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Deletion of the distal short arm of chromosome 9 (9p)
has been reported in a number of cases to be associ-
ated with gonadal dysgenesis and XY sex reversal,
suggesting that this region contains one or more genes
required in two copies for normal testis development.
Recent studies have greatly narrowed the interval con-
taining this putative autosomal testis-determining
gene(s) to the distal portion of 9p24.3. We previously
identified DMRTZ1, a human gene with sequence similar
ity to genes that regulate the sexual development of
nematodes and insects. These genes contain a novel
DNA-binding domain, which we hamed the DM domain.
DMRTI maps to 9p24.3 and in adults is expressed spe-
cifically in the testis. We have investigated the possible

role of DM domain genes in 9p sex reversal. We identi-
fied a second DM domain gene, DMRT2, which also
maps to 9p24.3. We found that point mutations in the
coding region of DMRT1 and the DM domain of DMRTZ2
are not frequent in XY females. We showed by fluores-
cence in situ hybridization analysis that both genes are
deleted in the smallest reported sex-reversing 9p dele-
tion, suggesting that gonadal dysgenesis in 9p-deleted
individuals might be due to combined hemizygosity of
DMRTI1 and DMRT2.

INTRODUCTION

development of male sexual characteristics (1,2). Surgical
removal of the gonads in early embryogenesis causes both XX
and XY animals to undergo female somatic development, dem-
onstrating that the only essential role for the gonads in sex
determination is to promote male development (3). This result
also demonstrates that XY sex reversal would result either
from failure to form the bipotential gonad or failure of sexual
differentiation of the bipotential gonad once it has formed.

Molecular analysis of sex reversal syndromes has led to the
identification of a number of genes involved in the formation of
the bipotential gonad or its subsequent sexual development. At
least two of these genes are on the sex chromos@Re44—7),
the testis-determining factor on the Y chromosome, and the X-
linked dosage ansitive_gx reversal locu®S$S which contains
the DAX1 gene (8-10). Other genes are located on autosomes,
including the steroidogenic factor $F1) gene on chromosome
9q (11,12), the Wilms tumor gen&\T1) on chromosome 11p
(13) and thesOX9ene on chromosome 17q (14-16). Mutations
in SRYaffect only gonadal differentiation, while mutations in
the other genes are associated with additional phenotypes in
other organs. Mutations in known genes required for gonadal
development account for a minority of cases of XY sex reversal
(1,2). This clearly indicates that the majority of XY sex reversals
must result from mutations at other chromosomal loci.

Deletions of chromosomes 9p and 10q have been associated
with primary sex reversal of 46,XY individuals, indicating that
these regions harbor genes essential for testicular development
(17,18). In the case of 9p, relatively large deletions have been
associated with a syndrome called 9p deletion syndrome, in

Sexual development in mammals requires formation and difwhich patients have phenotypes including mental retardation
ferentiation of the gonads. In males, the gonad produces thend craniofacial abnormalities (19). XY individuals with 9p

hormones Millerian inhibiting substance (also called anti-deletion syndrome have a high frequency of partial or complete
Mullerian hormone) and testosterone, which together caussex reversal, with female or ambiguous external and internal
degeneration of the female Millerian ducts and support thgenitalia and partial or complete gonadal dysgenesis (17,20-23).
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Smaller 9p deletions can cause the same extent of sex revergal9p deletion might result from loss of both genes. Consistent
and gonadal dysgenesis without the other symptoms of 9p delesth this possibility, sequencing of the entire coding region of
tion syndrome (24-27). This suggests that gonadal dysgene€¥/RT1and the DNA-binding domain dMRT2from a large
and the other symptoms of 9p deletion syndrome are caused bymber of XY females revealed only a single possible point
the loss of different genes. Molecular and cytogenetic analysis ohutation in DMRT1 By fluorescencein situ hybridization

9p deletions in sex-reversed patients has identified a range ¢fISH) analysis we show that the smallest sex-reversing 9p dele-
deletion breakpoints from 9p21 to 9p24, with no clear correlation reported thus far removes bd@RT1andDMRT2 There-

tion between the extent of the deletion and the severity of sefore, we suggest that XY sex reversal in 9p-deleted individuals
reversal. The wide range of deletion breakpoints suggests thatay be due to hemizygosity 8VIRT1andDMRT2

the deletions are removing, rather than interrupting, a critical

gene. The smallest sex-reversing 9p deletions described delete

only a portion of the most distal region, 9p24.3 (25,27). ThisRESULTS

suggests that one or more genes within the 9p24.3-9pter interval o

is required for testis development. The size of the minimal critiOrganization of the DMRT1 gene

cal region in 9p24.3 is estimated at ~250 kb based on the digrg determine the intron/exon organization and coding sequence
tance between D9S1779 (cosmid 67H3) and a subtelomerit DMRT1(Fig. 1A), we determined the nucleotide sequence of
cosmid clone (22E9) (28). . S _ a previously describe®MRT1 cDNA clone (30), used this

In many cases it has been possible to identify candidate gengpNA as a probe to isolate clones from a human genomic DNA
involved in vertebrate development by studying invertebratqurary and compared the cDNA and genomic sequences. To
model organisms such as the nematGaenorhabditis elegans jgentify the 5'-end of theDMRT1 mRNA, which is at least
and the fruitflyDrosophila In the case of sex determination this 140 nt upstream of the first in-frame methionine codon and
approach has been less successful, as most sex-determinfjgsing from the cDNA clone, we used 5-RACE. The 3-UTR
genes in these two organisms are molecularly unrelated anghg poly(A) addition site are present in the cDNA clone.
appear not to have homologs involved in mammalian sex detefyMRT1is predicted to encode a 373 amino acid protein with a
mination (29). Recently, however, we discovered an example Gfingle DM DNA-binding domain near the N-terminus (Fig. 1A).
apparent evolutionary conservation in sex determinatiogsomparison of DMRT1 with two other DM domain-containing
between nematodes and insects (30). We found thahtie3  roteins, Doublesex (DSX) oDrosophila and MAB-3 of
gene ofC.eleganswhich is required for male sexual differentia- ¢ elegans shows 67% identity to DSX and 50% identity to
tion (31), encodes a protein with a novel DNA-binding motif paB-3 across the core {81,C, region of the DM domain (30).
that also is found in th®rosophilasexual regulatodoublesex  he only similarity between these proteins outside the DM

(ds (32-35). We named this motif the DM domain aftlsx  gomain is a region rich in prolines and serines (Fig. 1A). The
and mab-3 These two genes appear to be evolutionarily CONfynction of this region remains to be determined.

served based on four criteria. First, both genes encode proteins
with DM domains. Second, both genes control analogougyentification of a second DM domain gene in 9p24.3
aspects of sexual development. Third, both genes act down-
stream in their respective sex determination pathways. Fourthye also sought other DM domain genes that might lie within the
the male splice form of DSX can functionally substitute for theminimal sex reversal region of 9p. We used a degenerate PCR
mab-3gene by restoring male-specific sense organ formation tetrategy (C.S. Raymond, J.R. Kettlewell, E.D. Parker, K.J. Seifert,
amab-3mutantC.elegansnale (30). Thus, it is clear that DM B. Hirsch, V.J. Bardwell and D. Zarkower, manuscript submitted
domain proteins are essential for sexual development in thier publication) to isolate a DNA clone encoding a DM domain
phyla Nematoda and Arthropoda. Based on the sex-determinidughly similar to that ofDMRT1 We have named this new gene
roles of DM proteins in two species that diverged up to 5000OMRT2 To determine the DMRT2 coding sequence (Fig. 1B) we
million years ago, DM domain proteins are candidates to bésolated a cDNA clone from a human adult testis library. Database
involved in sex determination in other species as well. searches also identified a parfilMIRT2cDNA sequence from an

We previously identified a human cDNA clone encoding aadult female muscle library, suggesting tBRT2expression is
DM domain-containing protein, which we namddMRT1 less spatially and sexually restricted tHalMRT1expression, at
(Doublesex and MB-3 related tanscription factor 1; formerly least in adults. Comparison of the DMRT1 and DMRT2 protein
called DMT1) (30). In adults,DMRT1 mRNA is expressed sequences revealed that the two proteins are 80% identical in the
only in the testis (30). Several recent studies have narrowed ttoore region of the DM domain. Both proteins also contain an addi-
smallest common region of overlap of 9p deletions associatetibnal 29 amino acid conserved DM domain region found in a sub-
with XY sex reversal to distal 9p24, suggesting that a gene aset of DM domain proteins, including DSX and MAB-3 (Fig. 1).
genes within this region is essential in two copies for testiSThe N-terminal portion of DMRT2 is longer and more acidic than
development (24-27). BecauBMRT1 maps to distal 9p24, that of DMRTL, but both proteins have a nhumber of conserved
has sequence similarity to known sex-determining genes giroline and glycine residues in the N-terminal portion. The C-ter-
two other phyla and is expressed specifically in the testis, it isninal portion of DMRT2 is shorter than that of DMRT1 and is
an excellent candidate to be involved in sex determination. only ~20% identical to the corresponding portion of DMRT1. We

In this study we investigate wheth®MRT1 or other DM used FISH to show thabMRT2 like DMRT] maps within
domain-containing genes might play a role in human XY se®p24.3 (Fig. 2). Thus, the sex reversal region of 9p contains two
reversal. We show that the critical region of 9p24.3 contains nagjenes that are expressed in testis and have sequence similarity to
only DMRTY, but also a second DM domain-containing geneknown invertebrate sex-determining genes, either of which might
that we have namedMRT2 This suggests that sex reversal duepotentially be involved in 9p sex reversal.
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Figure 1. DMRT1 and DMRT2. A) Sequence and exon organizationD¥IRT1cDNA. Coding region and 3'-UTR sequences are frobMRT1cDNA clone

(29) (GenBank accession no. AA412330). The 5-UTR was isolated by 5'-RACE and the sequence was confirmed by comparison with genomic DNA sequenc
The 5'-end of the mRNA has not been precisely determined, but is at least 140 nt 5' of the first in-frame AUG. The DM domain and proline/serine-eoé regio
indicated by overlining; the &£1,C, core region of the DM domain is overlined with double dashes. Exon—exon boundaries are indidat€bhbpns affected by
nucleotide changes in XY females, XX males or controls are indicated by underlining and numbering. Numbers of sequence changes corresporidgoréhose in

2A. (B) Comparison of DMRT1 and DMRT2 protein sequences. Amino acid identities are boxed in black and similarities are shaded gray. Amino acids are num:

bered relative to the first in-frame methionine codon. Alignments were performed using the ClustalW program. GenBank accession nos of cDN#\ssequence
AF130728 PMRTY) and AF130729MRT2).

Sequencing oDMRT1 and DMRT2 from XY females test this possibility, we sequenced the entire coding region of
and XX males DMRT21and the DM domain oDMRT2from a large number

f sex-reversed individuals.
If DMRT1or DMRT2mutations are a frequent cause of human® . .
XY sex reversal, one might expect to f?nd point mutations in For DMRT1, we analyzed DNA from lymphoblastoid cell lines
the coding region among a large population of XY females Tcgenved from 87 individuals with unexplained XY sex reversal (XY
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To test whetheDMRT2point mutations might be a frequent
cause of XY sex reversal, we sequenced genomic DNA from
54 XY females. Because the DM domain is the site of most
loss-of-function mutations in thmab-3anddsxgenes (30,34),
we focused on the exon encoding the DM domaibfRT2
We found a C> G polymorphism outside the DM domain in
six patients (data not shown), but found no base changes in the
DM domain. This suggests that, as WilitMRT1, mutations in
DMRT2 may not be a common cause of XY sex reversal,
although we cannot exclude the possibility of mutations else-
where inDMRT2

Ouir failure to find multiple mutations iDMRT1or DMRT2
in a relatively large group of XY females suggests at least three
possibilities. The first is that neither gene plays a role in sex
determination. The second is that we may have sequenced an
insufficient number of alleles or that mutations may occur out-
side the sequenced regions of either gene (see below). An alter-
native possibility is that the two genes have at least partially
overlapping functions and sex reversal in 9p-deleted individu-
als results from hemizygosity of both genes.

Figure 2. A second DM domain gene maps to 9p24.3. FISH mappihg o Sex-reversmg 9p deletions remove botbMRT1 and

DMRT2to 9p24.3. Human metaphase chromosomes hybridized with a digo®MRT2

igenin-labeledMRT2genomicA phage probe (red) and a chromosome 9-spe- . "
cific directly labeled centromere probe (green). Chromosomes ar&3@sed on the extremely distal positionsI¥IRT1andDMRT2

counterstained blue with DAPI. in 9p24.3, both genes would be expected to be hemizygous in all
previously reported XY females with 9p deletions. To test this

females). We also analyzed DNA from 17 individuals with XX sexPrediction, we performed FISH analysis on cells from two
reversal (XX males) to test the possibility that dominant gain-of46,XY patients with 9p deletions. The extents of the deletions in
function mutations iINDMRT1 can cause female-to-male sex these patients are indicated in Figure 4B. _ .
reversal. While 80-90% of human XX males carry 8RYgene, Patient 1, who is newly reported here, presented with ambigu-
those studied here had all been found to BBRY(L.G. Brownand ~ OUS external genitalia, including a normal size phallus, penoscrotal
D.C. Page, unpublished data). The XY females all havS@y  {ransposition, non-palpatable testes and severe hypospadias. At
gene based on PCR amplification; in most cases the HMG domaﬁﬂe time of surgical repair, bilateral undescended testes were iden-
of SRY was sequenced and found to be normal (P. Beer-Romefijed and characterized as very small and cystic in appearance. G-
and D.C. Page, unpublished data). Al of the patients have norm gnded chromosome analysis of skin fibroblasts revealed a 46,XY

karyotypes. We used PCR to amplify, from genomic DNA eacﬁnale complement with one normal chromosome 9 and one ring

exon and(1L00 bp of the adjacent intron or UTR sequence an&hromosome 9, as shown in Figure 4A. Breakpoints within the

: : ; : Iing were designated at bands 9p23 and 9q34.3, resulting in
directly sequenced the resulting DNA fragments using radlolabeler(ﬂ;'onosomy for the regions 9p23-9pter (Fig. 4B) and 9q34.3—

dideoxynucleotide terminator cycle sequencing. To diﬂerentiat@qter FISH with probes t®MRT1 and DMRT2 confirmed a
between potential mutations and polymorphisms, DNA from acondeletibn of both genes within the ring chromosome (Fig. 5A).

trol population consisting of grandparents from the panel of Centre Patient 2, who has been described previously, presented at 3
d'Etude du Polymorphisme Humain (CEPH) reference fam'l'e§/ears of age with female external genitalia and female internal
was also sequenced._ . . . structures, which included a uterus, vagina and dysgenic
We found nucleotide differences DMRT1 at five positions  4,ha4s “and has the smallest reported 9p deletion (25,28,36).
among the sex-reversed patients (Figs 1 and 3A). We also founc%a]e patient’'s father has a balanced 8;9 translocation (25). The
single silent _mutatlon in a control |nd|V|du§1I (nucleotide Changepatient inherited a normal maternal chromosome 9 and a pater-
number 4; Figs 1 and 3A). All sequence differences were hetergy,| chromosome 9 in which the distal short arm is replaced by
zygous. Four changes are clearly polymorphisms, as they occurgy exira copy of the distal short arm of chromosome 8. Previ-
similar frequer]cy among t'he control group.Afifth,which causes @us cytogenetic and molecular analysis of DNA from this
Pro- Leu coding change in exon 4 (nucleotide change number &atient showed that the deletion breakpoint is in 9p24.3, distal
Figs 1 and 3), may be a loss-of-function mutation, as it was nab the marker D9S1779, narrowing the critical region for sex
found in 162 control chromosomes (81 individuals) sequencegleversal to the terminal portion of 9p24.3. FISH with probes to
However, since the controls were not well matched by ethnic baclsMRT1 and DMRT2 on EBV-transformed lymphoblastoid
ground to this patient, who is African-American, the possibilitycells derived from the father showed hybridization of both
remains that the sequence difference is an inconsequential popyrobes to one chromosome 9 and one chromosome 8 (presum-
morphism. We also found a length polymorphism of 8 bp in introrably the 8;9 derivative) (Fig. 5B). In cells derived from the
4 (data not shown). Further studies will be needed to determine fifatient, the probes hybridize to only one chromosome 9 (Fig.
the Pro-Leu coding change has any effect on the function o6C). Thus, the father has two copies@RT1andDMRT2
DMRT1 while the 46,XY daughter is hemizygous for both genes.
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Figure 3. Summary oDMRT1sequencing resultsAj Nucleotide changes found DMRT1 DNA changes and resulting protein coding changes, if any, are indi-
cated. For each change the frequency of its occurrence in XY females, XX males and normal controls is indicated. n.d., B)tEkame4(coding change in XY
female WHT2795. (Left) Exon 4 sequence from XY female; (right) exon 4 sequence from control DNA. Mixed sequence (T+C) in DNA from XY female
WHT2795 (arrow) indicates heterozygosity at this position. This coding change from proline to leucine corresponds to number 6 in (A) and in Figure 1.

=7
A ““ ars g B

= 24.3 7 J= Patient 2A

- 4 DMRT? }/ E Y] ]— Patient 14
_"'& E DMR T2 23 (rlng:.

: a

)
chr9 chr 9

Figure 4. Chromosomes 9 of patient 1 and idiogram of distal %) G-banded chromosomes 9 of patient 1. This patient has a ring chromosome 9 (left) and a
normal chromosome 9 (right). Band 9934 is indicated by an open arrowhead and band 9p23 is indicated by a closed arrowhead. Karyotype of the patient
46,XY,r(9)(p23g34.3).B) 9p-deleted regions in patients 1 and 2 are indicated, based on G-banded chromosome analysis for patient 1 and on previously publishe
conventional and molecular cytogenetic analyses for patient 2 (25,35). PositibhRT1landDMRT2 based on FISH mapping, are indicated. Based on meta-
phase FISH analysis we cannot determine whefidRT1is proximal or distal tdOMRT2

DISCUSSION highly similar in primary sequence to perform related func-
tionsin vivo. Similarly, the SRY protein is evolutionarily con-
'served only in the HMG domain; the rest of the protein appears
otp have evolved rapidly (38).

We have found that two DM domain-containing genes
DMRT1andDMRTZ2 map within 9p24.3, a region that is criti-
cal for testis development. Sequencing of the coding region . .
DMRT1from a large group of unexplained XY females identi- Several possmle.mecha'msms havel been proppsed for .XY
fied only one potential point mutation. Similarly, Sequencingsex'r.eversal associated with 9p deletions, mclgdmg haploin-
of the DM domain oDMRT 2failed to identify any point muta- s_ufﬁmency_of the deleted ge_:n_e(s) or the uncovering of a reces-
tions. This result suggests that mutation of eitBéRT1or  SIV€ mutation on the remaining chromosor_ne. The rglauvely
DMRT2 alone is not sufficient to cause XY sex reversal.highfrequency of XY sex reversal observed in 9p deletion syn-
Despite the lack of point mutations BMRT1and DMRT2 drome suggests hgpl_omsufflmency, because otherwise the fre-
FISH analysis of the smallest reported sex-reversing 9p deléluency of pre-existing mutant alleles would have to be
tion shows the absence of both genes, implying that all sexéorrespondingly high. IDMRT1and/orDMRT2are involved
reversing 9p deletions reported thus far remove both genelf! Sex reversal associated with 9p deletions, our sequencing
Therefore, we suggest that sex reversal in 9p-deleted individiiata and FISH analysis are also consistent with haploinsuffi-
als might be due to hemizygosity of bdMRT1andDMRT2  ciency. Itis clear that the process of sex determination is highly
The model we suggest for 9p deletion sex reversal involvegensitive to gene dosage and activity. For example, the same
at least partial functional redundancy between DMRT1 andnutant allele ofSRYcan be present in a fertile male father and
DMRT2. The two proteins are highly similar in the DM an XY female offspring, demonstrating that there is a sensitive
domain, but less similar in their N- and C-terminal domainsthreshold forSRYactivity that may vary between individuals.
One might expect two functionally redundant proteins to beSimilarly, of the other genes and loci known to be required for
highly similar throughout. However, comparison of the DSXgonad formation and sex determination, there is evidence of
and MAB-3 proteins illustrates that this need not be the caséensitive activity thresholds §OX9WT1andDSS as well as
Despite substantial differences in protein sequence, MAB-#he gene(s) on 9p (1,6,10,16,39-42).
and DSX bind to similar DNA sequenc@svitro andin vivo 9p deletions are associated with variable sexual phenotypes
and are functionally interchangeabie vivo (30,37). From and some 46,XY individuals with 9p deletions are phenotypic
these results it is clear that DM domain proteins need not beales. There are several possible explanations for this variabil-
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no apparent correlation between the extent of 9p deletions and
the severity of XY feminization. For example, of the two
patients described in this study, the more completely feminized
patient has the smaller 9p deletion. Third, variability due to
imprinting is possible, but is unlikely, as there is no correlation
between the parental origin of the affected chromosome 9 and
the severity of sex reversal (17,43). In addition to these possi-
bilities, some cases of 9p deletion that do not cause sex reversal
may prove upon further analysis to be interstitial deletions that
retain subtelomeric loci, includingMRT1and DMRT2

The DNA sequencing data presented here suggest that point
mutations in thdODMRT1andDMRT2coding regions are not a

frequent cause of XY sex reversal. We cannot, however,

exclude the frequent occurrence of small deletions or regula-
tory mutations inDMRT1or DMRT2in 46,XY females: if a
deletion removed one or both PCR primer-binding sites, we
- would fail to amplify the affected allele and as a result would
sequence only the unaffected exon. Likewise, we cannot
exclude as a cause of sex reversal the occurrence of cytogenet-
ically undetectable lesions that remove the eniidRT1 or
DMRT2gene. It is important to note that the patients examined
here are fully or nearly fully feminized. Thus, it remains possi-
ble that point mutations iIDMRT1or DMRT2 might cause a
less severe intersexual phenotype. It is also possible that
homozygous mutations in either gene have a more pleiotropic

phenotype.

There are now three lines of circumstantial evidence that
C makeDMRT1andDMRT2likely candidates to be involved in
mammalian sexual development. First, both are related to
< proven sex-determining genes that are conserved between
insects and nematodes. Second, both genes are located in a
very short (~250 kb) chromosomal region that is essential for
testis development. Currently these are the only candidate
genes identified in the critical region. Third, both genes are
expressed in the adult testis. To definitively establish the roles
of DMRT1andDMRT2in sex determination it will be neces-
sary to disrupt these two genes in the mouse, individually and
together; these experiments are underway.

Figure 5. Hemizygosity ofDMRT1andDMRT2in sex-reversing 9p deletions.

(A) FISH analysis of patient 1 fobMRT1 (small red signal) anddMRT2 MATERIALS AND METHODS
(small green signalDMRT1andDMRT2hybridization (arrow) is detected on

the normal chromosome 9 but not on the ring chromosome 9. Large red signajs .

represent hybridization of a chromosome 9 centromeric pr&@)e=(SH anal- 'brary screening

e e A human placental genomic DNA lirary (Clontech, Palo
chromosome 9 (large red signal from chromosome 9 centromeric probe) arfdlto, CA) was screened with &P-labeledDMRT1 cDNA
one chromosome 8 (as previously determined by G-banding). The other chreglone (GenBank accession no. AA412330). Single positive
FISH analysis of pationt 2 KOMRT1 (r6c) andOMRT2(green) DMRTLand ~ Pi2dues were isolated and DNA was prepared from liquid
DMRT2 h)ybridiza’:t)ion (arrow) is detected only on onge chrdmosome 9. Thelysates' Huma@MRTzcomammg genormc Clones were 150-
close proximity ofDMRT1andDMRT2on chromosome 9 often results in an lated by screening the human genomic DNA library at low
overlapping (yellow) signal on metaphase chromosomes. stringency using a moudemrt2 cDNA fragment (C.S. Ray-
mond, J.R. Kettlewell, E.D. Parker, K.J. Seifert, B. Hirsch,
V.J. Bardwell and D. Zarkower, manuscript submitted for pub-
ity. First, as discussed above, if hemizygosityDi¥IRT1and lication) as a probe. A humabBMRT2cDNA clone was iso-
DMRT2or other genes is responsible, there may be a sensitiiated by probing a testds phage cDNA library (Clontech) with
threshold for the activity of the gene(s), resulting in incompletea genomic DNA fragment encoding the DMRT2 DM domain.
penetrance, with some individuals unaffected. We favor thi®atabase searches using this cDNA sequence identified an
possibility. Second, variability in the extent of sex reversalexpressed sequence tag (EST) sequence (GenBank accession
could be due to deletion of a variable number of sex-determinro. Z24950) from a human female skeletal muscle cDNA

ing genes. While this is possible, it is unlikely, because there isbrary.
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