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Dynamic regulation of cytoskeletal contractility through phosphorylation of the nonmuscle Myosin-II regulatory light
chain (MRLC) provides an essential source of tension for shaping epithelial tissues. Rho GTPase and its effector kinase
ROCK have been implicated in regulating MRLC phosphorylation in vivo, but evidence suggests that other mechanisms
must be involved. Here, we report the identification of a single Drosophila homologue of the Death-associated protein
kinase (DAPK) family, called Drak, as a regulator of MRLC phosphorylation. Based on analysis of null mutants, we find
that Drak broadly promotes proper morphogenesis of epithelial tissues during development. Drak activity is largely
redundant with that of the Drosophila ROCK orthologue, Rok, such that it is essential only when Rok levels are reduced.
We demonstrate that these two kinases synergistically promote phosphorylation of Spaghetti squash (Sqh), the Drosophila
MRLC orthologue, in vivo. The lethality of drak/rok mutants can be rescued by restoring Sqh activity, indicating that Sqh is
the critical common effector of these two kinases. These results provide the first evidence that DAPK family kinases regulate

actin dynamics in vivo and identify Drak as a novel component of the signaling networks that shape epithelial tissues.

INTRODUCTION

Regulation of cell shape is a fundamental mechanism for
generating the complex forms of animal tissues. In epithelial
tissues cellular processes such as apical constriction, transi-
tion between epithelial and mesenchymal states, and cell
intercalation are spatially and temporally controlled to form
and sculpt tissues in a variety of developmental contexts.
Genetic analyses in model organisms ranging from flies and
worms to mammals have shown that dynamic regulation of
the actin cytoskeleton is a major driving force for reshaping
epithelial cells and tissues (Quintin et al., 2008). In particular,
cytoskeletal contractility resulting from the interaction of
actin filaments with the molecular motor nonmuscle Myo-
sin-II, the predominant form of Myosin in epithelial cells,
provides an essential source of tensional forces in tissues
(Lecuit and Lenne, 2007). Defining the signaling mecha-
nisms governing Myosin activity is thus critical to under-
standing how cell and tissue shape is determined.
Actin-Myosin-II contractility is controlled primarily by
reversible phosphorylation of the Myosin-II regulatory light
chain (MRLC) (Vicente-Manzanares et al., 2009). Phosphor-
ylation of MRLC at two sites (Thr-18 and Ser-19 in the
human protein) promotes actin-activated Myosin GTPase
activity, driving filament sliding (Sellers, 1985). The phos-
phorylation of these sites is subject to complex regulation.
They can be phosphorylated by a number of different ki-
nases including the prototypical Ca?*/calmodulin-depen-
dent Myosin light chain kinases (MLCK) (Gallagher et al.,
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1991). Furthermore, the activity of Myosin phosphatase, a
PPlc-containing phosphatase holoenzyme, is specifically
targeted to these sites by Myosin Phosphatase Targeting
subunit (MYPT1) and related proteins, which are themselves
subject to regulation by phosphorylation (Ito et al., 2004).
This complexity suggests that multiple independent path-
ways feed into cytoskeletal regulation directly or indirectly
through MRLC phosphorylation.

Rho-GTPase effector kinase (or ROCK) family kinases are
the principal kinases implicated in regulating MRLC phos-
phorylation in developing epithelial tissues. Activation of
Rho or ROCK in cells increases MRLC phosphorylation
(Amano et al., 1996; Kimura ef al., 1996; Kureishi ef al., 1997;
Ueda et al., 2002). In vivo, impairment of Rho GTPase sig-
naling or of ROCK itself blocks morphogenetic processes
during the embryonic development of both invertebrates
and vertebrates (reviewed in [Quintin ef al., 2008]). ROCK
appears to act by two distinct mechanisms. ROCK can di-
rectly phosphorylate MRLC at both Thr-18 and Ser-19 in
vitro (Amano et al., 1996; Ueda et al., 2002). It can also
phosphorylate MYPT1, inhibiting myosin phosphatase ac-
tivity and thereby indirectly increasing the level of phos-
phorylated MRLC (Kimura et al., 1996; Kawano ef al., 1999).
Although important, ROCK appears to be responsible for as
little as 30% of MRLC phosphorylation activity in HeLa
cells, suggesting that other mechanisms play a significant
role (Ueda et al., 2002). There is strong evidence from studies
in invertebrate systems that other mechanisms of MRLC
phosphorylation are operative in epithelial tissues during
development. In Caenorhabditis elegans, Myosin activity dur-
ing embryo elongation is regulated by MRCK-1 and PAK-1,
in addition to ROCK (Gally ef al., 2009). In Drosophila, elim-
ination of the single ROCK orthologue (Rok) in clones of
epithelial cells in the developing eye and wing has surpris-
ingly mild phenotypic effects. Although MRLC phosphory-
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lation is reduced in rok mutant cells a substantial amount
remains, clearly pointing to the existence of one or more
parallel mechanisms (Winter et al., 2001; Lee and Treisman,
2004; Corrigall et al., 2007; Escudero et al., 2007). However, in
this case the identity of the kinase(s) responsible is not
known.

Like ROCK, members of the Death-associated Protein Ki-
nase (DAPK) family of Ser/Thr kinases can also phosphor-
ylate MRLC. DAPKs form a subfamily of kinases with a
close evolutionary relationship to MLCKs (Manning et al.,
2002). All five mammalian DAPKs have some ability to
phosphorylate MRLC on Ser-19 or both Thr-18 and Ser-19 in
vitro (Cohen et al., 1997; Kogel et al., 1998; Sanjo et al., 1998;
Kawai et al., 1999; Murata-Hori et al., 1999; Inbal et al., 2000).
Two of these kinases (ZIPK and DAPK1) can also regulate
MRLC phosphorylation in cells (Murata-Hori et al., 2001;
Kuo et al., 2003). However, there is no indication, either from
mouse knockouts or C. elegans DAPK mutants (of which all
that have been analyzed are viable), that these kinases reg-
ulate MRLC or cytoskeleton dynamics in vivo (Raveh et al.,
2001; Pelled et al., 2002; McGargill et al., 2004; Tong et al.,
2009). A number of other potential substrates of these ki-
nases involved in such diverse processes as apoptosis, chro-
matin regulation, splicing, translation, and membrane fu-
sion have been identified (reviewed in [Bialik and Kimchi,
2006]), and it may be that one or more of these other sub-
strates is of more importance to the physiological function of
DAPKs. Alternatively, functional redundancy between the
various DAPKs or between DAPKs and other kinases that
phosphorylate MRLC may have obscured their requirement
for Myosin regulation in vivo.

As reported below, we identified a single DAPK homo-
logue (which we called Drak) encoded in the Drosophila
genome, making flies a useful system for analyzing DAPK
family kinase function in the absence of redundancy. Dro-
sophila has proven to be extremely well-suited for studying
actin cytoskeleton dynamics during tissue morphogenesis.
A number of genetically tractable processes have been ex-
ploited for this purpose. For example, shortly after the tran-
sition from larval to pupal stages the epithelial tissues that
give rise to the adult appendages (called imaginal discs) are
remodeled to take on their adult forms in a process called
imaginal disc eversion (Fristrom, 1988). During eversion the
compact folded disc epithelia flatten and extend outwards
along the proximal-distal axis, with the first, active phase of
lengthening largely driven by flattening of the columnar
epithelial cells (Condic et al., 1991). Drug inhibitor studies
indicate that disc eversion is dependent on forces generated
through the actin cytoskeleton (Fristrom and Fristrom, 1975;
Chen et al., 2004). Consistent with this, mutations in genes
encoding proteins involved in actin cytoskeleton regulation,
including the Drosophila orthologues of RhoA (Rho1l), ROCK
(Rok), and nonmuscle Myosin II heavy and light chains
(Zipper (Zip) and Spaghetti squash (Sqh), respectively), im-
pair disc eversion, leading to a so-called “malformed” phe-
notype characterized by shorter, rounder wings, and short-
ened, misshapen third thoracic (T3) legs (Gotwals and
Fristrom, 1991; Edwards and Kiehart, 1996; Halsell et al.,
2000; Chen et al., 2004). Genetic studies have also implicated
Rho GTPase signaling and nonmuscle Myosin II in a host of
other morphogenetic processes in flies, including gastrula-
tion, dorsal closure, head involution, tracheal morphogene-
sis, and morphogenetic furrow progression (reviewed in
[Quintin ef al., 2008]).

A number of the known molecules and regulatory rela-
tionships controlling Myosin-II activity in mammals are con-
served in flies. Like its mammalian counterpart, Rok can
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directly phosphorylate MRLC/Sqh. It can also phosphory-
late mammalian Mbs, a MYPT1-related protein, in vitro
(Mizuno et al., 1999; Mizuno et al., 2002). Sqh phosphoryla-
tion is reduced in the absence of Rok and morphology of
some epithelial tissues is disrupted (Lee and Treisman, 2004;
Dawes-Hoang et al., 2005; Corrigall ef al., 2007; Escudero et
al., 2007). Conversely, loss of function mutations in the genes
encoding Mbs or Flapwing (Flw), a PP18 that serves as the
Myosin phosphatase catalytic subunit in Drosophila, lead to
increased Sqh phosphorylation, which also affects epithelial
tissue morphology (Lee and Treisman, 2004; Vereshchagina
et al., 2004; Mitonaka et al., 2007). In this context, we have
been characterizing the function of Drak. By analyzing null
mutants, we find that Drak promotes proper morphogenesis
of epithelial tissues during development, particularly of tis-
sues whose form is generated by significant changes in cell
shape and arrangement. It does so primarily by promoting
Sqgh phosphorylation in a manner that is largely redundant
with Rok. Drak is thus a new component of the signaling
networks that regulate the actin cytoskeleton to shape epi-
thelial tissues.

MATERIALS AND METHODS
Fly Strains and Reagents

All crosses were performed at 25°C. flw©©172 (flw’) is a strong hypomorphic
allele. rho1729, rok?, zip?, flw“©172, and Sb®3" are described in FlyBase and were
obtained from the Bloomington Drosophila Stock Centre (Bloomington, IN).
Transgenic flies expressing SqhF20/521 and SqhA20/421 under the control of
the sqh promoter were kindly provided by R. Karess. pPBAC{WH {07790 and
pBac{RB}e03054 were from the Exelixis Collection at Harvard Medical
School (Thibault et al., 2004). The drak?! deletion removes sequences
located between pBAC{WH }f07790 and pBac{RB}e03054, and was generated as
described (Parks et al., 2004). The drak¥© allele was generated by “ends-out”
homologous recombination (Gong and Golic, 2003). To generate a targeting
construct, upstream and downstream homology arm fragments of 3.94 and
3.46 kb, respectively, flanking exons 3-5 (which encode nearly the entire
kinase domain) were PCR amplified and cloned into the pW25 vector. The
resulting targeting construct was transformed into flies. After the crosses to
generate potential recombinants, homologous recombination events were
identified by Southern blot analysis (not shown). drak?! and drakX© alleles are
viable in both homozygous and transheterozygous combinations.

Sequence Analysis

Sequences used for multiple sequence alignments were: human nonmuscle My-
osin light chain kinase (MYLK1) (RefSeq ID NP_444253.3); human skeletal mus-
cle Myosin light chain kinase (MYLK2) (NP_149109.1); human cardiac Myosin
light chain kinase (MYLK3) (NP_872299.2); human DAPK1 (NP_004929.2); hu-
man DAPK2 (NP_055141.2); human DAPK3/ZIPK (NP_001339.1); human
DRAK1 (NP_004751.2); human DRAK2 (NP_004217.1); Drosophila mealno-
gaster Bent (NP_995598.1); Drosophila Stretchin-MLCK (AAF58090.2); Drosoph-
ila CG42347 (NP_610514.1); Drosophila Drak (NP_001162723.1). We note that
there are two annotated exon 6 splice variants of drak in FlyBase. In one form
(found in transcripts RA and RB), a short intron of 87 nucleotides in exon 6 is
predicted to be excised, followed by exon 7 which contains a stop codon and
3’ untranslated region. In the other form (RC and RD), exon 6 is not spliced,
and the open reading frame extends into the predicted intron, which contains
a stop codon. The RA/RB and RC/RD forms thus encode proteins that differ
in the C terminus, with RA/RB encoding a protein that is longer by 110 amino
acids. Of two independent expressed sequence tags (ESTs) that we sequenced
(RE12147 and GH05904, obtained from Drosophila Genomics Resource Cen-
ter), we found only the RC/RD form, and we have used this for our analyses.
Multiple sequence alignments and dendrogram were generated using
Clustal-W. Pairwise sequence comparisons were performed with EMBOSS.

Antibodies and Immunostainings

Primary antibodies were as follows: alkaline phosphatase-coupled mouse
anti-digoxigenin (Roche, Basel, Switzerland); mouse anti-Armadillo (N2 7A1)
(Developmental Studies Hybridoma Bank); rabbit anti-Sqh (a kind gift from
R. Karess [Jordan and Karess, 1997]); rabbit anti-cleaved Caspase 3 (#9661),
rabbit anti-phospho-Myosin light chain 2 (Ser-19) (#3671), and rabbit anti-
phospho-Ezrin/Radixin/Moesin (#3141) (Cell Signaling Technology, Beverly,
MA). The MRLC phospho-Ser-19-specific antibody cross-reacts with Drosoph-
ila Sqh phosphorylated at the comparable residue, Ser-21. Tissues were im-
munostained as described (Hipfner et al., 2004).
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Analysis of Tissue Extracts RNA Interference in S2 Cells

For larval imaginal disc analyses, 10 wing /haltere/leg disc complexes of each Double-stranded RNAi was prepared and cells treated as described (Hipfner
genotype (15 for drak? rok?/drakX®) were dissected. For pupal samples, three et al., 2004). The templates were prepared using gene-specific PCR primers
to five pupae were collected at 4-6 h after puparium formation (APF). For containing 5 T7 and T3 promoter sequences to amplify sequences from

embryo analyses, 40 embryos of the appropriate genotype were sorted at exons 3-5 (oligos: 5'-AATTAACCCTCACTAAAGGGAGACAAGGAGAT-
12-16 h after egg laying (AEL) under a dissecting microscope to retain mutant CAAGCACGAGA-3' and 5'-TAATACGACTCACTATAGGGAGACACTG-
embryos lacking GFP-marked balancer chromosomes (FM7,Kr-GAL4,UAS- CGAGATGTTGAGGAA-3'), exon 6 (oligos: 5'-AATTAACCCTCACTA-
GFP or FM?7,act::GFP). Tissues were homogenized directly in SDS-PAGE AAGGGAGAGAATGGCTCGGCAACGTCTGTCAAG-3' and 5'-TAATAC-
sample buffer and heated at 80°C for 5 min before SDS-PAGE. Bands in GACTCACTATAGGGAGAGGGACTTGAGCTCGGATTCGAAGTG-3'), or

A
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Figure 1.
with human DRAK1 and DRAK?2, ZIPK, and skeletal muscle MLCK (MYLK2). Purple, identical amino acids conserved in at least three of
the five sequences. Black bar, limits of the conserved kinase domains. (B) Dendrogram showing relation of Drak and other Drosophila
melanogaster MLCK-like proteins to human DAPK (blue) and MLCK family kinases, based on alignment of kinase domain sequences.
Hs_MYLK]1, 2, and 3 correspond to nonmuscle, skeletal muscle, and cardiac Myosin light chain kinases. (C and D) Developmental time course
analysis of drak expression by RT-PCR. RNA was from staged embryos (C) and third instar larval (L3) and pupal (P) wing discs (D). Numbers
in C represent ages of the embryos in hours after egg laying. drak primers amplified two bands representing unspliced (upper) and spliced
mRNA. Reverse transcriptase was left out of one reaction to confirm that both products derived from RNA and not contaminating genomic
DNA. a-tubulin84B served as a positive control. (E and F) In situ hybridization analysis of drak expression in wing/leg/haltere imaginal discs
from wild-type (E) and drak? mutant (F) animals. (G and H) Western blot analysis of lysates from S2 cells treated with dsRNAs targeting
GEFP (control) or three nonoverlapping regions of the drak transcript (exons 3-5, exon 6, and 3’ untranslated region), using anti-phospho-
MRLC and anti-Sgh antibodies. Levels of phospho-Sqh, normalized to total Sgh levels, are plotted in H. Phospho-Sgh images are all from the
same exposure of a single blot with intervening lanes removed, as are total Sqh images.
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Drak is the single Drosophila homologue of DAPK family kinases. (A) Multiple sequence alignment of Drosophila melanogaster Drak
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GGAGTTGGAACGGAATAGG-3" and 5'-TAATACGACTCACTATAGGG-
AGAGCCATCGAAAAGGTCCAATA-3’) of the drak transcript. As a control,
dsRNA was prepared from a template containing the EGFP coding se-
quence (oligos: 5'-AATTAACCCTCACTAAAGGGAGAGACGTAAACGG-
CCACAAGTT-3' and 5'-TAATACGACTCACTATAGGGAGATGTTCTGC-
TGGTAGTGGTCG-3").

RNA Analysis

For Northern blots, total RNA was isolated from 20 wild-type and homozy-
gous drak mutant flies using Trizol reagent (Invitrogen, Carlsbad, CA). Ten
micrograms of RNA was fractionated on a 1% agarose gel and transferred to
nitrocellulose membrane. Blots were dried and UV-cross-linked and then
probed with a random-primed 32P-labeled probe generated from a full-length
drak EST (RE12147). For RT-PCR, total RNA was extracted from frozen
embryos or dissected larval/pupal discs using the RNeasy Mini Kit (Qiagen,
Germantown, MD). Total RNA (0.5 ng) was used to synthesize the first strand
cDNA using SuperScript II reverse transcriptase (Invitrogen). The PCR reac-
tion was carried out according to standard procedures with an annealing tem-
perature of 58°C and 30 cycles. The primers used spanned the first intron of drak
(upper primer: 5'-AGAAGAGAAGCTGAGACGGAGTT-3'; lower primer: 5'-
TCCACTTCGTAGATCTCGTTGAT-3') or a-tub84B (upper primer: 5'-TTAC-
GTTTGTCAAGCCTCATAGC-3'; lower primer: 5'-CTGAAGAAGGTGITG-
AACGAGTC-3).

Cuticle Preparations

Embryos were collected and processed according to standard methods. De-
vitellinized embryos were transferred to a drop of a 4:1 mixture of Hoyer’s
solution and lactic acid on a glass slide, coverslipped, and baked at 70°C
overnight. Wings and legs were dissected in water, transferred into a drop of
Fauré medium on microscope slides, coverslipped, and the coverslips kept
pressed until dry. Wing areas were measured using Image] 1.42q.

A drak*© B
1kb ————— vt
C633235 drak n.:‘ >< >< i cG1572
= - dHK
50 kb
PBACIWH07790 drakde! PBAC(REe03054

RESULTS

Drak Is the Single Drosophila Homologue of the DAPK
Family of Kinases
As a first step toward testing the potential involvement of
Drosophila DAPK family members in tissue morphogenesis, we
sought to identify fly homologues of these kinases. In BLAST
searches for annotated fly proteins similar to human DAPKs
and MLCKSs, four kinase-domain-containing proteins were
consistently ranked among the most similar (Stretchin-MLCK,
Bent, and the annotated gene products CG42347 and
CG32666). Phylogenetic analyses of either whole protein or
kinase domain sequences placed one of these proteins,
CGB32666 (which we renamed Drak), in the DAPK family
branch, which includes DAPK1, DAPK2, ZIPK, and DRAK1
and 2 (Figure 1, A and B). Drak most closely resembles mem-
bers of the DRAK-like subgroup of DAPKSs, consisting of an
amino-terminal kinase domain with a longer nonconserved
C-terminal tail containing no recognizable domains (Figure
1A). Based on pairwise sequence comparisons, Drak is most
closely related to DRAK1, with 50% sequence identity and 72%
similarity in the kinase domain. We conclude that Drak is the
single fly DAPK family homologue.

drak is widely expressed during development. We de-
tected drak transcripts by RT-PCR in very early (0 to 1 h

Figure 2. drak mutants have a “malformed’
phenotype. (A) Map of the drak locus and
defined deletions. The relative positions of
noncoding (gray) and coding (red) exons of
drak and the upstream (CG33235) and down-
stream (CG1572) neighboring genes are indi-
cated. A schematic of the targeting construct
used to generate the drak© allele is shown
above (arms of homology, green). The posi-
tions of the piggyBac insertions (blue) used to
make the drak? allele and extent of the re-
sulting deletion (black bar) are shown below.
(B) Northern blot analysis of RNA extracted
from w!!18 female and male adult flies (WT),
and drakX® and drak® mutant adult males.
185 rRNA was stained to ensure equal load-
ing. Images are all from the same exposure
of a single blot/gel with intervening lanes

w8 drakk°/drak®

M both T3 legs normal

[l both T3 legs malformed

removed. (C-E) Wings from wild-type (C),
drak'/drak?" (D), and drakX®/drak® (E) mu-
tant flies. Overlays of drak mutant and wild-
type wings are in color. (F) Areas of wild-

one T3 leg malformed

type and drak mutant wings (average * SD),

based on measurement of 10 wings for each
genotype. t test versus wild-type: *, p <0.05;

F *%k *% *
100 :
5 100
£ 80 ®
S LG 80
X 60 ® ® 60
® fic %
g « f .
™ C
2 20 =% 5
S X
wi®  drak® drakk° drak®! wite drak?®
drakk°
2872

**, p <0.001. (G-I) T3 legs from wild-type (G)
and drak¥®/drak® (H and 1) flies. (J) Quanti-
fication of frequency of malformed T3 leg phe-

- q notype in wild-type (n = 30), drak®'/drak!
drak” dede (n = 45), drakk®/drakk® (n = 36), and drak®!/
drakk® drakk® (n = 29) mutant flies.
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AEL) Drosophila embryos, suggesting that a substantial
amount of mRNA is maternally provided (Figure 1C). drak
expression was detectable throughout the rest of embryo-
genesis and in wing imaginal discs from third instar larvae
and pupae (Figure 1, C and D). The transcript was undetect-
able in animals homozygous for a deletion allele of the locus
(see below) (Figure 1D). When assayed by in situ hybridiza-
tion, drak expression appeared ubiquitous in third instar
larval imaginal discs (Figure 1, E and F). This spatial and
temporal distribution of drak is similar to that of the single
DRAK orthologue in mice (Drak2), which is ubiquitously
expressed in midgestation embryos (Mao et al., 2006) and is
consistent with Drak having a general function.

As a first test to determine whether Drak has the capacity
to regulate MRLC phosphorylation, we examined the effects
of Drak depletion using specific double-stranded RNAs
(dsRNA) on Sgh phosphorylation in Drosophila S2 cells. To
control for the possibility of off-target effects, we tested
dsRNAs targeting three distinct regions of the transcript.
Compared with S2 cells treated with a control dsRNA, treat-
ment with each of the three drak dsRNAs led to a reduction
in phosphorylation of Sqh by 36-42% (Figure 1, G and H).
Knockdown of Drak had little effect on total Sgh levels,
indicating that the effects were posttranslational. Based on
these observations, we considered Drak to be a good candi-
date for a MRLC kinase during development.

Drak Is a Novel “Malformed Class” Gene Controlling
Adult Appendage Morphology

To study the physiological function of drak, we generated
two molecularly-defined genomic deletions. In one ap-
proach, a pair of engineered transposable elements flanking
drak were used to generate a chromosomal deletion (drak®!),
which removes almost the entire gene without affecting any
neighboring annotated genes (Figure 2A) (Parks et al., 2004).
We also generated a targeted allele in which exons 3-5,
encoding most of the kinase domain, were replaced with a
white marker transgene by homologous recombination
(drak®©; Figure 2A) (Gong and Golic, 2003). In Northern
blots we observed a transcript of reduced size in drakk®
mutant adults and a loss of the transcript altogether in drak?e’
mutants (Figure 2B). These observations are consistent with
the molecular alterations in the two alleles and confirm that
drak®! is a null allele. We did not observe major differences
in the behavior of drak?! and drakX© alleles, suggesting that
the targeted drakX© allele is also a functional null.

Animals homozygous for either allele were viable and
fertile. We were able to maintain the drak alleles in homozy-
gous stocks, indicating that drak is a nonessential gene in
flies, as Drak2 is in mice (McGargill et al., 2004). Although
viable, we observed morphological defects in the append-
ages of drak mutant flies. First, the mutants’ wings were
consistently smaller than those of wild-type controls, with a
statistically significant decrease in average area of 5-13% in
various experiments (Figure 2, C-F). The size reduction was
not due to a generalized decrease in growth as we did not
observe a reduction in body size. Rather, drak mutant wings
were specifically shortened in the proximal-distal axis (Fig-
ure 2, C-E). Second, loss of drak led to a partially penetrant
shortening of the legs, largely restricted to the T3 legs. Leg
segments (primarily the femur and tibia) were shortened
and abnormally bent (Figure 2, G-I). The percentage of flies
with one defective T3 leg varied between 12 and 20%, with
up to an additional 5% affected in both (Figure 2J). Compa-
rable defects were rare in wild-type flies.

The defects in drak mutants are remarkably similar to
those caused by impairment of imaginal disc eversion in
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Figure 3. drak alleles interact genetically with malformed class
genes. (A-D) Wings from w!'8/Y (WT) (A), tho147%%/+ (B), drak?/y
(C), and drak®!/Y; rho1472%/+ (D) flies. (E) Quantification of wing
areas (average * SD) from wild-type and drak mutant flies heterozy-
gous for various malformed-class genes. Twelve wings were mea-
sured for each genotype. *, significantly different from w'’¥ (p <
.001); **, significantly different from drak®' (p < .001); #, significantly
different from drakX® (p < .05); ##, significantly different from drakk®
(p < .002). Note that drak mutant rok? heterozygous adults were
never recovered.

malformed class mutants. Malformed mutations cause syn-
thetic phenotypes in double heterozygotes, suggesting that
disc eversion is particularly sensitive to changes in cytoskel-
eton regulation (Halsell et al., 2000; Bayer et al., 2003; Chen et
al., 2004). To determine whether Drak is a component of the
signaling pathways regulating disc eversion, we tested
whether the drak mutant phenotypes could be enhanced by
heterozygosity for known malformed mutations. Whereas
wings from rho17?© heterozygous males were wild-type in
size and shape and drak?! male wings were significantly
shorter, the combination of the two in drak®!/Y;rho17?°/+
flies caused a significant further reduction in size (p < .001)
(Figure 3, A-E). Wings from these animals were frequently
severely shortened and misshapen (Figure 3D). Similar ge-
netic interactions were observed with both drak alleles and
between drak and other malformed class genes, including
Stubble/stubbloid (Sb/sbd, encoding a transmembrane pro-
tease) (Beaton ef al., 1988) and zip (Figure 3E) (Halsell et al.,
2000). Interestingly, we never recovered animals mutant for
drak and heterozygous for a mutant allele of rok, although rok
heterozygotes alone were normal (Figure 3E and data not
shown). This synthetic lethality suggested that these two
kinases act redundantly in some essential process. Based on
these genetic interactions, we conclude that drak is a novel
malformed class gene required for normal imaginal disc
eversion.

Drak and Rok Have Overlapping Functions in Epithelial
Tissue Morphogenesis

To identify the redundant functions of Drak and Rok, we
analyzed drak—/~,rok™~ animals. drak=/~ rok*/~ embryos
hatched to form grossly normal looking larvae. However, at
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later time points it became apparent that more than half of
the larvae were missing random segments of the tracheal
tree (Figure 4A). These defects were not observed in wild-
type, rok*/~, or drak mutant larvae (Figure 4B and data not
shown). The tracheal tree is formed by epithelial cells which
undergo a series of changes in cell shape, migrations, and
rearrangements (Cabernard et al., 2004). The tracheal defects
suggested that drak and rok may be redundantly required for
one or more of these processes.

Imaginal discs isolated from drak=/~,rok*/~ third instar
larvae appeared grossly normal, except for the wing pouch
region of wing discs which were abnormally folded and
distorted (Figure 4, C and D). The wing discs were very
similar in appearance to those from animals with lack of
function mutations in any of several different genes required
for epithelial integrity (e.g., Dearolf et al., 1988; Speck et al.,
2003; Hipfner et al., 2004). Impaired epithelial integrity re-
sults in high levels of apoptosis as cells sort out of the
epithelial layer (Brumby and Richardson, 2003; Hipfner et
al., 2004). To see whether epithelial integrity was compro-
mised in drak—/~,rok™/~ animals, we stained imaginal discs
to reveal filamentous actin, Armadillo (Arm, which marks
the apical adherens junctions), and activated Caspase-3
(which selectively stains apoptotic cells). Discs from drak
mutants or rok heterozygotes looked morphologically nor-
mal and had levels of apoptosis comparable to wild-type
(Figure 4, E-G). In contrast, wing discs from drak—/~ rok*/~
animals were composed of unusually thin epithelial layers,
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Figure 4. Drak and Rok have partly redun-
dant functions during development. (A and
B) Dorsal views of drak®!rok?/drak®' (A) and
wild-type (B) third instar larvae. The bilater-
ally symmetrical main dorsal trunks of the
tracheal system are indicated by yellow ar-
rowheads. Portions of the dorsal tracheal
trunks are frequently absent in drak?!rok?/
drak?! mutants (A, red arrows). (C and D)
Wings imaginal discs from wild-type (w?!)
(C) and drak?,rok?/drakX® (D) third instar lar-
vae. Red arrowhead indicates distorted wing
pouch. (E-H) Third instar wing imaginal
discs from wild-type (E), drak®/drakk® (F),
rok?/+ heterozygous (G), and drak® rok?/
drakk©® (H) animals. Apoptotic cells are
stained with an antibody recognizing acti-
vated Caspase-3 (green), F-actin is stained
with phalloidin (red), and Armadillo is
stained blue. (I-L) Anterior regions of wild-
type (1), drak? (J), rok?/Y (K), and drak? rok?/Y
(L) embryonic cuticles.

which were grossly distorted (Figure 4H). In the wing
pouch, folds projecting basally out of the plane of the epi-
thelium were observed (Figure 4H, arrowheads). These dis-
tortions were accompanied by massive apoptosis (Figure
4H), with the loss of cells likely accounting for reduced
epithelial thickness. These observations suggest that Drak
and Rok are redundantly required for maintenance of wing
disc epithelium integrity.

To see whether Drak is involved in morphogenesis of
epithelial tissues at earlier stages, we examined drak,rok dou-
ble null mutant embryos. 86% of rok mutant embryos
hatched into normal looking first instar larvae (n = 111),
which survived for some time without progressing beyond
second instar before dying (data not shown) (Winter et al.,
2001). drak mutant embryos were also morphologically nor-
mal (data not shown). In contrast, 100% of drak=/~,rok=/~
embryos died before hatching. Double mutants showed a
fully penetrant head defect, characterized by an anterior
hole in the embryonic cuticle and anterior malformations of
the cephalopharyngeal skeleton, which was not observed in
either single mutant alone (Figure 4, I-L). These phenotypes
are characteristic of a failure in head involution, the process
by which dorsal and lateral epidermal cells spread to cover
the anterior end of the embryo (VanHook and Letsou, 2008).
Taken together, our genetic analyses suggest that Drak and
Rok redundantly regulate epithelial morphogenesis in mul-
tiple developmental contexts.

Molecular Biology of the Cell
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Figure 5. Drak and Rok both regulate Sqh phosphorylation. (A and B) Western blot analysis of 4—6 h APF pupal lysates prepared from
wild-type (WT), drakX®, and drak?’ pupae, using anti-phospho-MRLC, anti-phospho-Moesin, and anti-Sgh antibodies. Levels of phospho-Sqh,
normalized to total Sqh levels, are plotted in (B). (C and D) Western blot analysis of dorsal closure-stage wild-type, drak?*!, rok?, and drak®“!,rok?
double mutant embryo lysates, using anti-phospho-MRLC, anti-phospho-Moesin, and anti-Sgh antibodies. Levels of phospho-Sqh, normal-
ized to total Sqh levels, are plotted in (D). (E and F) Western blot analysis of third instar wing imaginal disc lysates prepared from wild-type,
drak?®/drak¥®, rok?/+, and drak®!,rok?/drak¥® larvae, using anti-phospho-MRLC and anti-Sgh antibodies. Levels of phospho-Sgh, normalized

to total Sgh levels, are plotted in (F).

Drak and Rok Act Synergistically to Promote Sqh
Phosphorylation

Having shown that Drak promotes Sqh/MRLC phosphory-
lation in cultured cells (Figure 1G), we wondered whether
the same was true in vivo. We tested whether Sqh phos-
phorylation is altered in pupae undergoing disc eversion. In
Western blots of whole pupal extracts, the levels of phos-
pho-Sqh were reduced by more than 60% in drak? and
drak®®© mutants relative to wild-type (Figure 5, A and B).
Total Sgh levels were essentially unchanged. Thus, Drak
promotes Sgh phosphorylation in vivo. As a control for
specificity, we also examined phosphorylation of Moesin, a
cytoskeletal linker protein whose phosphorylation appears
to be coupled to that of Myosin in some circumstances
(Fukata et al., 1998; Grusche et al., 2009). Unlike Sgh, Moesin
phosphorylation levels were unchanged in drak mutants
(Figure 5A). Thus, there is specificity to the effects on Sqh
phosphorylation.

The most straightforward explanation for the redundancy
between Drak and Rok is that they regulate a common
target. We examined phospho-Sgh levels in single and dou-
ble mutants. Compared with wild-type controls, the levels of
Sqh phosphorylation were 30% lower in 12- to 16-h-old drak
mutant embryos (Figure 5, C and D). Phospho-Sgh levels
were only slightly (2%) reduced in rok? homozygous mutant
embryos. In embryos homozygous for both mutations, how-
ever, phospho-Sqh levels were further reduced to just 36% of
wild-type controls, indicating that removal of the two kinases
has synergistic effects on Sgqh phosphorylation. Moesin phos-
phorylation was again unaffected (Figure 5C). drak—/—,rok™*/~
larval wing discs showed a similar synergistic reduction
in Sqh phosphorylation relative to drak~/~ and rok™/~
discs alone (Figure 5, E and F). Thus, Drak and Rok
activities specifically intersect at the level of Sqh phos-
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phorylation at multiple developmental stages. The syner-
gistic nature of the interaction between drak and rok null
alleles, both at phenotypic and molecular levels, suggests
that these two kinases likely act through parallel but
convergent pathways to promote Sqh phosphorylation
(Perez-Perez et al., 2009).

Sqh Is the Main Physiological Target of Drak

The phenotypes we observe in drak and drak/rok mutant
animals are consistent with Drak regulating Sqh phosphor-
ylation and actomyosin contractility during processes in-
volving significant reorganization of epithelial cells. How-
ever, Drak could have other targets. To see whether Sqh is
the critical physiological target of Drak, we examined the
effects of manipulating Sqh activity in drak mutants by two
means. Sgh phosphorylation is normally counteracted by
Flw, the Drosophila Myosin phosphatase. flw mutants have
increased levels of Sgh phosphorylation, and the lethality of
strong hypomorphic alleles can be rescued by manipulations
that reduce phospho-Sgh levels or Myosin activity. This
indicates that Sqh is the critical essential target of this phos-
phatase in vivo (Vereshchagina et al., 2004). We reasoned
that if Sgh is also the main downstream target of Drak, either
directly or indirectly, then reducing Flw activity should
rescue drak mutant defects and vice-versa. To test this, we
performed epistasis experiments using our drak alleles and

wG%172, a semilethal allele (Vereshchagina et al., 2004). More
than 99% of flw“©?7? mutants died before reaching adult-
hood, and the few escapers that hatched all had curled or
crumpled wings (Figure 6, A and B). As we predicted,
simultaneous elimination of drak fully rescued both the le-
thality and wing phenotype of flw““?”? mutants (Figure 6, A
and C). All drakflw double mutants had normal T3 leg
morphology (Figure 6D), indicating that reduction of flw
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(n = 223), drak®®/Y;SqhA4/+ (n = 98), and drakX°/Y;Sqh*E/+ (n = 215) flies.

restored disc eversion to normal in the absence of Drak. This
mutual phenotypic rescue was reflected at the level of Sqh
phosphorylation in wing imaginal discs. Phospho-Sqh levels
were higher than normal in flw mutant discs, reduced in drak
mutants, and intermediate in the drakflw double mutants
(Figure 6, E and F). The opposing effects of mutations at
these two loci indicate that both Flw and Drak regulate Sgh
phosphorylation and are consistent with Sgh being an im-
portant physiological target of both proteins.

In a second approach, we tested the ability of constitutively
active Sgh to rescue drak mutant phenotypes. SqhF20/E21
(SqhFF) is a phosphomimetic form of Sgh, in which the
critical Thr and Ser residues responsible for Sqh activation
have been mutated to glutamate (Jordan and Karess,
1997). Transgenic expression of SGhFF under the control of
the endogenous sqh promoter rescued the short wing
phenotype of drak mutants (Figure 6, G-K). SqhFE also
completely suppressed the appearance of malformed legs
in drak mutants (Figure 6L). This was dependent upon Sgh
activation, as comparable expression of the nonactivatable
mutant form Sqh#29/421 (Sqh##) had no effect (Figure 6L).
Together, these results indicate that Sqh is the main effec-
tor of Drak.
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Sqh Is the Common Physiological Effector of Both Drak
and Rok

Sgh has also been proposed to be the principal down-
stream target of Rok in flies (Winter et al., 2001). To see
whether reduced Sqh phosphorylation is the cause of
lethality in drak—/~, rok™/~ animals, we performed similar
rescue experiments. Strong reduction of Flw activity coun-
teracted the effects of Drak and Rok loss/reduction, as 77%
of drak=/~ flw=/~,rok*/~ animals (66 of 86 expected) sur-
vived to adulthood (Figure 7A). This suggests that it is low
levels of Sqh activity that kill drak—/~, rok*/~ animals. Con-
sistent with this, directly restoring Sgh activity by express-
ing SqhFE almost completely rescued the viability of
drak=/~, rok*/~ animals (131 of 159 expected) (Figure 7A).
Most of the rescued animals were normal in appearance
(Figure 7B). The rescue was already apparent in third instar
wing discs, which were no longer distorted and contained
many fewer activated Caspase-3—positive apoptotic cells
(Figure 7C). This was dependent upon Sqh activation, as
Sgh”4 did not improve adult viability (Figure 7A) or the
appearance of drak~/~, rok*/~ discs (Figure 7D). These re-
sults confirm that insufficient Sqgh phosphorylation is the
principal cause of lethality when both Drak and Rok levels

Molecular Biology of the Cell
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Figure 7. Sqh is the critical target downstream of Drak and Rok. (A)
Plot of adult fly viability. Genotypes were as follows: drak® rok?/drak®®
(0/90 expected); drak® flwSO172 rok?/drak’C flw<C172 (66/86 expected);
drak? rok?/drak’®; SqhFF/+ (131/159 expected); and drak®,rok?/drak¥®;
SqhA4/+ (0/49 expected). (B) Pictures of drak®C/+;SqhFE/+ (control)
and drak®,rok?/drak¥®; SqhFF/+ (SqhFF rescue) sibling flies. (C and D)
Third instar wing imaginal discs from drak?® rok?/drak®; SqhtE/+ (C)
and drak®, rok?/drak®®; Sqh4/+ (D) animals, stained to reveal activated
Caspase-3 (green) and F-actin (red).

are reduced. Together, our results support a model in which
Drak and Rok act in parallel pathways to promote Sgh
phosphorylation, and thus actomyosin contractility, during
epithelial tissue morphogenesis.

DISCUSSION

Regulation of actin cytoskeleton contractility through non-
muscle Myosin II phosphorylation provides an essential
means of controlling tensional forces during the morpho-
genesis of epithelial tissues. Previous studies have demon-
strated a conserved requirement for Rho GTPases and
ROCK in MRLC phosphorylation in vivo (Quintin et al.,
2008). However, this function is not exclusive to the Rho-
ROCK signaling cassette. In particular, genetic evidence in
C. elegans and Drosophila points to the existence of parallel
mechanisms for regulating MRLC phosphorylation in devel-
oping epithelia, involving MRCK-1 and PAK-1 in worms
and one or more unknown kinases in flies (Lee and Treis-
man, 2004; Corrigall et al., 2007; Escudero et al., 2007; Gally et
al., 2009). Our characterization of flies lacking Drak, the
single DAPK family kinase in Drosophila, clearly demon-
strate that this kinase regulates Sgh/MRLC phosphoryla-
tion in parallel to Rok and identify it as a novel compo-
nent in the signaling pathways regulating epithelial tissue
morphogenesis.

Drak Regulates Sqh Phosphorylation

Based on both morphological criteria and genetic interac-
tions, drak is a malformed class gene required for normal
imaginal disc eversion. Disc eversion is a Rho GTPase and
actin-dependent process (Fristrom and Fristrom, 1975; Ed-
wards and Kiehart, 1996; Halsell et al., 2000; Chen et al.,
2004). In addition to regulating gene expression, signaling
by Rho through Rok and Sgh/MRLC is thought to trigger
actomyosin contractility needed for the extensive cell flat-
tening that occurs (Condic et al., 1991; Chen et al., 2004). This
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is consistent with the observation that partial reduction of
Sqh levels is sufficient to cause leg and wing malformation
(Edwards and Kiehart, 1996). We found that the wing and
leg defects in drak mutants were accompanied by a substan-
tial decrease in Sqh phosphorylation in pupae undergoing
eversion. This was not just correlated with but actually
caused the disc eversion defects, as expression of a phos-
phomimetic form of Sgh but not a nonphosphorylatable
form restored appendage morphology to normal. Thus, the
principal function of Drak in imaginal disc eversion is to
promote Sgh phosphorylation.

Drak is broadly expressed throughout development. Al-
though we did not observe other morphological defects in
drak mutants, phospho-Sgh levels were reduced in all tissues
examined. The specific requirement of drak for imaginal disc
eversion and not other processes suggests that eversion may
require more extensive Sqh phosphorylation, consistent
with the known sensitivity of the process to genetic manip-
ulation (Edwards and Kiehart, 1996; Halsell et al., 2000; Chen
et al., 2004). It is worth noting that this function is not limited
to epithelia, as ~40% of Sqh phosphorylation in cultured S2
cells (which are thought to be of hemocyte origin) depends
on Drak.

Partially Redundant Functions of Drak and Rok in
Epithelial Tissue Morphogenesis

Drak and Rok have partially redundant or overlapping func-
tions. Although rok heterozygotes are phenotypically nor-
mal, removing just one functional copy of rok in a drak
mutant background leads to fully-penetrant lethality. Both
drak=/~;rok™/~ and drak=/~;rok~/~ animals show morpho-
logical defects that are not present in either single mutant
alone. Both kinases play a role in shaping imaginal disc
epithelia, as drak~/~;rok™/~ discs show morphological de-
fects and massive apoptosis. Interestingly, mutations in the
genes encoding Moesin, a protein that links the actin cy-
toskeleton to membrane proteins, and its activating kinase
Slik both have remarkably similar consequences on disc
morphology and apoptosis, reflecting a failure in epithelial
integrity (Speck et al., 2003; Hipfner et al., 2004). We did not
observe reductions in Moesin phosphorylation in drak or
drak/rok mutants, ruling this out as a possible cause of the
defect. It may be that reduced anchoring of the actin cy-
toskeleton and reduction of actomyosin contractility both
have the same consequence on disc morphology, in that both
impair the ability of cells to generate tension. drak,rok double
mutants also fail to complete head involution and have
problems with formation of the tracheal tree. The processes
that are impaired in drak,rok mutants (head involution, tra-
cheal morphogenesis, disc eversion) all involve dramatic
changes in cell shape (Condic et al., 1991; Cabernard et al.,
2004; VanHook and Letsou, 2008). This spectrum of pheno-
types suggests that Drak, like Rok, is broadly involved in the
dynamic changes in epithelial cell organization that accom-
pany tissue morphogenesis.

Although Rok appears to be the predominant kinase in
many morphogenetic processes, our genetic analyses indi-
cate that Drak also compensates for the absence of Rok,
though to a lesser extent. For example, the fully-penetrant
head involution defect in drak—/~;rok=/~ embryos is not
observed in rok mutants alone, indicating that Drak can
partially substitute for Rok in this process. Similarly, the
relatively mild phenotype associated with rok mutant wing
imaginal disc clones (Winter et al., 2001) compared with the
dramatic loss of epithelial integrity observed in drak=/~;
rok™/~ wing discs suggests that drak compensates to a large
extent for the loss of Rok in this tissue.
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The synergistic nature of the interaction between drak and
rok is reflected at molecular as well as phenotypic levels. In
both embryos and wing imaginal discs, simultaneous reduc-
tion of drak and rok leads to a synergistic decrease in Sgh
phosphorylation. It is this reduction in Sgh phosphorylation
rather than misregulation of other potential targets that
causes the morphogenetic defects, as expression of the phos-
phomimetic form of Sqh rescued the viability and morphol-
ogy of drak—/~;rok™/~ animals. It remains to be seen how the
activity of Drak and Rok are temporally and spatially inte-
grated to control Sgh activity within cells and more broadly
within tissues. Mammalian ROCK1 can phosphorylate ZIPK
at two sites in vitro, promoting its catalytic activity (Hagerty
et al., 2007). However, neither site is conserved in Drak. The
fact that reducing rok gene dosage has such a strong pheno-
typic effect in the absence of Drak suggests that the primary
effect of Rok on Sgh phosphorylation in vivo is unlikely to
involve direct regulation of Drak. The synergistic nature of
the genetic interactions is more consistent with a model in
which Drak and Rok act through parallel but convergent
signaling pathways (Perez-Perez et al., 2009). This conver-
gence could be at the level of several different targets iden-
tified as potential substrates of both ROCK and DAPK fam-
ily kinases in mammals, including Sqgh/MRLC, MYPT1, and
CPI-17, although the ultimate common effector of both ki-
nases is Sqgh/MRLC. Studies of MLCK, ROCK, and DAPK1
in cells suggest that these kinases regulate distinct pools of
MRLC. Interestingly, whereas MLCK regulates the forma-
tion of cortical actin bundles, both ROCK and DAPK1 con-
trol assembly of more centrally-located stress fibers (Tot-
sukawa et al., 2000; Katoh ef al., 2001; Kuo et al., 2003), and
overexpression of DAPK1 can overcome cell morphology
defects caused by treatment of cells with a ROCK inhibitor
(Borman et al., 2002). Overlapping subcellular distribution of
Rok and Drak could also explain, at least in part, the partial
functional redundancy between these kinases.

Our results represent the first evidence for the involve-
ment of DAPK family kinases in actin cytoskeleton regula-
tion in vivo. Given the ability of mammalian DAPKs to
phosphorylate MRLC, it is likely to be a physiologically
important target of at least some of the mammalian kinases
during tissue morphogenesis as well. However, our results
indicate that the analysis of the functions of mammalian
DAPKs in vivo may be complicated not only by redundancy
between DAPK family members but also with ROCKs.
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