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Transforming growth factor 3 (TGF-p)-activated kinase 1 (TAK1) is a member of the MAPKKK superfamily
and has been characterized as a component of the TGF-3/bone morphogenetic protein signaling pathway.
TAKI1 function has been extensively studied in cultured cells, but its in vivo function is not fully understood.
In this study, we isolated a Drosophila homolog of TAKI (dTAKI) which contains an extensively conserved
NH,-terminal kinase domain and a partially conserved COOH-terminal domain. To learn about possible
endogenous roles of TAK1 during animal development, we generated transgenic flies which express dTAKI or
the mouse TAKI (mTAKI) gene in the fly visual system. Ectopic activation of TAK1 signaling leads to a small
eye phenotype, and genetic analysis reveals that this phenotype is a result of ectopically induced apoptosis.
Genetic and biochemical analyses also indicate that the c-Jun amino-terminal kinase (JNK) signaling pathway
is specifically activated by TAK1 signaling. Expression of a dominant negative form of dTAK during embryonic
development resulted in various embryonic cuticle defects including dorsal open phenotypes. Our results
strongly suggest that in Drosophila melanogaster, TAK1 functions as a MAPKKK in the JNK signaling pathway

and participates in such diverse roles as control of cell shape and regulation of apoptosis.

During the development of multicellular organisms, cells
receive various extracellular stimuli. These signals are propa-
gated from the cell surface to the nucleus via specific sets of
intracellular signaling molecules. Mitogen-activated protein ki-
nase (MAPK) is one of the intracellular signaling molecules
commonly activated by various stimuli and plays a crucial role
in cell proliferation, differentiation, and regulation of early
development (41, 53, 65). MAPK is activated by a sequential
cascade of protein kinases; MAPK is activated by dual phos-
phorylation catalyzed by MAPK kinase (MAPKK), which is
itself phosphorylated and activated by a MAPKK kinase
(MAPKKK) (41, 47). At least three MAPK modules, the
MAPK/extracellular signal-regulated kinase (ERK) pathway,
the c-Jun amino-terminal kinase (JNK)/stress-activated pro-
tein kinase (SAPK) pathway, and the p38 MAPK pathway,
participate in distinct (but sometimes partially overlapping)
functions in various biological processes (9, 11, 67).

Transforming growth factor B(TGF-f)-activated kinase 1
(TAK1) is a member of the MAPKKK superfamily (71). The
function of TAKI1 has been extensively studied in transient
transfection assays using cultured cells (44, 52, 54-56, 71).
These studies have revealed that TAK1 can function in a signal
transduction pathway that is triggered by the TGF- superfam-
ily of ligands. Stimulation of cells with TGF-8 or bone mor-
phogenetic protein 4 (BMP4) activates TAKI activity in cul-
tured cells and, in the case of TGF-B, leads to induction of
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plasminogen activator inhibitor 1 (PAI-1), a TGF-B-responsive
gene (71). In addition, it has been shown that TAK1 has a role
in a TGF-B-independent signaling pathway. Ceramide is
thought to be a second messenger molecule which has been
implicated in a variety of biological processes (28, 38). Cer-
amide stimulates the kinase activity of TAK1, and ceramide-
induced JNK/SAPK activation can be blocked by expression of
a dominant negative form of TAK1 (56). In addition, biochem-
ical studies have revealed that MAPKK4 and MAPKK3/
MAPKKG are substrates of TAK1 (44, 56, 66), indicating that
TAKI can activate the JNK pathway and/or the p38 MAPK
pathway in cultured cells.

Despite these extensive biochemical studies of TAK1 in cul-
tured cells, the in vivo function of TAK1 is not fully under-
stood. Overexpression of Xenopus TAK1 (xTAK1) and an up-
stream activator called TAB1 (TAK1 binding protein 1) can
induce ventral mesoderm and inhibit neural differentiation.
Overexpression epistasis experiments using activated and dom-
inant negative forms of TAK1 and BMP or activin receptors
place the activity of TAK1 downstream of the BMP2/4 recep-
tors. Furthermore, TAK1 has been shown to act downstream
or in parallel to Smadl and Smad4 (71). In addition to its role
in BMP signaling, ectopic expression of XTAK1 in early Xeno-
pus embryos also induced apoptosis. This finding suggests that
TAKI1 may mediate a number of different processes (54).

To further address the in vivo function of TAK1, we took a
transgenic approach in the Drosophila model system. There are
several advantages to using Drosophila melanogaster as a func-
tional assay system. First, transgenic flies obtained using P-
element-mediated germ line transformation (58) can be used
for genetic interaction studies to screen for downstream or
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upstream signaling components (6, 63). Second, expression of
exogenous genes can be temporally and spatially controlled
using either tissue-specific promoters or the GAL4 upstream
activation sequence (UAS) system (5, 6, 16, 45, 64). Third,
basic MAPK cascades are conserved between vertebrates and
Drosophila. For example, the Drosophila MAPK/ERK cascade
consists of D-raf, Dsor1, and Rolled, which correspond to Raf,
MAPK/ERK kinase (MEK), and ERK, respectively, in verte-
brates (15). The Drosophila JNK pathway consists of Basket
(Bsk) and Hemipterous (Hep), corresponding to JNK and
MKK?7, respectively, in vertebrates (21, 26, 35, 49, 51, 57). In
addition, two Drosophila p38 (D-p38) homologs and a Dro-
sophila MKK3 have recently been cloned (1, 25, 26, 61).

In this report, we describe the effects of overexpressing
mouse TAK1 (mTAK1) and a newly discovered Drosophila
homolog (dTAK1) in developing eyes and embryos. The re-
sults indicate that TAK1 can specifically activate the JNK path-
way in vivo and mediate both cell shape and apoptotic re-
sponses in Drosophila.

MATERIALS AND METHODS

Identification of a Drosophila TAK1-like sequence. A 1.9-kb Sall-Spel frag-
ment containing most of the mTAK1 open reading frame (71) was random prime
labeled with 3P and used to probe a Drosophila genomic library (Stratagene)
under low-stringency conditions (46). Several positive plaques were picked and
purified. A 2.0-kb genomic Sall/EcoRI fragment which showed the strongest
hybridization to mTAK1 was subcloned into pBluescript KS™ and partially se-
quenced. This sequence confirmed that the 2.0-kb fragment contained an open
reading frame with similarity to mTAKI. The 2.0-kb genomic fragment was
labeled and used to probe a directional Drosophila lambda GT22a ovarian cDNA
library (59). Positive plaques were purified and grown up as phage, and DNA
inserts were excised as Sall/NotI fragments. Two cDNAs of 2.2 and 3.4 kb were
subcloned into pBluescript KS*. The 3.4-kb subcloned fragment was sequenced
by primer walking using a U.S. Biochemicals cycle sequencing kit. A search of the
Drosophila expressed sequence tag (EST) database identified three dTAK1 EST
clones, GM05307, GM05309, and GM09711 (Berkeley Drosophila Genome
Project).

Plasmid construction and generation of transgenic flies. Ectopic expression of
the mTAKI and human TABI1 (hTABI) constructs were achieved using GAL4
JUAS system (6) and an eye-specific expression vector, pPGMR (31). The full-
length mTAKI cDNA was cloned as a EcoRI-Xhol fragment from pEF-mTAKI
(71) into EcoRI-Xhol-digested pUAST (6) and as an EcoRI-Kpnl fragment into
EcoRI-Kpnl-digested pGMR (31). The mTAKIAN c¢DNA, which encodes an
activated form of mTAKI1, a truncation lacking the NH,-terminal 22 amino acids,
was cloned as an EcoRI-Xbal fragment from pEF-mTAKIAN (71) into EcoRI-
Xbal-digested pUAST and as an EcoRI-synthesized blunt end of a Xbal cleavage
site fragment into EcoRI-Stul-digested pGMR. The mTAKI-K63W cDNA,
which encodes a dominant negative form of mTAK1 (54, 71) in which lysine 63
was replaced by tryptophan, was cloned as an EcoRI-Dral fragment from pBS-
mTAKI-K63W (71) into EcoRI-Stul-digested pGMR. The hTABI ¢cDNA was
cloned as an EcoRI-Smal fragment from pBS-hTABI (55) into EcoRI-Hpal-
digested pGMR. dTAKI was also subcloned into pUAST. The full-length dTAK1
c¢DNA was cloned as an EcoRI-Notl fragment from pBS-dTAKI into EcoRI-
Notl-digested pUAST. The dTAKI-K46R ¢cDNA, which encodes a dominant
negative form of dTAK1 in which lysine 46 was replaced by arginine, was cloned
as an EcoRI-Notl fragment from pBS-dTAKI-K46R into EcoRI-NotI-digested
pUAST. Flies bearing transgenes were generated by P-element-mediated germ
line transformation (58). At least five independent transformant lines were
obtained for each transgenic construct. Two copies of the transgenes (pGMR-
mTAKI-K63W and UAS-dTAKI-K46R) were required to reveal the dominant
negative phenotype. Most of the flies expressing dTAKI, GMR-GAL4; UAS-
dTAKI died at early pupal stages at 25°C, presumably due to leaky GAL4
expression. To circumvent the lethality, we cultured these flies at 18°C.

Fly strains. Drosophila cultures and crosses were carried out by standard
procedures at 25°C. To test for modification of the TAKI phenotype, each
mutant was crossed with three different pGMR-mTAKIAN lines which show
similar but different extents of the small eye phenotypes. Interaction with the
TAKI1 phenotype was scored as positive only if a similar effect was observed with
all three pGMR-mTAKIAN lines. The following mutant strains were used for the
genetic interaction assay: td™, tld">, td®*, dpp?®, dpp'?, sew”?, Mad'?, Med”,
e, thv”, thvS, sax!, put”‘i, putm‘mo’ shn!, shn®*738 omb3198, N35¢11 DIRF qp-
gos?7, spil | sev!®, Egfr3, fIb, Sos3*E7  Sos'2, Gap1%?, Ras1¢*", phl', Dsor15*!,
Dsor1’?, DsorI*1110 ysem  hep!  hep'”, bsk’, bsk?, and fipI47E strains. We also
tested three transgenic strains, pGMR-p35, pGMR-DIAPI, and pGMR-DIAP2
strains (30, 31). Df(3L)H99 was described previously (23). We also preformed
the genetic interaction assay using GMR-GAL4/UAS-dTAKI and obtained re-
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sults similar to that seen for pPGMR-mTAKIAN lines (only the data for GMR-
GAL4/UAS-dTAKI crosses are shown in the figures). Targeted expression of
UAS-driven transgenes (6) was induced using the GAL4 lines DII-GAL4, elav-
GALA, hs-GAL4, en-GAL4, GMR-GALA, and pnr-Gal4. hep” is a lethal allele of
the ep mutants; however, some escapers of the hemizygous males survive during
the pupal stage. The pupal eyes of the hep’” males were subjected to cobalt
sulfide staining to detect the loss-of-JNK signaling phenotype.

Histology. Flies were prepared for scanning electron micrographs as described
by Kimmel et al. (36). Adult eyes were prepared for tangential histological
sections. Adult heads were fixed at 4°C overnight in a mixture of 2.5% glutar-
aldehyde and 3.7% paraformaldehyde in 0.1 M phosphate buffer (pH 7.0). After
a buffer wash, the heads were dehydrated through a graded acetone series. After
dehydration, the heads were transferred into 60% LR white resin (Polysciences)
in acetone at 4°C for 1.5 h. Then the heads were replaced with pure resin for 8 h
and polymerized at 55°C overnight. Embedded heads were sectioned on an
ultramicrotome and viewed under phase-contrast optics. Cobalt sulfide staining
of pupal retinas was done as described by Wolff and Ready (70). Staging was
carried out by aging white prepupae at 25°C. Acridine orange staining was
performed by the method of Wolff and Ready (70). For 5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside (X-Gal) staining, embryos were collected and
stained for B-galactosidase activity according to standard protocols (2). In situ
hybridization to whole-mount eye discs was carried out as described previously
(62). Riboprobes of rpr, hid, and dpp were made by using a DIG RNA labeling
kit (Boehringer Mannheim) and hybridized at 55°C. The probes were detected
with a monoclonal antibody against digoxigenin coupled to alkaline phosphatase
and BM purple as a substrate (Boehringer Mannheim). Cuticle preparation was
performed according to a standard protocol (2) except that embryos were not
fixed before mounting.

Phosphorylation analysis. Anti-JNK1 antibody (Santa Cruz), anti-phospho-
JNK (p-JNK) antibody (Promega), anti-D-p38b antibody (a gift from T. Adachi-
Yamada [1]), and anti-phospho-p38 (p-p38) antibody (Santa Cruz) were used.
Flies of genotypes UAS-dTAKI; hs-GAL4 and hs-GAL4 (as a wild-type control)
were subjected to heat shock (twice at 37°C for 30 min with a 30-min interval).
Flies at the third larval stage were collected (just before or 5 h after the heat
shock) and homogenized. Their extracts were immunoblotted with one of the
antibodies described above after separation in a sodium dodecyl sulfate-polyac-
rylamide gel.

Nucleotide sequence accession number. The GenBank accession number for
the dTAK1 cDNA reported here is AF199466.

RESULTS

Ectopic expression of mTAK1 affects eye formation. To
study the in vivo function of TAKI, we generated transgenic
flies carrying the wild-type mouse TAKI (UAS-mTAKI) or a
truncated, constitutively active form of mTAKI (UAS-
mTAKIAN). Ectopic expression of the wild-type mTAKI
showed various defects in different adult tissues. For example,
UAS-mTAKI/DII-GAL4 flies were lacking the distal parts of
legs and antenna, whereas UAS-mTAKI/elav-GAL4 Aflies
showed a rough eye phenotype (data not shown). Ectopic ex-
pression of the activated form of mTAKI (mTAKIAIN) re-
sulted in lethality in early developmental stages. To circumvent
the early lethality, we ectopically expressed m7TAKI and
mTAKIAN in the adult eye using an eye-specific expression
vector, pPGMR. pGMR contains multimerized Glass-binding
sites and promotes gene expression in all cells in and posterior
to the morphogenetic furrow in the larval eye disc (16, 45).
Eye-specific expression of the TAKI transgenes induced spe-
cific defects in the visual system. pGMR-mTAKI transgenic
flies showed relatively weak defects in the compound eyes. The
phenotype varied among transgenic strains: 6 out of 11 trans-
genic strains revealed a rough eye phenotype and a reduction
in size of the compound eye. Figure 1D shows the eye pheno-
type of a medium-strength pGMR-mTAKI line. The eye size is
reduced to about 70% of the wild-type eye size. Many omma-
tidia, typically located in the medial region, were fused to each
other (Fig. 1D). Electron micrographs of ommatidial cross
sections of this mutant revealed that some ommatidia were
missing photoreceptors, while others showed disrupted rows of
pigment granules (Fig. 1E). In the pupal eye disc, a wild-type
ommatidium contains four cone cells, two primary pigment
cells, which are surrounded by six secondary pigment cells,
three tertiary pigment cells, and three sensory bristles (Fig.

1senb AQ 120z ‘91 yoJep\ uo /610 wse qow//:dly wody papeojumoq



VoL. 20, 2000 IN VIVO FUNCTIONAL ANALYSIS OF TAK1 3017

FIG. 1. Phenotypes induced by ectopic TAK1 signaling. Scanning electron micrographs of the compound eye (A, D, G, J, K, and L), tangential histological sections
(B, E, and H), and pupal eyes (at 40 h after puparium formation) stained with cobalt sulfide (C, F, and I) are shown. (A to C) Canton-S. (A) The wild-type eye is
composed of a regular array of about 800 ommatidia. (B) Each ommatidium contains six outer photoreceptor cells and an inner photoreceptor cell, R7 (R1 to R7 are
indicated with numbers). (C) Cobalt sulfide staining shows the apical profile of cells in the epithelium. Each ommatidium contains four cone cells (indicated with “c”)
and two primary pigment cells (“1”), surrounded by six secondary pigment cells (“2”), three tertiary pigment cells (“3”), and three interommatidial bristles (“b”). (D
to F) pGMR-mTAK overexpression. (E) Most of the ommatidia contain only five to six photoreceptors (arrow), and visual pigments are also disrupted at many positions
(arrowheads). (F) In the pupal eye, most of the ommatidia contain only two or three cone cells (arrows) and occasionally are also missing primary pigment cells
(arrowhead). Numerous numbers of interommatidial cells are also missing in this mutant. (G to I) pPGMR-mTAKIAN overexpression. (G) Expression of mTAKIAN
in the developing eye results in a severe decrease in size of the compound eyes. (H and I) Ommatidial structures are totally disrupted and hard to discriminate in the
adult head section and pupal eye disc. (J) pGMR-hTABI. Expression of hTABI alone in the eye has no effect on eye development. (K) Weak pGMR-mTAKI
overexpression phenotype. (L) Coexpression of /TABI and mTAKI (weak line as shown in panel K) causes a phenotype as severe as pGMR-mTAKIAN overexpression,
as shown in panel G. All pictures are shown with anterior to the left and dorsal up.
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1C). In ommatidia from mTAKI overexpression lines, only two
to three cone cells were observed. The number of primary
pigment cells was relatively normal, but occasionally one of the
primary pigment cells was also missing (Fig. 1F). Secondary
and tertiary pigment cells seemed to be heavily affected by
mTAKI expression, as these cells were rarely observed in the
mutant retina (Fig. 1F).

mTAKIAN was also expressed using the pGMR vector. In
contrast to the pGMR-mTAKI transgenic line, all pGMR-
mTAKIAN transgenic files (eight independent transgenic
lines) displayed severe eye phenotypes. In the weakest line
(Fig. 1G), eye size was less than 30% of the wild type and
ommatidial units were rarely identified. In addition, photore-
ceptor cells and pigment granules were difficult to recognize
(Fig. 1H). In the mutant pupal eye disc, cone cells, primary
pigment cells, and accessory cells existed in a disorganized
array (Fig. 1I). The results suggest that the strength of signal-
ing activity of mTAKIAN is stronger than that of intact
mTAKI in Drosophila. Shibuya et al. have also reported that
TABI activates TAK1 signaling activity in cultured cells and
Xenopus (54, 55). If TAKI1 is activated by TABLI in Drosophila,
the pGMR-mTAKI phenotype should be enhanced by the co-
expression of TABI. Expression of A”TABI alone did not lead to
any defect in the eye (Fig. 1J). However, when hTABI was
coexpressed with mTAKI, the reduced eye phenotype was dra-
matically enhanced (Fig. 1L), consistent with the observations
from the cultured cell and Xenopus (54, 55).

Isolation of dTAKI. The results of the ectopic mTAKI and
hTABI expression indirectly suggest that a TAK1 homolog is
likely to exist in Drosophila. To examine this issue further, we
searched for a Drosophila homolog of TAK1, using the mTAKI
cDNA as a probe on a Drosophila genomic library under low-
stringency conditions. A 2.0-kb genomic fragment was ob-
tained and confirmed by sequencing to be related to vertebrate
TAKI. A Drosophila ovarian cDNA library was then screened
using the 2.0-kb genomic fragment as a probe. Two cDNAs of
2.2 and 3.4 kb were isolated and sequenced. The 3.4-kb clone
contained a full-length cDNA encoding a 678-amino-acid pro-
tein which we refer to as dTAKI1 (Fig. 2A). The overall protein
appeared similar to the vertebrate TAKIs, containing an NH,-
terminal protein kinase domain as well as a long COOH-
terminal domain (Fig. 2A). The kinase domain showed 56%
identity and 73% similarity with the amino acid sequences of
mTAKI1 (Fig. 2A). Phylogenetic analysis of the catalytic do-
main of dTAK1 with those of other Drosophila and vertebrate
MAPKKK proteins indicated that its closest relatives are the
vertebrate TAK1s (Fig. 2B). In the COOH-terminal region,
dTAKI is less well conserved with its vertebrate homologs.
However, there is a stretch of 65 amino acids that is relatively
well conserved between Drosophila and vertebrates (37% iden-
tity and 57% similarity to mTAKI1 [Fig. 2A]). Interestingly, this
region is almost completely missing in one of the alternative
spliced forms of the human TAK1 (hTAKIc) (52). Shibuya et
al. have reported that TAB2 binds directly to the COOH-
terminal region of mTAKI1 (55). The functional significance
the TAB2-TAKI1 interaction is not known; however, it seems
likely that the COOH-terminal region of TAKI, perhaps
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through this conserved 65-amino-acid stretch, may help regu-
late TAK1 kinase activity and/or provide signaling specificity
through physical interactions with other signaling molecule(s).

dTAK1 behaves similarly to mTAKI1 and facilitates apopto-
sis in the eyes. To test whether dTAK1 is a true functional
ortholog of mTAKI, we overexpressed dTAK!I under the con-
trol of the GMR-GAL4 driver. A small eye phenotype similar
to that produced by pGMR-mTAKIAN (activated form) was
obtained (Fig. 3A and B). The difference in the strength of
dTAK1 enzymatic activity compared to the nonactivated
mTAK1 might be explained by the difference in the NH,-
terminal structures of these proteins. mTAKI contains a
serine-rich NH,-terminal domain which has been shown to
down regulate mTAKI1 kinase activity (71). Interestingly,
dTAKI lacks this domain, suggesting that dTAK1 may have a
higher basal level of activity in the absence of an activator
protein(s), such as TABI, than does the vertebrate gene prod-
uct (54, 55).

Next, we further analyzed the cause of the small eye pheno-
type induced by ectopic TAKI1 signaling. Acridine orange
staining, which identifies dying cells (70), was used to examine
the extent of cell death in larval eye discs of dTAKI-overex-
pressing flies. This study revealed that dying cells increased
dramatically in regions posterior to the morphogenetic furrow
(Fig. 3F), suggesting that cell death occurred rapidly after
dTAKI induction. There are several possibilities that might
account for the induction of cell death in the eye disc in
response to ectopic TAKI signaling. One possibility is that
TAKI1 signaling might directly activate a cell death signaling
pathway leading to apoptosis. Alternatively, overpression of
TAKI1 leads to necrosis as the result of abnormal cell fate
specification. To distinguish between these possibilities, we
examined whether the phenotype of flies expressing dTAKI
could be suppressed by specific apoptosis inhibitors. We found
that the reduced eye phenotype of dTAKI overexpression was
rescued by coexpression of the apoptotic inhibitor protein p35
(31) (Fig. 3C). We also found that the Drosophila inhibitor of
apoptosis proteins 1 and 2 (DIAP1 and DIAP2) (30) effectively
rescued the phenotype (data not shown). Moreover, when we
examined the effects of introducing the deficiency H99, which
uncovers the proapoptotic genes reaper (rpr), head involution
defective (hid), and grim (10, 23, 69), into a background ex-
pressing dTAKI, the eye was restored to normal size (Fig. 3D).
Figure 3G shows that the expression of rpr and hid is dramat-
ically induced in regions posterior to the morphogenetic fur-
row in the eye discs of GMR-GAL4/UAS-dTAK overexpression
lines compared to the wild type. Since overexpression of &id in
the eye disc does not induce 7pr and vice versa (data not
shown), it is likely that rpr and hid are independently induced
by the TAKI signal. These data indicate that the cell death
induced by dTAKI is apoptotic in nature and that its induction
is dependent on endogenous proapoptotic gene activity.

We also examined the effect of ectopic TAK1 expression on
cell fate determination of the photoreceptor cells. Sequential
recruitment of the photoreceptor cells was disrupted in
dTAKI-overexpressing discs (Fig. 4C and D). Early photore-
ceptor cell (R8 and occasionally R2 and RS5) induction ap-

FIG. 2. Primary structure of dTAK1. (A) The dTAK1 primary sequence is compared with that of XTAKI1, one of the three alternative splicing forms of hTAK1
(hTAKI1b), and mTAKI. The protein sequences are presented in single-letter code. Gaps (—) were introduced to optimize the alignment. Identical residues are
indicated with periods. The protein kinase domain sequence is shown by overline, and sequences corresponding to conserved kinase subdomains I to XI (27) are
indicated by roman numerals. The 65-residue stretch of amino acids in the COOH-terminal domain that is conserved between TAKIs is boxed. (B) Relationship
between catalytic domains of members of the vertebrate and Drosophila MAPKKK group, presented as a dendrogram created using the Gene Works program (version
2.0; IntelliGenetics). The figure presents the analysis of the human MAPKKKs RAF-1, KSR1, MLK1, MOS, and ASK1 (3, 14, 34, 63, 68), the mouse MAPKKKs TAK1
and MEKKI1 (40, 71), and the Drosophila MAPKKKs DRAF-1, DKSR (48, 63), and dTAKI.
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FIG. 3. Ectopic TAKI signaling induces apoptosis in the developing eye. (A)
GMR-GAL4/UAS-dTAKI (strong); (B) GMR-GAL4/UAS-dTAKI(weak); (C)
GMR-GAL4/UAS-dTAKI (weak); pGMR-p35; (D) GMR-GAL4/UAS-dTAKI
(weak); Df(3L)H99/+. The deficiency of Df(3L)H99 uncovers three proapoptotic
genes, rpr, hid, and grim. The reduced eye phenotype of GMR-GAL4/UAS-
dTAKI (weak) (B) is rescued either by coexpression of p35 (C) or by a heterozy-
gous mutant background which removes the proapoptotic genes (D). (E and F)
Acridine orange staining of eye discs at late third-instar larval stage of Canton-S
(E) and GMR-GAL4/UAS-dTAKI (F) flies. Acridine orange-positive cells are
rare in the wild-type eye disc (E) but abundant in dTAKI overexpression eye
discs predominantly posterior to the morphogenetic furrow (F). (G) Eye discs
from wild-type flies (left two discs) or GMR-GAL4/UAS-dTAKI flies (right) were
labeled with an rpr antisense riboprobe (top) or a hid antisense riboprobe (bot-
tom). rpr and hid expression is not evident in the wild-type eye disc. dTAKI
expression induces rpr and hid most significantly in regions posterior to the
morphogenetic furrow.

MoL. CELL. BIOL.

peared to occur normally. However, later photoreceptor induc-
tion was delayed or disrupted, and photoreceptor clustering
showed an abnormal and diffuse pattern even in the presence
of p35 (Fig. 4C to F). This result indicates that ectopic TAK1
signaling may also directly or indirectly affect certain aspects of
cell fate specification. Maybe this abnormal photoreceptor in-
duction affects later cell development which includes cone cell
and pigment cells. However, we found that proper numbers of
the cone cells and primary pigment cells were induced in the
pupal eye discs from pGMR-mTAKIAN; pGMR-p35 (data not
shown). We conclude that TAKI induces cell death after
proper cell fate determination in at least some of the omma-
tidial cells such as R8. However, in other cells, abnormal cell
fate determination by the ectopic TAKI signaling may also
contribute to induction of cell death in the TAKI-expressing
eye discs.

We repeated all of the experiments described above using
mTAKIAN overexpression strains and obtained similar results.
On this basis, we conclude that dTAK1 is a functional homolog
of mTAKI.

TAKI1 specifically activates the Hep-Bsk cascade. To ad-
dress which signaling pathway(s) might be activated by TAK1
in vivo, we tested for genetic interactions between mutants in
various signaling pathways and a TAKI-overexpressing line
(either pGMR-mTAKIAN or GMR-GAL4/UAS-dTAKI). In-
cluded in this screen were mutations that disrupt BMP signal-
ing, the Raf-MAPK pathway, and the JNK pathway (see Ma-
terials and Methods). Among the various mutants tested, only
alleles of hep and bsk were found to interact strongly with lines
overexpressing TAKI. In hemizygous hep or heterozygous bsk
mutant backgrounds, the reduced size of compound eyes of
GMR-GAL4/UAS-dTAKI flies was rescued to that of wild-type
flies (Fig. SA to C). For comparison, Fig. 5D illustrates an
example of noninteraction between Dsorl, a member of the
RI/MAPK pathway, and GMR-GAL4/UAS-dTAKI. Overex-
pression of hep in the eye resulted in a similar small eye
phenotype, and this phenotype was rescued by the presence of
p35 (Fig. 5E and F), confirming that ectopically activated JNK
signaling induces cell death in the Drosophila eye.

The Hep-Bsk signaling pathway has been shown to regulate
the process of dorsal closure during the embryonic develop-
ment (21, 49, 51, 57). Two genes, puckered (puc) and decapen-
taplegic (dpp), are downstream targets of Hep-Bsk signaling
(21,22, 42, 49) and are induced in the leading-edge cells in the
embryonic epidermis during dorsal closure (Fig. 6A and C). To
further examine whether TAKI1 signaling is mediated by Hep
and Bsk, we misexpressed dTAKI using the en-GAL4 driver,
which promotes GAL4 expression in the posterior compart-
ment of the embryonic ectoderm (22) (Fig. 6E). Ectopic puc
and dpp expression was observed in UAS-dTAKI/en-GAL4 em-
bryos in a striped pattern (Fig. 6B and D). This result indicates
that exogenous mTAKI activates the Hep-Bsk pathway in the
embryo as well as during imaginal disc development. We also
tested whether dTAKI expression leads to Bsk protein phos-
phorylation. dTAKI was transiently expressed in the third-
instar larva by expressing UAS-dTAKI and hs-GAL4. Strong
Bsk phosphorylation was observed only in the flies carrying
UAS-dTAKI after heat shock (Fig. 7A). Phosphorylation of
D-p38 was not affected by dTAKI expression (Fig. 7B). We
conclude that TAKI can activate the Hep-Bsk MAPK cascade
in vivo.

Expression of the dominant negative dTAK1 in the embryo
resulted in several cuticle defects including a dorsal open
phenotype. A common feature exhibited by loss-of-function
mutations in genes of the JNK signaling pathway is a failure of
proper dorsal closure due to disruptions in the movement and
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FIG. 4. Effect of dTAKI expression in photoreceptor cell induction. Late third-instar eye discs were doubly labeled with anti-Elav antibody (A, C, E) and for
rhomboid lacZ (X81) expression. Anti-Elav antibody stains all of the photoreceptor cells (R1 to R8). X81 expresses lacZ strongly in R8 and relatively weakly in R2
and RS (19). (A and B) Wild type; (C and D) GMR-GAL4/UAS-dTAKI; (E and F) GMR-GAL4/UAS-dTAKI; pGMR-p35. R8 induction occurs normal in GMR-
GAL4/UAS-dTAKI (D) and GMR-GAL4/UAS-dTAKI; pGMR-p35 (F) eye discs. R2 and RS are occasionally induced in the GMR-GAL4/UAS-dTAKI; pGMR-p35 disc
(indicated with arrows in panel F). Photoreceptor cell markers are disordered and diffuse in more posterior regions (C to F). This result indicates that dTAK1
overexpression altered or delayed specification of the photoreceptor cells, particularly for R3, R4, R1, R6, and R7. All images are presented with anterior to the left.

the ability of cells to change shape in the leading edge of the
lateral epidermis (21, 22, 33, 37, 49-51, 57). Some of these
mutants also exhibit defects in head structure and/or problems
with germ band retraction (29, 60). To test whether dTAK1
also controls dorsal closure signals during normal develop-
ment, we overexpressed a kinase-dead form (dTAKI-K46R) in
the embryonic epidermis, using a pnr-GAL4 driver. Various
types of cuticle defects were observed. The most typical phe-
notype was a head structure defect in which mouth hooks were
missing (36%, n = 591) (Fig. 8B). A certain fraction of these
defective embryos also exhibited an anterior open phenotype
similar to that exhibited by hep and bsk mutants. In the most
extreme cases, almost the entire dorsal cuticle failed to close
(Fig. 8C). Occasionally, we also observed embryos with a U-
shaped phenotype presumably due to insufficient germ band
retraction (data not shown). These phenotypes are consistent
with the idea that dTAKI participates in the JNK signaling
pathway.

Expression of dominant negative forms of mTAK1 and
dTAK1 in the eye suggest a role of JNK signaling in control-
ling pigment and bristle cell shape and position. Little is
known about the role of the JNK signaling pathway in eye
development. Clones of partial loss-of-function bsk alleles

showed no apparent defect in ommatidial development (49);
however, mutations in disheveled, which appears to play a dual
role in Wnt and JNK signaling pathways, show planar polarity
defects in the eye (4). We wished to examine whether loss of
TAKI activity might affect ommatidial development. To ex-
plore this issue, we examined the outcome of expressing dom-
inant negative forms of mTAK1 and dTAKI1 in the eye disc,
using the Glass promoter.

Flies expressing mTAKI-K63W or dTAKI-K46R showed a
rough eye phenotype (data not shown), and this phenotype was
sensitive to gene dosage. Flies expressing one copy of mTAKI-
K63W had an almost wild-type compound eye, at least in the
outer structure, while flies carrying two copies of the transgene
displayed a rough eye phenotype (data not shown). We ana-
lyzed these putative loss-of-function phenotypes at a cellular
level. In an apical profile of the pupal eye disc of pGMR-
mTAKI-K63W-expressing lines (one copy), we noticed that
bristles were mislocalized in the mutant pupal eye disc (Fig.
9A). In the wild-type fly, each ommatidium is surrounded by
three bristles (Fig. 1C). These bristles are usually located at the
anterior end of each horizontal face of the interommatidial
space. In the pGMR-mTAKI-K63W disc, more than 30% of the
bristles were located on the posterior end (or sometimes in the
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FIG. 5. Genetic interaction of pGMR-mTAKIAN. (A to F) Scanning electron
micrographs of the compound eye. (A) GMR-GAL4/UAS-dTAKI(weak); (B)
hep!lY; GMR-GAL4/UAS-dTAKI (weak); (C) GMR-GAL4/UAS-dTAKI (weak);
bsk?/+; (D) Dsorl“*11°/Y; GMR-GAL4/UAS-dTAKI (weak) (E) GMR-GAL4/+;
UAS-hep/+; (F) GMR-GAL4/+; UAS-hep/pGMR-p35. Reduced eye phenotype
of GMR-GAL4/UAS-dTAKI (A) is suppressed by one copy reduction of the hep
or bsk gene (B and C). In contrast to this, a mutant which is involved in
MAPK/ERK cascade, Dsorl, does not show any genetic interaction to this phe-
notype (D). Ectopic expression of hep also results in the small eye phenotype (E).
This phenotype is suppressed by the presence of p35 (F), indicating that ectopic
activation of the JNK signal induced apoptosis in the developing eye. GMR-
GAL4/UAS-hep flies lost most of the interommatidial bristles (E). Bristle phe-
notype is not rescued by p35 expression (F), suggesting that apoptosis is not a
direct cause of this phenotype. Anterior is to the left, and dorsal is up.

middle) of the horizontal face (Fig. 9A). Similar results were
seen with overexpression of pGMR-dTAKI-K63R (Fig. 9C).
We also observed abnormalities in the secondary and tertiary
pigment cells. These two types of pigment cells lie between
ommatidia and are distinguishable based on positions and cell
shapes. Secondary pigment cells lie between two ommatidia
and have rectangular shapes. Tertiary pigment cells are shared
among three ommatidia at a vertex and have hexagonal cell

FIG. 6. Ectopic induction of puc and dpp by dTAK1 demonstrated by X-Gal
staining (A and B) and in situ hybridization for dpp antisense probe (C and D)
of stage 14 embryos. (A) puc-lacZ/+; (B) en-GAL4/UAS-dTAKI; puc-lacZ/+;
(C) wild type; (D) en-GALY/UAS-dTAKI. puc and dpp expression in the leading-
edge cells is indicated by arrows (A and C, respectively). Ectopic expression of
dTAKI, controlled by en-GAL4, ectopically induces both puc and dpp in the
embryonic ectoderm with a striped pattern (B and D). (E) en-GAL4/UAS-lacZ.
en-GAL4 expression pattern is shown. Anterior is to the left, and dorsal is up.

shapes (Fig. 1C). In the dominant negative overexpression
discs (Fig. 9B and C), it is obvious that the cell shapes of the
secondary and tertiary pigment cells are heterogeneous. For
instance, normally the secondary pigment cells which lie on the
horizontal face are thicker than those lying on the slanting face
(Fig. 1C). The hexagonal shape of the tertiary pigment cells is
also distorted in the dominant negative overexpressing discs
(Fig. 9B and C). We also examined the apical cell profile of ep
hemizygous mutant eye discs and found that they too showed
mislocation of bristle cells and alterations in positions of pig-
ment cells (Fig. 9D). These observations suggest that the en-
dogenous TAKI1 signaling, likely acting through the Hep-Bsk
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FIG. 7. In vivo phosphorylation of Bsk and D-p38 by ectopic dTAKI expres-
sion. Third-instar larva carrying only is-GAL4 or both UAS-dTAKI and hs-GAL4
were collected with or without heat shock treatment. Extracts prepared from
these larva were immunoblotted with either anti-p-JNK or anti-JNK1 antibody
(A) and with anti-p-D-p38 or anti-p38 (B). Bsk phosphorylation is increased
dramatically only in UAS-dTAKI-carrying animals upon heat shock. However,
phosphorylation of D-p38 is not induced by the dTAKI overexpression.

+ +
- +

pathway, plays an important role in regulating correct cell
shape changes and/or cell movement in the secondary and
tertiary pigment cells, as well as in the bristle cells.

Interestingly, despite the abnormal morphology of the sec-
ondary and tertiary pigment cells in the pupal eye disc of
pPGMR-mTAKI-K63W and an allele of the mutant, hep’”, the
total number of secondary and tertiary pigment cells did not
change (Fig. 9). Since a wave of apoptosis is known to control
pigment cell number (8, 70), this result implies that either
endogenous programmed cell death in the visual system is
independent of TAK1-JNK signaling or the expression level of
dominant negative TAKI is insufficient for inhibiting endoge-
nous apoptosis.

DISCUSSION

TAK1 activates the JNK signaling pathway in Drosophila.
There are many known members of MAPKKK family, includ-
ing MEKSs, germinal center kinase, mixed-lineage kinases
(MLKs), tumor progression locus 2, apoptosis signal-regulat-
ing kinase 1 (ASK1) and TAKI. These kinases have been
shown to activate JNK and/or p38 MAPK pathways in cell
culture experiments, but whether they contribute to the func-
tion of these pathways in vivo is unknown (18, 34). In this study
we have shown that TAKI1 can activate the JNK signaling
cascade in Drosophila. This conclusion is based on four lines of
evidence. First, ectopic expression of TAK1 induces expression
of dpp and puc, known downstream targets of JNK signaling in
embryonic ectodermal cells (Fig. 6B and D). Second, ectopic
TAKI expression resulted in the phosphorylation of the Bsk
protein (Fig. 7A). Third, heterozygosity for hep and bsk mu-
tants is able to dominantly suppress the dTAK1 overexpression
phenotype (Fig. 5B and C). Fourth, dominant negative forms
of TAK1 exhibit cuticular phenotypes similar to loss-of-func-
tion phenotypes of bsk and hep alleles (Fig. 8B and C). Thus,
TAKI is likely to serve as the missing MAPKKK in the JNK
signaling pathway functioning downstream of the misshapen
products, a Drosophila MAPKKKK, and upstream of Hep.

In addition to its role in JNK signaling, previous evidence
from cell culture experiments has implicated TAK1 in p38
MAPK signaling pathways (44, 56, 66, 71). However, we found
no evidence for the involvement of TAKI1 in p38 activation in
Drosophila. Specifically, the reduced eye phenotype of pGMR-
mTAKIAN overexpression was not rescued by heterozygosity
for a deficiency which uncovers one of the D-p38 loci (D-p38b)
(data not shown). Likewise, expression of a dominant negative
form of D-p38b, where Thr-183 of the MAPKK target site was
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replaced with Ala, did not suppress the pGMR-mTAKIAN
overexpression phenotype (data not shown); furthermore, and
most compelling, D-p38 phosphorylation was not observed in
the flies expressing dTAKI (Fig. 7B). Thus, our data suggest
that TAK1 may specifically activate JNK signaling and not p38
MAPK signaling in Drosophila; however, this conclusion will
need to be tested further once mutations in D-p38 and dTAK1
become available.

Endogenous function of the TAK1 signaling in Drosophila.
Two different biological processes are known to be controlled
by the JNK signaling pathway in Drosophila. One is the move-
ment of leading-edge cells during the process of embryonic
dorsal closure (21, 22, 33, 37, 49-51, 57), and the other is in
planar polarity determination of adult tissues (4, 60). In nei-
ther case, however, is the role or identity of the putative
MAPKKK molecule(s) that might be involved in these pro-
cesses known. In this study, gain-of-function experiments re-
vealed that TAKI could activate the JNK signaling cascade.
Loss-of-function experiments, using dominant negative
dTAK1 and mTAKI, also revealed that TAKI is likely to be
required for the proper cell movement and/or shape changes in
the embryo and visual system. Indeed, the dorsal open pheno-
type and head structure defects observed in the dominant
negative dTAK1-expressing embryos are highly reminiscent of

FIG. 8. Lateral view of the cuticle phenotypes of dominant negative dTAKI-
expressing embryos of the following genotypes: (A) +/pannierP?57GAL4, as a
wild-type control; (B and C) UAS-dTAKI-K46R/+; UAS-dTAKI-K46R/
pannier™P?7GAL4. (A) Wild-type cuticle illustrating the regular spacing of the
denticle belt on the ventral side and complete closure of the epidermis on the
dorsal side. (B and C) Expression of dTAKI-K46R (two copies of transgene)
during embryonic development by means of pnr-GAL4 (32) causes various de-
fects. Defects in the anterior structure, typically loss of the mouth hooks (normal
position of the mouth hooks is indicated with arrows in panels A and B), are seen
in 37% of embryos (n = 591). Embryos of this type are frequently exhibit a small
whole in the anterior and dorsal side of the cuticle (B). In the most extreme
cases, the embryo is completely open dorsally (6%, n = 591) (C). Arrows indicate
the edge of the dorsal hole of the cuticle.
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FIG. 9. Phenotypes induced by the expression of dominant negative TAKI. Pupal eyes of the following genotypes at 40 h after puparium formation were stained
with cobalt sulfide. (A) pGMR-mTAKI-K63W (one copy). Expression of mTAKI-K63W, a dominant negative form of mTAKI, at a lower level results in defective
positioning of the interommatidial bristle (indicated with arrows, compared to the wild-type shown in Fig. 1C). (B) pGMR-mTAKI-K63W (two copies). A higher level
of mTAKI-K63W expression totally disrupts the ommatidial array. The cell shapes of secondary and tertiary pigment cells are irregular, and it is hard to discriminate
these two cell types by morphology. (C) GMR-GAL4/UAS-dTAKI-K46R; UAS-dTAKI-K46R/+. A similar phenotype is observed in a fly expressing dTAK1-K46R (two
copies), a kinase-inactive form of dTAKI1. (D) hep’”’/Y. The hep mutant disc also shows bristle mislocation (indicated with arrows) and abnormal pigment cell shapes
(arrowheads). All images show the phenotype of the center region of the pupal eye discs (even in the wild-type discs, bristle mislocation is occasionally observed in the

anterior edge region). Anterior is to the left.

the phenotype produced by JNK pathway loss-of-function mu-
tants (21, 22, 33, 37, 49-51, 57). Impaired control of cell shape
was also noted in TAKI1 gain-of-function phenotypes obtained
by overexpression of dTAKI in the presence of p35 (Fig. 4F)
and also with dominant negative forms of TAK1 (Fig. 9B and
C). The function of JNK signaling in cell movement in the
visual system has been studied only for ommatidial planar
polarity determination (4, 60). Although we did not observe
defects in planar polarity, we do see abnormalities in the po-
sitioning and shape of interommatidial cells in both dominant
negative TAK1-expressing lines and #ep mutants (Fig. 9). This
result suggests that the endogenous JNK signaling also partic-
ipates in the positioning and shape of the interommatidial
cells. Since a true loss-of-function kep allele also shows this
phenotype, albeit more weakly, it is not likely that the pheno-
type caused by overexpression of dominant negative TAK1 is
due to a novel neomorphic property of this protein. The
weaker interommatidial phenotype of hemizygous hep™” flies
compared to that of pGMR-mTAKI-K63W (two copies) might
indicate that there is some genetic redundancy for this class of
kinase in Drosophila. Likewise, the lack of observable planar
polarity defects in these animals may indicate either a nonre-
quirement for a TAKI kinase in this process or a genetic

redundancy for a TAKI-type kinase, or that this particular
phenotype is less sensitive to TAK1 loss-of-function and so is
not observable under the conditions used in this study. Only
when clones of true TAK1 loss-of-function alleles are available
will we be able to fully address this issue.

TAK1 function in TGF-B/Dpp signaling. Previous reports
have shown that TAK1 is activated by TGF-8/BMP stimuli and
that a kinase-negative form of TAKI prevents TGF-g/BMP
signaling in mammalian cells and in Xenopus (54, 71). Surpris-
ingly, we did not observe any genetic interactions between
pGMR-mTAKIAN overexpression lines and mutations in the
Dpp signaling pathway. We also found that ectopic TAK1
signaling in the wing disc was unable to induce optomotor blind,
a known downstream target of Dpp signaling (24) and, fur-
thermore, that ectopic vein formation induced by a constitu-
tively active Dpp receptor could not be suppressed by overex-
pression of dTAKI-K46R expression (Y. Takatsu et al,
unpublished data). These results may indicate that Dpp signal-
ing is not regulated by TAKI in the visual system and wing or,
alternatively, that the effects of Dpp-induced TAK1 signaling
are mild compared to the Mad/Medea pathway of Dpp signal-
ing and so were not observable with the genetic tests presently
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at hand. Once again, the availability of TAK1 mutants will help
clarify this issue.

Apoptosis triggered by the TAK1-JNK signaling pathway.
We have shown that the ectopic activation of the TAK1 sig-
naling pathway induces apoptosis in Drosophila. A role for
TAK1 in mediating apoptosis has been previously suggested
from overexpression studies in cell culture (56). For example,
in one study, Shirakabe et al. showed that ceramide, a second
messenger molecule that induces various cellular responses
such as cell cycle arrest, differentiation, and apoptosis (28, 38,
56), activates TAK1 and that TAK1-K63W blocks ceramide-
induced apoptosis (56). The role of the INK pathway in stress-
induced apoptosis in vertebrates has been extensively studied.
Various environmental stresses, such as UV irradiation, expo-
sure to toxic agents, osmotic stresses, and heat shock, all trig-
ger JNK pathway activation and result in apoptosis in certain
cells and tissues (12, 20, 39, 43, 57). We believe that the TAK1-
induced apoptosis that we report here is also likely to be
mediated through the JNK pathway. Consistent with this view,
we have observed that ectopic hep expression using GMR-
GALA4 also results in a reduced eye phenotype (Fig. 5SE). Since
we have shown that the constitutively active TAK1 phenotype
is effectively suppressed by a reduction in gene dosage of the
proapoptotic genes rpr, hid, and grim or by coexpression of
apoptosis inhibitors such as p35 or DIAPs (Fig. 2C) which
block the enzymatic activities of caspases (7, 13), we believe
that TAK1-JNK function is positioned upstream of the pro-
apoptotic genes and the caspase cascade. Interestingly, ectopic
TAK1 expression in Xenopus embryos also immediately in-
duces cell death, yet no vertebrate homologs of the Drosophila
proapoptotic genes have been identified. Recently, however,
Evans et al. reported that overexpression of the Drosophila rpr
gene can induce apoptosis in Xenopus eggs (17). This may
indicate that proapoptotic genes exist in vertebrates and that
they could be targets of TAK1-JNK signaling. Further genetic
analysis using TAKI transgenic flies should provide a unique
opportunity to identify molecules that help interface JNK ac-
tivation with the basic apoptotic machinery.
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