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Drosophila melanogaster Cad99C, the orthologue
of human Usher cadherin PCDH15, regulates the

length of microvilli
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Vikram K. Mulligan, Mary Kubesh, Praveer Sharma, Maretta Chase, Ulrich Tepass, and Dorothea Godt

Department of Zoology, University of Toronto, Toronto, Ontario, Canada, M5S 3G5

ctin-based protrusions can form prominent

structures on the apical surface of epithelial

cells, such as microvilli. Several cytoplasmic fac-
tors have been identified that control the dynamics of ac-
tin filaments in microvilli. However, it remains unclear
whether the plasma membrane participates actively in
microvillus formation. In this paper, we analyze the func-
tion of Drosophila melanogaster cadherin Cad99C in the
microvilli of ovarian follicle cells. Cad99C contributes to
eggshell formation and female fertility and is expressed
in follicle cells, which produce the eggshells. Cad99C

Introduction

Microvilli are fingerlike protrusions on the apical surface of
epithelial cells, where they can form a dense brush border. Mi-
crovilli are also used by several sensory cells as a basic module
to form specialized structures that engage in the transduction of
light and mechanosensory stimuli. Stereocilia of vertebrate in-
ner ear hair cells are a prominent example (for review see
Miiller and Littlewood-Evans, 2001). The core of a microvillus
consists of a bundle of cross-linked parallel actin filaments,
which have their barbed (+) ends inserted at the microvillus tip
and their pointed (—) ends anchored in a terminal web of actin
filaments (for reviews see Bartles, 2000; DeRosier and Tilney,
2000; Lin et al., 2005). The actin filament bundle undergoes
constant turnover through treadmilling (Rzadzinska et al.,
2004). Growth of microfilaments at barbed ends is thought to
push the membrane envelope forward, lengthening the protru-
sion (for review see Lin et al., 2005).

Among the molecules that serve a critical function in
the formation and regulation of microvillus growth are several

Correspondence to Dorothea Godt: dgodt@zoo.utoronto.ca

Abbreviations used in this paper: CD, cadherin domain; CDH23, cadherin 23;
dsRNA, double-stranded RNA; PCDH15, protocadherin 15; RNAi, RNA infer-
ference; USH1, usher syndrome type 1; VM, vitelline membrane.

The online version of this article contains supplemental material.

© The Rockefeller University Press $8.00
The Journal of Cell Biology, Vol. 171, No. 3, November 7, 2005 549-558
http://www.jcb.org/cgi/doi/10.1083/jcb.200507072

specifically localizes to apical microvilli. Loss of Cad99C
function results in shortened and disorganized microvilli,
whereas overexpression of Cad99C leads to a dramatic
increase of microvillus length. Cad99C that lacks most of
the cytoplasmic domain, including potential PDZ do-
main-binding sites, still promotes excessive microvillus
outgrowth, suggesting that the amount of the extracellular
domain determines microvillus length. This study reveals
Cad99C as a critical regulator of microvillus length, the
first example of a transmembrane protein that is involved
in this process.

F-actin cross-linking proteins, including villin, epsin, fimbrin,
and fascin (for reviews see DeRosier and Tilney, 2000;
Miiller and Littlewood-Evans, 2001; Lin et al., 2005). Ep-
sin can induce microvillus elongation in vitro probably by af-
fecting the actin treadmilling process (Loomis et al., 2003;
Sekerkova et al., 2004), and epsin mutant deaf jerker mice
have shortened hair cell stereocilia (Zheng et al., 2000). Addi-
tional actin-binding factors that control microvillus size colo-
calize with the tip complex, which is thought to nucleate the
microfilament bundle and to regulate actin polymerization
at barbed ends. They comprise myosin XVa and its bind-
ing partner whirlin, which promote concentration-dependent
elongation of hair cell stereocilia (Belyantseva et al., 2003,
2005; Mburu et al., 2003; for review see Lin et al., 2005).
EPS-8, another actin-binding protein located at a microvillus
tip, regulates microvillus length through its barbed-end cap-
ping function in the intestine of Caenorhabditis elegans
(Croce et al., 2004). In the early Drosophila melanogaster
embryo, absence of the Abelson kinase causes abnormally
long microvilli, which correlates with an ectopic accumula-
tion of F-actin and its growth promoting factor Enabled in the
apical cell cortex (Grevengoed et al., 2003).

Observations like these suggested that microfilaments
and their binding factors may be sufficient for microvillus for-
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mation and elongation and that the plasma membrane may
serve only as an anchor for the core bundle (for review see
Borisy and Svitkina, 2000). That coupling to the plasma mem-
brane is important is suggested by the finding that ezrin, an
ERM (ezrin—radixin—Moesin) protein that likely forms a link
between actin filaments and the plasma membrane, induces mi-
crovilli in cell culture (Gautreau et al., 2000). Deficiency of
ezrin, which appears to organize the terminal web of microvilli,
causes shortened, irregular intestinal microvilli in mice (Sao-
tome et al., 2004). Similarly, the terminal web-associated
ERM protein Moesin in D. melanogaster is required for normal
organization of microvilli in rhabdomeres, and an excessive
formation of irregular microvilli results from expressing con-
stitutively active Moesin (Karagiosis and Ready, 2004).
However, there has been no evidence so far that would impli-
cate specific integral membrane proteins as regulators of mi-
crovillus growth.

Some proteins that have received considerable attention
in recent years as important organizers of hair cell stereocilia
are protocadherin 15 (PCDH15), cadherin 23 (CDH23), myo-
sin VIIa, harmonin, and SANS. Mutations in these genes are
responsible for Usher syndrome type 1 (USHI1), a genetic
disorder that combines congenital deafness, vestibular dys-
function, and retinitis pigmentosa in humans (for review see
Petit, 2001; Ahmed et al., 2003b; Frolenkov et al., 2004).
The phenotype of mice mutant for any USH1 gene is charac-
terized by splayed and disorganized stereocilia and conse-
quently it was proposed that the two USH1 cadherins may
contribute to the links that visibly connect neighboring ste-
reocilia (for review see Frolenkov et al., 2004). For CDH23,
this model is supported by the observations that it colocalizes
with lateral and tip links, is needed for tip link integrity, and
can mediate homophilic adhesion (Siemens et al., 2004; S6ll-
ner et al., 2004; Michel et al., 2005). The molecular function
of PCDHI15, however, has not been elucidated. In this paper,
we report that Cad99C, the fly orthologue of PCDHIS5, is a
component of microvilli and show by loss- and gain-of-func-
tion analysis that Cad99C promotes microvillus elongation in
a concentration-dependent manner. Our data also suggest
that Cad99C acts through a mechanism that does not involve
adhesion between microvilli.

Figure 1. Expression of Cad99C during oogenesis. (A-F) Distri-
bution of Cad99C mRNA in egg chambers at different stages of
oogenesis. Arrows point fo centripetal follicle cells in C, micro-
pyle-forming follicle cells in E, and dorsal appendages in F.
(G and H) Cad99C protein (red) is found on the apical surface
of follicle cells (Fc) and from stage 6 onward is only seen in folli-
cle cells that contact the oocyte (Oc). Armadillo (Arm; green)
labels the membranes of germline and follicle cells. Numbers
indicate stages of oogenesis. Bars, 100 pum.

To identify novel regulators of cell and tissue morphogenesis,
we studied the expression patterns of uncharacterized members
of the cadherin gene superfamily (for review see Tepass et al.,
2000; Hill et al., 2001) during D. melanogaster oogenesis, when
follicle cells undergo a series of well-described morphogenetic
movements (for review see Horne-Badovinac and Bilder, 2005).
Cad99C, a cadherin gene that we named after its chromosomal
map position, is transcribed in cells of the follicular epithelium,
but not in the germline cyst (Fig. 1, A-F). Changes in the
Cad99C expression level largely coincide with morphogeneti-
cally active phases of follicle cells. Cad99C mRNA was found in
anterior and posterior follicle cells at stages 2-5 but was re-
stricted to posterior follicle cells at late stage 6. Follicle cells that
move over the oocyte at stage 9 and form a columnar epithelium
at stage 10a expressed very high levels of Cad99C transcript. By
stage 10b, high levels of expression were retained only in cen-
tripetal follicle cells that migrate inward to envelope the oocyte
anteriorly. Expression levels peaked again in all follicle cells
when they flattened to accommodate the growth of the oocyte.
During late oogenesis, some follicle cells form tubelike struc-
tures—the micropyle and dorsal appendages—which is a pro-
cess accompanied by a local increase of Cad99C expression.
This dynamic expression profile suggested that Cad99C makes
important contributions to follicle cell development. Consistent
with its mRNA distribution, Cad99C protein (Fig. 1, G and H)
was first seen during stages 25 of oogenesis in anterior and pos-
terior terminal follicle cells. Beginning with stage 6, Cad99C
was only detected in follicle cells that are in contact with the oo-
cyte, a distribution that persists for the rest of oogenesis. At all
stages, Cad99C was located on the apical plasma membrane of
follicle cells, which faces the oocyte.

Gene annotation and cDNA analysis predict that Cad99C
(CG310034; Celniker et al., 2002) encodes a single-pass trans-
membrane protein with 11 cadherin domains (CDs; Fig. 2 B).




The cytoplasmic tail of Cad99C is asparagine rich and con-
tains the motif SEVETTTEL at the COOH terminus, in which
the underlined residues fit the consensus S/T-X-L/V of class 1
PDZ domain-binding sites (Sheng and Sala, 2001). Cad99C is
conserved in Anopheles gambiae and Apis mellifora, showing
62 and 52% identity in the extracellular region and 44 and
32% in the cytoplasmic tail, respectively. The closest relative
in humans is PCDH15. Cad99C and PCDHI15 have very sim-
ilar protein architectures (Fig. 2 B). They show 30% iden-
tity across the 11 extracellular CDs (expect value is e '*';
Fig. S1, available at http://www.jcb.org/cgi/content/full/
jcb.200507072/DC1). In comparison, there is 24% identity
between the 11 CDs of Cad99C and the first 11 CDs or next
11 CDs of human fat3 (e~ and 3e™ %, respectively), a cad-
herin that gives the second best score in a Blast search.
PCDHI15 also contains a COOH-terminal PDZ-binding site
(SQSTSL; Adato et al., 2005); otherwise, no significant sim-
ilarity was identified in the cytoplasmic tail. It is noteworthy
that the cytoplasmic tail is substantially diverged even be-
tween mouse and human PCDH15, showing only 57% iden-
tity, in contrast to 94% identity in the extracellular portion.

In classic cadherins, binding of Ca®* leads to dimeriza-
tion and rigidification of CDs and is essential for the function
of cadherins as adhesion molecules. Ca** associates with the
linker region between CDs, requiring specific amino acid resi-
dues from both neighboring CDs (for review see Tepass et al.,
2000; Patel et al., 2003; Koch et al., 2004). Interestingly,
Cad99C and PCDH 15 lack consensus sites for Ca?*-binding at
conserved positions, between CDs 5/6 and 9/10, which are
among the best-conserved CDs (36-39% identity; Fig. S1).
This suggests that the extracellular region of Cad99C/PCDH15
is composed of two extended rodlike parts (CDs 1-5 and 6-9)
connected by a potentially flexible hinge. CD 9 is followed by
another hinge region that links to a pair of Ca®*-associated CDs
(Fig. 1 B). The similarities in protein structure strongly suggest
that Cad99C is the orthologue of PCDHI15.

A GE21034 GE23478

A A2 DS - .
™ - T4 > L]

genomic clone AC007893

Cad99C loss-of-function mutations
cause female sterility

The chromosomal interval 99C is poorly characterized, and
available deletions are haplolethal. To determine the function
of Cad99C, we generated mutations by imprecise excision of
two P elements. GE21034 is inserted upstream of the se-
quences that have been reported to represent exon 1 of
Cad99C, and GE23478 is located in intron 1 (Fig. 2 A; Schlich-
ting et al., 2005; http://genexel.com/eng/htm/genisys.htm).
Both P element insertions were homozygous viable. However,
whereas GE21034 appeared fully fertile, GE23478 females
showed reduced fertility that was fully restored by excision of
GE23478, indicating that the P element insertion was responsi-
ble for this defect. Several excision lines were female sterile
(but male fertile; see next section) and had subtle bristle and eye
defects (unpublished data). These lines failed to complement
each other, and molecular analysis showed that they represent
genomic deletions within Cad99C (Fig. 2 A). In Cad99C*'°, we
detected a small deletion removing exon 1, which is noncoding.
The largest deletions are Cad99C*"5 and Cad99C*'~, with the
latter removing most of the coding sequence for the extracellu-
lar domain (CDs 1-8 and part of CD 9).

Cad99C antibodies, raised against a portion of the ex-
tracellular (CDs 10 and 11) and cytoplasmic domains (Fig.
2 B), were used to probe Cad99C expression in ovaries of
wild-type and homozygous Cad99C mutant females, respec-
tively. Immunoblots identified three protein bands in wild type
that were absent in mutants that lack exon 1—Cad99C?'”,
Cad99C*"°, and Cad99C*® (Fig. 2 C). Cad99C protein was
also strongly reduced in ovaries that expressed Cad99C dou-
ble-stranded RNA (dsRNA) causing RNA interference (RNAI;
Fig. 2 C). The major band corresponds to ~217 kD, which is
30 kD larger than the predicted size of Cad99C, a difference
that is partly attributable to N-linked glycosylation (unpub-
lished data). Two weak additional bands (195 and 172 kD) var-
ied in intensity between preparations (inverse proportional to

Figure 2. Molecular analysis of Cad99C. (A) Genomic
map of the Cad99C transcription unit. The ORF is in red.
Deletions derived from P element insert GE21034 are
shown in blue and those from GE23478 in green. A dot-
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by 11 CDs (blue), a single transmembrane domain (yellow),
and a PDZ domain-binding site at the COOH terminus
(green). Potential Ca?*-binding sites between CDs are
shown in red. Arrows point to linker regions that presum-
ably cannot bind Ca?". Black bars indicate regions used
for generation of antibodies. (C) Immunoblot analysis of
Cad99C expression in ovaries. Cad99C antibodies (ex-
tracellular epitope; B) reveal a major protein of ~217 KD
(arrowhead) in wild type that is not detected in Cad99C
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mutants and severely reduced after Cad99C RNA.. The
two smaller proteins (195 and 172 kD) found in wild
type but not in mutant ovaries may represent degraded
or otherwise modified Cad99C products. Only the
Cad99C?%? dllele, which still contains exon 1 in contrast
to other alleles (A), produces detectable amounts of protein,
albeit of reduced size.
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Figure 3. Eggs derived from Cad99C mutant females have a defective
VM. (A) A wildtype D. melanogaster egg. (B) A collapsed egg from a
Cad99C?"™ mutant female. (C) Eggs from Cad99C mutant mothers dehy-
drated over time. By mid-embryogenesis >90% of the eggs were col-
lapsed. Eggs from the P insertion line GE21034, the progenitor of the
Cad99C mutant lines, did not collapse. Numbers of examined eggs: wild
type (wl), n = 468; GE21034, n = 367; Cad99C?*, n = 325;
Cad99C?™8, n = 375; Cad99C?'?, n = 245. (D) Trypan blue did not
penetrate wildtype eggs but stained to a variable degree eggs from
Cad99C?™ (E-G) and Cad99C?' (H) mutant mothers. In most eggs, the
anterior region was stained strongest. (I) In contrast to normal eggs, 50%
of the eggs from Cad99C mutants had disintegrated in sodium hydrochlo-
rite after 30 min. The histogram shows mean values and SDs based on four
experiments. (J and K) Histological sections of stage 11 egg chambers show
that the VM is continuous in wild type (J) but has gaps in a Cad99C?'#
mutant follicle (K, arrows). Oc, oocyte; Fc, follicle cells.

the intensity of the major band) and may represent degraded or
otherwise modified Cad99C protein. Together, our results sug-
gest that we isolated null mutations for Cad99C and that this
gene is not essential for viability but required for female fertility.

Eggshell formation is compromised in
Cad99C mutants

The female-sterile phenotype of Cad99C mutants is caused by
defects in eggshell formation as revealed by the following analy-
sis. Cad99C?">, Cad99C?"%, or Cad99C?"*° mutant females laid
~50% fewer eggs than wild-type females, and <2% of those
eggs (n > 300 per genotype) produced larvae. These lar-
vae developed into flies that only displayed defects if they
were homozygous mutants, and those defects are the same as
in homozygous mutants derived from heterozygous mothers,
suggesting that maternal loss of Cad99C has no effect on
postembryonic development. The majority of eggs from
Cad99C mutant females collapsed soon after deposition (Fig. 3,
A-C), and even noncollapsed eggs were penetrable to the vital
dyes neutral red and trypan blue (Fig. 3, D-H), which do not
stain wild-type eggs (Mahowald, 1972; LeMosy and Hashi-
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moto, 2000). These defects suggested that eggshells, which nor-
mally restrict permeability and prevent desiccation (Limbourg
and Zalokar, 1973; Mahowald and Kambysellis, 1980), are
compromised. Eggs from mutant females were also highly in-
tolerant to sodium hydrochlorite. Hydrochlorite treatment of
wild-type eggs removes the outer eggshell, the chorion, but
leaves the inner eggshell, the vitelline membrane (VM), intact
(Limbourg and Zalokar, 1973). Disintegration of eggs from
Cad99C mutant females in hydrochlorite suggests that the VM
is not functional (Fig. 3 I). The VM normally forms a contin-
uous layer of homogeneous thickness in late follicles (Ma-
howald and Kambysellis, 1980), whereas the VM of Cad99C
mutant follicles varied in thickness and contained numerous
holes (Fig. 3, J and K). These holes are likely the cause for the
observed desiccation of eggs. The variability in eggshell defects
may explain why mutant females are not fully sterile, allowing a
few embryos to develop. The importance of Cad99C for proper
eggshell formation is consistent with its expression in follicle
cells that secrete the eggshell material.

Cad99C is a component of follicle cell
microvilli

To address the function of Cad99C in the follicular epithelium,
we first examined the subcellular localization of this cadherin
and found that it is confined to the apical microvillus brush
border. Cad99C is located apical to DE-cadherin (Fig. 4 A) and
DPatj (Fig. 4 B), which mark the adherens junctions and apical
cell cortex, respectively (Oda et al., 1994; Tanentzapf et al.,
2000). In contrast to DE-cadherin, Cad99C is not seen at the
apicolateral and lateral plasma membrane, where follicle cells
are in contact with one another. Cad99C shows a spiky pattern
in a side view (Fig. 4, A and D) and a carpetlike pattern in a
front view of the apical cell surface (Fig. 4 E), which is consis-
tent with a localization to microvilli. Several observations sup-
port that Cad99C is specific for follicle cell microvilli and not
found in oocyte microvilli, with which they make contact.
First, Cad99C expression was not detected in the germline
(Fig. 1, A-F). Second, the pattern of Cad99C-positive mi-
crovilli reflects the honeycomb pattern of follicle cells (Fig. 4 E),
whereas oocyte microvilli form a continuous lawn (Mahowald
and Kambysellis, 1980). Third, Cad99C does not overlap with
Yolkless, a marker that labels the oocyte cortex (Fig. 4 C;
Schonbaum et al., 2000) but colocalizes with a marker specifi-
cally expressed in follicle cells (CDS-GFP; Fig. 4 F). We infer
that Cad99C does not mediate homophilic adhesion between
follicle cells or between microvilli of follicle cells and those of
the oocyte.

As a marker for follicle cell microvilli, Cad99C revealed
that the length of these apical protrusions increases from stage
7 to late stage 10a (Fig. 4, G, H, and K), when they reach their
maximum extent of 2-3 wm. At stage 10a, longer microvilli are
found in the center and shorter ones in the periphery of the api-
cal follicle cell surface (Fig. 4 D). After stage 10, microvilli re-
gress, but short microvilli remain until the end of oogenesis
(Fig. 4, 1, J, and L). Concurrent with the development of the
microvillus brush border, follicle cells secrete VM material
into the extracellular space between microvilli, producing so-



Figure 4. Cad99C localizes to the apical microvilli of follicle cells. Cad99C
is always red. Confocal images of the follicular epithelium are from egg
chambers at stage 10 in A-F or the indicated stage in G-L. Nomarski im-
ages are shown in panels marked with “ or “. (A and B) Cad99C is located
apical to the adherens junction marker DE-cadherin (DEcad) and the apical
cortex marker DPatj of follicle cells. Bars, 10 um. (C) Cad99C distribution
does not overlap with the oocyte cortex marker Yolkless (YI). Bar, 10 um.
(D) Apical microvilli of follicle cells can be seen individually at stage 10a.
Bar, 5 um. (E) The pattern of Cad99C positive microvilli reflects the hexago-
nal array of follicle cells in a top view. Bar, 10 pm. (F-F") Cad99C colocal-
izes with the apical CD8::GPF staining in follicle cells. CD8::GFP, which is
expressed only in follicle cells using da-Gal4 as a driver, outlines all plasma
membrane structures of follicle cells, including the apical microvillus brush
border. Bar, 10 um. (G-J) Cad99C staining reflects the dynamic changes
in microvillus length: a strong growth from stage 9 (G) to late 10a (H), and
a progressive shortening from stage 10b (I) to stage 11 (J). Bars, 10 pm.
(K=K") The microvillus brush border of follicle cells forms a distinct band in a
Nomarski image (K'). The stripe pattern of this band reflects the alternate ar-
rangement of microvilli and vitelline bodies at stage 10 of oogenesis. Bar,
10 um. (-L") At stage 12, follicle cell microvilli are much shorter than at
stage 10 and the vitelline bodies have fused into a layer, the VM. Bar,
10 pm. The apical surface of follicle cells, which faces the overlying oocyte,
is marked by an arrowhead in A-C, F, G, K, and L. Oc, oocyte; Fc, follicle
cells; MV, microvilli; VB, vitelline bodies.

called vitelline bodies, which correspond in height to the mi-
crovilli (Fig. 4 K’) and subsequently fuse into a continuous VM
layer above the microvilli (Fig. 4 L’; Mahowald and Kamby-
sellis, 1980). The extracellular space seen between individual

microvilli at the light-microscopic level suggests a separation
of >400 nm (Fig. 4, A and D). With a predicted length of 50
nm for the Cad99C extracellular region, a Cad99C trans-dimer
would not be able to bridge such a gap. It therefore appears un-
likely that Cad99C promotes homophilic adhesion between ad-
jacent microvilli along their entire length, although spotlike
sites of adhesion cannot be excluded.

To analyze microvillus formation in the absence of Cad99C,
we examined the distribution of F-actin and the membrane
marker CD8-GFP. In wild type, F-actin is seen in microvilli of
follicle cells and is enriched in the cortex of follicle cells and
oocyte (Fig. 5 A). In Cad99C mutant follicles, F-actin staining
is strongly reduced in the space between follicle cells and oocyte,
suggesting defective microvilli (Fig. 5 B). CD8::GFP labeling
revealed a regular microvillus brush border in wild-type folli-
cle cells (Fig. 5, C’ and F), whereas Cad99C mutant follicle
cells displayed a range of defects of microvilli (Fig. 5, D, E,
and G). In all mutant follicles, microvilli appeared substantially
shorter than in wild type (Fig. 5, D and E). In many cases, api-
cal protrusions appeared reduced in number, and they formed
an irregular spiky pattern, suggesting that microvilli are abnor-
mally shaped and may be clumped. In other cases, no obvious
protrusions were detected or only few microvilli with an abnor-
mal, wavy shape protruded from the apical surface (Fig. 5, E
and G). Expression of Cad99C dsRNA caused the same type of
microvilli defects as Cad99C mutations (Fig. 5 H). The persis-
tent strong CDS8::GFP labeling of the apical membrane domain
even in cases where no protrusions were detected indicates that
a substantial amount of membrane material is retained apically.
These findings argue against a complete loss of microvilli and
suggest that microvilli are strongly shortened and may also be
collapsed against the apical cell surface. Together, these data
show that Cad99C is essential to form microvilli of normal
length and organization in follicle cells.

Egg chambers of Cad99C mutants have vitelline bodies
that are irregular in size, shape, and distribution (Fig. 5, K and L).
This suggests that the defective microvilli may cause an abnor-
mal secretion or distribution of extracellular proteins. To address
this problem, we examined the distribution of Nudel, a secreted
protein that is involved in proper formation of eggshells and the
dorsal-ventral axis (LeMosy et al., 1998; LeMosy and Hashi-
moto, 2000). No difference was noted between Cad99C mutant
and wild-type follicles in the distribution or amounts of Nudel,
which was deposited to its proper location between oocyte mem-
brane and VM material (Fig. 5, I and J). This finding argues
against a general defect in protein secretion in Cad99C mutants.

To determine whether Cad99C is a limiting factor for microvil-
lus outgrowth, we overexpressed full-length Cad99C (Cad99C-
FL; Fig. 6 H) in follicle cells. Cad99C-FL expression induced a
striking increase in the length of apical microvilli (Fig. 6 A).
These long cellular protrusions, which sometimes exceeded the
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Figure 5. Loss of Cad99C causes defects in the microvillus brush border
of follicle cells. All panels show a confocal section of the follicular epithe-
lium of late stage 10a egg chambers. The oocyte is up. (A) In wild type,
sandwiched between the F-actin-rich cortices of oocyte and follicle cells,
are the actin filament bundles of follicle cell microvilli (arrowhead). (B)
F-actin-rich protrusions on the apical surface of follicle cells are largely
missing in a Cad99C?"® mutant egg chamber. (C and C’) Microvilli in
phenotypically wildtype follicles (Cad99C?'¥/+) are visualized by
Cad99C (C, red) or CD8::GFP (C’, green) and shown at higher magnifi-
cation in insets. Expression of UAS-CD8::GFP was induced by
Act5¢>CD2>Gal4. (D and E) Examples of Cad99C?"%/21¢ mutant folli-
cles stained with CD8::GFP (green), showing that microvilli, which are dis-
played at higher magnification in insets, are strongly reduced in size and
irregular in shape and arrangement. (F) Top view showing regular mi-
crovilli tufts on the apical surface of normal (Cad99C?"8/+) follicle cells
stained with CD8::GFP. (G) In contrast, the apical surface of Cad99C?'8/21¢
mutant follicle cells shows an irregular distribution of microvilli. (H)
Cad99C dsRNA was coexpressed with CD8::GFP (green) in follicle cell
clones. These cells do not express Cad99C (red) and show strongly re-
duced microvilli compared with neighboring Cad99C expressing wild-
type cells. In wild type () and Cad99C?"® mutants (J), Nudel protein
(green) is secreted by follicle cells and located in the extracellular space
between follicle cells and oocyte. Wild-type microvilli contain Cad99C
(red). (K and L) The Nomarski image reveals a regular striped band of mi-
crovilli and vitelline bodies in wild type (K) but shows a disrupted irregular
band in a Cad99C?" mutant (L). Accompanying confocal images show
the presence (K) and absence (L) of Cad99C (red). An arrowhead points
to the microvillus brush border in A-E, K, and L. wt, wild type; Cad99C",
Cad99C mutant. Bars, 10 um.

apical-basal length of the follicle cells, projected into the narrow
space between follicle cells and oocyte (Fig. 6, A, E, and F).
Very long extensions showed small knoblike dilatations. Inter-
estingly, the vitelline bodies deposited between the overlong
microvilli also appeared enlarged (Fig. 6 A’). Furthermore, ex-
pression of Cad99C-FL rescued microvillus formation in a
Cad99C mutant background (Fig. 6 B). To investigate the im-
portance of cytoplasmic interactions for Cad99C function, we
expressed a transgenic protein (Cad99CAcyt::GFP; Fig. 6 H) in
which GFP replaces a large portion of the cytoplasmic tail, in-
cluding the PDZ-binding sites. Strikingly, Cad99CAcyt::GFP
induced abnormally tall microvilli that fanned out from the api-
cal surface and enlarged vitelline bodies similar to Cad99C-FL.
This effect was observed in a wild-type (Fig. 6 C) and in a
Cad99C mutant background (Fig. 6, D and G). These data sug-
gest that Cad99C levels determine the length of microvilli and
show that the majority of the cytoplasmic domain (256 out of
287 amino acids) can be deleted without affecting the potential
of Cad99C to promote microvillus outgrowth.

Our study shows that the loss of Cad99C results in shorter mi-
crovilli and overexpression in longer microvilli than in wild type
(Fig. 7, A and B), indicating that the concentration of Cad99C is
positively correlated with the length of microvilli in follicle cells.
Interestingly, modifications in the Cad99C mRNA expression
level during oogenesis appear to be good indicators for changes
in microvilli. During mid-oogenesis, prominent expression of
Cad99C is seen in follicle cells that show forming and growing
apical microvilli (Fig. 1, A, G, and H; Fig. 4 G; and not de-
picted), and Cad99C expression culminates when microvilli
reach their maximum extension (Fig. 1 B and Fig. 4 H). The fol-
lowing drop of mRNA levels in most follicle cells coincides with
a regression of microvillus size (Fig. 1 C and Fig. 4, I and J),
whereas centripetal cells express Cad99C strongly (Fig. 1 C),
consistent with the delayed formation of a microvillus brush bor-
der by these follicle cells (Mahowald and Kambysellis, 1980;
unpublished data). We therefore propose that transcriptionally
regulated changes in the concentration of Cad99C are critically
involved in the dynamic remodeling of follicle cell microvilli.
The loss of Cad99C, which results in microvilli defects,
also leads to defects in eggshell formation, suggesting that
normal microvilli have an important function in eggshell de-
velopment. Interestingly, the dynamic regulation of Cad99C
expression correlates well temporally and spatially with de-
scribed phases of eggshell secretion (for review see Sprad-
ling, 1993) and with morphogenetic movements of follicle
cells, which raises the question of how these processes are
interrelated. Follicle cells undergo multiple morphogenetic
movements to reach positions from which they secrete egg-
shell material either while the movement is being completed
or immediately afterwards (for review see Spradling, 1993).
Therefore, the striking correlation between the Cad99C ex-
pression profile and morphogenetic movements likely re-
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flects the close association between those movements and
eggshell secretion.

Cad99C has an evolutionarily conserved
function in microvillus biogenesis

Cad99C specifically localizes to the plasma membrane of
microvilli and is distributed throughout their entire length.
PCDH15 shows a similar subcellular distribution in stereocilia
on the surface of hair cells in the cochlea (Ahmed et al.,
2003a). In PCDH15 mutant mice (Ames waltzer) and zebrafish
(orbiter), stereocilia are splayed and their arrangement is se-
verely disturbed, causing deafness (Alagramam et al., 2000,
2001; Raphael et al., 2001; Seiler et al., 2005). The function of
PCDHI15 in stereocilia, however, has remained unclear. Our
study indicates that its D. melanogaster orthologue Cad99C is
a potent regulator of microvillus size. Interestingly, PCDH15
is found at a higher concentration in the longer stereocilia of a
staircase-like bundle of hair cell stereocilia (Ahmed et al.,
2003a), and an irregular shortening of stereocilia in Ames
waltzer mice was described previously (Alagramam et al.,
2000; Raphael et al., 2001). This raises the possibility that
PCDH15 regulates the length of stereocilia similar to Cad99C.
In addition to being required for size regulation, Cad99C is
also important for the normal shape and arrangement of mi-
crovilli. It will be interesting to determine in future studies
whether the effect on size and on shape and arrangement
of microvilli/stereocilia reflects two distinct functions of
Cad99C/PCDH15 or whether they are two consequences of
the same molecular function. Together, we propose that
Cad99C/PCDH15-type cadherins have an evolutionarily con-
served role in microvillus biogenesis.
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Figure 6. Overexpression of Cad99C increases
microvillus length. Transgenic proteins Cad99C-FL
and Cad99CAcyt::GFP were expressed in cell clones
in the follicular epithelium using Act5c>CD2>Gal4.
Cad99C is in red. (A-A") Cells that express Cad99C-
FL produced abnormally tall microvilli. A green arrow-
head marks long microvilli projecting into wild-type
territory. (B-B”) Expression of Cad99C-FL rescued the
microvillus phenotype of a Cad99C?"*/21¢ mutant.
(C-C") Expression of Cad99CAcyt::GFP induced
lengthening of microvilli as seen with Cad99C (C,
red) or GFP (C’, green). (D-D") Cad99CAcyt::GFP
expression rescued the microvilli in a Cad99C?'-5/216
mutant  follicle. Cad99C-FL (E and F) and
Cad99CAcyt::GFP (G) induce giant microvilli (green
arrowheads) even in a Cad99C?'5/21¢ (E) or
Cad99C?/216 (F and G) mutant background. (H)
Structure of transgenic Cad99C-Fl and Cad99CAcyt::
GFP proteins. Confocal images are shown in A-G,
and accompanying Nomarski images are shown in
panels marked with  or “. Yellow arrows mark clone
boundaries in A-D. Bars, 10 um.

GFP

9 1011

During the course of evolution, Cad99C/PCDHI15 cad-
herins have adapted to act in apparently very different apical
actin-based protrusions, such as the follicle cell microvilli of fly
ovaries and the complex stereocilia of the vertebrate cochlea.
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Figure 7. Function of Cad99C: summary and model. (A) Cad99C is

located in apical microvilli of ovarian follicle cells. (B) The length of mi-
crovilli depends on the expression level of Cad99C. (C) Model 1 shows
that the CDs of Cad99C (red) interact with an extracellular ligand (blue),
which stabilizes the membrane or influences the dynamics of the actin bun-
dle of the microvillus. Model 2 shows that the CDs of Cad?9C assemble
into a scaffold, stabilizing the microvillus membrane.
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Moreover, loss of Cad99C causes subtle defects in eye rhab-
domeres and mechanosensory bristles (unpublished data), indi-
cating that Cad99C is also required for other actin-based pro-
trusions. Similar to PCDH15, which is more widely expressed
in epithelial tissues (Murcia and Woychik, 2001; Ahmed et al.,
2003a), Cad99C is found on the apical surface of several ecto-
dermal epithelia during D. melanogaster development, includ-
ing the imaginal discs (Fig. S2, A-C, available at http://
www.jcb.org/cgi/content/full/jcb.200507072/DC1; Schlich-
ting et al., 2005). In wing imaginal discs as in the follicular ep-
ithelium, overexpression of Cad99C induces the formation of
very large apical protrusions (Fig. S2, D and E). However,
there are epithelial tissues that possess a microvillus brush bor-
der but do not express Cad99C at detectable levels, including
the midgut (unpublished data). Cad99C is therefore not a gen-
eral component of microvilli and may serve a biological func-
tion that is specifically required in a subset of microvilli. Alter-
natively, another member of the cadherin superfamily or other
membrane protein might take the place of Cad99C in the mi-
crovilli of tissues that lack this cadherin.

A working model for Cad99C function

It is tempting to speculate that, as a cadherin, Cad99C may medi-
ate homophilic adhesion between microvilli. However, follicle
cell microvilli in wild type and after overexpression of Cad99C
are clearly separated from each other, implying that Cad99C me-
diates neither homophilic nor heterophilic interactions between
microvilli while promoting their outgrowth. This conclusion is
corroborated by the behavior of cell clones that either lack or
overexpress Cad99C. In imaginal discs where Cad99C is con-
centrated at the apical interface between cells, cell clones with
reduced or increased levels of Cad99C expression have wiggly
boundaries, indicating that they do not sort out from wild-type
cells (Fig. S2 D; Schlichting et al., 2005; unpublished data). Fur-
thermore, Cad99C located ectopically in the lateral membrane of
follicle cells when overexpressed is not enriched at the border
between Cad99C overexpressing cells compared with borders
between wild-type and overexpressing cells (Fig. 6, B and D) as
would be expected from a homophilic adhesion molecule. Simi-
larly, in imaginal discs, the distribution of Cad99C along cell
boundaries is uniform and independent of the concentration of
Cad99C in neighboring cells (Fig. S2 D). Hence, our findings ar-
gue against a function of Cad99C in adhesion between adjacent
plasma membranes.

A parallel bundle of actin filaments and associated factors
that control their cross-linking and turnover are instrumental for
the formation and stability of microvilli (for reviews see Bartles,
2000; DeRosier and Tilney, 2000; Lin et al., 2005). To what ex-
tent the plasma membrane of microvilli contributes to microvil-
lus morphogenesis either by linking to the actin core or indepen-
dent of it remains largely unexplored. PCDHI1S5 appears to
influence the actin cytoskeleton of stereocilia as the amount of
F-actin in stereocilia of PCDH15 mutant hair cells was reduced
(Raphael et al., 2001). This effect is possibly mediated through
its proposed interactions with the PDZ domain protein harmonin
(Adato et al., 2005; Reiners et al., 2005). Among the USH1-
associated proteins, harmonin has a central function, as it can
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also bind to CDH23, myosin VIla, and SANS (Boéda et al.,
2002; Siemens et al., 2002; Weil et al., 2003; Adato et al., 2005),
and is able to interact with actin filaments promoting their bun-
dling in cell culture (Boéda et al., 2002), thereby potentially
linking cadherins on the cell surface to the actin cytoskeleton.

Unexpectedly, we found that a truncated form of Cad99C
that lacks most of the cytoplasmic tail, including the putative
PDZ domain-binding sites, causes the same excessive length-
ening of microvilli as the full-length protein, even in a Cad99C
mutant background. This shows that the PDZ domain—binding
sites do not have an essential positive regulatory function in
microvillus outgrowth. We cannot rule out that the remaining
31 juxtamembrane cytoplasmic amino acids interact with a cy-
toplasmic factor, but this short sequence contains no known
motifs and is not conserved. Therefore, it seems likely that the
membrane-bound extracellular domain of Cad99C is sufficient
to promote microvillus extension independent of endogenous
Cad99C. How does the extracellular domain of Cad99C control
microvillus size? Our data are consistent with two attractive
models for Cad99C activity (Fig. 7 C). The CDs of Cad99C
could influence the microvillus actin core by binding to an
extracellular ligand, which directly or indirectly connects to
the actin bundle promoting polymerization. Alternatively, the
Cad99C extracellular domain might stabilize the plasma mem-
brane of a microvillus. This may be important because to
lengthen a cellular protrusion, the force created by actin poly-
merization has to overcome the counteracting force caused by
tension in the plasma membrane envelope while it is pushed
outward (for review see Lin et al., 2005). Stabilization of the
plasma membrane might alleviate the tension, allowing actin
polymerization to proceed. The CDs of Cad99C could stabilize
the plasma membrane either by binding to the extracellular ma-
trix or by self-assembling into an extracellular meshwork that
forms a supporting scaffold surrounding the microvillus. The
striking conservation of the Cad99C/PCDHI15 extracellular do-
mains may reflect the geometric constraints imposed by such a
scaffold. The latter model in particular would be consistent
with the concentration dependency of Cad99C activity and
with its effect on the size and shape of microvilli.

Materials and methods

Mutagenesis and fly strains
Deletion mutations of Cad99C (CG31009) were generated by excision of
P element insertions GE21053 and GE23478 (GenExel, Inc.). 700 and
400 independent excision lines were established for GE21034 and
GE23478, respectively, and screened for lethality, morphological abnor-
malities, and sterility. Genomic deletions adjacent to the P element inser-
tion points were found in all sterile but not in any of the tested fertile or le-
thal lines. Deletion breakpoints, which are based on the genomic clone
AC007893 (Berkeley Drosophila Genome Project], were identified via
PCR (Fig. 2 A) and sequencing using genomic DNA of homozygous
mutant flies. Mutations Cad99C?™ (deletion breakpoints 70285 and
80821), Cad99C?'® (69477 and 77432), Cad99C?'¢ (70587 and
71521), Cad99C?"?, and Cad99C?" (70587 and 71335) were gener-
ated by excision of GE21034, and adlleles Cad99C?*# (70653 and
71561), Cad99C?7 (70418 and 72926), and Cad99C?? were pro-
duced via excision of GE23478. All phenotypic studies were conducted
with two or more Cad?9C alleles, which were derived from GE21034.
UAS expression lines used were UAS-Cad99C-RNAi (6-5D, chro-
mosome X), UAS-Cad99C-FL (T2 and T5, chromosome X), UAS-



Cad99CAcyt::GFP (18-10, chromosome X; for details see next para-
graph), and UAS-CD8::GFP (Lee and Luo, 1999). Gal4 driver lines used
were da-Gal4 (P[GAL4-da.G32|UH1; Wodarz et al., 1995) and
Act5¢>CD2>Gal4 (Pignoni et al., 1997). To induce expression of UAS-
Cad99C-FL and UAS-Cad99CAcyt::GFP in a Cad99C mutant back-
ground, a third chromosome carrying both Act5c>CD2>Gal4 and
Cad99C?'% was generated by meiotic recombination. Expression of FLPase
(P[hsFLP]T; Golic, 1991), which activates the Act5c>CD2>Gal4 FLPout
cassette to clonally express Gal4 that in turn drives expression of UAS-con-
structs (Pignoni et al., 1997), was induced by a heat shock at 37°C (air in-
cubator). For phenotypic analysis, females were heat shocked once for 15
or 30 min and dissected 2 d later to get mosaic ovaries with wild-type and
UAS transgene—expressing cells; for Western blot analysis, females were
heat shocked for 2 X 2 h for 2 d and then dissected to get ovaries, in
which most follicle cells expressed UAS-Cad99C-RNAi. Oregon R was
used as wild type.

Cad99C transgenes

Cad99C-FL, a 5.6kb Cad99C cDNA that consists of a partial 5° UTR
(125 bp) and fulllength coding region (5,118 bp) and 3’ UTR (391 bp),
was generated from three overlapping cDNAs: EST LD23053 (Stapleton
et al., 2002), MM1, and MM2. MM1 and MM2 were generated by RT-
PCR via primers GGCTCCACTAGCGTAGGC and CCCTCGTCGTIGT-
CAGTG and CATCTTGGTGGTGAACGAGG and GCTATTGGCTTCCAT-
TGACTC, respectively, and confirmed by sequencing. To generate
Cad99CAcyt::GFP, a fragment of Cad99C-Fl lacking 1,166 bp at the 3’
end was subcloned info pEGFP-N2 (CLONTECH Laboratories, Inc.) to ex-
press a fusion protein, in which GFP replaces the COOH-terminal region
of Cad99C, deleting 256 of the 287 amino acids of the Cad?9C cyto-
plasmic domain. A Cad99C-RNAI transgene was generated that allows
induced expression of dsRNA for the purpose of RNAI (for review see Lee
and Carthew, 2003). 1.1 kb of Cad99C coding sequence (342-1,436
bp of EST LD23053) in reverse (3'=5’) orientation was attached to a 0.5-
kb linker containing two Cad99C introns (amplified with primers CGTA-
GAGAAGTACAGTGCGG and GCAGCCGCTATAGATGAAC using ge-
nomic wildtype DNA as a template), which was followed by a 0.7+kb
fragment of the 1.1-kb Cad99C coding sequence (747-1,436 bp of
EST LD23053) in forward (5'-3') orientation. Constructs Cad99C-FL,
Cad99CAcyt::GFP, and Cad99C-RNAi were subcloned into a transforma-
tion vector (pUAST; Brand and Perrimon, 1993) to generate transgenic
flies following standard procedures.

Eggshell analysis

To determine oviposition rates, batches of 21 females (4-5 d old, well
fed) were allowed to lay eggs on yeasted apple juice agar plates for peri-
ods of 17 h at 25°C. To test the resistance of eggs to water loss, eggs
(0-2.5 h old) were collected and kept on apple juice agar plates at 24°C,
and desiccated eggs were counted every 2 h. To test the tolerance of eggs
to hypochlorite, batches of 50 eggs (noncollapsed, 0-4 h old) were incu-
bated in 2.6% sodium hypochlorite in PBS. Permeability of eggshells to vi-
tal dyes was tested by incubating eggs (noncollapsed, 0-7 h old) in 1%
trypan blue or neutral red in PBS for 1 h, after which they were mounted in
PBS and viewed immediately. Histological preparations were done ac-
cording to Tepass and Hartenstein (1994).

Cad99C antibodies and detection of proteins and RNA

To generate Cad99C antibodies, peptides corresponding to aa 1090-
1303 (extracellular peptide) and 1498-1701 (cytoplasmic peptide) of
Cad99C were expressed and extracted as GSTHfusion proteins and used
to immunize guinea pigs and rats, respectively. Specificity of antisera was
confirmed by comparing wildtype and Cad99C mutant tissue samples in
Western blot analysis and by immunostaining. For immunostaining, pri-
mary antibodies used were polyclonal guinea pig a-Cad99C (GP5 1:
3,000), rabbit «-GFP (1:100; CLONTECH Laboratories, Inc.), rabbit
«-DPatj (1:250; Tanentzapf et al., 2000), rabbit a-Nudel (NNDL, 1:400;
LeMosy et al., 1998), rat a-Yolkless (No. 156, 1:150; Schénbaum et al.,
2000), monoclonal rat a-DE-cadherin (DEcad2, 1:50; Oda et al., 1994),
and mouse a-Arm (N2-71AT, 1:100; Peifer et al., 1993). Secondary anti-
bodies (1:400) were conjugated to Cy3, Cy5 (Jackson ImmunoResearch
Laboratories), or Alexa-488 (Invitrogen). F-actin was visualized with Phal-
loidin-Rhodamine (1:20; Invitrogen). For Western blot analysis, proteins
from wild-type and Cad99C mutant adult ovaries were separated on a 6%
SDS-PAGE gel, blotted onto a O.1-pm nitrocellulose membrane (Schleicher
& Schuell) using a methanol-free transfer, and detected with guinea pig
«-Cad99C (GP5 1:10.000) or rat a-Cad99C (R7 1:1.000), and mouse
a-Arm (N2-7TAT, 1:500; Peifer et al., 1993) primary antibodies, HRP-

conjugated secondary antibodies (1:1,000; Jackson ImmunoResearch Lab-
oratories), and the ECL visualization system (GE Healthcare). Broad-range
protein standards (prestained [GIBCO BRL] and unstained [Bio-Rad Labora-
tories]) were used to defermine the molecular weight of proteins. For fissue
in situ hybridizations, cDNA LD23053 (Stapleton et al., 2002) was used to
generate a digoxigeninabeled (Roche) DNA probe for Cad99C.

Imaging

Fluorescent images from preparations mounted in Vectashield (Vector Lab-
oratories) were generated with a scanning laser confocal microscope
(LSM510; Carl Zeiss Microlmaging, Inc.) using 40x/1.4 and 100x/1.4
Plan-Apo obijectives. Confocal images displayed in Figs. 4-6 were taken
at 65-85% anterior—posterior egg chamber length. Histological images
were generated with an Axioskop (100x/1.4 Plan-Apo objective; Carl
Zeiss Microlmaging, Inc.), and images of eggs were generated with a
Stemi SV11 (Carl Zeiss Microlmaging, Inc.), using a digital camera (Axio-
Cam) and Axiovision 2.05 or 4.3 software (Carl Zeiss Microlmaging,
Inc.). All imaging was done at RT. Figures were processed using Photo-
shop 7 and lllustrator 10 (Adobe Systems) and graphs were generated
with Prism 4 (GraphPad Software).

Online supplemental material

Fig. S1 shows sequence alignment of the CDs of Cad99C and PCDH15
and consensus sites for binding of Ca?". Fig. S2 shows that Cad99C is lo-
cated on the apical surface of the wing disc epithelium and induces long
apical protrusions when overexpressed. Online supplemental material is

available at http://www.jcb.org/cgi/content/full /jcb.200507072/DC1.
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