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Cytoplasmic Dynein (ddlc1) Mutations Cause Morphogenetic Defects
and Apoptotic Cell Death in Drosophila melanogaster

THOMAS DICK,1 KRISHANU RAY,1 HELEN K. SALZ,2 AND WILLIAM CHIA1*

Institute of Molecular and Cell Biology, National University of Singapore, Singapore 0511,
Republic of Singapore,1 and Department of Genetics, Case Western

Reserve University, Cleveland, Ohio 44106-49552

Received 5 September 1995/Returned for modification 31 October 1995/Accepted 6 February 1996

We report the molecular and genetic characterization of the cytoplasmic dynein light-chain gene, ddlc1, from
Drosophila melanogaster. ddlc1 encodes the first cytoplasmic dynein light chain identified, and its genetic
analysis represents the first in vivo characterization of cytoplasmic dynein function in higher eucaryotes. The
ddlc1 gene maps to 4E1-2 and encodes an 89-amino-acid polypeptide with a high similarity to the axonemal
8-kDa outer-arm dynein light chain from Chlamydomonas flagella. Developmental Northern (RNA) blot anal-
ysis and ovary and embryo RNA in situ hybridizations indicate that the ddlc1 gene is expressed ubiquitously.
Anti-DDLC1 antibody analyses show that the DDLC1 protein is localized in the cytoplasm. P-element-induced
partial-loss-of-function mutations cause pleiotropic morphogenetic defects in bristle and wing development, as
well as in oogenesis, and hence result in female sterility. The morphological abnormalities found in the ovaries
are always associated with a loss of cellular shape and structure, as visualized by a disorganization of the actin
cytoskeleton. Total-loss-of-function mutations cause lethality. A large proportion of mutant animals degener-
ate during embryogenesis, and the dying cells show morphological changes characteristic of apoptosis, namely,
cell and nuclear condensation and fragmentation, as well as DNA degradation. Cloning of the human homolog
of the ddlc1 gene, hdlc1, demonstrates that the dynein light-chain 1 is highly conserved in flies and humans.
Northern blot analysis and epitope tagging show that the hdlc1 gene is ubiquitously expressed and that the
human dynein light chain 1 is localized in the cytoplasm. hdlc1 maps to 14q24.

Dyneins are molecular motors that translocate along micro-
tubules. Originally, dyneins were identified in eucaryotic axon-
emes as the ATPase required for flagellar and ciliary beating
(10). Later, cytoplasmic forms of the enzyme were isolated
(26).
While the role of axonemal dynein in mediating flagellar and

ciliary beating seems reasonably clear, the extent of cellular
functions involving cytoplasmic dynein has yet to be fully de-
fined. This molecular complex is thought to be responsible for
the retrograde directed transport of organelles within the cell,
including axonal transport, as well as for the centripetal trans-
port of endosomes, lysosomes, and the elements of the Golgi
apparatus in cells in general. However, there is evidence that
also points to a role of cytoplasmic dynein in mitosis (see
references 14 and 42 for reviews). Because of the lack of
mutations in any cytoplasmic dynein subunit in higher euca-
ryotes, the in vivo functions of the enzyme are little under-
stood.
Cytoplasmic dyneins are large enzyme complexes with a

molecular mass of about 1,200 kDa and contain two force-
producing heads (43). The heads are thought to be formed
primarily from the heavy chains, large, apparently identical
polypeptides responsible for ATP hydrolysis. Stalks link the
heads to a basal domain, which is less well defined and contains
a varying number of accessory intermediate chains (see refer-
ence 14 for a review). The intermediate chains are thought to
play a role in targeting the enzyme complex within the cell.
They might be involved in linking the enzyme to the surface of

various membranous organelles, kinetochores, or other cellu-
lar cargoes and targets (25). Identifying all the components of
the cytoplasmic dyneins is a prerequisite to elucidating their
structural organization and mechanism of action.
Recently, the gene encoding the cytoplasmic dynein heavy

chain from Drosophila melanogaster was cloned (20, 29) and
the distribution of its transcript and protein was analyzed (13,
20). The expression of the gene is essentially ubiquitous. The
dynein heavy-chain protein is associated with several microtu-
bule arrays. Interestingly, within the developing egg chamber
of the ovary, the cytoplasmic dynein heavy-chain gene is tran-
scribed predominantly in the nurse cells. In contrast, the en-
coded protein displays a striking accumulation in the oocyte,
suggesting that cytoplasmic dynein is maternally transported
from the nurse cells into the developing oocyte (20).
Drosophila oogenesis is very sensitive to mutations that af-

fect fundamental cell biological processes, and many mutations
of important cellular genes are known to interfere with the
proper development of the egg, causing female sterility (see,
e.g., reference 7 for a review on cytoskeletal genes). Hence,
female sterile mutations are potentially a rich source of these
important genes. More than 1,300 female sterile mutations in
D. melanogaster are known. Half of these mutants are thought
to be partial-loss-of-function alleles of vital genes (27, 34).
We report here the molecular and genetic characterization

of a Drosophila female sterile mutation mapping to 4E1-2 on
the X chromosome. We show that the mutation is a partial-
loss-of-function allele of a gene encoding the cytoplasmic ho-
molog of the axonemal 8-kDa outer-arm dynein light chain
from Chlamydomonas reinhardtii. We named the gene ddlc1
(Drosophila dynein light-chain 1). DDLC1 is the first cytoplas-
mic dynein light chain identified, and the female sterile ddlc1
mutation is the first mutation in a cytoplasmic dynein subunit
in higher eucaryotes. We describe the pleiotropic defects in
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oogenesis and wing and bristle morphology caused by the orig-
inal, partial-loss-of-function ddlc1 mutation, as well as the em-
bryonic phenotype of total-loss-of-function ddlc1 alleles. Fur-
thermore, the cloning, expression pattern, and chromosome
mapping of the human homolog, hdlc1, are reported, demon-
strating that the dynein light chain 1 is highly conserved in flies
and humans.

MATERIALS AND METHODS

Standard molecular biology techniques were carried out as described by Sam-
brook et al. (33). Standard fly manipulation techniques were performed as
described by Ashburner (1).
Strains. The P[w1]4E1-2 insertion strain (ddlc1ins1) was isolated in a female

sterile screen (32). It contains a P-lacW (3) insertion at 4E1-2. The transposable
portion of P-lacW is 10.6 kb long and contains a plasmid origin of replication and
the b-lactamase gene at its 39 end. The plasmid sequences are bounded by two
linker sequences containing an EcoRI site in one and a BamHI site in the other
(Fig. 1). The FM7c chromosome used throughout in this report contained a
dominant marker (a lacZ gene driven by the ftz promoter), which facilitates the
identification of homozygous mutant embryos. Details of balancer strains are
given by Lindsley and Zimm (21).
Isolation of ddlc1 genomic and cDNAs. Genomic DNA flanking the P-lacW

insertion site was cloned by the plasmid rescue technique. Fly genomic DNA was
prepared from the P-lacW insertion line ddlc1ins1. The DNA was digested with
EcoRI, ligated, and transformed into Escherichia coli. Colonies containing the
plasmid sequence of the P-lacW element with flanking genomic DNA were
picked. The rescued plasmid was digested with EcoRI and BamHI to isolate a
1.5-kb DNA fragment flanking the P-element insertion site (fragment 1, Fig. 1).
The flanking DNA was used as a probe to screen an EMBL3 wild-type genomic
library (40). Genomic fragment 2 (Fig. 1), which surrounds the P-lacW insertion
site, was used to screen a 4- to 8-h embryonic cDNA library constructed by
Brown and Kafatos (4).
Northern blot analysis. Fly poly(A)1 RNA was prepared by standard meth-

ods. RNA samples (2 mg) were separated on formaldehyde-agarose gels and
were transferred to nylon membranes, hybridized, and exposed as described by
Sambrook et al. (33). The human multiple-tissue Northern (RNA) blot was
obtained from Clontech. The genomic ddlc1 fragments used as probes to char-
acterize the relationship between the ddlc1 gene and its 2.4- and 4.5-kb tran-
scripts, respectively, were (Fig. 1) fragment 1, fragment 2, 1.5-kb EcoRI-XhoI,
3.5-kb XhoI-HindIII, 5.3-kb HindIII-HindIII, and 1.1-kb HindIII-HindIII (frag-
ment 3). Fragment 1 did not hybridize to the two transcripts, and fragment 3
hybridized specifically to the 4.5-kb mRNA. The internal 3.5-kb XhoI-HindIII
fragment did not hybridize to the two mRNAs, indicating the presence of an

intron spanning that genomic region. The other fragments hybridized to both
transcripts. These results suggest that (i) the ddlc1 transcription unit is localized
on the right side of the ddlc1ins1 P-element insertion (Fig. 1); (ii) both transcripts
have their start points in the genomic sequence between the P-element insertion
site and the EcoRI site 1.8 kb to the right of it; and (iii) the 4.5-kb mRNA extends
further downstream than the 2.4-kb mRNA. The DNA fragments from the
2.3-kb cDNA (representing the 2.4-kb mRNA) used as probes to characterize the
relationship the between the 2.4-kb mRNA and the 4.5-kb mRNA were, from 59
to 39 (accession number U32855), 0.45-kb [HindIII]-PvuII, 0.48-kb PvuII-PvuII,
0.4-kb PvuII-PvuII, and 1-kb PvuII-[PvuII], where brackets indicate restriction
sites in the polylinker. All cDNA fragments hybridized to both the 2.4- and the
4.5-kb mRNAs.
DNA sequencing. Overlapping restriction fragments were subcloned into M13

and Bluescript and sequenced with universal and gene specific primers. Se-
quences were assembled and analyzed with DNA Star software. Databases were
searched by using BLAST at the National Center for Biotechnology Information,
National Institutes of Health.
Whole-mount embryo and ovary RNA in situ hybridization. Drosophila em-

bryos were collected, fixed, and hybridized as described previously (41), with
PCR-generated digoxigenin-labelled probes (Boehringer Mannheim). Anti-
digoxigenin-horseradish peroxidase antibody was used to detect the hybridized
probe. Whole-mount in situ hybridization to ovaries was performed by the
method of Cooley et al. (8).
Immunocytochemistry. Anti-DDLC1 antibody was raised in mice by immuni-

zation with the 19-mer peptide KDIAAYIKKEFDKKYNPTW conjugated to
diphtheria toxoid (Chiron). The embryos and ovaries were stained by following
standard protocols as described by Ashburner (1). The embryos were collected,
dechorionated, treated with 10 mM taxol (Sigma Co.) in 0.1 M piperazine-N,N9-
bis-(2-ethanesulfonic acid) (PIPES; pH 6.9)–2 mM ethylene glycol-bis(b-amino-
ethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA)–1 mM MgSO4 for 5 min in a
buffer-heptane interface, and fixed for 40 min by adding 35% formaldehyde to a
final concentration of 4%. The vitelline membrane was removed by shaking the
embryos repeatedly in 80% ethanol–heptane. The embryos were rehydrated in
phosphate-buffered saline (PBS), preincubated for 1 h, with blocking solution
containing 3% bovine serum albumin and 0.1% Triton X-100 in PBS, and then
incubated overnight at 48C with the corresponding antiserum. The serum dilu-
tions used were as follows: mouse anti-DDLC1 serum, 1:1,000; rat anti-tubulin,
1:20; and rabbit anti-b-galactosidase (Cappel Inc.) 1:5,000. The antibody binding
to the tissue was visualized with specific antisera raised against the F(ab) frag-
ment of the mouse, rat, and rabbit, respectively. Both fluorescein isothiocyanate-
conjugated and horseradish peroxidase-conjugated secondary antisera were
used. The ovaries were dissected and treated similarly to the embryos and then
fixed and stained as described above.
Nuclear and cytoskeletal staining of embryos and ovaries. Embryos were

collected and fixed as previously described (48). For DNA staining with YPRO-I,
the embryos were incubated with 100 mg of RNase A per ml in PBS–0.1% Triton

FIG. 1. Genomic region encompassing the ddlc1 gene. A restriction map of the genomic DNA is shown. The extent of the major, 2.4-kb ddlc1 transcript and its
direction of transcription are indicated by a horizontal arrow; however, the precise intron-exon organization has not been elucidated. Northern blot analyses with various
genomic fragments show that the developmentally regulated 4.5-kb mRNA covers the same genomic region that is indicated by the arrow for the major 2.4-kb transcript
and extents further downstream. The genomic 1.1-kb HindIII fragment immediately downstream of the arrowhead (fragment 3) hybridizes specifically to the 4.5-kb but
not to the 2.4-kb transcript (see Materials and Methods). The inverted broken triangle represents the P-element insertion site in the ddlc1 allele ddlc1ins1. Its position
of insertion ('40 bp upstream of the 2.4-kb transcription unit) was determined by sequencing the genomic DNA. #1 indicates the 1.5-kb flanking DNA fragment cloned
from genomic DNA prepared from the insertion line (see Materials and Methods). #2 indicates the genomic fragment used for cloning the cDNAs representing the
2.4-kb transcript. The deleted sequences in the recessive lethal excision alleles ddlc1exc6 and ddlc1exc3 are indicated. The two intervals to which the coding region of the
major, 2.4-kb mRNA was mapped are indicated by bars on the arrow that indicates the 2.4-kb transcription unit. ddlc1exc3 deletes the whole ddlc1 2.4-kb mRNA coding
region. Whether ddlc1exc6 deletes into the coding sequence or removes only the 59 transcribed but untranslated region has not been determined. E, EcoRI; X, XhoI;
B, BamHI; H, HindIII.
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X-100 (PBT) for 1 h, washed several times in PBT, incubated with 1 mg of
YPRO-I (Molecular Probes Inc.) per ml in PBT for 1 h, and washed before being
mounted. DNA fragmentation in embryos was analyzed by TUNEL staining
(44). The embryos were fixed, washed in PBT, and incubated for 3 h at 378C with
terminal transferase and biotin-dUTP (Boehringer Mannheim). The reaction
was stopped by washing in PBT, and the embryos were incubated with 20 mg of
avidin-fluorescein isothiocyonate per ml for 1 h. The embryos were counter-
stained with Texas red (XTRITC; 3 mg/ml)-conjugated phalloidin (Sigma Chem-
ical Co.) for 30 min, washed, and mounted in a drop of Vectashield (Vector Labs
Inc.). The ovaries were dissected from the adult females and fixed in 4% form-
aldehyde in PBS for 40 min. After several washes in PBT, the ovaries were
incubated with Texas red-conjugated phalloidin–0.5 mg of 49,6-diamidino-2-phe-
nylindole (DAPI) (Sigma Chemical Co.) per ml in PBT for 1 h. The embryos
were washed in PBT and mounted with a drop of Vectashield. The stainings were
observed by using the epifluorescence setup in a Zeiss Axioplan microscope, and
the images were recorded with a STAR1-cooled charge-coupled device (CCD)
camera and a Macintosh Q900 computer. The images were further processed
with Adobe Photoshop 2.01 and either printed in a Phaser IIXD dyesub printer
or exposed on a photographic film with an Agfa PCRII camera. For better
resolution, some of the pictures were taken with a Bio-Rad laser-scanning con-
focal microscope, MRC 600, and then processed and printed as above.
Generation of ddlc1 alleles by P-element mobilization and genetic mapping of

the ddlc1 allelels. To generate deletion mutations in the ddlc1 gene, the P-
element (ddlc1ins1) inserted '40 bp upstream of the ddlc1 transcription unit was
mobilized, as described previously (30), and imprecise excisions that affect the
ddlc1 transcription unit were generated. Females heterozygous for the P-element
insertion (ddlc1ins1/FM7c) were crossed to males carrying the Sb P[D2-3](99B)
element. Progeny jump-starter males containing the ddlc1ins1 chromosome and
Sb P[D2-3](99B) were mated to FM7c/FM7c females. Female progeny were
scored for loss of the P-lacW insertion and crossed to FM7c/Y males. In the case
of a viable, fertile jumpout, males carrying the excision chromosome were
crossed to excision/FM7c females and their progeny were mated to establish
homozygous excision lines. In the case of lethal jumpouts, excision/FM7c females
were crossed to FM7c/Y males and kept as balanced lines. Starting from 100
jump-starter crosses, 50 viable and fertile as well as 2 lethal jumpouts (ddlc1exc3

and ddlc1exc6) were obtained. Two P-element insertions (ddlc1ins2 and ddlc1ins3)
were obtained from an independent screen for female sterile mutations in the 4E
region. All ddlc1 alleles were shown to belong to one complementation group.
Furthermore, all ddlc1 alleles were genetically mapped to the 4E1-2 region by
using the deficiencies Df(1)ovoG6 (4C11-12;4F1,2), Df(1)svbEH (cytology not
visible [hnt2, svb2, ovo2]), and Df(1)DEB4D (4E1,2;4F11-12) (31). The last two
deficiencies coming from the left and right side of 4E, respectively, both break
within the 4E1-2 region but do not overlap. The deletion present in Df(1)ovoG6
includes 4E1-2. All ddlc1 alleles failed to complement Df(1)ovoG6 while they
were viable and fertile over the Df(1)svbEH and Df(1)DEB4D. Hence, the
lesions causing lethality and female sterility are placed in the region between the
right breakpoint of Df(1)svbEH and the left breakpoint of Df(1)DEB4D at
4E1-2. The fertility of the ddlc1 P-element insertion alleles over the Df(1)svbEH
(which deletes the ovo gene) indicates that the sterility caused by the homozy-
gous ddlc1 P-element insertions is unrelated to the ovo gene.
Isolation of hdlc1 cDNAs. PCR was carried out for 35 cycles (of 95, 60, and

728C, each for 1 min) with 100 ng of cDNA template from the HUT-78 T-cell
cDNA library (Clontech). The oligonucleotide primers (containing NotI linkers)
used were hPCRI (AAGCGGCCGCGACAGGAAGGCCGTGATCAAGAAC
GC) and hPCRII (TTGCGGCCGCTTGAACAGCAGGATGGCCACCTGGC
C). One-tenth of the reaction mixture was digested with NotI, and the expected
300-bp fragment was isolated by electrophoresis and cloned into Bluescript. The
cloned PCR fragment was used to screen the lambda gt11 HUT-78 cDNA
library.
Chromosome mapping of the hdlc1 gene. The hdlc1 cDNA was used as a probe

to isolate the human P1 clone F0819. DNA from F0819 was labeled with biotin
dUTP by nick translation and hybridized to normal metaphase chromosomes
derived from lymphocytes. Specific hybridization signals were detected by incu-
bating the hybridized slides in fluoresceinated avidin. Following signal detection,
the slides were counterstained with propidium iodide and analyzed. This exper-
iment resulted in specific labelling of the long arm of a group D chromosome. To
confirm the identity of the specifically labelled chromosome, clone F0819 was
cohybridized with a chromosome 14 centromere-specific probe. This experiment
demonstrated that F0819 hybridizes to chromosome 14. Measurement of 10
specifically hybridized chromosomes 14 showed that F0819 is located 68% of the
distance from the centromere to the telomere of chromosome arm 14q, an area
that corresponds to band 14q24. A total of 80 metaphase cells were analyzed, and
74 exhibited specific labelling (BIOS Laboratories, Inc., Connecticut).
myc tagging and cell culture. Cos cells were grown in Dulbecco minimal

essential medium supplemented with 10% fetal bovine serum. The plasmids for
transfection of the myc-tagged hdlc1 gene were constructed as follows. The
vector pXJ41 (a gift from the Hong Wanjin laboratory) containing the human
cytomegalovirus promoter, was cut with EcoRI and BamHI. By using PCR, two
EcoRI-BamHI hdlc1 fragments, containing an N-terminal and a C-terminal myc
tag, respectively, were generated. The myc-hdlc1 fragments were inserted down-
stream of the human cytomegalovirus promoter, resulting in plasmids p-Nmyc-
hdlc1 and p-Cmyc-hdlc1, respectively. The two primer pairs used for PCR were

AAGAATTCACCATGGAGCAGAAGCTGATCAGCGAGGAAGACCTG
plus AAGGATCCTTAACCAGATTTGAACAGAAG and AAGAATTCAC
CATGTGCGACCGAAAGGCC plus AAGGATCCTTACAGGTCTTCCTCG
CTGATCAGCTTCTGCTC, respectively. Transfections and antibody probing
were carried out as previously described (22).
Nucleotide sequence accession numbers. The nucleotide sequences reported

in this paper have been submitted to the GenBank database under accession
numbers U32855 (ddlc1) and U32944 (hdlc1).

RESULTS

Identification, cloning, and analysis of the ddlc1 gene and
three mutant alleles in D. melanogaster. ddlc1ins1 was identified
from a screen of homozygous viable single P-element inser-
tions that show recessive female sterility and mapped to 4E1-2
on the X chromosome (see Materials and Methods). Results
from reversion experiments have shown that this P-element
insertion is responsible for the female sterility. By using stan-

FIG. 2. Nucleotide sequence of the 2.4-kb ddlc1 transcript, amino acid se-
quence of the deduced DDLC1 protein and sequence comparison of dynein light
chains. (A) The nucleotide sequence of the 2.3-kb ddlc1 cDNA is shown along
with the deduced DDLC1 amino acid sequence. (B) The sequence of the pre-
dicted D. melanogaster DDLC1 protein, its homologs from Caenorhabditis el-
egans (CDLC1 [46]), humans (HDLC1 [this paper]), and the flagellar 8-kDa
outer-arm dynein light chain from C. reinhardtii (O.A.DLC [17]) are shown.
Amino acids identical to the C. reinhardtii dynein light chain are boxed.
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dard methods, 20 kb of genomic DNA flanking the ddlc1ins1

P-element insertion was isolated. Within the cloned genomic
region, a transcription unit encoding a major transcript of 2.4
kb was detected. Genomic high-stringency Southern blot anal-
yses showed that the ddlc1 gene is a single-copy gene. With the
genomic DNA as a probe, cDNA clones from an early (4- to
8-h) embryonic library were obtained that encompassed the
coding region of the 2.4-kb ddlc1 transcript. The organization
of the ddlc1 transcription unit was determined by sequencing
and Northern and Southern blotting. The P-element insertion
site is localized approximately 40 bp upstream of the transcrip-
tional start site of the 2.4-kb ddlc1 mRNA. A schematic sum-
mary of the organization of the ddlc1 transcription unit relative
to the genomic DNA and the ddlc1ins1 P-element insertion site
is shown in Fig. 1. Developmental Northern blot analyses re-
vealed that the ddlc1 gene encodes a second, minor, develop-
mentally regulated transcript of 4.5 kb (see Fig. 3A). A sys-
tematic Northern analysis with various genomic fragments as
probes (see Fig. 1 legend and Materials and Methods for
details) showed that the 4.5-kb transcript covers the same
genomic region that is covered by the major, 2.4-kb transcript
but extends further downstream. Northern analyses with vari-
ous subfragments of the cDNA representing the major, 2.4-kb
mRNA failed to detect a probe specific only for the 2.4-kb
transcript (see Materials and Methods). This result suggests
that most of the sequence of the 2.4-kb transcript is also pres-
ent in the 4.5-kb mRNA. To generate total-loss-of-function
alleles of ddlc1, we mobilized the original P-element ddlc1ins1

and attempted to isolate imprecise excisions that removed the
ddlc1 gene. The mutations obtained were analyzed, and the
structural defects associated with two of the alleles (ddlc1exc6

and ddlc1exc3) are schematically summarized in Fig. 1. The two
ddlc1 alleles that remove the ddlc1 transcription unit encoding
the major, 2.4-kb mRNA either partially (ddlc1exc6) or com-
pletely (ddlc1exc3) cause recessive lethality.
The ddlc1 gene product encoded by the major, 2.4-kb tran-

script is similar to the flagellar 8-kDa outer-arm dynein light
chain from C. reinhardtii. To isolate cDNAs representing the
major, 2.4-kb ddlc1 transcript, a 4- to 8-h embryonic library was
screened. Since the developmentally regulated 4.5-kb mRNA
is not detectable in early embryos (before 12 h [see Fig. 3A]),
the resulting cDNA clones represent the 2.4-kb and not the
4.5-kb ddlc1 mRNA. Six cDNAs covering the DDLC1 protein-
coding region of the major, 2.4-kb transcript were isolated.
Restriction analyses and partial sequencing showed that all
cDNA clones belong to the same cDNA class. The longest

cDNA, of 2,258 bp, represents an almost full-length transcript
compared with the transcript size of 2.4 kb from the Northern
blot analysis (see Fig. 3A). The cDNA contains a short open
reading frame from nucleotides 571 to 840. The predicted
DDLC1 protein is 89 amino acids long, with a calculated mo-
lecular mass of 10 kDa (Fig. 2A). Database searches revealed
a high degree of sequence similarity (92%) between the D.
melanogaster DDLC1 protein and the 8-kDa dynein light chain
from C. reinhardtii (17) (Fig. 2B). This 91-amino-acid peptide
was isolated as a component of the outer-arm dynein from the
flagellum of the unicellular algae. The high degree of sequence
identity between DDLC1 and the 8-kDa outer-arm dynein
light chain suggests that the ddlc1 gene product is the fly
homolog of the Chlamydomonas dynein light chain.
The 2.4-kb ddlc1 transcript is expressed ubiquitously

throughout development. The temporal expression of the ddlc1
gene was assessed by Northern hybridization with poly(A)1

RNA prepared from various developmental stages and the
2.3-kb cDNA as probe. The results shown in Fig. 3A indicate
that the 2.4-kb ddlc1 mRNA is detected at high levels in all
stages of development, i.e., in the embryo, larva, pupa, and
adult body and head. In addition to the major, 2.4-kb ddlc1
mRNA, a second developmentally regulated, 4.5-kb transcript
is seen. It can be detected weakly during late (12- to 24-h)
embryogenesis and in the pupa. High levels of the 4.5-kb tran-
script could be detected only in the adult head (Fig. 3A). Upon
longer exposure, low-level expression was detectable in larvae.
The 4.5-kb mRNA was not detectable during early embryo-
genesis (0 to 12 h) or in the adult body.
The temporal and spatial distribution pattern of the ddlc1

transcripts in the adult ovary and in embryos was assessed by
whole-mount RNA in situ hybridization with the 2.3-kb cDNA
as probe (Fig. 3B to E). Figure 3B shows a particularly strong
ddlc1 staining in nurse cells at all stages of egg chamber de-
velopment. A strong staining in the oocyte and in follicle cells
can be detected at stage 10 of oogenesis and continues until the
mature egg is formed. A weak ubiquitous staining is detectable
in the embryos up to stage 9 of embryogenesis, most probably
indicating maternally contributed ddlc1 transcript (Fig. 3C).
The staining intensity is significantly increased in stage 10 em-
bryos (Fig. 3D), probably indicating the onset of the zygotic
ddlc1 expression. The level of general staining decreases
slightly after stage 10, and staining is enriched in the central
nervous system and some cells of the peripheral nervous sys-
tem (chordotonal organs) from stage 14 onward (Fig. 3E).
The analysis of the spatial expression of the ddlc1 gene with

FIG. 2—Continued.
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the 2.3-kb cDNA (which represents the 2.4-kb mRNA) as a
probe does not distinguish between the major, 2.4-kb mRNA
and the developmentally regulated 4.5-kb mRNA (see above).
To differentiate the expression of the two mRNAs spatially, the
transcription pattern of the developmentally regulated 4.5-kb
transcript was determined with a genomic probe specific to the
4.5-kb ddlc1 mRNA (Fig. 1 legend) (see Materials and Meth-
ods) in whole-mount RNA in situ experiments. No expression
of the 4.5-kb transcript was detectable in ovaries (results not
shown). In embryos, the probe specific to the 4.5-kb mRNA
produced a tissue-specific staining in the late central nervous

system and some cells of the peripheral nervous system (chor-
dotonal organs) from stage 14 onward (Fig. 3F). No early
ubiquitous staining was observed. Since the 4.5-kb transcript is
not expressed in ovaries and shows only a neural tissue-specific
expression in late embryos, it can be concluded that the ubiq-
uitous ddlc1 staining detected with the 2.3-kb cDNA probe in
these tissues is due to the expression of the major, 2.4-kb
transcript. This conclusion is consistent with the developmen-
tal Northern blot analysis (Fig. 3A) that shows that the 2.4-kb
mRNA is detected at high levels throughout development
whereas the 4.5-kb mRNA is not detectable in the body and

FIG. 3. ddlc1 transcription during development, in the ovary and in the embryo. (A) Developmental profile of ddlc1 transcription. A Northern blot probed with
2.3-kb ddlc1 [32P]cDNA is shown. Each lane contains 2 mg of poly(A)1 RNA prepared from embryonic stages (0 to 6 h, 6 to 12 h, and 12 to 24 h after egg deposition),
larval stages (L1, first instar; L2, second instar; L3, third instar), pupae (P), adult body (B), and adult head (H). The arrows indicate the ubiquitous 2.4-kb transcript
and the developmentally regulated 4.5-kb mRNA. The blot was reprobed with actin to demonstrate approximately equal loading of the RNAs in the different lanes
(lower panel). (B to F) Spatial distribution of ddlc1 transcription. Whole-mount RNA in situ hybridizations of ovaries (B) and embryos (C to F) are shown. The samples
(B to E) were hybridized with digoxigenin-labelled 2.3-kb cDNA ddlc1 antisense probe (see Materials and Methods). A sense probe was used as a negative control (data
not shown). (B) A single ovariole containing egg chambers at various stages of development. The staining is ubiquitous. Note the strong expression in the nurse cells
(arrows), follicle cells (arrowheads), and oocyte (asterisk) at stage 10 of oogenesis (staging of egg chamber development is that of Spradling [36]). (C to E) Embryos
at various stages probed with 2.3-kb cDNA antisense probe. (C) Weak ubiquitous staining of a stage 9 embryo. (D) Strong ubiquitous staining of a stage 10 embryo.
(E) Stage 16 embryo, showing enriched staining in the cells of the central nervous system (arrow) and in the neurons of the chordotonal organs (arrowheads) in addition
to ubiquitous staining. (F) Stage 16 embryo probed with an antisense probe generated from genomic DNA fragment 3 which is specific for the 4.5-kb ddlc1 mRNA
(Fig. 1). The staining is restricted to the central nervous system (arrow) and the neurons of the chordotonal organs (arrowhead). The pattern matches the neural
enrichment of the staining seen in panel E with the 2.3-kb cDNA as probe (see the text). The bottom row of chordotonal cells seen in panel E is out of focus in panel
F. All embryos are shown with the anterior to the left and the ventral side down. (C, D, and F) Lateral views. (E) Ventrolateral view. Bars, 100 mm.
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early embryos. The neural tissue-specific expression pattern of
the 4.5-kb mRNA in late embryos matches the neural tissue-
enriched staining shown by the 2.3-kb cDNA probe. Since the
2.3-kb cDNA hybridizes to both the 2.4- and 4.5-kb mRNAs,
the neural enrichment seen with the 2.3-kb cDNA probe may
be due to the expression of the 4.5-kb mRNA in this tissue and
not to an enrichment of the ubiquitously expressed 2.4-kb
mRNA. Taken together, the preliminary analyses of the 4.5-kb
ddlc1 transcript presented in this report suggest that the ddlc1
gene encodes, in addition to the ubiquitously expressed 2.4-kb
mRNA, a neural tissue-specific transcript. This conclusion is
supported by the high level of 4.5-kb mRNA detected in RNA
preparations from adult heads (Fig. 3A). Whether the neural
ddlc1 transcript encodes a neural tissue-specific DDLC1 pro-
tein version and what functional role it plays in the nervous
system remain to be seen. The 4.5-kb transcript clearly does
not play a role in the genetic and phenotypic analyses of the
ddlc1 gene presented below because it is not expressed in early
embryos or the adult body or ovaries. Therefore, this report
focuses exclusively on the molecular and functional character-
ization of the ubiquitously expressed major, 2.4-kb ddlc1 tran-
script and its encoded protein, DDLC1.
The DDLC1 protein encoded by the major, 2.4-kb ddlc1

transcript is cytoplasmically localized and colocalizes with
tubulin. The ubiquitous expression of the major, 2.4-kb
mRNA, e.g., in embryos lacking motile cilia and flagella (16,
35), implies that the fly DDLC1 protein must be localized in
the cytoplasm as opposed to the flagellum, where the C. rein-
hardtii outer-arm dynein light chain is found (17). Hence,
DDLC1 is apparently a cytoplasmic dynein light-chain ho-
molog of the axonemal dynein light chain of the algae. To
provide direct evidence for the cytoplasmic localization of the
DDLC1 protein, polyclonal antibodies were raised against a
DDLC1 peptide and the subcellular localization was deter-
mined. The results shown in Fig. 4A demonstrate that the
DDLC1 protein is localized in the cytoplasm. The cytoplasmic
dynein heavy chain from D. melanogaster is found in associa-
tion with multiple microtubule arrays (13). To determine
whether the DDLC1 protein is associated with microtubules, a
double-labelling experiment with anti-DDLC1 antibody and
anti-tubulin antibody was carried out. Comparison of the anti-
DDLC1 staining shown in Fig. 4A with the anti-tubulin stain-
ing in Fig. 4B shows that the two proteins colocalize. The

staining of the DDLC1 protein in embryos and ovaries is, like
the RNA in situ staining, essentially ubiquitous (results not
shown).
Taken together, the immunocytochemical analyses show

that the DDLC1 protein encoded by the ubiquitous 2.4-kb
ddlc1 mRNA is localized in the cytoplasm. Its association with
microtubules is similar to the subcellular localization described
for the dynein heavy-chain subunit of the cytoplasmic dynein
complex (13).
Partial loss of ddlc1 function causes pleiotropic morphoge-

netic defects in the adult fly. The original ddlc1 mutation
(ddlc1ins1) is a viable P-element insertion '40 bp upstream of
the ddlc1 transcription unit and causes recessive female steril-
ity. In addition to being sterile, homozygous ddlc1ins1 females
(and hemizygous ddlc1ins1 males) show various morphological
defects. Their wings show a small delta at the end of the wing
veins, and the bristles are thinner than in the wild type (data
not shown). Analysis of the ovaries revealed that the ovarioles
and egg chambers are disorganized to various degrees. This
ovarian defect obviously accounts for the female sterility. Sim-
ilar phenotypes are associated with two other independently
isolated P-element alleles, ddlc1ins2 and ddlc1ins3, respectively
(see Materials and Methods). The isolation of three indepen-
dent ddlc1 P-element alleles associated with similar pheno-
types, together with the fact that ddlc1ins1 is inserted only '40
bp upstream of the transcriptional start site of the 2.4-kb tran-
script, i.e., into the putative promoter region of the ddlc1 gene,
strongly suggests that the gene affected by the P elements is the
ddlc1 gene and not some other, unknown neighboring gene.
The conclusion that the ddlc1 gene is indeed the gene affected
by the P-element insertions is further supported by the results
of allelic combination experiments. The ovarian disorganiza-
tion is more severe when the P-insertion ddlc1ins1 allele is
heterozygous with the ddlc1 deletion alleles (in ddlc1ins1/
ddlc1exc3 and ddlc1ins1/ddlc1exc6 flies [Fig. 1]), indicating that
the P-element insertion allele is a partial-loss-of-function mu-
tation of the ddlc1 gene. Precise excisions of the P element of
the ddlc1ins1 allele cause all adult defects to revert, confirming
that these abnormalities are caused by the P element.
To analyze the ovarian phenotype in more detail, mutant

ovaries were stained with phalloidin to visualize the actin cy-
toskeleton and with the DNA-staining dye DAPI to show the
nuclei. The left column in Fig. 5 shows wild-type ovaries com-

FIG. 4. Cytoplasmic localization and tubulin colocalization of the DDLC1 protein. Whole-mount preparations of Drosophila ovaries were double labelled with
mouse anti-DDLC1 antibody (A) and rat anti-a-tubulin antibody (B) to determine the subcellular localization of DDLC1. Nurse cells are shown. The DDLC1 antigen
is localized in the cytoplasm (A) and colocalizes with the tubulin staining (B), suggesting that DDLC1 is associated with the microtubules. The mouse antiserum labelling
was visualized with anti-mouse-conjugated fluorescein isothiocyanate antibody, and the rat antiserum labelling was visualized with anti-rat-conjugated rhodamine
isothiocyanate antibody. The nurse cell nucleus is indicated by X. As a control for DDLC1 localization, the anti-DDLC1 antibody was preincubated against the DDLC1
peptide antigen. The preincubation eliminated the staining (not shown).
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posed of ovarioles, bundles of developmentally ordered egg
chambers (Fig. 5A and C). Each egg chamber supports the
development of a single oocyte. Oogenesis is initiated at the
germarium (Fig. 5A and C) by a stem cell division that pro-
duces a cystoblast and regenerates a stem cell. The cystoblast
proceeds through mitotic divisions to produce an egg chamber
of 16 germ line cells that will differentiate to form the single
oocyte and 15 nurse cells (Fig. 5I). During oogenesis, the nurse
cells synthesize maternal components for transport to the oo-
cyte. Cytokinesis is incomplete at each of the cystoblast divi-
sions, which leaves the 16 germ line cells interconnected by
large cytoplasmic bridges, called ring canals (Fig. 5I). When
the egg chamber buds off from the germarium, it is surrounded
by a layer of follicle cells (Fig. 5E, G, and I) (see reference 36
for a review).
The defects found in homozygous mutant animals (ddlc1ins1/

ddlc1ins1) are variable, and a wide range of abnormal ovarioles
and egg chambers can be observed (Fig. 5, right column).
Figure 5B and D shows a severe example of a completely
disorganized mutant ovariole. The observed large bags of cells
probably result from a fusion of several egg chambers during
the budding process from the germarium (Fig. 5F). Often, the
egg chambers bud off from the germarium apparently correctly

but fail to differentiate properly afterward. Figure 5H and J
shows drastically disorganized egg chambers in which the cel-
lular morphology of the nurse cells and follicle cells, respec-
tively, is strongly affected. The severity of the ovarian pheno-
type is, however, variable, and fully formed eggs are sometimes
found in mutant ovarioles. However, the mutant females are
completely sterile.
Taken together, the pleiotropic defects in bristle, wing, and

egg formation show that a partial loss of ddlc1 gene function
affects morphogenesis and differentiation as well as cell mor-
phology.
Total loss of ddlc1 function is lethal and causes embryonic

degeneration and widespread apoptotic cell death. Two dele-
tion alleles of ddlc1 were generated by mobilization of the P
element in the ddlc1ins1 chromosome (Fig. 1) (see Materials
and Methods). Both ddlc1 deletions start at the P-element
insertion site and remove either all (ddlc1exc3) or part
(ddlc1exc6) of the ddlc1 transcription unit specifying the ubiq-
uitous 2.4-kb ddlc1 transcript (Fig. 1). Both ddlc1 deletion
alleles cause recessive lethality. Homozygous ddlc1exc flies were
never observed, and the ddlc1exc alleles were kept over FM7c
balancer chromosomes. Their lethalities map to the same
complementation group, and both mutations also fail to com-

FIG. 5. Ovarian phenotypes caused by the partial loss of ddlc1 function. Ovarioles and egg chambers of the wild type (left column) and of homozygous P-element
insertion animals (ddlc1ins1/ddlc1ins1, right column) are shown. (A and B) Staining with DAPI to visualize the nuclei. (C to J) Staining with phalloidin to reveal the actin
cytoskeleton (see Materials and Methods). (A and C) Wild-type ovarioles. The arrowheads indicate the germarium, and the arrows indicate a stage 6 egg chamber. A
string of egg chambers at various stages of development are present in between. The egg chambers are connected by stalk cells. Bar, 100 mm. (B and D) Mutant
ovarioles. Fused egg chambers with a large number of nurse cells (arrows) and follicle cells (arrowheads) are observed. Bar, 100 mm. (E) Stage 2 egg chamber (arrow)
budding from a wild-type germarium. The arrowhead indicates the syncytium surrounded by follicle cells. (F) Abnormally large ‘‘egg chamber’’ which has failed to bud
off from a mutant germarium correctly. The arrowhead indicates ring canals, and the arrow indicates follicle cells. Bar, 50 mm. (G and H)Wild-type (stage 6) and mutant
egg chambers, respectively, focused on the follicle cells. Note the regular arrangement of the follicle cells in the wild type (G) and the disorganization (arrow) in the
mutant (H). Bar, 50 mm. (I and J) Wild-type (stage 6) and mutant egg chambers, respectively, focused on the nurse cells. Nurse cells (n), follicle cells (arrow), oocyte
(asterisk), and the ring canals (arrowheads) are indicated. Bar, 50 mm.
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plement the ddlc1ins alleles for female sterility. The severity of
the ovarian disorder in flies containing the P-element insertion
ddlc1 allele ddlc1ins1 combined with the deletion alleles
ddlc1exc3 and ddlc1exc6 (ddlc1ins1/ddlc1exc3 and ddlc1ins1/
ddlc1exc6) is similar to the severity of the ovarian disorganiza-
tion found in flies containing the ddlc1ins1 allele over the
deficiency Df(1)ovoG6, which removes large parts of the chro-
mosome surrounding the ddlc1 gene [ddlc1ins1/Df(1)ovoG6].
These results indicate that both ddlc1exc3 and ddlc1exc6 are
total-loss-of-function alleles.
To determine the phase of lethality of homozygous ddlc1exc3

and ddlc1exc6 animals, parents heterozygous for the respective
ddlc1exc mutation were mated, 500 eggs from each cross were
collected, and their development to larvae was scored. A total
of 27% ddlc1exc3 and 25% ddlc1exc6 eggs did not develop to

larvae; i.e., they died as embryos. The control experiment to
determine the lethality caused by the (FM7c) genetic back-
ground showed that 4% of these ‘‘wild-type’’ eggs fail to de-
velop to larvae (8 of 200 eggs). Hence, both the ddlc1exc alleles
cause death, predominantly during embryogenesis.
To characterize the embryonic lethality in more detail, par-

ents heterozygous for the respective ddlc1exc mutations were
mated and 2-h embryo collections (1,300 eggs each) were fixed
immediately or allowed to develop for 1, 2, or 4 h, respectively,
before being fixed. Hemizygous mutant embryos (ddlc1exc/Y)
were identified by anti-b-galactosidase staining. The FM7c bal-
ancer chromosome contains an ftz-lacZ marker gene. Embryos
heterozygous and homozygous for FM7c stain for b-galactosi-
dase, whereas mutant ddlc1exc embryos can be identified by
their lack of staining. To characterize the phenotype of mutant

FIG. 5—Continued.
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embryos, embryos were costained with phalloidin to visualize
the actin cytoskeleton and with the DNA-labelling dye
YPRO-I to show the nuclei. The analyses revealed that up to
stage 10, each stage contains about 25% b-galactosidase-neg-
ative (mutant) embryos, indicating that ddlc1exc mutant em-
bryos develop normally until stage 10 (staging according to
reference 5), i.e., 4.20 to 5.20 h of embryogenesis. In later
stages, hardly any b-galactosidase-negative embryos were de-
tected, indicating that most mutant embryos do not develop
beyond stage 10. The phalloidin and YPRO-I staining shows
that most b-galactosidase-negative embryos stop developing
properly and degenerate after stage 10. Figure 6 shows phal-
loidin staining of a wild-type stage 10 embryo (Fig. 6A and D)
and of mutant embryos at different stages of degeneration (Fig.
6B and E and C and F). It clearly shows that the actin cytoskel-
eton in mutant embryos becomes severely disorganized (Fig.
6B and E) and finally the cytoplasm becomes condensed and
fragmented (Fig. 6C and F). The YPRO-I staining revealed
nuclear condensation and fragmentation in the dying cells, an
indication of apoptotic cell death (Fig. 6I, inset). Apoptotic cell
death is usually accompanied by DNA fragmentation (see ref-
erences 37, 38, and 47 for reviews). To test in situ whether this
characteristic feature of programmed cell death can be de-
tected in the dying embryonic cells, a TUNEL staining (see
Materials and Methods), which detects DNA degradation, was
carried out. Embryo collections and identification of hemizy-
gous mutants were done as described above. The analysis

showed that before stage 10, no significant TUNEL staining
was detectable in mutant embryos. At stage 10, widespread
massive TUNEL staining was observed. Figure 6G shows a
wild-type stage 10 embryo, and mutant embryos at different
stages of degeneration are shown in Fig. 6H and I. This clearly
demonstrates that most of the nuclei in the dying mutant em-
bryos contain fragmented genomic DNA.
The lethal phenotype of total-loss-of-function alleles shows

that ddlc1 function is essential. The mutant animals die pre-
dominantly as embryos at stage 10, the probable onset of zy-
gotic ddlc1 expression. The embryos degenerate and show a
severely disorganized actin cytoskeleton. Many cells show con-
densation and fragmentation of cytoplasm as well as degrada-
tion of genomic DNA, indications of programmed cell death.
hdlc1/HDLC1 is highly conserved, cytoplasmically localized,

and ubiquitously expressed and maps to 14q24. Database
searches revealed a high degree of sequence similarity (94%)
between the D. melanogaster DDLC1 protein and the hypo-
thetical gene product T26A5.9 from Caenorhabditis elegans
(chromosome III) (46) (Fig. 2B). Since nematodes have no
motile cilia or flagella at any stage of their life cycle (6), this
suggests that T26A5.9 encodes a homolog (CDLC1) of the
cytoplasmic DDLC1 protein of the fly (see also reference 17
for a discussion). The high degree of conservation of the DLC1
proteins in arthropods and nematodes suggested that a cyto-
plasmic type 1 dynein light chain might be present in all meta-
zoans. To isolate a human homolog of DDLC1/CDLC1, oli-

FIG. 6. Embryonic phenotypes caused by the total loss of ddlc1 function. Stage 10 embryos of the wild-type (left column) and two ddlc1exc3mutant embryos showing
different degrees of degeneration (middle and right columns) are presented. (A to F) Embryos stained with phalloidin. (D to F) Higher magnifications of panels A to
C to emphasize the regular cellular structure of the wild-type embryo (A and D) and the disorganized cellular morphology (B and E) and cytoplasmic condensation
(C and F) in degenerating mutant embryos. Bars, 100 mm (A to C) and 50 mm (D to F). (G to I) Embryos stained with terminal transferase and biotin-dUTP (TUNEL)
to visualize nuclear DNA fragmentation in situ. (G) Wild-type embryo with a few apoptotic nuclei. (H and I) Massive nuclear staining in degenerating mutant embryos,
indicating massive apoptotic cell death. Bar, 100 mm. The inset in panel I shows higher magnification of a fragmented mutant nucleus stained with YPRO-I. ddlc1exc6

mutant embryos show similar results.
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gonucleotide primers were designed by reverse translation of
conserved N- and C-terminal sequences of the D. melanogaster
and C. elegans DLC1 proteins and PCR was used to obtain a
300-bp human hdlc1 probe (see Materials and Methods). Two
overlapping cDNAs were isolated, and the longest cDNA
clone (643 bp) was sequenced. It contains an open reading
frame of 89 amino acids from nucleotides 94 to 363 and a
consensus poly(A) sequence 18 bp from the 39 end. The de-
duced protein (HDLC1) has 92% identity to the C. elegans
CDLC1 and 94% identity to the D. melanogaster DDLC1,
respectively (Fig. 2B).
The expression of the hdlc1 transcript was assessed by

Northern hybridization with poly(A)1 RNA prepared from
various adult tissues. When hdlc1 cDNA was used as a probe,
a major 0.7-kb and a minor 2.5-kb transcript were detected in
all tested tissues, suggesting ubiquitous expression of hdlc1 in
adults (Fig. 7A).
To provide evidence for the cytoplasmic localization of the

HDLC1 protein, transfection studies were carried out. HDLC1
was tagged with the MYC epitope at its N and C termini and
cloned into an expression vector (see Materials and Meth-
ods). Thus, the plasmids p-Nmyc-hdlc1 and p-Cmyc-hdlc1 were
generated. Cos cells were transfected, and the subcellular
localization was determined. Both the NMYC-HDLC1 and
CMYC-HDLC1 proteins are localized in the cytoplasm (Fig.
7B and legend). Taken together, the cloning of hdlc1 demon-
strates that a highly conserved human homolog of the fly
DDLC1 protein exists. Like the fly gene, hdlc1 is ubiquitously
expressed, and the HDLC1 protein is cytoplasmically localized.
Because of the drastic defects of mutations in the fly ho-

molog of the hdlc1 gene, defects in the human gene might be
expected to result in severe disease states. To allow investiga-
tion of a possible role of the hdlc1 gene in inherited disorders,
the chromosomal location of hdlc1 was determined. For this
purpose, a human P1 clone was isolated with hdlc1 cDNA as
probe and used for fluorescence in situ hybridization (see Ma-
terials and Methods). hdlc1 is localized to chromosome 14q24.
The human cytoplasmic dynein heavy chain was mapped to 14q
(24).

DISCUSSION

We report here the molecular and genetic characterization
of the first cytoplasmic dynein light-chain gene from D. mela-
nogaster and identification of its homolog in humans. These
animal DLC1 proteins are highly conserved and ubiquitously
expressed cytoplasmic homologs of the 8-kDa axonemal outer-
arm dynein light chain from C. reinhardtii. For D. melanogaster,
we show that partial-loss-of-function ddlc1 alleles cause pleio-
tropic morphological defects in adults. Total-loss-of-function
alleles are lethal and cause embryonic degeneration and wide-
spread apoptotic cell death.
Deduced DLC1 proteins, their expression, and their subcel-

lular localization. The DLC1 proteins from arthropods, nem-
atodes and vertebrates are highly conserved. All three proteins
isolated from D. melanogaster, Caenorhabditis elegans and hu-
mans are 89 amino acids long and 91% identical in their amino
acid sequence. All amino acid differences between the various
animal DLC1s but one (codon 2) are conservative exchanges.
The strong conservation of the DLC1 sequence suggests that
the DLC1 molecule is under strong selective pressure, indicat-
ing that the protein plays an important functional role.
dlc1 expression patterns were determined for D. melano-

gaster and humans. In D. melanogaster, the ddlc1 transcript is
found at high levels throughout development, i.e., in the em-
bryo, larva, pupa, and adult fly. The expression analysis in the

embryo and ovary indicates that ddlc1 expression is not only
temporally but also spatially ubiquitous. The human Northern
blot analysis shows a similar result. hdlc1 is expressed in all
adult tissues. Cytoplasmic localization could be demonstrated
directly for the Drosophila DLC1 protein with polyclonal an-
tibody raised against the fly peptide. Transfection studies pro-
vided evidence that the human DLC1 protein is also localized
in the cytoplasm. The ubiquitous expression—together with
the wide distribution across all metazoan evolutionary bound-
aries—suggests that the DLC1 protein is part of the funda-
mental cytoplasmic cellular machinery.
Implications of the DLC1 homology to the axonemal 8-kDa

dynein light chain of C. reinhardtii. The cytoplasmic DLC1s
show a striking similarity to the flagellar 8-kDa dynein light
chain from C. reinhardtii. This 8-kDa peptide is a component of
the outer arm of the flagellar (axonemal) dynein (17). The high

FIG. 7. hdlc1 expression in adult humans and subcellular HDLC1 localiza-
tion in Cos cells. (A) Transcription of the human hdlc1 gene in different adult
tissues. A Northern blot probed with hdlc1 [32P]cDNA is shown. Each lane
contained 2 mg of poly(A)1 RNA. The arrows indicate the 2.5-kb (upper) and
0.7-kb (lower) transcripts, respectively. S.Muscle, skeletal muscle. (B) Cos cells
that had been transfected with p-Cmyc-hdlc1 are shown. This plasmid contains a
C-terminally tagged hdlc1 under the control of the human cytomegalovirus
promoter (see Materials and Methods). The cells were grown on coverslips,
fixed, and permeabilized prior to being probed with anti-MYC antibody and
visualized by indirect immunofluorescence microscopy. CMYC-HDLC1 protein
is localized in the cytoplasm. The staining is punctated (arrows). The nucleus is
indicated by an asterisk. Transfection experiments with p-Nmyc-hdlc1, in which
HDLC1 contains a N-terminal myc tag, show the same results (not shown).
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degree of sequence identity suggests that the animal DLC1 is
a cytoplasmic homology of the axonemal 8-kDa dynein light
chain from the Chlamydomonas flagellum. Biochemical analy-
ses by King (16a) showed directly that the animal DLC1 is a
previously unsuspected component of highly purified bovine
cytoplasmic dynein.
Axonemal dynein light chains have been implicated in the

initiation of sperm motility (39) and the rate of dynein-medi-
ated microtubule translocation in vitro (2). However, essen-
tially nothing more is known about the function of any dynein
light chain. Interestingly, the Chlamydomonas 8-kDa outer-
arm dynein light chain is associated with the intermediate
chains IC78 and IC69 (18) located at the basal domain of the
axonemal dynein (19). The axonemal intermediate chains have
homologs, IC74, in cytoplasmic dyneins which are also thought
to be located at the base of the cytoplasmic dynein complex
(23, 25, 45). Because of the interaction of the axonemal 8-kDa
dynein light chain with axonemal intermediate chains IC78 and
IC69, one could conclude, by analogy, that the highly homol-
ogous cytoplasmic DLC1s might interact with the cytoplasmic
intermediate-chain homologs. This interaction would position
the DLC1 at the basal domain of the cytoplasmic dynein, which
is proposed to be involved in the targeting of the dynein com-
plex within the cell (25).
Implications of the ddlc1 phenotypes in D. melanogaster.

Three independent P-element-induced partial-loss-of-function
alleles cause pleiotropic morphogenetic defects in the adult
wings, bristles, and ovaries. The ovarian defects were analyzed
in some detail and show a wide range of disorganization of
ovarioles and egg chambers. These morphological abnormali-
ties are always associated with a loss of cellular shape and
structure as visualized by a disorganization of the actin cy-
toskeleton. These results indicate that ddlc1 activity is required
for proper morphogenesis as well as normal cellular morphol-
ogy and differentiation.
Two total-loss-of-function alleles, resulting from the partial

or complete deletion of the ddlc1 transcription unit, cause
lethality, predominantly in the embryonic phase. A large pro-
portion of the embryos stop developing properly and degen-
erate after stage 10, the stage at which probably the zygotic
expression of the 2.4-kb ddlc1 transcript begins. The cells in the
degenerating embryos show severely disordered cellular archi-
tecture as visualized by actin staining. Widespread cell death is
observed, showing features associated with programmed cell
death, namely, cytoplasmic and nuclear condensation and
genomic DNA fragmentation (see references 37 and 47 for
reviews). These results show that ddlc1 function is required for
proper embryogenesis and differentiation. The observed wide-
spread embryonic cell death suggests that ddlc1 function might
be essential for many cells during development. The failure to
recover homozygous total-loss-of-function cell clones in adult
somatic tissue by genetic mosaic experiments indicates that
ddlc1 function might be required for cell viability (29a). The
Drosophila Glued gene (28), which encodes the fly homolog of
dynactin (15), a protein involved in stimulating dynein-depen-
dent vesicle transport (11), is thought to have an essential
function for cell viability (12).
How can these in vivo functions of the ddlc1 gene, namely,

its requirement for proper morphogenesis, cell architecture,
and differentiation, as well as a possible role in cell viability
during development, be related to the potential cell-biological
roles of the DDLC1 molecule? DDLC1 is a ubiquitous cyto-
plasmic homolog of the Chlamydomonas 8-kDa light-chain
subunit of the axonemal dynein. Therefore, the DDLC1 pro-
tein most probably acts as a subunit of the cytoplasmic dynein
and is thus involved in some aspects of dynein-related intra-

cellular transport and motility. However, this does not exclude
the possibility that DDLC1 is involved in some (unknown)
nonmotor functions of dynein or that it plays some non-dynein-
related roles. Although it is thought that cytoplasmic dynein is
involved in organelle transport and localization and might play
a role in chromosomal movement during mitosis, the reper-
toire of cellular functions involving dynein is poorly under-
stood. Other roles involving microtubulus-associated move-
ments within the cell have been considered (see references 9
and 14 for reviews). The cells of the mutant ovaries, as well as
those of the mutant embryos, show severely disordered cy-
toskeletons. Whether this is a direct or indirect effect of the
lack of ddlc1 function remains to be resolved. However, the
observed cytoskeletal defects raise the possibility that DDLC1
plays a role in changing or maintaining the spatial distribution
of cytoskeletal structures.
In conclusion, this report presents the first molecular char-

acterization of a light-chain subunit of cytoplasmic dynein. The
comparative analyses of DLC1 from D. melanogaster and hu-
mans show that the structure and the ubiquitous expression of
this novel cytoplasmic dynein component are conserved in
insects and mammals. The genetic analysis of the dynein light-
chain gene in D. melanogaster presents the first description of
mutations in cytoplasmic dynein and their functional conse-
quences in higher eucaryotes. A detailed analysis of the partial-
and total-loss-of-function phenotypes of the Drosophila ddlc1
gene should provide insight into the various functions and
modes of action of cytoplasmic DLC1/dynein in vivo. The
availability of the human hdlc1 homolog should facilitate the
DLC1/dynein in vitro analysis with the human cell culture
system. Furthermore, comprehensive mapping studies of the
human hdlc1 gene should reveal whether it shows linkage with
any previously identified genetic syndromes at 14q24.
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