of chimeric pI4ARF- FAMZ30A fusion
transcripts in DD129BE and parents by gRT-PCR as described in “Materials and methods”.
The PCR analysis was performed by normalizing the chimeric pZ4ARF-FAMZ30A PCR
products to the beta-actin gene products. Left panel, representative results of the PCR
amplification of cDNA with the indicated primers. The PCR product was only detected in
patient cDNA (arrow heads). The additional bands originating from heteroduplexes appear
as PCR artifacts. (c) Sequences of pZ4ARF-FAMZ230A fusion products. This sequence was
obtained by sequencing the junction fragments after PCR amplification using primers
PI4ARFand FAMZ230A 1-7R. The orientation of the sequence is centromere to telomere.
The AGGT junction site is boxed. The three siRNA sequences specific for pZ4ARF-
FAMZ230A fusion mRNA are underlined. In (a) and (c), the arrows with red dotted line
indicate the location of breakpoints.
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Figure4.

Mutation, expression and functional analysis of p14ARF. (a) Reduced level of pZ4ARF
mMRNA was measured by semi-quantitative RT-PCR (top) and quantitative-real time PCR
(bottom) in cells from patient DD129BE, compared to his parents and a normal control. (b)
p1l4ARF protein was measured by western blot. The p14ARF protein level increased
markedly in paternal, maternal and normal control fibroblasts in the presence of the
proteasome inhibitor (MG132) but p14ARF was not detected in DD129BE cells. (c)
Immunofluorescence showed low levels of p14ARF but normal levels of p53 in the patient
cells. (d) Relative quantity of pZ4ARFmRNA in normal and patient fibroblast after UV
exposure: cells were irradiated with 10 J/m2 UV and incubated for 6h and 24h. cDNA was
synthesized from RNA collected and transcript expression was examined by qRT-PCR.
PI4ARFmMRNA levels did not increase in the patient’s cells at 6 hr or 24 hr after treatment
with UV. An asterisk denotes statistically significant difference between control and
irradiated normal cells (P < 0.05) while there was no significant difference between control
and irradiated patient cells. (e) Identification of pZ4ARF mutation in melanoma cells
isolated by laser capture microdissection (LCM). Adjacent normal and melanoma tissues
were microdissected and pZ4ARFwas PCR amplified and sequenced. Two missense
mutations were detected in melanoma cells (middle right) but not in adjacent normal tissue
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(middle left). Locations of two missense mutations are indicated by purple arrows, and the
location of the breakpoint in pZ4ARFis indicated by a red arrow (bottom). (f and g) Post-
UV host cell reactivation (HCR). UV-treated or untreated reporter gene plasmid
(pCMVLuc) was co-transfected with plasmids expressing wild type cDNA of each of the
known XP genes or pI4ARF cDNA. (f) Reduced luciferase activity in DD129BE cells was
not corrected by co-transfection with known XP genes except for partial correction with
wild type XPC cDNA. (g) Co-transfection with wild type pZ4ARF cDNA-containing
plasmid into triplicate cultures of normal (AG13354) (yellow bar), paternal (GM16735)
(blue bar), maternal (GM16733) (green bar) and patient (DD129BE (pink bar) fibroblasts.
The low luciferase activity in DD129BE cell was increased by co-transfection with wild
type pI14ARF cDNA. The data represent three independent experiments, and the error bars
represent the standard deviation. (a), (d) and (g) meanzs.d., n=3. *P<0.05; **P<0.01.
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Figureb5.

Expression of 7BX1. (a) Reduced 7BXI mRNA level was detected by semi-quantitative
RT-PCR (gel-top), and QRT- PCR (bar graph — bottom) (b). Reduced TBX1 protein was
detected in patient cells by western blotting (top) and by immunohistochemistry showing
undetectable levels of staining of TBX1 and normal levels of MDM2 and DAPI (bottom).
(a) meanzs.d., n=3, *P<0.05; **P<0.01.
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Figure6.

Functional analysis of pI4ARF-FAMZ230A (a) Knockdown of pI4ARF-FAMZ230A by
SiRNA. Reduced expression of pZ14ARF-FAM230A RNA levels in DD129BE cells by 63.5—
84.3% by use of 3 different SiRNA’s targeted to the chimeric pI4ARF-FAMZ230A (left
graph) associated with increased levels of expression of pZ4ARF (middle graph) and 7BX1
(right graph) in DD129BE cells. (b) p14ARF (left) and TBX1 (right) protein levels detected
by immunofluorescence and numbers of positive cells (bottom) before and after pI4ARF-
FAMZ230A siRNA treatment. (c) Reduced p14ARF protein levels in patient lymphoblasts
(left) was increased by knock down of p14ARF-FAMZ230A (right). (d) HCR assay showing
increased post-UV DNA repair capability after treatment of patient cells with pZ4ARF-
FAMZ230A siRNA. (e) Reduced mRNA expression of pZ4ARF in normal cells by
transfection of the chimeric pI4ARFFAMZ230A. (f) Reduced protein expression of pl14ARF
and TBX1 in normal cells by transfection of the chimeric pZ4ARF-FAMZ230A. The extra
protein bands in patient cells were indicated by arrows. (g) Impaired post-UV DNA repair
capability in normal cells by transfection of the chimeric pl4ARF-FAMZ230A. (a, b, d, e and
g) meanzs.d., n=3. *P<0.05.
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Figure7.

Model for the action of chimeric pl4arf-FAM230A as a dominant negative regulator. A.
(Upper panel) The chimeric der9 chromosome is formed by translocation of a portion of the
long arm of chromosome 22 (yellow) to the short arm of chromosome 9 (blue) thereby
splitting the CDKNZ2A gene (green band) within pl4arf intron 1. The other chromosome 9 is
intact with an unaffected CDKNZ2A gene (green band). The der22 chromosome is formed in
a parallel manner. The 78X gene (purple band) is located 800kb away from the break and
is not involved in the translocation. The other chromosome 22 is unaffected. (Middle panel)
Chimeric DGCR mRNA is produced that results in decreased expression of the non-
translocated normal pZ4ARF allele on the other chromosome 9 and decreased expression of
both non-mutated 7BXZ alleles on chromosome 22. (Lower panel) This dominant negative
regulation results in reduced DNA repair and altered fetal development giving rise to DGS-
like features. B. Treatment with sSiRNA (middle panel) results in inhibition of chimeric
mRNA which would no longer inhibit expression of pZ4ARFand TBX1. This would result
in increased expression of pI4ARFand TBXI1. (Lower panel) The increased expression of
PI4ARFwould increase DNA repair and presumably, would facilitate normal ear
development.
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