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Mutation of a Human Homolog of the and human predicted amino acid sequences 

Drosophila Gene diaphanous are 97% identical for the regions identified 
from BACs, we estimated the sizes of gaps - .  

from the mouse sequence, constructed prlm- Eric D. Lynch,* Ming K. Lee, Jan E. Morrow, Piri L. Welcsh, ers from the human coding sequence, and 
Pedro E. Leon, Mary-Claire King used these to am~llfv intervening exons from 

The gene responsible for autosomal dominant, fully penetrant, nonsyndromic sensori- 
neural progressive hearing loss in a large Costa Rican kindred was previously localized 
to chromosome 5q31 and named DFNA1. Deafness in the family is associated with a 
protein-truncating mutation in a human homolog of the Drosophila gene diaphanous. The 
truncation is caused by a single nucleotide substitution in a splice donor, leading to a 
four-base pair insertion in messenger RNA and a frameshift. The diaphanous protein is 
a profilin ligand and target of Rho that regulates polymerization of actin, the major 
component of the cytoskeleton of hair cells of the inner ear. 

DFNAI defines the autosomal dominant, 
fully penetrant, sensorineural progressive 
hearing loss of kindred M of Costa Rica 
(OMIM 124900) (Fig. 1) ( 1 ,  2).  In this 
kindred, low-frequency deafness begins at 
about 10 years of age and progresses by age 
30 to profound, bilateral deafness involvitlg 
all frequencies. The ratio of affected to un- 
affected children of deaf Darents is 1 : l ;  
males and females are equally likely to be 
affected. Deafness in kindred M is a senso- 
rineural cochleosaccular dysplasia specific 
to the membranous structures of the inner 
ear. Speech development before onset, in- 
telligence, life expectancy, and fertility are 
normal. Hearing loss in this kindred has 
been traced eight generations to a common - - 
ancestor, born in 1713 in Cartago, Costa 
Rica. As with other nonsyndromic forms of 
deafness, identification of the gene respon- 
sible is important for the understanding of 
human hearing because the wild-type prod- 
uct of the gene is likely to be critical to 
development and maintenance of hearing. 

DFNAl in kindred M was mapped to a 
region of 1 centimorgan on chromosome 
5q3 1 by linkage analysis, then a complete 
800-kb bacterial artificial chromosome 
(BAC) contig was constructed of the linked 
region (3). In order to identify all genes in 
the linked region, we sequenced BACs 
composing the contig after shotgun sub- 
cloning each into an  MI3  vector (4,5). We 
developed the computer program SeqHelp 
to organize sequences froin the chromato- 
grams, to call bases and align sequences 
using the computer programs PHRED and 
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PHRAP, and to apply existing, publicly 
available, software to evaluate the novel 
genomic sequences (6). SeqHelp displayed 
putative coding regions, CpG islands, re- 
peat sequences, and matches to known 
genes and expressed sequence tags (ESTs) 
from all databases in an  interactive format 
for further analysis. 

A previously unidentified human gene 
homologous to the Drosophila gene dia- 
phanous (GenBank U11288) and to the 
mouse gene encoding pl40mDia (GenBank 
U96963) was revealed by the genomic se- 

human cDNA and ;o carry o u t S t ~ ~ ~ ~  on 
polyadenylated [poly(A)+] RNA from lym- 
phoblastoid lines (8). A total of 35 11 base 
pairs (bp) of coding sequence have been 
identified: about 250 bn remain to be deter- 
mined.   he human d i a h o u s  gene compris- 
es at least 18 exons with -3800 bp of coding 
sequence and a 3'  untranslated region 
(UTR) of 918 or 1891 bp (9). 

T o  screen the DFNAl gene for mutation 
in the M family, we designed primers to 
amplify exons and flanking splice junc- 
tions from eenomic DNA of affected 

u 

and unaffected members of the M family 
and from control individuals. Each oroduct 
was screened for single-strand conforma- 
tion polymorphisms (SSCPs). Variant bands 
were gel-purified, reamplified, and se- 
quenced ( 1 0). 

A guanine-to-thymine substitution in 
the splice donor of the penultimate exon of 
human DFNAl was observed in affected 
members of the M kindred (Fig. 3E). The 
guanine-to-thymine substitution at this site 
disrupts the canonical splice donor sequence 

, 
Fig. 1. The M klndred of Costa Rica. Hearing loss in this kindred is autosomal dominant, progressive and 
fully penetrant by age 30 and not associated with any other phenotype, Individuals with hearing loss are 
Indicated by filled symbols and unaffected individuals by open symbols. All living individuals on the 
pedigree are included in the analysis. The pedigree is altered slightly, omltting young unaffected 
individuals, in order to protect prlvacy. The three-generation family drawn separately is related to the 
kindred, but the exact genealogy is unclear. All 78 affected indivlduals in the kindred share the DFNA1 
mutation, and all unaffected indivlduals over age 30 are wild type at the comparable site. 
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AAGgtaagt (Fig. 3, A and B). To  determine 
the consequences of this mutation at the 
level of RNA message, poly (A)+ cDNA was 
prepared from lymphoblastoid cell lines of 
three affected members of the M kindred, 
from unaffected family members, and from 
unrelated, unaffected, controls. Insertion of 
TTAA was observed in cDNA of affected 
individuals (Fig. 3, C and D). The mecha- 
nism for the insertion was splicing at a cryp- 
tic site 4 bp 3' of the wild-type site. The 
TTAA insertion leads to a frameshift, en- 
coding 21 aberrant amino acids, followed by 
protein termination that truncates 32 amino 
acids (Fig. 4). All 78 affected members of the 
M kindred are heterozygous for the muta- 
tion. The site was wild type in 330 hearing, 
control individuals (660 chromosomes) of 
the following ancestries: 12 Costa Ricans 
unrelated to the M family, 94 Latin Ameri- 
cans from other countries, 32 Spanish, 154 
Europeans (other than Spanish) and North 
Americans of European ancestry, and 38 Af- 
rican-Americans. 

Expression of human diaphanous message 
in brain, heart, placenta, lung, kidney, pan- 
creas, liver, and skeletal muscle was con- 
firmed by Northern (RNA) hybridization 
(Fig. 3F). A single transcript of 4.7 kb was 
observed in all tissues, with highest expres- 
sion in skeletal muscle. RNA from lympho- 
blastoid cell lines of affected and unaffected 
members of the M family similarly revealed a 
single transcript of 4.7 kb in all individuals, 
consistent with a 4-bp insertion in the mu- 
tant message. We confirmed expression of 
human dmphanous in the cochlea by reverse 
transcriptase-polymerase chain reaction 
(RT-PCR) of cochlear RNA using PCR 
primers that amplified the region of the gene 
that harbors the mutation in family M (10, 
11 ). The sequence of the RT-PCR product 
from cochlear RNA was wild type. Hence, if 
alternate splice forms of the gene exist, nor- 
mal cochlear transcripts include the region 
of the gene that is improperly spliced in 
affected members of kindred M. 

The human diaphanous 1 protein, mouse 
pl40mDia, and Drosophila diaphanous are 
homologs of Saccharomyces cerwisiae protein 
Bnilp (12). The proteins are highly con- 
served overall (Fig. 5). The genes encoding 
these proteins are members of the formin 
gene family, which also includes the mouse 
limb deformity gene, Drosophila gene cappuc- 
cino, Aspgillus niddns gene sepA, and 
Schizosaccharomyces pombe genes fusl and 
cdcl2 (13). These genes are involved in cy- 
tokinesis and the establishment of cell polar- 
ity. Rho-binding domains in the NH2-termi- 
nal regions, polyproline stretches in the cen- 
tral region of each sequence, and formin- 
homology domains in the COOH-terminal 
region characterize many formins (1 2). Mul- 
tiple mutants of mouse formin have been 

characterized (13). A truncated mouse 
formin allele Id1"' lacking the 42 COOH- 
terminal amino acids leads to mislocalization 
of the formin protein to the cytoplasm (14). 

The biological role of human diapha- 
nous 1 in hearing is likely to be the regula- 
tion of actin polymerization in hair cells. 
Actin polymerization involves proteins 
known to interact with diaphanous protein 
in Drosophila and mouse. The protein pro- 
filin binds actin monomers and is a regula- 
tor of actin polymerization (15). Mammali- 
an and Drosophila diaphanous are effectors 

of Rho (12). Diaphanous acts in a Rho- 
dependent manner to recruit profilin to the 
membrane, where it promotes actin poly- 
merization. As predicted by this model, 
transient expression of pl40mDia induced 
homogeneous actin filament formation in 
COS cells (7). Rho-induced actin polymer- 
ization is conserved from yeast to mammals. 

The DFNAl mutation in the M family is 
relatively subtle, in that it affects only the 
COOH-terminal 52 amino acids. Given 
that human diaphanous appears to be ubiq- 
uitously expressed, and that the only ob- 
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Fig. 2. DFNAl is a human homolog of diaphanous on the region of chromosome 5q31 linked to 
deafness in kindred M. Markers D5S658 and D5S1979 define the 1 -cM linked region (3). BACs 249H5, 
45M22, and 293C24 form a 300-kb portion of the 800-kb BAC contig spanning the region. The 5' end 
of DFNAlis telomeric to the 3' end of the gene. Cen., centromere; Tel., telomere. 
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served phenotype in the M family is hearing 
loss, it seems likelv that the hair cells of the 
cochlea are particLlarly sensitive to proper 
maintenance of the actin cvtoskeleton. 
Hence, this mutation may represent a par- 
tial loss of function of the human diapha- 
nous 1. One process in the inner ear that 
might be uniquely sensitive to disruption of 
actin polymerization is the amplification of 
sound reception by the inner hair cells, 
which is due to the concerted action of 
outer hair cells and pillar cells. The  relay of 
kinetic enerev from outer hair cells to inner -, 
hair cells relies critically on  the presence of 
a rieid structure of actin fibers. Additional - 
structural support in hair cells is provided 
bv the cuticular d a t e .  a dense network of 

L ,  

actin fibers at the apical ends of hair cells 
into which stereocilia are anchored. Orga- 

Fig. 4. Mutation in hu- 
man diaphanous associ- 
ated with deafness in 
kindred M. The wild-type 
HDlAl sequence of the 
splice junctions of the 
penultimate and ultimate 
exons and coding se- 
quence of the ultimate 
exon are shown at the 
top of the figure. Se- 

nization of the actin fiber network of the 
cuticular plate is not well understood but is 
probably dynamic. The  DFNAl mutation 
may impair maintenance of organization of 
the actin fibers of the cuticular plate. 

Hair cell stereocilia may be a n  alternate 
or additional site affected by the aberrant 
protein. The  structural support providing 
rigidity to the stereocilia comprises largely 
cross-linked actin filaments packed in a 
paracrystaline array (1 6). Upon acoustic 
overstimulation, the paracrystaline array 
becomes disordered (1 7). Reordering of the 
array is controlled by an as yet unidentified 
protein or proteins. It is possible that nor- 
mal human diaphanous 1 is involved in this 
process. In the M family, mutant human 
diaphanous 1 might compete with the wild- 
type protein to  repair damage from normal 

exposure to sound. The  generation of a 
mouse model with the DFNA1 mutation in 
pl40mDia, followed by testing the effects of 
acoustic exposures on these mice, will pro- 
vide an experimental test of this hypothesis. 

A second human homoloe of Drosobhik - 
gene diaphanous was revealed during the 
cloning of DFNAI. This second human - 
diaphanous gene maps to chromosome 
Xq22 (1 8). Nonsyndromic X-linked deaf- 
ness, DFN2, also maps to Xq22 (19), sug- 
gesting the second human diaphanous gene 
as a candidate gene for DFN2 hearing loss. 

In the past 50 years, the incidence of 
maternal viral disease during pregnancy has 
declined dramatically in most countries, 
with a conseauent decrease in childhood 
deafness. Most remaining cases of deafness 
at birth, in childhood, or among young 

Wild tvPe 

. . .  CCC CGT CAA Ggtaagtaa . . . . . . . . .  cagaatctctcgtcttctcttgcagcc AAC AGG AhG GCC GO; TGT GCA GTC ACA TCT CTG CTA GCT TCG GAG CTG ACC AAG GAT GAT 
. P R Q  A N R K A G C A V T S L L A S E L T K D D  

GCC ATG GCT GCT GTT CCT GCC AhG GTG TCC AAG AhC AGT GAG ACA TTC CCC ACA ATC CTT GAG GAh GCC AAG GAG W G  G W  GGC CGT GCA AGC TAA 
A M A A V P A K V S K N S E T F P T I L E E A K E L V G R A S *  

CCC CGT CPA GTT PAgtaa . . . . . . . .  cagaatctctcgtcttctcttgcagc CAA CAG GAA GGC CGG GTG TGC AGT CAC ATC TCT GCT AGC TTC GCA GCT GAC CAA GGA TGA 
P R Q V N  Q Q E G R V C S H I S A S F G A D Q G *  

TGC CAT CGC TGC TGT TCC TGC CPA GGT GTC CPA GAA CAG TGA GAC ATT CCC CAC AAT CCT TGA GGA AGC CAA GGA GTT GGT TGG CCG TGC AAG CTA A 
C H G C C S C Q G V Q E Q * D I P H N P * G S Q G V G W P C K L  

quence present in the 
RNA message is capitalized; intronic sequence is in lower case; and amino indicated in bold. The G +T substitution abrogates the normal donor splice, so 
acid sequence is indicated. A guanine residue (g) at the donor splice junction is splicing occurs instead at the Ag four nucleotides 3' of the normal site. Con- 
the site of the DFNA? mutation. The DFNA? mutant sequence of the same sequently, TTAA is inserted in the mutant message, causing a frameshift and 
regions is shown at the bottom of the figure. The mutant thymine (T) is premature stops, as indicated. 

Fig. 5. Wild-type amino 
acid sequence of hu- 
man diaphanous 1 pro- 
tein, inferred from hu- 
man genomic DNA and 
cDNA sequence, com- 
pared witti mouse 
pl40mDia. Human se- 
quence is above the 
mouse sequence; num- 
bering is based on the 
mouse homolog; amino 
acids that differ between 
human and mouse are 
underlined. For human 
sequence, splice junc- 
tions inferred from 
genomic sequence are 
indicated by veliical bars 
above the last amino acid 
in each exon. Dots indi- 
cate regions for which 
human sequence is still in 
progress. The polyproline 
region and FH2 region of 
formin homology are 
indicated in bold. The 
DFNA? mutation in hu- 
man diaphanous 1 lacks 
the 52 COOH-terminal 
amino acids, which are  do^ 

KKFL ERFTSMRIKK EKEKPNSAHR NSSASYGDDP TAQSLQDVSD EQVLVLFEQM LLDMNLNEEK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
MEPSGGGLGP GRGTRDKKKG RSPDELPATG GDGGKHKKFL ERFTSMRIKK EKEKPNSAHR NSSASYGDDP TAQSLQDISD EQVLVLFEQM LYDMNLNEEK 

I 
I 

QQPLREKDII IKREMVSQYL YTSKAGMSQK ESSKSAMMYI QELRSGLRDM PLLSCLESLR VSLNNNPVSW VQTFGAEGLA SLLDILKRLH DEKEETAGSY 
QQPLREKDIY IKREMVSQYL HTSKAGMNQK ESSRSAMMYI QELRSGLRDM HLLSCLESLR VSLNNNPVSW VQTFGAEGLA SLLDILKRLH DEKEETSGNY 

DSRNKHEIIR CLKAFMNNKF GIKTMLETEE GILLLVPXYD PAVPNMMIDA AKLLSALCIL PQPEDMNERV LEkYTERAEM DEVERFQPLL DGLKSGTTIA 
DSRNQHEIIR CLKAFMNNKF GIKTMLETEE GILLLVPXYD PAVPNMMIDA AKLLSALCIL PQPEDMNERV LEkYTERAEM DEVERFQPLL DGLKSGTSIA 

LKVGCLQLIN ALITPAEELD FRVHIRSELM RLGLHQVLQD LREIENEDMR VQLNVFDEQG EEDSYDLKGR LDDIRMEMDD FNEVFQILLN TVKDSKAEPH 
LKVGCLQLIN ALITPAEELD FRVHIRSELM RLGLHQVLQE LREIENEDME VQLCVFDEQG DEDEDLKGR LDDIRMEMDD FGEVFQIILN TVKDSKAEPH 

I I 
FLSILQHLLL VRNDYEARPQ YYKLIEECIS QIVLHKNGAD PDFKCRHLQI EIEGLIDQMI DKTKVEKSEA KAAELEKKLD SELTARHELQ VEMKKMESDF 
FLSILQHLLL VRNDYEARPQ YYKLIEECVS QIVLHKNGTD PDFKCRHLQI DIERLVDQMI DKTKVEKSEA KATELEKKLD SELTARHELQ VEMKKMENDF 

I 
EQKLQDLQGE KDALHSEKQQ IATEKQDLEA EVSQLTGEVA KLTKELEDAK KEMASLSAAAIT VPPSVPSRAP VPPAPPLPGD SGTIIPPPPA PGDSTTP ... 
EQKLQDLQGE KDALDSEKQQ IWKQDLEA EVSKLTGEVA KLSKELEDAK NEMASLSA--a VAPSVSSW VPPAPPLPGD SGTPIPPPPE P-WP 

I 
PPPPPL PGSARIPPPP PPLPGSAGIP PPPPPLPGEA GMPPPPPPPP PPPPPPPPPL ............................................ 

PSPPLPPGTC IPPPPPLPGG ACIPPPPQLP GSAAIPPPPP LPGVWPPP PPLPGATAIP PPPPLPGATA IPPPPPLPGG TGIPPPPPPL PGSVGVPPPP 

PLPGGPGI-P PPPPFPGGPG IPPPPPGMGM PPPPPFGFGV PAAPVLPFGL TPKKLYKPEV QLRRPNWSKL VAEDLSQDCF WTKVKEDRFE NNELFAKLTL 
PLPGGPGLpP PPPPFPGAPG IPPPPPGMGV PPPPPFGFGV PAAPVLPFGL TPKKDKPEV QLRRPNWSKE VAEDLSQDCF WTKVKEDRFE NNELFAKLTL 

I I I 
TFSAQTKT-- -KKDQEGGEE KKSVQKKKVK ELKVLDSKTA QNLSIFLGSF RMPYQEIKNV ILEWEAVLT ESMIQNLIKQ MPEPEQLKML SELKDEYDDL 
AFSAQTKTSK AKKDQEGGEE KKSVQKKKVK ELKVLDSKTA QNLSIFLGSF RMPYQEIKNV ILEWEAVLT ESMIQNLIKQ MPEPEQLKML SELKEEYDDL 900 

I I 
AESEQFGVVM GTVPRLRPRL NAILFKLQFS EQVENIKPEI VSVTAACEEL RKSESFSNLL EITLLVGNYM NAGSRNAGAF GFNISFLCKL RDTKSTDQKU 
AESEQFGVVM GTVPRLRPRL NAILFKLQFS EQVENIKPEI VSVTAACEEL RKSENFSSLL ELTLLVGNYM NAGSRNAGAF GFNISFLCKL RDTKSDQKN 1000 

I 

TLLHFLAELC ENDYPDVLKF PDELAHVEKA SRVSAENLQK NLDQMKKQIS DVERDVQNFP AATDEKDKFV EKMTSFVKDA QEQYNKLW HSNMETLYKE 
TLLHFLAELC ENDBPEVLKF PDELAHVEKA SRVSAENLQK SLDQMKKQIA DVERDVQNFP AATDEKDKFV EKMTSFVKDA QEQYNKLRMM HSNMETLYKE 1100 

I I 
LGEYFLFDPK KLSVEEFFMD LHNFRNMFLQ AVKENQKRRK TEEKMRRAKL AKEKAEKERL EKQQKREQLI DMNAEGDETG VMDSLLEALQ SGAAFRRKRG 
LGDYFVFDPK KLSVEEFFMD LHNFRNMFLQ AVKENQKRRE TEEKMRRAKL AKEKAEKERL EKQQKREQLI DMNAEGDETG VMDSLLEALQ SGAAFRRKRG 

I 
PRQANRKAGC AVTSLLASEL TKDDAMAAVP AKVSKNSETF PTILEEAKEL VGRAS* human diaphonous 1 

------- ---------- ---------- ---------- ---------- ----- ------- ---------- ---------- ---------- ---------- ----- 
PRQlJWRKAGC AVTSLLASEL TKDDAMABP YKVPKESEW PTILEEAKEL VGRAS* mouse pl40mDla 

lble underlined 

www.sciencemag.org SCIENCE VOL. 278 14 NOVEMBER 1997 



adults, are genetically influenced (20). In generated by AB Sequence Analysis software version quenced with the Dia 9F and Di9R primers. Se- 
3.0 were transferred to a UNX-based Sun workstation quenclng was done with dichloroRhodamine Dye the past years) at least 40 chromosomal for contig assembly and BLASTanalysis. Thecomputer Terminators (ABI) and an ABI 377 sequencer as de- 

locales for inherited, nonsyndromic human proqram (P. Green and B. Ewinq, 1996. Avail- scribed in (2). PCR ampliflcation for cDNAanavsis of 
deafness have betn mapped by linkage in able at http:~bozeman.mbt.washingt&edu/phrap. the variant region was done with primers ~ i a 8 - ? O F  

families, and thus far five of the responsible docs/phred.html) was used to assign bases to the elec- (5'-CGGCGGAAGACAGAAGAAAAG-3') and Dia8- 
tropherograms. After eliminating vector sequences, the 1 OR (5'-TAGCAGAGATGTGACTGCACACCC-3'1, 

genes have been identified: myosin 7Aj the program PHRAP (ib~d. Available at http://bozeman.mbt. which are designed to amplify a 234-bp product that 
POU domain gene POU3F4, connexin 26, washington.edu/phrap.docs/phrap.html) was used to spans the second to last exon and ends in the last 

mitochondrial 125 r ~ ~ ~ ,  and mitochon- analyze the sequences, identify overlapping individual exon of human diaphanous. PCR products were la- 
sequences, and. assemble them into contigs. To beled and analyzed by SSCP as describe above. 

drial ~RNA'" (~ '~ )  (21 ). The association of achieve about sixfold coverage of a region, we se- Variant bands were sequenced with the D1a8-IOF 
autosomal dominant, nonsvndromic deaf- quenced an average of 600 M I  3 subcones per BAG. and Dia8-1 OR primers. 

ness with the human diaphanous gene adds a 6, The SeqHelp program incorporates several se- 11. Total cochlear RNA was extracted by using the gua- 
quence analysis programs and creates output n nidine lsothlocyanate method [J M. Chirgwin, A. E. 

new and piece to this puz- HTML files for browslng wlth any World Wide Web Przybya, R. J. MacDonad, W. J. Rutter, Biochem- 
zle. The M kindred ~rovides a rare mutation browser. The core oroarams used bv SeaHeo are istw 18. 5294 11979)l. Total cochlear RNA was re- 

that may reveal biology and aug- PHRED to read the AG sequence i lks an'd asslgn verse transcribed w~ ih  Superscr~pt MMLV RTase 
bases, PHRAP to generate cont~gs of overlapping (Glbco BRL) accord~ng to manufacturer's Instruc- 

ment our understanding of hearlng. sequences, Repeat Masker (A Smlt, Un~v of Wash- t~ons A fractlon of the result~nq cDNA was used as 
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