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Letter

Two Functional Copies of the DGCR6 Gene Are
Present on Human Chromosome 22qll Due
to a Duplication of an Ancestral Locus

Lisa Edelmann,’-? Pavel Stankiewicz,? Elizabeth Spiteri,’ Raj K. Pandita,’

Lisa Shaffer,? James Lupski,” and Bernice E. Morrow

1,4

"Department of Molecular Genetics, Albert Einstein College of Medicine, Bronx, New York 10461, USA; “Department of
Molecular and Human Genetics, Baylor College of Medicine, Houston, Texas 77030, USA

The DGCRé (DiGeorge critical region) gene encodes a putative protein with sequence similarity to gonadal (gdl), a
Drosophila melanogaster gene of unknown function. We mapped the DGCRé gene to chromosome 22qll within a low
copy repeat, termed scll.la, and identified a second copy of the gene, DGCRéL, within the duplicate locus, termed
scll.lb. Both scll.l repeats are deleted in most persons with velo-cardio-facial syndrome/DiGeorge syndrome
(VCFS/DGS), and they map immediately adjacent and internal to the low copy repeats, termed LCR22, that
mediate the deletions associated with VCFS/DGS. We sequenced genomic clones from both loci and determined
that the putative initiator methionine is located further upstream than originally described, but in a position
similar to the mouse and chicken orthologs. DGCREL encodes a highly homologous, functional copy of DGCR4,
with some base changes rendering amino acid differences. Expression studies of the two genes indicate that both
genes are widely expressed in fetal and adult tissues. Evolutionary studies using FISH mapping in several
different species of ape combined with sequence analysis of DGCRE in a number of different primate species
indicate that the duplication is at least 12 million years old and may date back to before the divergence of
Catarrhines from Platyrrhines, 35 mya. These data suggest that there has been selective evolutionary pressure
toward the functional maintenance of both paralogs. Interestingly, a full-length HERV-K provirus integrated

into the scll.la locus after the divergence of chimpanzees and humans.

Among the human chromosomes, the long arm of
chromosome 22 is considered to be relatively rich in
genes (Saccone et al. 1996; Deloukas et al. 1998). The
q11 region of 22 is also particularly rich in low copy
repeat clusters (Halford et al. 1993; Collins et al. 1997;
Edelmann et al. 1999a,b; Dunham et al. 1999), and a
number of repetitive gene families are present in the
region. The genes GGT (gamma glutamyl transferase)
and BCR (breakpoint cluster region) are repeated sev-
eral times on 22q11 and along with several other genes
are components of the large, complex repeats termed
LCR22 (low copy repeat on 22q11) that span the region
(Heisterkamp and Groffen 1988; Collins et al. 1997;
Edelmann et al. 1999a,b). The LCR22s mediate the ma-
jority of rearrangements of 22q11 that are associated
with VCFS/DGS (Edelmann et al. 1999a,b; Funke et al.
1999; Shaikh et al. 2000). VCFS/DGS is a congenital
anomaly disorder characterized by craniofacial anoma-
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lies, velopharyngeal insufficiency, conotruncal heart
defects, aplasia or hypoplasia of the thymus gland,
learning disabilities and psychiatric illness (DiGeorge
1965; Shprintzen et al. 1978). The great majority of
VCES/DGS patients have 3 Mb hemizygous deletions of
22q11, and a subset have a nested distal deletion end-
point that results in a 1.5 Mb deletion (Morrow et al.
1995; Carlson et al. 1997; Shaikh et al. 2000), suggest-
ing that the disorder arises from haplo-insufficiency of
a gene or genes in the deleted region.

One additional class of low copy repeat clusters
that is contiguous with the LCR22s at the 1.5 Mb de-
letion VCFS/DGS breakpoints is termed the sc11.1 re-
peat. The sc11.1 repeat was originally identified by in-
terphase fluorescence in situ hybridization (FISH) map-
ping with cosmid sc11.1 (Halford et al. 1993). The FISH
mapping revealed that two loci were present on 22q11,
named scll.1a (centromeric) and sc11.1b (telomeric),
and were situated 1-2 Mb apart (Halford et al. 1993).
Both loci were shown to be deleted in VCFS/DGS pa-
tients with the 3 Mb and 1.5 Mb deletions and there-
fore in most patients with VCFS/DGS (Lindsay et al.
1993, 1995).

In this report we describe two functional paralo-
gous copies of a gene that lie within the sc11.1 dupli-
cation, termed DGCR6 (DiGeorge critical region gene
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6). Both DGCR6 genes encode a putative protein with
sequence similarity to gdl (gonadal), a Drosophila mela-
nogaster gene of unknown function (Schulz and Butler
1989; Demczuk et al. 1996; Lindsay and Baldini 1997).
We also examined the evolutionary origin of the sc11.1
duplication in primates using both genomic sequence
analysis of part of the DGCR6 gene and FISH mapping
studies.

RESULTS

Mapping DGCRé to the scll.l Duplication

In an attempt to characterize the VCFS/DGS break-
points we examined the regions that flank the LCR22
that is the site of the proximal breakpoints common to
both the 1.5 Mb and 3 Mb deletions (Fig. 1). We found
that the DGCR6 gene was located in the region imme-
diately flanking but distal to this LCR22 (Fig. 1). In the
process of defining additional LCR22s, we identified
genomic clones that harbored DGCR6 sequences by
PCR analysis but mapped approximately 1 Mb distal to
the proximal breakpoint LCR22 based on the end se-
quences of the clones. In addition, a number of other
markers in the vicinity of DGCR6 were also present at
two distinct locations on 22q11. Among them was the
anonymous genomic sequence D2251660, which was
derived from cosmid sc11.1. FISH experiments using
this cosmid as a probe demonstrated that the region
was duplicated on 22q11 and deleted in most patients
with VCFS/DGS (Halford et al. 1993; Lindsay et al.
1993, 1995). We determined that the duplicated region
was demarcated by the markers 444P24Sp6 and
D22S1660 and included the genes for DGCR6 and
PRODH (proline dehydrogenase) (Fig. 1; Edelmann et
al. 1999a). The two copies of the sc11.1 duplication
were found to be in an inverted orientation with re-
spect to each other. The first locus, sc11.1a, is located
in the region proximal to the genetic marker
D22S1638, and as mentioned above lies distal and ad-
jacent to an LCR22 which is the site of the breakpoints
associated with the proximal 1.5 Mb and 3 Mb dele-
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Figure 1 Schematic of the sc11.1 duplication on chromosome
22q11. The sc11.1 loci sc11.Ta and sc11.1b lie immediately ad-
jacent to low copy repeat regions termed LCR22, which are the
proximal and distal breakpoint regions, respectively, of 1.5 Mb
deletions associated with velo-cardio-facial syndrome/DiGeorge
syndrome (VCFS/DGS). The map of the two sc11.1 repeats is
shown, ordered centromere to telomere. Each locus contains a
number of duplicated PCR-based markers and the DGCR6 gene
and PRODH gene. Genetic markers are indicated with asterisks.
The distance between them is ~1 Mb.

tions in VCFS/DGS patients (Fig. 1; Edelmann et al.
1999a,b). The second locus, sc11.1b, is in the region
distal to the genetic marker D22S1623, and lies proxi-
mal and adjacent to the LCR22 which is the site of the
1.5 Mb distal breakpoint in VCFS/DGS patients (Fig. 1;
Edelmann et al. 1999b; Funke et al. 1999). One major
distinguishing feature between the duplicated seg-
ments which was useful in assigning clones to their
correct location on chromosome 22q11 was the pres-
ence of a full length HERV-K provirus in the proximal
copy between the markers POX2-2 and D2251660 (Fig.
1; Edelmann et al. 1999a).

This virus, designated HERV-K101, integrated into
the genome after the divergence of chimpanzees and
humans (Barbulescu et al. 1999).

Sequencing the Two Copies of DGCR4

Comparison of the putative amino acid sequence of
human DGCR6 and mouse Dgcr6 indicated that the
human protein was much shorter than its murine ho-
molog (Demczuk et al. 1996; Lindsay et al. 1997). Al-
though the DNA sequence upstream of the initiator
methionine in the human gene remained highly ho-
mologous to the murine gene, the open reading frame
was lost at position 221, and there were no additional
methionine residues present upstream in the originally
published sequence (Demczuk et al. 1996). Lindsay
and Baldini (1997) compared the sequence of a human
DGCR6 EST present in the database with the mouse
Dgcr6 ¢cDNA and reported that the published human
cDNA sequence had one extra G at position 221. They
concluded that the extra G created an artifactual frame
shift in the sequence. We sequenced the genomic
clone COS 41E4 (Fig. 1) in the region upstream of the
putative initiator methionine of the published se-
quence and confirmed the more recent findings (Lind-
say and Baldini 1997). We were able to extend the se-
quence in the 5’ direction and identified a new initia-
tor methionine. Using primers that amplified from the
putative 5'UTR to the 3'UTR of DGCR6, we isolated
and characterized two distinct cDNAs that were ap-
proximately 1200 base pairs in length. One corre-
sponded to the cDNA for the proximal DGCR6 gene
within scll.1a, and the other corresponded to the
more distal copy, which we designated DGCR6L,
within sc11.1b. The two cDNAs share 97% sequence
identity (Fig. 2). DGCR6L encodes a highly homolo-
gous copy with several base changes, some of which
change the amino acid sequence. The genomic struc-
ture of the two genes, examined by comparison of
the ¢cDNA sequences with the genomic clones,
PAC 423N14 for DGCR6 (GenBank accession no.
ACO007326) and BAC 444P24 (GenBank accession no.
ACO007663) for DGCRL, is identical. Both genes contain
five exons of equal length with conserved intron/exon
structure.
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cDNA sequence of the DGCR6 and DGCR6L genes. The sequence rep-

resents the cDNA sequence of DGCR6. Nucleotide changes present in DGCR6L are
indicated above the sequence, and corresponding amino acid changes in gray
boxes below the amino acid. The original sequence (Demczuk et al. 1996; Gen-
Bank accession no. X96484) differs from the sequence shown here by a single base
insertion of G (arrow) at position 221 of the originally published sequence, shown
here between nucleotide position 302 and 303. The putative initiator methionine
at nucleotide position 97 is indicated by the shaded box. The putative initiator
methione of the original sequence is indicated by the open box at position 504.
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An alignment of the putative amino acid sequence
of both DGCR6 and DGCR6L indicates that they are
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97% identical and 220 amino acids in
length (Fig. 3). There are seven amino acid
differences between the two genes, two of
which are conservative. Human DGCR6
shares 92% and 77% amino acid identity
with the mouse and chicken proteins, re-
spectively, indicating that the sequence has
been highly conserved in evolution. The
putative human, mouse and chicken
DGCR6 proteins share 30-35 % identity
with the Drosophila homolog, gdl (gonadal)
(Schulz and Butler 1989).

The previously reported size of the
DGCR6 transcript was estimated to be 1100
bases by Northern blot analysis (Demczuk
et al. 1996). Based on the length of the se-
quence and the evolutionarily conserved
position of the initiator methionine, which
has a near perfect Kozak consensus, GCGC
CATGG (Kozak 1987), we believe that we
have determined the full-length coding se-
quence of both DGCR6 and DGCR6L.

Using Single Nucleotide Differences
Between DGCRé and DGCRéL to Analyze
Their Expression Patterns

To assess the possibility of differential ex-
pression between DGCR6 and DGCR6L, it
was necessary to exploit the single nucleo-
tide differences that existed between them.
We found 32 single nucleotide differences
between the cDNA sequence of DGCR6 and
DGCR6L.

To determine whether these nucleo-
tide differences corresponded to gene-
specific changes or polymorphisms in un-
related individuals, we utilized the ge-
nomic DNA of VCFS/DGS patients which
harbor hemizygous deletions on 22q11 of
either 3 Mb or 1.5 Mb in size (Carlson et al.
1997). These patients are deleted for
DGCR6 and DGCR6L on one copy of chro-
mosome 22 and therefore contain a single
copy of each gene. In these individuals it
should be possible to evaluate whether a
single base change represents a reliable se-
quence difference between the two genes.
We initially examined the DGCR6 se-
quences in the EST database to evaluate the
reliability of a particular nucleotide differ-
ence. We found several changes that were
consistent within each gene and chose to
examine one of them in the VCFS/DGS pa-
tient population. This difference was a C at

position 167 of DGCR6 and a T at position 168 of
DGCR6L in the cDNA sequence, corresponding to a
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and heart to 550 for peripheral blood leu-
kocytes, we conclude that this analysis ac-
curately reflects the expression pattern of
the two genes.

Analysis of the scll.I Duplication

in Primates

To examine the evolutionary origin of the
sc11.1 duplication, genomic DNA from fi-
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hDGCR6L L T R R )
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hDGCRé 109 PHNLPVLQAAQORELEAVEHRIREEQRAMDQKIVLELDRKVADQQSTLEKAGVAGFYVTT
hDGCR6L 109 ...... Veeovenoannunsenananssansan Teieeeaevaonssesonssncnenssa
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dgdl 120 Q..N

hDGCR6 169
hDGCR6L 169
mDgcr6 169
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Figure 3 Multiple sequence alignment of DGCR6 protein sequences. Shown are
the predicted amino acid sequences of the human hDGCR6 and hDGCR6L genes
and their comparison to the mouse homolog, mDgcré (Mus musculus; Lindsay et al.
1997), chicken homolog, cDgcr6 (Gallus gallus; GenBank accession no.
AF048985), and the Drosophila melanogaster gonadal protein, dgdl (Schulz and

Butler 1989).

Pvull site within DGCR6, but not in DGCR6L. A total of
115 VCFS/DGS patients with deletions of 22q11 were
analyzed for the presence of this polymorphism by
generating a 253 base pair (bp) PCR product with oli-
gonucleotide primers that amplified between exon 1
and exon 2, followed by restriction digestion of the
product with Pvull (Fig. 4). In all but three patient
samples, both C and T were present within the PCR
products as evidenced by the presence of both digested
and undigested product from the same deleted patient,
representing a prevalence of 97.4%. In the three pa-
tients who did not have the nucleotide difference be-
tween the two genes, both genes contained a C as in-
dicated by presence of only digested PCR products
(data not shown). We conclude that this nucleotide
difference represents a reasonable diagnostic for distin-
guishing the two genes.

We then used this nucleotide difference to exam-
ine the expression pattern of the two genes. The same
primer pair used in the genomic DNA analysis was also
used to amplify a PCR product from a panel of cDNAs
derived from a number of different adult and fetal tis-
sues. The PCR product generated from the cDNAs is
172 bp and when digested with Pvull produces two
fragments of 124 and 48 bp. The results of the expres-
sion analysis shown in Figure 5 indicate that both
genes are widely expressed with some differences in
their expression pattern. The expression of DGCR6,
which is represented by the 124 bp digested product, is
present in all tissues examined, whereas DGCR6L does
not appear to be expressed in adult skeletal muscle or
small intestine. Since all of the tissue-specific cDNAs,
except those derived from adult liver and lung, were
synthesized from pooled samples of multiple unrelated
individuals, ranging in number from three for brain

broblast cell lines that were established
--E from individual non-human primates was
amplified with the same oligonucleotide
primers used in the expression studies. The
primers amplified a 253 bp product from
human genomic DNA as well as from the
other primate DNA samples with the ex-
ception of the lemur DNA, which did not
amplify. The PCR products were then se-
quenced to distinguish the presence of two
genomic loci by observing the number of
assignments of two bases at the same posi-
tion in the sequence. The sequences of five different
primate species, black-handed spider monkey, rhesus
macaque, lowland gorilla, chimpanzee and pigmy
chimpanzee, were analyzed and aligned with a 120 bp
region of the human DGCR6/DGCR6L genes, which
covers the partial region of exon 1 and intron 1 of the
two genes (Fig. 6). This 120 bp region represents a sub-
set of the sequences within the 253 bp genomic PCR
product. The region of comparison was limited to 120
bp due to a single base insertion in DGCR6 within in-
tron 1 that was not present in DGCR6L, after which the
sequences were no longer in the same frame. The base
insertion was present in the ape sequences but not in
the monkeys (data not shown). The number of posi-
tions with two base assignments, indicated by N in the
sequences presented in Figure 6, ranges between six
and nine in the different primates (Table 1). The se-
quences of the human genes which have nine single
nucleotide differences within the 120 bp region were
ascertained by examining the available genomic se-
quence of chromosome 22 (Dunham et al. 1999). The
frequency of single nucleotide polymorphisms (SNP)
between two unrelated individuals was estimated to be
one SNP every 500-1,000 bp (Wang et al. 1998). The
number of Ns in the primate sequences of the DGCR6
PCR product, if representative of a single locus, would
indicate a frequency of between 50 and 75 SNPs per
1,000 bp, which is unlikely to represent allelic varia-
tion within each species. It should be noted that al-
though the sequences presented in Figure 6 were am-
plified from an individual genome, for each species
with the exception of the spider monkey the sequences
of more than one animal were obtained to substantiate
the sequence data (data not shown). Interestingly, the
C/T base difference, which was used to differentiate the
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Figure 4 Analysis of a single nucleotide difference between the
genes DGCR6 and DGCR6L. (A) A single nucleotide difference
between the two genes destroys a Pvull restriction site in DGCR6L
(C to T transition). (B) Genomic DNA from a total of 115 VCFS/
DGS deleted patients containing either the 3 Mb deletion or the
1.5 Mb deletion was used to determine the status of the poly-
morphism. A 253 bp PCR product was synthesized using the the
DGCR6-6F/DGCR6-4R primers and then restriction digested
with Pvull. Shown are the representative results from 23 patients,
lanes 7-23. Lanes 24 [(P) proximal] and 25 [(D) distal] represent
the amplification of the genomic clones followed by Pvull diges-
tion of sc11.1a (digested) and sc11.1b (undigested), respectively.

expression of DGCR6 and DGCR6L in human tissues,
was also present as an N in the sequence corresponding
to both C and T at position 5 of the PCR product in all
of the apes and the rhesus macaque but not in the
spider monkey (Fig. 6, Table 1).

To confirm our predictions from the primate
DGCR6 sequence analysis and investigate the genomic
organization of the duplication in apes, FISH mapping
studies were performed. Two PAC clones (named
641013 and 743112; Fig. 1) that mapped to the sc11.1b
locus, thus lacking the HERV-K sequences, were used as
probes. Initially, metaphase chromosome spreads were
performed using the 641013 probe on fibroblast cell
lines derived from human, pigmy chimp, gorilla, oran-
gutan, and gibbon to determine the chromosomal lo-
cation of the duplication. In the human cell line, the
clone hybridized as expected to only the q arm of chro-
mosome 22, whereas in all four of the ape cell lines, the
hybridization signal was present only on the q arm of
chromosome 23, which is equivalent to the human

212 Genome Research
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chromosome 22 in apes (Fig. 7; Tarazami et al. 1998).
Therefore, the position of the scl11.1 locus was con-
served among the apes examined. Since the two copies
of sc11.1 are 1 Mb apart in humans, interphase FISH
studies were required to confirm the presence of the
duplication. Both of the PAC clones 641013 and
743112 were used as probes on interphase chromosome
spreads of human and ape cell lines. Two signals were
observed on human chromosome 22q11, and in all
four of the apes similar dual signals were present on
23q11. The presence of the sc11.1 duplication in the
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Figure 5 Expression analysis of cDNA panels. (A) A172 bp PCR
product was synthesized from a panel of human tissue-specific
cDNAs (Clontech) using the DGCR6-6F/DGCR6-4R primers. The
product was then restriction digested with Pvull, which should
cut the DGCR6 specific product [(D) digested], 124 bp, but not
the DGCR6L product [(U) undigested], 172 bp. The tissue source
for the cDNAEs is indicated above the lane. The tissues that were
analyzed and the number of pooled unrelated individuals used
are as follows: Top: brain (3), heart (3), kidney (8), skeletal muscle
(9), liver (1), pancreas (21), lung (1), peripheral blood leukocyte
(550), ovary (5), thymus (9), colon (20), small intestine (11),
spleen (5), prostate (20); Bottom: fetal liver (32), fetal thymus
(13), fetal lung (9), fetal skeletal muscle (13), fetal kidney (9),
fetal heart (14). (B) Summary table of results determined from A;
most of the tissues contain both digested and undigested
products.
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Table 1. List of Base Assignments for Ns in Fig. 6 Sequence
Position in sequence of 120 bp 5 13 17 28 49 52 67 71 73 75 81
Position in human genomic seq. 98254 98246 98242 98231 98210 98207 98192 98188 98186 98184 98178
spider monkey C C/G A/C G C C/G C A/C G T/C G
rhesus monkey C/T C C G/T C/T G C C G/T C G
lowland gorilla C/T C C/T G C A/G A/C C G C C
chimpanzee C/T C C G C G C C G C/G C/G
pygmy chimpanzee C/T C C G C G C C G C/G C/G
human C/T C C/T G C A/G A/C C G C/G C/G
Position in sequence of 120 bp 84 86 89 100 101 103 108 109 111 114

Total Ns
Position in human genomic seq. 98175 98173 98170 98159 98158 98156 98151 98150 98148 98145
spider monkey C C G A/G C C C A/G C C 7
rhesus monkey G C/T G G A/T C/T C/G G C C 8
lowland gorilla A/T C G G C C C G C/T C/T 7
chimpanzee A/T C G G C C C G C/T C/T 6
pygmy chimpanzee A/T C G G C C C G C/T C/T 6
human A/T C G/T G C C C G C/T C/T 9

The numbers in column heads represent (upper) the position of the base in the 120 bp PCR product as represented in Fig. 6; (lower)
the position of the base in the human genomic sequence of clone PAC 423 (AC007326) within sc11.1a

gibbon indicates that the duplication was present in
the ape genome at least 11 mya. The DGCR6 sequenc-
ing data are supportive of the presence of the duplica-
tion in both Old World and New World monkeys, sug-
gesting that the duplication occurred prior to the di-
vergence of the Platyhrrines and the Catarrhines, 35
mya.

DISCUSSION

The q11 region of human chromosome 22 is relatively
rich in low copy repeat families (Halford et al. 1993;
Dunham et al. 1999), and consequently the region is
predisposed to rearrangements that cause congenital
anomaly disorders (Edelmann et al. 1999b). The ex-
pansion of low copy repeats can cause both genome
rearrangements and gene amplifications, making it im-
portant to characterize both the content and evolution

spider monkey
SIS A

lowland gorilla

chimpanzes

]:jgm}'mlmpmlzua

spider monkey
FESIES A
lowland gorilla
chimpanzee &2
E!"gmf chimpanzee

urman =1 felegalee) 17 (2 TGoNG

CHT

of these regions. Here we demonstrate that due to du-
plication of the sc11.1 locus, the human genome har-
bors two functional copies of the DGCR6 gene.

Evolution of the scll.I Duplication

Our analysis of DGCR6 sequences in nonhuman pri-
mates supports the presence of the duplication in a
number of different primate species. FISH mapping
studies of several species of ape indicate that the sc11.1
duplication occurred at least 11 mya. Genomic se-
quence analysis within the DGCR6 gene suggests that
the duplication event may have occurred at least 35
mya in an ancestor common to both the Platyrrhines
and the Catarrhines. Whether or not both DGCR6 loci
correspond to functional genes in the non-human pri-
mates is unknown. We were unable to amplify the ge-
nomic DNA from the lemur using the human-specific

houndary
woxom 1V ingrom 1

Figure 6 Alignment of DGCR6 primate sequences. The sequences of a 120 bp region from within the larger PCR product amplified from
genomic DNA of individual animals with the primers DGCR6—-6F/DGCR6-4R are aligned. Six different primate species—spider monkey (an
Old World monkey), rhesus macaque (a New World monkey), lowland gorilla, chimpanzee, pigmy chimpanzee, and human—are
compared. Represented are the partial exon 1 and intron 1 sequences with the exon/inton boundary denoted by the arrowhead. A
two-base assignment to a position within the sequence is denoted by N. A dash () indicates a deletion of a base relative to the alignment.
The asterisk at position 5 of the sequence denotes the base difference between DGCR6 and DGCR6L used in Figs. 4 and 5.
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Figure 7 FISH mapping studies in human and apes. Fibroblast cell lines derived from human, pigmy chimp, gorilla, gibbon, and
orangutan were used for FISH mapping of the sc11.1 duplication. Two human PAC clones, 641013 (641) and 743112 (743), that map
to sc11.1b were used to generate fluorescent probes. (A) The 641 probe (red) was used on metaphase chromosome spreads of the
human, pigmy chimp, gorilla, and orangutan cell lines. The 743 probe (green) was use on metaphase chromosome spreads of the gibbon
cell line. The arrows demarcate chromosome 22 in the human cell line and chromosome 23 in the primate cell lines. (B) The 641 probe
(red) was used on metaphase and interphase chromosome spreads. (C) The 743 probe (green) was used on interphase chromosome

spreads.

primers; therefore it was not possible in this study to
address whether the duplication event is common to
all primates or specific to the anthropoid lineages.
The mouse genome contains a single copy of the
Dgcr6 gene located between Cip (citrate transport pro-
tein) and Prodh on MMU 16 (mouse chromosome 16) in
the region syntenic with human 22q11 (Puech et al.
1997; Sutherland et al. 1998; Lund et al. 1999). On

214 Genome Research
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MMU16, the position of Dgcr6 and Prodh is in a region
that corresponds to rearrangement between the hu-
man and the mouse genome. Due to the genomic re-
arrangements that occurred during evolution and the
repetitive nature of the sequences surrounding DGCR6,
it is difficult to assess which copy of DGCR6 corre-
sponds to the ancestral locus and which is the result of
the more recent duplication event. It is possible that
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the events that led to the rearrangements in gene order
during evolution may have resulted in the duplication
of the sc11.1 locus.

As mentioned earlier, the PRODH gene (U79754)
was mapped within the sc11.1 repeat. However, the
functional copy of the gene is within the sc11.1a locus
(Edelmann et al. 1999a; Gogos et al. 1999). Remnants
of a second copy of the PRODH gene were found within
sc11.1b (GenBank accession no. AC007663; Dunham
et al. 1999) However, due to the deletion of several
kilobases, putative exons 3-7 were lost. Additional
changes were noted, including the loss of exon/intron
structure, making it unlikely that a functional PRODH
gene is encoded within sc11.1b (data not shown).

The sc11.1 duplication is located immediately ad-
jacent to the LCR22s that mediate the 1.5 Mb deletions
associated with VCFS/DGS (Edelmann et al. 1999a,b;
Funke et al. 1999). Based on a sequence identity of 99%
between the LCR22s that flank the sc11.1 loci (Dun-
ham et al. 1999) and 96% identity between the two
sc11.1 repeats within the genomic interval containing
the DGCR6 genes, the sc11.1 repeats appear to be sepa-
rate and distinct from the larger LCR22s. It is likely that
they arose in evolution before the amplification of the
adjacent LCR22s.

Significance of Two Functional DGCRé Genes

in Humans

The existence of two functional copies of DGCR6 on
22q11 in humans implies that both genes have per-
sisted and maintained functionality. In contrast, the
PRODH gene was also duplicated within sc11.1b, how-
ever, the duplicated paralog accumulated mutations
and has diverged significantly. Although the two
DGCR6 genes encode proteins of the same length
which are 97% identical at the amino acid level, there
are seven amino acid differences between the two cD-
NAs presented here (Fig. 3). Therefore, the proteins
may function similarly, but may not be completely re-
dundant with respect to their function. It has been
postulated that duplicated paralogs can be preserved
within a genome when asymmetric mutations accu-
mulate in the genes that increase and/or decrease their
efficacy of function, so that genomes containing both
copies are selected for in a population (for review, see
Krakauer and Nowak 1999). Asymmetric mutations in
the regulatory regions of paralogous genes can also
lead to non-overlapping function with respect to do-
mains and/or levels of expression. The expression
analysis in Figure 5 demonstrates that the genes share
a similar widespread pattern of expression, but the is-
sue of expression levels is not addressed. The DGCR6L
gene does not appear to be expressed in adult skeletal
muscle or small intestine, and therefore subtle differ-
ences in the expression patterns of the two genes dur-

ing development or in different tissue types may man-
date the continued presence of two copies of the gene.

It is also possible that because the sc11.1 duplica-
tion resulted in two copies of the DGCR6 gene, initially
null mutations may have been tolerated and fixed in
the population due to functional redundancy between
the genes. The originally published cDNA sequence of
DGCR6 contained a frameshift mutation when com-
pared to the EST database and the cDNA sequence pre-
sented here, as well as in the genomic clones that span
the region (Demczuk et al. 1996; Lindsay and Baldini
1997; Dunham et al. 1999). Rather than representing a
sequencing error, it is possible that the sequence was
derived from a null allele in the population. In addi-
tion we isolated a DGCR6L cDNA that was alternatively
spliced due to a G to A mutation at the 5'slice donor
between exons 3 and 4 (data not shown). The sequence
of the cDNA contained all of intron 3, resulting in the
insertion of 46 amino acids that maintained the origi-
nal reading frame but terminated prematurely due to a
second mutation of C to T within the codon of amino
acid 20S. It is unclear whether the putative gene prod-
uct of this allele produced a functional protein. How-
ever, mutations like these provide support for the idea
that these two genes have accumulated asymmetric
mutations that necessitate the maintenance of both
copies of DGCR6 in the human genome.

Function of DGCRE
The function of the DGCR6 genes is unknown; how-
ever, there has been a high degree of conservation at
the amino acid level among the vertebrate species. The
putative human DGCR6 proteins are 97% identical
and share approximately 92% and 77% identity with
the mouse and chicken orthologs, respectively.

Vertebrate DGCR6 and Drosphila gdl are homolo-
gous and share 31% identity with the region of highest
homology between amino acids positions 140-188 of
the human protein.The genes are most likely derived
from a common ancestral gene and encode a family of
novel proteins. The Drosophila gdl gene is expressed
exclusively during gametogenesis and in the adult ova-
ries and testis, which suggests a germcell-specific func-
tion (Schulz and Butler 1989). Our studies demonstrate
that the human Dgcr6 genes are widely expressed in
both fetal and adult tissues, which is in agreement with
studies of the murine DGCR6 gene that also indicate a
widespread pattern of expression in adult tissues (Lind-
say et al. 1997). In situ hybridization, performed dur-
ing different stages of mouse embryogenesis, demon-
strated that the gene was expressed at all stages exam-
ined with high levels of expression in brain, neural
tube, pharyngeal arches and the nasal process at E11.5
(Lindsay et al. 1997), the same regions that are thought
to play a role in the etiology of VCFS/DGS.

Finally, since both DGCR6 and DGCR6L are de-
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leted in most VCFS/DGS patients, it is possible that
reduced dosage of the genes could contribute to the
phenotypes associated with the disorders.

METHODS

Primers

The following primers were used: DGCR6-2R (AAAGAGC
TGGGCAACTCCTT), DGCR6-71.5 (CTCGGGACTGTCG
TAAAAGG), DGCR6-6F (TTGGAGGAGGTGGCGGACQ),
DGCR6-6R (TTCATCTGCAGCATCAGCTC), DGCR6—4R (CT
GCACGATTTCGAACACAG), DGCR6-5AF (AAGGAGTTGC
CCAGCTCATT), DGCR6-5R (GCTGGTTGTACAGGCTCTTT),
WI-17190:a (Genome Database), T7 (GIBCO), M13(-24)
(GIBCO), M13(-40) (GIBCO).

Physical Map Construction and Direct Sequencing
of Genomic Clones

To construct the high-resolution physical map, high-density
gridded membranes containing the 25X BAC (170 kb average
insert size), 16X PAC (120 kb average insert size) and 8X flow-
sorted cosmid libraries (LL22ZNCO3, 40 kb average insert size)
(Roswell Park Cancer Institute) were screened with pools of
8-12 different *?P-radiolabeled PCR products from genomic
DNA (Random Primed DNA Labeling Kit, Boehringer Man-
nheim). The positive clones were isolated and DNA was pre-
pared (Qiagen). The marker content of individual clones was
verified by PCR analysis using 50 ng of template DNA under
standard amplification conditions (Perkin-Elmer).

For direct end and internal sequencing of BAC clones,
approximately 900 ng of DNA was sequenced with 32 pmoles
of primer using ABI377 automated sequencing machines.
Each of the sequences was analyzed in GenBank using a
BLAST search to eliminate highly repetitive elements. Primers
for PCR were generated from the sequence (PRIMER Program).
The genomic clones cosmid 41E4 (sc11.1a) and PAC 743123
(sc11.1b) were sequenced directly using the primer DGCR6-
2R.

PCR Amplification and Sequencing of DGCRé cDNAs

The coding sequence of the DGCR6 and DGCR6L genes was
amplified from human fetal spleen cDNAs (Clontech) with
primers DGCR6-71.5F and WI-17190:a using the Expand
Long Template PCR System (Boehringer Mannheim). The re-
sulting PCR products were subcloned into the pCR 2.1 vector
(Invitrogen) using a TA Cloning Kit (Invitrogen) and se-
quenced from both strands using the following primers: T7,
M13(-40), M13(-24), DGCR6-71.5, DGCR6-6F, DGCR6-6R,
DGCR6-4R, DGCR6-5AF, DGCR6-5R and WI-17190:a.

Preparation of DNA from VCFS/DGS Patients

Genomic DNA was prepared from 5 cc of peripheral blood
obtained from VCEFS/DGS patients and their families, with
their informed consent (Human Genetics Program, AECOM),
using the Puregene protocol (Gentra ) as described (Carlson et
al. 1997). The blood samples from each of the individuals in
this study were collected through an Internal Review Board
approved program. A maximum of 15 highly polymorphic
genetic markers from D22S420 to D22S257 were used for
genotyping each individual as previously described to deter-
mine the presence and extent of the 22q11 deletion (Carlson
et al. 1997).
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Genomic Amplification and Expression Studies
of DGCR6 and DGCRSL

One hundred ng of genomic DNA from the patients and each
of the primate species available from the primate panel (Co-
riell Cell Repository) was PCR-amplified with the DGCR6-6F
and DGCR6-4R primers under previously described condi-
tions (Morrow et al. 1995). Approximately 250-300 ng of PCR
product was cut to completion with the restriction enzyme
Pyull.

In the expression studies, one ng of human cDNA from
adult and fetal tissues (Clontech) was PCR-amplified with the
DGCR6-6F and DGCR6—-4R primers. The resulting PCR prod-
uct was digested as described above.

FISH Mapping Studies of Primate Cell Lines

The primate cell lines of lowland gorilla (Gorilla gorilla), oran-
gutan (Pongo pygmaeus), and gibbon (Hylobates lar) were ob-
tained from the American Type Culture Collection. The
pygmy chimp (Pan paniscus) sample was kindly provided by
D. Nelson (Baylor College of Medicine). FISH mapping was
performed on metaphase and interphase cells of peripheral
blood lymphocytes (human) and Epstein-Barr virus trans-
formed lymphoblastoid cell lines (primates), according to a
modified procedure of Shaffer et al. (1997). Briefly, 1 pg of
isolated DNA from the BACs 641013 and 743112 was labeled
by a nick translation reaction using biotin (Life Technologies-
GibcoBRL) or digoxigenin (Boehringer Mannheim). Biotin
was detected with Fluorescein avidin DCS (Avidin D-cell
sorter grade; Vector Labs) (fluoresces green) and digoxigenin
was detected with rhodamine-anti-digoxigenin antibodies
(Sigma) (fluoresces red). Chromosomes were counterstained
with DAPI diluted in Vectashield antifade (Vector Labs). Cells
were viewed under a Zeiss Axioskop fluorescence microscope
equipped with appropriate filter combinations. Monochro-
matic images were captured and pseudo-colored using the
MacProbe 4.2.2/Power Macintosh G4 system (Perceptive Sci-
entific Instruments). Replication and duplication patterns
were distinguished using dual color co-hybridization with the
BAC 743112 probe and a second BAC probe from a duplicated
interval on human chromosome 17p11.2, kindly provided by
S.S. Park (data not shown).

Accession Numbers

The GenBank accession numbers of the sequences presented
here for DGCR6 and DGCR6L are AF228707 and AF228708,
respectively.
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