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ZNF674: A New Kriippel-Associated Box—Containing Zinc-Finger Gene
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Array-based comparative genomic hybridization has proven to be successful in the identification of genetic defects
in disorders involving mental retardation. Here, we studied a patient with learning disabilities, retinal dystrophy,
and short stature. The family history was suggestive of an X-linked contiguous gene syndrome. Hybridization of
full-coverage X-chromosomal bacterial artificial chromosome arrays revealed a deletion of ~1 Mb in Xp11.3, which
harbors RP2, SLC9A7, CHST?7, and two hypothetical zinc-finger genes, ZNF673 and ZNF674. These genes were
analyzed in 28 families with nonsyndromic X-linked mental retardation (XLMR) that show linkage to Xp11.3;
the analysis revealed a nonsense mutation, p.E118X in the coding sequence of ZNF674 in one family. This mutation
is predicted to result in a truncated protein containing the Kriippel-associated box domains but lacking the zinc-
finger domains, which are crucial for DNA binding. We characterized the complete ZNF674 gene structure and
subsequently tested an additional 306 patients with XLMR for mutations by direct sequencing. Two amino acid
substitutions, p.T343M and p.P412L, were identified that were not found in unaffected individuals. The proline
at position 412 is conserved between species and is predicted by molecular modeling to reduce the DNA-binding
properties of ZNF674. The p.T343M transition is probably a polymorphism, because the homologous ZNF674
gene in chimpanzee has a methionine at that position. ZNF674 belongs to a cluster of seven highly related zinc-
finger genes in Xp11, two of which (ZNF41 and ZNF81) were implicated previously in XLMR. Identification of
ZNF674 as the third XLMR gene in this cluster may indicate a common role for these zinc-finger genes that is
crucial to human cognitive functioning.

Mental retardation (MR) is a complex and highly het-
erogeneous disorder with a prevalence of ~2% in the
general population (American Association on Mental
Retardation 2002). An estimated 13%-15% of MR is
caused by mutations on the X chromosome (Mandel and
Chelly 2004; Ropers and Hamel 2005). X-linked MR
(XLMR) can be divided into syndromic and nonsyndrom-
ic forms. In the latter, MR is the only clinical feature
observed. A total of 58 XLMR genes have been identified
to date (Ropers and Hamel 2005): 37 genes for syndromic
XLMR, 13 genes for nonsyndromic XLMR, and 8 genes
that are causative for both syndromic and nonsyndromic
XLMR.

The nonsyndromic XLMR genes can be clustered into
several groups on the basis of their function. One group
consists of regulators and effectors of Rho guanine tri-
phosphatases. A second group comprises genes involved

in transcription regulation and chromatin remodeling.
The third group is a mixture of genes that are in some
way linked to RNA splicing, protein translation, or deg-
radation or have a role in energy metabolism. The group
of transcription regulators includes two zinc-finger genes,
ZNF41 (MIM 314995) and ZNF81 (MIM 314998), that
are involved in nonsyndromic XLMR. These zinc-finger
genes encode members of one of the largest families of
potential transcription regulators in the human genome,
the Kriippel-type zinc-finger protein family. It has been
estimated that up to 700 genes encode Kriippel-type Cys-
2 His-2 (C2H2) zinc fingers, and one-third of these also
contain a Kriippel-associated box (KRAB) domain (Belle-
froid et al. 1991). These KRAB-containing zinc-finger
proteins (KRAB-ZFPs) are primarily regulators of tran-
scription. There can be 3-20 zinc fingers in a zinc-finger
protein, and each zinc finger recognizes a specific tri-
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Figure 1

nucleotide sequence in the promoter regions of target
genes. The KRAB domain interacts with the KRAB-as-
sociated protein 1 (KAP-1) (Friedman et al. 1996). KAP-
1 can interact with the heterochromatin protein HP1
and mediate gene-specific silencing (Ryan et al. 1999;
Underhill et al. 2000). Most KRAB-ZFP genes are clus-
tered at a number of regions in the genome. On the X
chromosome, there is a KRAB-ZFP gene cluster at the
Xp11 region (Knight et al. 1994), which includes ZNF41
(Shoichet et al. 2003) and ZNF81 (Kleefstra et al. 2004).

For the identification of approximately two-thirds of
the known XLMR genes, positional cloning strategies
have proven to be successful. These strategies include
linkage analysis, the analysis of fragile sites, and the an-
alysis of cytogenetic aberrations such as inversions, de-
letions, duplications, and translocations. For studying
these chromosomal aberrations, array-based compara-
tive genomic hybridization (array CGH) is a new pow-
erful technique (Carter and Vetrie 2004). In a single hy-
bridization experiment, small deletions and duplications
can be detected throughout the genome. Mapping of de-
letions by using array CGH to identify the disease-caus-
ing gene has already been successful for CHARGE syn-
drome (MIM 214800) (Vissers et al. 2004). Recently,
we published the development and validation of a full-
coverage X-chromosomal BAC array (Veltman et al.
2004). In that study, the sensitivity and specificity of this
high-resolution tiling clone set was shown for the de-
tection of deletions and duplications as small as 100
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The index patient with the deletion on Xp11.3, at age 5 years and 9 mo. There were no specific dysmorphic features observed.

kb on the X chromosome. Here, we have used the X-
chromosomal BAC array to screen for aberrations in a
child with learning disabilities, retinal dystrophy, and
short stature. The family history was suggestive of an
X-linked disorder. Array CGH exposed a deletion of ~1
Mb on Xp11.3, which harbors several candidate genes
for XLMR. Two predicted Kriippel-type zinc-finger
genes from the deleted region, ZNF673 and ZNF674,
were characterized. Sequence analysis of patients with
nonsyndromic XLMR revealed that ZNF674 is a new
gene for nonsyndromic XLMR.

Material and Methods

Propositus

A boy aged 5 years and 9 mo was seen in the genetics clinic
(fig. 1). He was the third son of healthy, unrelated parents and
had two healthy brothers and a healthy sister. He was born
at term weighing 2,730 g (9th percentile). Early developmental
milestones were normal; he sat at 6 mo and walked at 13 mo.
At age 8 mo, a squint was noted, and he was found to be myopic.
His speech development was rather slow, and he did not talk
in phrases until nearly age 2 years. In early childhood, he was
investigated for failure to thrive, and he developed intolerance
to dairy products. He was noted to have low IgG and IgA
levels and was prescribed prophylactic antibiotics for 1 year.
His immunoglobulin levels subsequently normalized. He was
attending a school for children with moderate learning dis-
ability. On examination, he was a short child (height 0.99 m,
<0.4th percentile) with microcephaly (occipital-frontal circum-
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ference 46 cm, <0.4th percentile). He had a high, narrow palate
and micrognathia. Ophthalmological review identified mild pig-
mentary changes in the periphery of both eyes, and electro-
retinogram findings were suggestive of a rod/cone retinal dys-
trophy. A cranial CT scan was reported to show no structural
anomalies. At age 9 years, bilateral papilloedema was noted
on ophthalmological review, and, after full investigation, he
was given the diagnosis of benign intracranial hypertension
and commenced treatment with acetazolomide. He currently
attends a special school for children with visual impairment.
Both healthy brothers have normal development, vision, and
height (99.6th percentile), and the healthy sister also has nor-
mal development, vision, and height (75th-91th percentile).
The father of the propositus has a height of 1.78 m (50th—
75th percentile), and the mother has a height of 1.63 m (25th-
50th percentile). The affected maternal cousin has a similar
phenotype as the propositus, with short stature, low weight
(<0.4th percentile), severe myopia (—10.5 D), and develop-
mental delay. His mother has normal vision, normal develop-
ment, and a height of 1.65 m (50th—75th percentile).

Families with XLMR and Controls

For array CGH, genomic DNA from the index patient was
isolated using standard procedures and was purified using a
QIAamp kit (Qiagen) in accordance with the instructions of
the manufacturer. For mutation analysis, DNA from 337 men-
tally retarded males collected by the European XLMR con-
sortium was available for sequencing. This group includes 28
families with linkage to the Xp11.3 region: 11 families with
a positive LOD score >2 and 17 families with a positive LOD
score <2. The additional 309 index patients were from families
with a family history suggestive of X-linked inheritance. Pre-
viously, the index patient of each family was karyotyped, and
mutations in the FMR1 gene and in most known nonsyn-
dromic XLMR genes located in the linkage interval were ex-
cluded. In addition, a total of 380 white control X chromo-
somes were available (from 190 males and 95 females). All
samples were obtained after informed consent was obtained.

Array Preparation, Labeling, and Hybridization

The genomic X-chromosomal BAC array slides were pre-
pared and validated as described elsewhere (Veltman et al.
2004). Labeling and hybridization were performed essentially
as described elsewhere (Veltman et al. 2002). In brief, genomic
DNA was labeled by random priming with Cy3-dUTP or CyS5-
dUTP (Amersham Biosciences). Test and reference samples
were mixed with 120 ug Cot-1 DNA (Roche) and then were
coprecipitated and resuspended in 120 ul of a hybridization
solution containing 50% formamide, 10% dextran sulfate, 2 x
saline sodium citrate (SSC), 4% SDS, and 10 ug/ul yeast tRNA
(Invitrogen). After denaturation of probe and target DNA,
hybridization and posthybridization washing procedures were
performed using a GeneTac Hybridization Station (Genomic
Solutions) in accordance with the manufacturer’s instructions.
In brief, an 18-h hybridization with active circulation of the
probe was performed, followed by five posthybridization wash
cycles in 50% formamide and 2 x SSC at 45°C and five wash
cycles in phosphate-buffered saline at 20°C. Slides were dried
by centrifugation after a brief wash in water.
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Image Analysis and Processing

Slides were scanned and imaged on an Affymetrix 428 scan-
ner using the Affymetrix 428 scanner software package (ver-
sion 1.0). The acquired microarray images were analyzed using
Genepix Pro 5.0 (Axon Instruments) as described elsewhere
(Veltman et al. 2002). For all calculations, we used the median
of the pixel intensities minus the median local background for
each dye per spot. Data normalization was performed per array
subgrid by applying Loess curve fitting with a smoothing factor
of 0.1 to predict the log, transformed test-over-reference (T/
R) value on the basis of the average logarithmic fluorescent
intensities. Clones with an SD >0.3 were excluded, as were
clones with <2 replicates remaining after this analysis.

PCR Analysis of Deletion in Xp11.3

To verify the deletion detected by array CGH, PCR was per-
formed using primer sets amplifying the STS markers DXS1146
and STSG45963 outside the deleted region and proximal to
UTX (5-GGGTAATGTCAGTCCTCTTGC-3 and 5-CCAG-
CAATGAACAAGTGGAAG-3') and distal to RP2 (5-ATACC-
CCATGCCCAGTTTC-3 and 5-CCACAAGGTCAAGAC-
AAGTCAG-3'). Multiplex PCR was performed in a PTC-200
Peltier Thermal Controller (Biozym), with cycling conditions
of 35 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 45
s and 1.5 mM MgCl,.

5" and 3' RACE

Rapid amplification of cDNA ends (RACE) was performed
as described in the manufacturer’s protocol (Clontech SMART
RACE). In brief, a 5 RACE PCR product was obtained by
amplifying human fetal brain Marathon-Ready ¢cDNA (Clon-
tech) with adapter primer 1 (AP1) and a ZNF674-specific
primer (5-GAAAGTTTAAATGTGTTTTGAACACC-3') de-
signed for exon 6. For the 3’ end, adapter primer 2 (AP2) and
a ZNF674-specific primer (5-GTGCAGTGAACATGGGAA-
AGCCTCTG-3') were used. For the nested PCR, nested AP1
(NAP1) and NAP2 were used in combination with a specific
ZNF674 primer (5-ACCTGAAGATCACATCTGGCTTCC-3'
and 5-GGAAAGCCTTTGGGGAGAAGTCAACC-3, respec-
tively). The following thermal cycle profiles were used for both
the first PCR and the nested PCR: 1 min at 94°C; 5 cycles for
30 s at 94°C and 4 min at 72°C; 5 cycles for 30 s at 94°C and
4 min at 70°C; and 20 cycles for 20 s at 94°C and 4 min at
68°C. PCR products were sequenced, and 5" and 3’ ends were
identified.

RNA Isolation and Expression Studies

Epstein-Barr virus—immortalized human B-lymphocyte cell
lines (EBV-LCLs) were grown to a density of 0.7 x 10° cells
per ml of RPMI 1640 medium (Gibco) containing 10% fetal
calf serum (Sigma), 1% penicillin-streptomycin (Gibco), and
1% GlutaMAX (Gibco). A total of 25 x 10° cells were har-
vested by centrifugation at 200 g for 5 min at room temper-
ature and were resuspended in 500 ul of 8 mM Na,HPO,, 2
mM KH,PO,, 137 mM NaCl, and 2.7 mM KCI (pH 7.2).
RNA was isolated using RNA-Bee (Tel-Test) and was further
purified using the RNaesy Mini Kit (Qiagen) in accordance
with the manufacturer’s protocol. Total RNA was treated with
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DNase I while bound to the RNaesy column, to remove re-
sidual traces of genomic DNA. Copy DNA was synthesized
from 4 ug of total RNA by M-MLV reverse transcriptase (In-
vitrogen), in accordance with the manufacturer’s protocol, with
the use of random primers.

Mutation Analysis

PCR products covering the entire coding sequence of all genes
in the deleted regions were amplified using genomic DNA from
28 families with nonsyndromic XLMR with a linkage interval
on the X chromosome. For the ZNF674 gene, an additional
309 patients with XLMR were screened for coding exons 3—
6. Exon 6 was amplified in four overlapping fragments (6a,
6b, 6c, and 6d; see table 1). After purification with a Qiagen
PCR purification kit, PCR products were directly sequenced
on an Applied Biosystem 3730 automated sequencer by using
the same primers used in the PCR.

Segregation and Control Analysis

For detection of mutation ¢.352G—T, a primary fragment
was generated using the primers for fragment 6a (table 1),
followed by Fokl (New England Biolabs) digestion (resulting
in wild-type fragments of 188, 169, and 132 bp and in mutant
fragments of 357 and 132 bp). For detection of mutation
¢.1028C—T, PCR amplification was followed by HpyCH4IV
(New England Biolabs) digestion. For both digestions, frag-
ments were analyzed on a 1.5% agarose gel.

ARMS Analysis

Screening of the ¢.1235C—A mutation in exon 6 in 350
unrelated control individuals was performed by amplification-
refractory mutation system (ARMS) analysis. We designed
ARMS primers for both the wild-type and the mutant allele,
with wild-type forward primer 5-~AGAGAATTCATACAGG-
AGAGAAATC-3 and mutant forward primer 5~AGAGAATT-
CATACAGGAGAGAAATA-3'. For a reverse primer, 5'-ATCA-
GTGGTGACTTCTCACTAAAGG-3' was used. Amplification
was performed with an annealing temperature of 60°C for the
mutant allele and 56°C for the wild-type allele and with an
MgCl, concentration of 1.5 mM.

Table 1

Molecular Modeling

The effect of the P412L mutation on the DNA-binding ca-
pacity of ZNF674 was investigated using the crystal structure
of a designed zinc-finger protein bound to DNA (PDB entry
1IMEY [Kim and Berg 1996; see RCSB Protein Data Bank Web
site]). A model was constructed for amino acid residues 385-
463 of ZNF674, comprising three zinc-finger domains and
their connecting linkers. The sequence identity between target
and template for this region was 59%. The amino acid side
chains in the model were positioned by SCWRL3.0 (Canutescu
et al. 2003). Subsequently, the model was refined using YA-
SARA, which was shown to increase model accuracy (Krieger
et al. 2004). The quality of the final models was evaluated
using WHAT CHECK (Hooft et al. 1996), which compares
structural features of the model with a database of high-reso-
lution x-ray structures. This resulted in quality scores com-
parable to those of medium-resolution crystal structures. Co-
ordinate files are available on request.

Sequence Analysis and Phylogeny of Human ZNF674
Homologues

Approximately 500 human homologues of ZNF674 were
identified by homology searches with full-length protein se-
quence of ZNF674 by performing three iterations of PSI-BLAST
(Altschul et al. 1997; BLAST Web site) with the human subset
in a nonredundant protein database (National Center for Bio-
technology Information [NCBI], July 2005). Protein sequences
were aligned by MUSCLE (Edgar 2004) by using the neigh-
bor-joining method as implemented in Clustal (Saitou and Nei
1987), and a distance matrix was created for phylogenetic
analysis. A subset of 32 protein sequences from a branch con-
taining ZNF674 was used for realignment by MUSCLE and
subsequent construction of a phylogenetic tree by PHYML
(Guindon and Gascuel 2003).

Results

Array CGH Analysis

X-chromosomal BAC arrays (Veltman et al. 2004) were
used to screen a family with possible X-chromosomal
aberrations for deletions and duplications. The family

Primers and PCR Conditions for Direct Sequencing of ZNF674 Coding Sequences

PRIMER SEQUENCE

(5-3)
ExoN Forward Reverse
3 ATTCTTCCCAGGGTGCAAAG CCAGAAGAGGGGATAATTGG
4 GCTGAAGGTGGCACGGCCTC TAGGGTGGCGGCGAAGACTG
5 AAGCTTCCAGAAAGGACAGG ATCACCGAGGCCGTGCCACC
6a GCTTGGGCATTTAGGGATTAG CTCCCCAGTTTGACTTCTCTG
6b CCCTAATCAACGAGGGAAAG TGTTCACTGCACTGAGGTTTC
6¢ GGTATTAAATGTACTACGTCCA GCATTCATAGGGTCTCTCTCC
6d GAATGCAGAAGATGTGGGAAAG CAAATAATGAGACTAGTAATAGTC

NoTe.—For all PCRs, the annealing temperature was 60°C and the MgCl, concentra-

tion was 1.5 mM.
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consisted of an affected boy and his maternal cousin with
a similar clinical presentation, characterized by short
stature, learning disabilities, and visual impairment due
to retinal dystrophy. The pattern of inheritance and phe-
notype strongly suggested a contiguous gene-deletion syn-
drome on the X chromosome. Array CGH revealed a
deletion of ~1 Mb located on Xp11.3 (fig. 2A). The
deleted region encompasses 12 BAC clones, of which

RP11-281E23 and RP11-101C24 have an intermediate
log, ratio and were thus suspected to span the break-
points. The presence, size, and location of this deletion
were confirmed by FISH analysis (data not shown). The
deletion was delineated by PCR analysis of STS markers
inside and outside the deleted region. This analysis con-
firmed that the deletion end points were located in BAC
clones RP11-281E23 and RP11-101C24, and the dele-
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Figure 2 Array CGH profiles of the deletion in the index patient. A, X-chromosome array CGH profile of the index patient with a
deletion in Xp11.3 of ~1 Mb. B, Enlarged, detailed view of the 1-Mb deletion in Xp11.3. The X-axis displays the Mb position of the clones
on the X chromosome, ordered from Xpter to Xqter on the basis of genomic position (see full-genome BAC rearrays at Genome Sciences Center
Web site). Each dot represents the mean log, transformed and less-normalized test-over-reference (T/R) intensity ratio for each clone (Y-axis).
Clones are represented by six independent replica spots on the array. C, Schematic overview of the part of Xp11 that includes the deleted region
and the zinc-finger gene cluster (UCSC Human Genome Browser). The deleted region is indicated (horizontal arrow), and all deleted genes are
shown. For the zinc-finger gene cluster, all genes are shown, and a number of the neighboring genes are also depicted. The deletion was confirmed
and fine mapped by duplex PCR analysis with primer sets inside and outside the deleted region. Cen = centromere; Tel = telomere; MQ =

Milli Q.
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tion was shown to be 1.2 Mb. At the proximal side, the
breakpoint is located between exons 3 and 4 of RP2
(MIM 312600), and, at the distal side, the breakpoint
is located between ZNF673 and UTX (MIM 300128).
Furthermore, FISH analysis revealed that this deletion
segregated with the phenotype in this family, and X-
inactivation studies showed that both carrier females
had a complete skewed X-inactivation pattern (data not
shown).

Selection of XLMR Candidate Genes

The affected boy carries a deletion affecting three
known genes, RP2, SLC9A7 (MIM 300368), and
CHST7 (MIM 300375), and two hypothetical zinc-fin-
ger genes, ZNF673 and ZNF674 (fig. 2C). The retinal
dystrophy is likely to be a result of disruption of the
RP2 gene, one of the genes associated with X-linked
retinitis pigmentosa (MIM 312600) (Schwahn et al.
1998). The other genes might play a role in the learning
disability and short stature. The solute carrier family 9
isoform 7 (SLC9A7) is a sodium-hydrogen exchanger,
which regulates ion transport. The carbohydrate sulfo-
transferase 7 (CHST7) belongs to the sulfotransferase
family. Sulfotransferases generate sulfated glycosamino-
glycan moieties during chondroitin sulfate biosynthesis.
Both SLC9A7 and CHST?7 genes are widely expressed,
with only moderate expression in brain. Because the zinc-
finger genes ZNF41 (Shoichet et al. 2003) and ZNF81
(Kleefstra et al. 2004) have been implicated in non-
specific XLMR, ZNF673 and ZNF674 were the prime
candidate genes for the mental disability. ZNF673
and ZNF674 are highly similar both at the cDNA level
(66.4% identity) and in their amino acid sequence
(80.7% identity) until the first stop codon in ZNF673
(fig. 3A). The predicted gene sequences of ZNF673 and
ZNF674 were confirmed by PCR on a Marathon fetal-
brain ¢cDNA bank, with use of specific primers inside
the predicted exons. Full-length sequences were deter-
mined by 5 and 3' RACE. The hypothetical ZNF673
protein appeared to encode KRAB A and B domains but
no zinc-finger domains, because of the numerous stop
codons in exon 6 of all nRNAs analyzed (fig. 3B). These
stop codons are partially caused by an insertion of an
adenine at position ¢.452, but additional stop codons
are present in all reading frames. The ZNF674 cDNA
encodes a protein with KRAB A and B domains and 11
Krippel-type C2H2 zinc-finger domains (fig. 3C). The
transcript of ZNF674 (GenBank accession number
AY971607; Human Genome Organisation) has an ORF
of 1,743 bp (582 aa), with a methionine start codon at
position ¢.212 and a TGA stop codon at position ¢.1955
(fig. 3B). The start codon fulfills the Kozak criterion (A/
GNNATGG) with the AAGATGG sequence. ZNF674
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is expressed in fetal brain, EBV-LCLs, and testis, as
shown by PCR of ¢cDNA (data not shown).

Sequence Analysis

Probands from 28 families with nonsyndromic XLMR
with linkage to Xp11.3 were screened for mutations in
the SLC9A7, CHST7, ZNF673, and ZNF674 genes.
Analysis of ZNF674 revealed nonsense mutation
¢.352G~T (p.E118X) in family T040 in exon 6 that fully
segregates with the phenotype (fig. 4A). All carrier fe-
males showed skewed X-inactivation patterns, whereas
noncarriers of the mutation had normal random X-in-
activation patterns (Raynaud et al. 2000). Previously,
the MR in this family was linked to the ZNF674 region,
with a positive LOD score of 1.5 for markers MAOA,
AR, and DXS424 (Raynaud et al. 2000). Recently, re-
calculation of the LOD score with three additional fam-
ily members (I1I-4, IV-1, and IV-2 in fig. 4A) resulted in
a positive LOD score of 2.51 for the AR marker and a
reduced linkage interval, containing ZNF674, with flank-
ing markers MAOA and DXS1217. X-chromosomal ab-
errations >100 kb had been excluded earlier in this fam-
ily by array CGH analysis (Lugtenberg et al. 2005). RT-
PCR analysis revealed that the p.E118X mutation is also
present in the mRNA, indicating that this mutation does
not lead to complete reduction of mutant mRNA. This
is expected because the mutation resides in the last exon,
which means that the aberrant transcript is probably not
prone to nonsense-mediated decay (Carter et al. 1996).
The altered amino acid lies in the region between the
KRAB domain and the zinc-finger domains. Hence, a
truncated protein is predicted to lack the 462 C-terminal
amino acids, including all zinc fingers. This mutation
was not present in 349 control X chromosomes. Family
T040 consists of six affected males (fig. 4A) presenting
with moderate-to-severe nonsyndromic MR (table 2).
The mother of the proband had normal intelligence. The
proband was examined at age 17 years and had an in-
telligence quotient (IQ) of 45. He was the second son
of unrelated parents and had one affected brother, three
healthy sisters, and one carrier sister with borderline
intelligence. In the ZNF673 and CHST7 genes, no nu-
cleotide changes were identified. In the coding sequence
of the SLC9A7 gene, one silent change, ¢.1087G—~A
(p.A323A), was found in exon 6. These genes were not
analyzed further, because of the absence of mutations in
the families linked to Xp11.3.

The identification of a stop mutation in ZNF674 com-
pelled us to analyze other patients from families with
XLMR. An additional 309 families with XLMR with-
out a linkage interval were tested, revealing two addi-
tional nucleotide changes. In family D008, transversion
¢.1235C—A was found in exon 6 (fig. 4B). This variance
causes the substitution of a leucine for a proline at position
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very high homology for the KRAB A and B domains. In ZNF673, an early stop codon results in a protein without zinc-finger domains. The
vertical line indicates the insertion of one adenine at position ¢.452 in exon 6 of ZNF673, resulting in the premature stop codon at position
c.514. B, Schematic picture of the gene structure of ZNF673 and ZNF674. Coding sequence starts in exon 3. Exons 4 and 5 encode the KRAB
A and B domains, respectively. In ZNF674, 11 zinc fingers are encoded by exon 6. Cen = centromere; Tel = telomere. C, The predicted
ZNF674 protein. The positions of the amino acid changes are indicated. The 11 intact zinc-finger domains are represented by black boxes. The

hatched box represents a degenerated pseudofinger that lacks one C residue, which is critical for the binding of a zinc atom.

412 and was not present in 362 control X chromosomes.
Family D008 was previously described as carrying an in-
herited autosomal translocation, t(18;21)(q22.1q21.3).
Both affected males had partial trisomy 21 and mono-
somy 18 and have severe MR, short stature, and other
anomalies (Horn et al. 2003) (fig. 4B). The nucleotide
change in ZNF674 is present in both affected males and
in the mother of the index patient. Another nucleotide
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change in exon 6, ¢.1028C—T, was identified in family
P063. This transition predicts a substitution of a methio-
nine for a threonine at position 343, which segregates
with the phenotype (fig. 4C) and was not found in 354
control X chromosomes. This family consists of three af-
fected males with moderate-to-severe MR. For two af-
fected males, a clinical description is given in table 2.
Pregnancy and delivery of these patients were uneventful.
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Patient III-4 has moderate-to-severe MR with good social
skills and weak language abilities, mainly echolalic, with
very poor syntax and phonological troubles. Patient ITI-
7 has severe MR and requires special education.

Molecular Modeling of P412L

The P412L mutation is located in the linker region
between the fifth and sixth zinc finger of ZNF674. The
sequence of this linker is identical to the highly conserved
TGEKP consensus sequence found in many zinc-finger
proteins. Although it does not directly interact with the
DNA itself, the linker region has been shown to be im-
portant for DNA binding (Foster et al. 1997; Laity et
al. 2000). A model of the zinc-finger domains 35, 6, and
7 of ZNF674 was built using the known structure of
another zinc-finger protein, 1IMEY, as a template (fig.
5). This model was used to analyze the effects of the
p-P412L mutation. Nuclear magnetic resonance studies
indicate that the TGEKP linker between fingers is flexible
in the protein but becomes more rigid upon binding the
DNA (Foster et al. 1997; Wuttke et al. 1997). Proline
rigidifies the connection between the linker and the first
B-strand of the following finger; additionally, it stacks on
the first highly conserved aromatic residue of the subse-
quent finger (Y413). Our model predicts that the P412L
mutation disrupts the strong hydrophobic interaction

with Y413. Furthermore, the conformational restriction
that proline imposes is not preserved. Together, this
raises the entropic cost of imposing ordered structure in
the linker, and we therefore predict that the P412L mu-
tation will weaken DNA binding of ZNF674. This pre-
diction is supported by previous studies that have shown
that substitution of the proline residue in the TGEKP
sequence reduces the DNA binding of TFIIIA by a factor
of 10 (Choo et al. 1993) and has a major deleterious effect
on the DNA binding of ADR1 (Thukral et al. 1991).

Discussion

In this study, we identified a deletion on Xp11.3 in a
patient with learning disability, retinal dystrophy, and
short stature. The deletion contains five genes: RP2,
CHST7, SLC9A7, ZNF673, and ZNF674. Disruption
of the RP2 gene is likely causative for the retinal dys-
trophy in this patient. Zinc-finger proteins have been
implicated in XLMR; therefore, ZNF673 and the novel
ZNF674 gene in this region were the prime candidates
for the mental disability of this patient. Sequence an-
alysis of additional patients from families with XLMR
revealed three nucleotide changes in ZNF674: one non-
sense mutation in a family with linkage to Xp11 and
two amino acid changes in families without a linkage

Figure 5

Molecular modeling of p.P412L mutation in family D00S. The DNA double helix is depicted as balls and sticks. The three

adjacent zinc-finger domains consist of two B-sheets (arrows) and one a-helix (blue ribbon) per domain. Pink balls represent zinc atoms that
are bound to the zinc-finger domains. The position of the mutated proline amino acid in the linker sequence between two zinc-finger domains
is colored red. This figure was made using YASARA (see YASARA Web site).
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Figure 6

Sequence alignments of ZNF674 protein. A, Complete tree of the sequence alignments from the position-specific iterated BLAST

of the protein sequence of ZNF674 versus all human proteins. B, Phylogenetic subtree of 32 protein sequences, including all zinc-finger genes
from the Xp11 cluster (gray boxes). C, Schematic representation of the genomic organization of the zinc-finger gene cluster on Xp11. Three
paired sets were identified with the same orientation and a single zinc-finger gene (ZNF630). Each set includes a nonsyndromic XLMR gene
present (ZNF41, ZNF81, or ZNF674). Cen = centromere; Tel = telomere.

interval. Two other genes that are disrupted by the de-
letion, CHST7 and SLC9A7, might contribute to other
parts of the phenotype of the index patient, such as short
stature. Mutation analysis in males with unexplained
growth retardation should establish such a role.

The exact function of ZNF674 is currently unknown,
but other zinc-finger genes are reported to be involved
in development and disease (Ladomery and Dellaire
2002). ZNF674 belongs to the Kriippel-type zinc-finger
protein family, one of largest families of transcriptional
regulators in the human genome. ZNF674 contains a
KRAB domain and 11 C2H2 zinc-finger domains. The
highly conserved KRAB domain binds to KAP-1 (Fried-
man et al. 1996), which subsequently recruits HP1 and
other proteins to form a multiprotein nuclear receptor
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corepressor (N-CoR) complex (Underhill et al. 2000).
This complex also includes histone-modifying proteins
such as histone deacetylase 3 and SET domain, bifur-
cated 1 (SETDB1), which is a histone H3, lysine 9—spe-
cific methyltransferase (Schultz et al. 2002). This com-
plex mediates the formation of a heterochromatin en-
vironment on a target promoter, which results in gene
silencing. XLMR genes that are involved in transcription
regulation and chromatin remodeling share similar do-
mains with proteins in the KRAB-ZFP/KAP-1 repression
complex. These observations suggest that mutations in
these genes lead to MR via similar mechanisms. For in-
stance, SETDB1 has a methyl CpG-binding domain that
is related to the methyl CpG-binding protein MeCP2
(MIM 300005) (Ballestar and Wolffe 2001). KAP-1 needs
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its plant homeodomain finger and bromodomain for ef-
fective gene silencing (Schultz et al. 2001). Plant homeo-
domain finger domains are also encoded by ATRX (MIM
301040) (Gibbons et al. 1995) and JARID1C (MIM
300534) (Jensen et al. 2005), which are both mutated
in syndromic and nonsyndromic MR. Finally, the three
zinc-finger genes ZNF41, ZNF81, and ZNF674 all have
a KRAB domain, which is important in gene silencing.
The finding of a third zinc-finger gene that is involved
in transcription regulation underlines the importance of
this mechanism in neuronal development.

The p.E118X mutation in ZNF674 is predicted to
result in a truncated protein with only KRAB A and B
domains. This truncated protein lacks the 462 C-ter-
minal aa and has a similar structure as that of the pre-
dicted ZNF673 protein, although 54 aa shorter. A func-
tion for a KRAB domain without zinc fingers has not
been proposed. Obviously, this truncated protein is not
capable of DNA binding because of the loss of the zinc
fingers. It might still bind to its corepressor KAP-1 and
interact with the N-CoR complex. In family D008, a
missense mutation results in a substitution of a leucine
for a highly conserved proline (fig. 4C). The proline is
located in a linker between two zinc-finger domains and
is important for the side-by-side orientation of the zinc-
finger domains to efficiently bind DNA (fig. 5). In our
models for ZNF674, P412 exhibits tight hydrophobic
interactions with Y413. These interactions are lost when
the proline at position 412 is substituted with a leucine.
Also, substitution of the proline introduces additional
conformational freedom in the linker, further imbalanc-
ing the structure for efficient and stable DNA binding.
The affected males in family D008 also carry a partial
monosomy 18 and trisomy 21 due to an unbalanced
translocation, t(18;21)(q22.1;q21.3) (Horn et al. 2003).
Therefore, we cannot conclude that the P412L mutation
is causative for the severe MR of the two males. The
T395M change found in family P063 does not involve
one of the conserved domains. Moreover, in the pre-
dicted amino acid sequence of a putative orthologue of
ZNF674 in chimpanzee, this threonine residue is re-
placed by a methionine. Therefore, it is unlikely that this
is a disease-causing mutation, despite the fact that this
sequence variance was not found in 354 control chro-
mosomes. Functional analysis should give more insight
into the effects of these sequence variants.

In Xp11, three zinc-finger genes have been described
to be involved in XLMR—ZNF41, ZNF81, and
ZNF674. These genes are part of a KRAB-ZFP gene
cluster in this region, which includes ZNF673, ZNF674,
ZNF157 (MIM 300024) (Derry et al. 1995), ZNF41
(Shoichet et al. 2003), ZNF81 (Kleefstra et al. 2004),
ZNF21 (MIM 314993) (Knight et al. 1994), and
ZNF630. A position-specific iterated BLAST with the
full-length ZNF674 protein sequence versus all human
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proteins revealed a subtree of 32 proteins derived from
a tree of 500 proteins total. Six Xp11 zine-finger pro-
teins were located in this subtree, confirming that they
are highly similar to one another (fig. 6A and B). Since
ZNF763 consists only of a KRAB domain, it was not
present in the ZNF674 full-length protein subtree.
Furthermore, the XLMR genes ZNF41, ZNF81, and
ZNF674 are located in the same branch. In contrast,
ZNF21, ZNF157, and ZNF630, in which no mutation
has been identified yet (authors’ unpublished data), are
positioned outside this branch. A similar analysis was
done for the KRAB domain and the C2H2 zinc-finger
domains of ZNF674, revealing comparable phylogenetic
trees. All seven Xp11 zinc-finger genes were located in
one branch of the tree. Phylogenetic analysis of the full-
length ZNF674 protein revealed a potential mouse or-
thologue of ZNF21. Further analysis of the homologous
region in mice showed an additional KRAB-ZFP gene
that is probably the mouse orthologue of ZNF157. For
the other human zinc-finger genes in this cluster, no
mouse orthologues were found. It seems that the seven
human KRAB-ZFP genes in Xp11 originate from dupli-
cation events involving the ZNF21 and ZNF157 genes.
In chimpanzee, there seems to be seven zinc-finger genes
in this cluster as well. These observations suggest that
this KRAB-ZFP gene cluster is expanded independently
in primate and rodent lineages after divergence. We spec-
ulate that these lineage-specific transcription factors have
a significant impact on species-specific aspects of biology,
such as neurogenesis.
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