






are located in the centermost ommatidium, surrounded by
other photoreceptor cells, we suspected that these are extra R7
cells. To further demonstrate this, we performed immunohis-
tochemistry with anti-Sevenless antibody, an R7-specific

marker (55). As expected, multiple R7 signals were detected in
DMKP-3P3 mutant ommatidia (Fig. 2W and X) but not in
wild-type ommatidia (Fig. 2U and V), demonstrating that extra
photoreceptor cells have R7 cell fates. However, in DMKP-3

FIG. 2. Loss-of-function mutants of DMKP-3. (A) The insertion sites of the P element in the loss-of-function mutants of DMKP-3. The open
boxes indicate the exons of DMKP-3 gene, and the breaks between the boxes indicate the introns. The triangles represent the P elements, and the
arrows indicate their directions. (B) DMKP-3 expression in the loss-of-function mutants of DMKP-3. The amount of DMKP-3 transcripts was
visualized by RT-PCR experiments from the following samples: a DMKP-3P1/TM3, GFP, Ser (�/
) embryo; a DMKP-3P1/DMKP-3P1 (
/
)
embryo; a DMKP-3P2/TM3, GFP, Ser (�/
) embryo; a DMKP-3P2/DMKP-3P2 (
/
) embryo; a DMKP-3P3/TM3, GFP, Ser (�/
) embryo; and a
DMKP-3P3/DMKP-3P3 (
/
) embryo. Rp49 transcripts were used as a control. (C to F) In situ hybridization analysis of stage 10 embryos: a
wild-type embryo with sense control probe (C), a wild-type embryo with antisense DMKP-3 probe (D), a DMKP-3P3/DMKP-3P3 embryo with
antisense DMKP-3 probe (E), and a DMKP-3P1/DMKP-3P1 embryo with antisense DMKP-3 probe (F). Scanning electron micrographs of the
compound eyes (G, H, K, and L) and their tangential cross sections (I, J, M, and N) are shown. (O to R) Microscopic views of the wings are shown,
and the arrows point to ectopic veins. (S) Quantified data of I, J, and M. (T) Quantified data of O to Q. (U and W) R7 cells in eye imaginal discs
were stained with anti-Sevenless antibody (green). (V and X) Photoreceptor cells in eye imaginal discs were stained with anti-Elav antibody (red).
(G, I, O, U, and V) w1118; (H, J, P, W, and X) DMKP-3P3/DMKP-3P3; (K, M, and Q) DMKP-3P2/DMKP-3P3; (L, N, and R) yw hs Flp; �/�;
DMKP-3P1 FRT79D/FRT79D.
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eye null clones, we observed extra photoreceptor cells other
than R7-type cells (Fig. 2N). Hence, we conclude that
DMKP-3 is a general regulator of photoreceptor cell differen-
tiation, including the R7 cell.

We also observed the homozygous DMKP-3P3 flies with ec-
topic veins in their wings (Fig. 2P and T) and more severe
phenotypes in the transallelic mutants (DMKP-3P2/DMKP-3P3)
(Fig. 2Q and T). Consistently, mitotic clonal analyses for
DMKP-3 mutants also showed an extra vein phenotype in the
wings with DMKP-3-null clones (Fig. 2R).

Collectively, by analyzing the loss-of-function mutant flies of
DMKP-3, we conclude that DMKP-3 suppresses the photore-
ceptor cell differentiation and wing vein formation. Since the
Ras/DERK signaling pathway positively regulates these two
developmental processes, it is likely that DMKP-3 negatively
modulates the Ras/DERK pathway in vivo.

Genetic interactions between DMKP-3 and the Ras/DERK
pathway. To further understand the roles of DMKP-3 in de-
veloping eyes and wings in vivo, we investigated whether
DMKP-3 genetically interacts with the Ras/DERK pathway.
Ectopic expression of DMKP-3 in a reduced gene dosage back-
ground of Ras (Fig. 2B and F), Raf (Fig. 2D and H), or DERK
(Fig. 2J and N) resulted in a more severe rough eye phenotype
with a further decreased number of photoreceptor cells than
the eyes overexpressing DMKP-3 in a wild-type genetic back-
ground (Fig. 1B and E) or the control eyes in mutant genetic
backgrounds (Fig. 3A, C, E, G, I, and M).

Conversely, we coexpressed DMKP-3 with constitutively ac-
tive mutants of Ras (Fig. 2K and O) or DERK (Fig. 2Q and U)
in the eye. The phenotype of a constitutively active Ras
(RasV12) was almost completely suppressed by coexpression of
DMKP-3 (Fig. 3L and P). However, coexpression of DMKP-3
and a constitutively active DERK (rlsem) did not cause any
changes in the phenotypes with rlsem expression only (Fig. 3R
and V). We thought that these data result from the point
mutation in rlsem gene, which abolishes the binding ability of
MKP-3 to ERK (6, 8, 19).

Next, we examined the relationship between DMKP-3 and
PTP-ER, which is another DERK phosphatase. Interestingly,
coexpression of DMKP-3 with PTP-ER resulted in severely
reduced eye size (Fig. 3T) and number of photoreceptor cells
(Fig. 3X) compared to the eyes expressing DMKP-3 (Fig. 1B
and E) or PTP-ER only (Fig. 3S and W) in a wild-type genetic
background, suggesting the cooperative interaction between
DMKP-3 and PTP-ER.

To further support these genetic interactions between
DMKP-3 and DERK, we monitored the phosphorylation
status of DERK in tissues by using an anti-phospho-specific
antibody for ERK-MAPK (33). As shown in Fig. 4, RasV12-
induced phosphorylation of DERK (Fig. 4B) was down-
regulated by coexpression of DMKP-3 (Fig. 4C). The result
provides the direct evidence that DMKP-3 dephosphorylates
DERK in vivo.

Finally, to verify that endogenous DMKP-3 affects the Ras/
DERK pathway, we examined the activities of Ras/DERK
signalings in a DMKP-3 loss-of-function genetic background.
Ectopic expression of either constitutively active Ras (RaslV12)
or Raf (RafF179) caused roughened eye phenotypes (Fig. 5A
and C, respectively) with extra photoreceptor cells in most
ommatidia (Fig. 5E and G, respectively). All of these pheno-

types were enhanced in DMKP-3 hypomorphic backgrounds,
and the ommatidia structures of these flies were severely dis-
organized and fused (Fig. 5B, D, F, and H).

If DMKP-3 does indeed negatively regulate the Ras/DERK
pathway in vivo, a loss-of-function mutation of DMKP-3 could
rescue the deleterious phenotypes of loss-of-function muta-
tions of the components in the Ras/DERK pathway. As ex-
pected, homozygous DMKP-3P3 alleles strongly suppressed the
rough eye phenotype and the decreased number of photore-
ceptor cell phenotype of RafHM7 hemizygote (compare Fig. 5I
and K to 5J and L, respectively). In addition, hypomorphic
DMKP-3 partially rescued temperature-dependent lethality

FIG. 3. Genetic interactions between DMKP-3 and the compo-
nents of the Ras/DERK pathway. Scanning electron micrographs of
the compound eyes (A to D, I to L, and Q to T) and their tangential
cross sections (E to H, M to P, and U to X) are shown: sev-GAL4/�;
Rase1B/� (A and E); sev-GAL4/�; Rase1B/UAS-DMKP-315 (B and F);
RafHM7/Y; sev-GAL4/� (C and G); RafHM7/Y; sev-GAL4/�; UAS-
DMKP-315/� (D and H); sev-GAL4/rl1 (I and M); sev-GAL4/rl1; UAS-
DMKP-315/� (J and N); sev-GAL4/�; UAS-RasV12/� (K and O);
sev-GAL4/�; UAS-RasV12/DMKP-315 (L and P); sev-GAL4/�; UAS-
rlsem/� (Q and U); sev-GAL4/�; UAS-rlsem/UAS-DMKP-315 (R and V);
sev-PTP-ER101/X; sev-GAL4/� (S and W); and sev-PTP-ER101/X; sev-
GAL4/�; DMKP-315/� (T and X). The numbers shown on the bottom
of eye section data (mean number of photoreceptor cells per omma-
tidium � the standard deviation) were calculated as described in Ma-
terials and Methods.
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(RafHM7 males were able to survive at 18°C, but they were
lethal at 25°C at or before eclosion [43]) of hemizygote RafHM7

males at 25°C (Fig. 5M). Collectively, these results demon-
strated the indispensable roles of DMKP-3 in regulating Ras/
DERK signaling during Drosophila development.

DMKP-3 inhibits cell proliferation. It is well established
that downregulation of Ras/ERK signaling activity inhibits cell
proliferation in Drosophila and mammals (48, 50). As shown in
Fig. 1, the overexpression of DMKP-3 led to the reduction in
wing size. To investigate whether this phenotype is caused by

the inhibition of cell proliferation, we looked for BrdU-labeled
cells in wing imaginal discs, in which compartment-specific
expression of DMKP-3 can be induced by various wing-specific
GAL4 drivers (Fig. 6C, F, and I). In control discs, BrdU in-
corporation was evenly distributed in the wing pouch except
for the zone of nonproliferating cells (Fig. 5A, D, and G). In
the discs overexpressing DMKP-3 by MS1096-GAL4, e16E-
GAL4, or ap-GAL4 driver, the number of BrdU-labeled cells,
however, was significantly reduced (Fig. 5B, E, and H).

The N-terminal DERK-binding domain of DMKP-3 is crit-
ical for its activity. Recently, we have reported that overex-
pression of a catalytically inactive form of DMKP-3 inhibits
DERK function via specific DMKP-3–DERK protein-protein
interactions (34). This inhibition is mediated by the NBD of
DMKP-3, which in turn make DERK impossible to translocate
into the nucleus (34). Since MAPK mainly exerts its activities
by directly phosphorylating many nuclear targets, the re-
strained MAPK in the cytoplasm may result in strong inhibi-
tion of the MAPK-mediated downstream functions.

To further examine whether DMKP-3 regulates DERK ac-
tivity via the NBD-mediated protein-protein interaction in
Drosophila development, we generated various transgenic flies
carrying mutated DMKP-3, such as C302A, �N, R56/57A, and

FIG. 4. Dephosphorylation of DERK by DMKP-3 in eye imaginal
discs. (A) sev-GAL4/�; (B) sev-GAL4/�; UAS-RasV12/�; (C) sev-
GAL4/�; UAS-RasV12/DMKP-315.

FIG. 5. Loss-of-function mutants of DMKP-3 genetically interact with the mutants in the Ras/DERK pathway. Scanning electron micrographs
of the compound eyes (A to D, I, and J) and their tangential cross sections (E to H, K, and L) are shown. (A and E) sev-GAL4/�; UAS-RasV12/�;
(B and F) sev-GAL4/�; UAS-RasV12/DMKP-3P3; (C and G) sev-GAL4/�; UAS-RafF179/�; (D and H) sev-GAL4/�; UAS-RafF179/DMKP-3P3; (I and
K) RafHM7/Y; (J and L) RafHM7/Y; �/�; DMKP-3P3/DMKP-3P3. The numbers shown on the bottom of eye section data (mean number of
photoreceptor cells per ommatidium � the standard deviation) were calculated as described in Materials and Methods. (M) Reduced DMKP-3
expression rescued the lethality of hemizygote RafHM7 males at 25°C culture condition. (a) RafHM7/Y; (b) RafHM7/Y; �/�; DMKP-3P3/DMKP-3P3.
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R56/57A/C302A (Fig. 7A), as described in Materials and
Methods. R56/57 is important for the specific binding between
DMKP-3 and its substrate DERK, and C302 mutation can
nullify the phosphatase activity of DMKP-3 (32).

Ectopic expression of �N (Fig. 7E and K) or R56/57A (Fig.
7F and L) in the eye by sev- (Fig. 7B to G) or gmr-GAL4 (Fig.
7H to M) driver did not show any defects compared to the
driver alone (Fig. 7B and H) in spite of the presence of their
intact phosphatase domain (PD), suggesting that the NBD is
critical for the DMKP-3-mediated dephosphorylation and in-
hibition of DERK in photoreceptor cell differentiation. In ad-
dition, ectopic expression of DMKP-3 C302A (Fig. 7D) or
R56/57A/C302A (Fig. 7G) under sev-GAL4 driver also failed
to affect photoreceptor cell differentiation. However, intrigu-
ingly, when we expressed these DMKP-3 mutants using a
stronger driver, the gmr-GAL4 driver, transgenic flies express-
ing DMKP-3 C302A showed a mild gain-of-function pheno-
type of DMKP-3 with missing photoreceptor cells (Fig. 7J).

Likewise, overexpression of DMKP-3 �N (Fig. 7Q), R56/
57A (Fig. 7R), or R56/57A/C302A (Fig. 7S) in the wing did not
display any significant phenotypic changes compared to the
MS1096-GAL4 driver alone (Fig. 7N). However, overexpres-
sion of DMKP-3 C302A (Fig. 7P) caused several defects, in-
cluding disruption of the posterior cross vein and the longitu-
dinal vein L4, which is similar to the phenotype of
overexpression of wild-type DMKP-3 (Fig. 7O).

Expression of rhomboid is inhibited by DMKP-3. To further
confirm whether the NBD of DMKP-3 is required for the

repression of DERK function, we examined the transcriptional
levels of rhomboid (rho) in imaginal discs. The transcription of
rho is directly regulated by DERK (35) and can be monitored
by anti-�-galactosidase staining using the rhoAA69 enhancer
trap line, as previously described (13). The rho-lacZ expression
in the eye imaginal discs was dramatically suppressed by over-
expression of DMKP-3 wild type (Fig. 8B) compared to the
sev-GAL4 driver alone (Fig. 8A). Expression of rho-lacZ in the
eye disc overexpressing DMKP-3 C302A (Fig. 8C) or DMKP-3
R56/57A (Fig. 8D) under the control of the sev-GAL4 driver
was, however, both quantitatively and qualitatively similar to
the control eye disc (Fig. 8A). Likewise, overexpression of
DMKP-3 wild type by MS1096-GAL4 driver strongly inhibited
rho-lacZ expression in the primordial vein of the wing imaginal
disc (Fig. 8F) compared to the MS1096-GAL4 alone (Fig. 8E).
On the other hand, ectopic expression of DMKP-3 C302A
significantly reduced rho expression (Fig. 8G), whereas
DMKP-3 R56/57A was unable to suppress rho expression in
the primordial vein (Fig. 8H).

From the results of domain analysis in eyes and wings, we
could draw a conclusion that both NBD and PD of DMKP-3
are necessary for Drosophila developmental processes, which is
consistent with our previous data (32, 34).

DMKP-3 is required for proper oogenesis and early embry-
ogenesis. Because hypomorphic DMKP-3 flies displayed a re-
duced fertility and DMKP-3 transcripts were enriched in the
ovary (32; data not shown), we speculated that DMKP-3 might
be involved in the female reproductive system. We generated

FIG. 6. Inhibited cell proliferation in the DMKP-3-overexpressing wing imaginal discs. Wing imaginal discs were stained with an anti-BrdU
antibody as described in Materials and Methods. (A) MS1096-GAL4/�; (B) MS1096-GAL4/�; UAS-DMKP-36/�; (D) e16E-GAL4/�; (E) e16E-
GAL4/UAS-DMKP-36; (G) ap-GAL4/�; (H) ap-GAL/UAS-DMKP-36. The expression pattern of GAL4 lines was tested with X-Gal staining in wing
imaginal discs. (C) MS1096-GAL4/�; UAS-lacZ; (F) e16E-GAL4/UAS-lacZ; (I) ap-GAL4/UAS-lacZ.
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germ line clones of DMKP-3 by using the FLP-FRT-DFS tech-
nique (11). Interestingly, females with DMKP-3P1 germ line
clone laid only a small number of eggs compared to the control
flies (less than �30%), implying severe defects in oogenesis.
Even the laid eggs were abnormal: approximately 77% of the
laid eggs were shorter than the normal ones (Fig. 9D; compare
Fig. 9B to A), and some displayed severe defects in chorion
(egg shell) formation (Fig. 9C). Furthermore, none of the
DMKP-3P1 germ line clone embryos could escape the embry-
onic stage and progress beyond the two-nuclei stage (Fig. 9F
and H) compared to the wild type (Fig. 9E and G). These
results supported that DMKP-3 is required for the proper
oogenesis and early embryogenesis.

DISCUSSION

We investigated in vivo the roles of DMKP-3 in Drosophila
development. Our studies revealed novel functions of
DMKP-3 as a negative regulator in a variety of developmental
processes including cell differentiation and proliferation con-
trolled by the Ras/DERK pathway. Ectopic expression of
DMKP-3 in the eye strongly suppressed photoreceptor cell
differentiation (Fig. 1D to F), and this phenotype was further
enhanced by genetic reduction of the Ras/DERK-dependent
signaling activity (Fig. 3). In addition, overexpressed DMKP-3
also caused suppression in wing vein differentiation, which is
correlated with the inhibition of the Ras/DERK signaling path-

FIG. 7. The NBD and PD of DMKP-3 is required for photoreceptor cell differentiation and wing vein formation. (A) Various DMKP-3 mutants
were generated in the present study as described in Materials and Methods. Functionally important amino acid residues in the NBD and PD are
indicated. (B to M) Tangential cross sections of the compound eyes expressing mutant DMKP-3 are shown. (B) sev-GAL4/�; (C) sev-GAL4/�;
UAS-DMKP-310/�; (D) sev-GAL4/UAS-DMKP-3 C302A; (E) sev-GAL4/UAS-DMKP-3 �N; (F) sev-GAL4/�; UAS-DMKP-3 R56/57A/�; (G) sev-
GAL4/UAS-DMKP-3 R56/57A/C302A; (H) gmr-GAL4/�; (I) gmr-GAL4/�; UAS-DMKP-310/�; (J) gmr-GAL4/UAS-DMKP-3 C302A; (K) gmr-
GAL/UAS-DMKP-3 �N; (L) gmr-GAL4/�; UAS-DMKP-3 R56/57A/�; (M) gmr-GAL4/UAS-DMKP-3 R56/57A/C302A. (N to S) Microscopic views
of the wings expressing DMKP-3. (N) MS1096-GAL4/�; (O) MS1096-GAL4/�; �/�; UAS-DMKP-310/�; (P) MS1096-GAL4/�; UAS-DMKP-3
C302A/�; (Q) MS1096-GAL4/�; UAS-DMKP-3 �N/�; (R) MS1096-GAL4/�; �/�; UAS-DMKP-3 R56/57A/�; (S) MS1096-GAL4/�; UAS-
DMKP-3 R56/57A/C302A/�. The numbers shown on the bottom of eye section data (mean number of photoreceptor cells per ommatidium � the
standard deviation) were calculated as described in Materials and Methods.

580 KIM ET AL. MOL. CELL. BIOL.

 on June 18, 2019 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org/


way during wing development (Fig. 1G to L). Conversely, hy-
pomorphs of DMKP-3 (Fig. 2J and P) or DMKP-3-null clones
(Fig. 2N and R) displayed ectopic differentiation of photore-
ceptor cells and wing vein cells. These results strongly suggest
that DMKP-3 plays an essential role in the regulation of cell
differentiation during Drosophila development by restraining
the activities of the Ras/DERK signaling pathway.

In addition, we also observed that DMKP-3 overexpression
causes a dramatic reduction in the overall size of adult wing
blades (Fig. 1I and L) and larval wing imaginal discs (data not
shown), as well as the defects in wing vein cell differentiation.
In support of this phenotype, the active cell proliferation in
wing imaginal discs, monitored by measuring BrdU incorpora-
tion, was strongly inhibited by DMKP-3 overexpression (Fig.
6). Therefore, we conclude that DMKP-3 is able to negatively
modulate cell proliferation in vivo. Consistently, numerous
previous results also have shown that downregulation of Ras/
ERK signaling activity inhibits cell proliferation (18, 36, 50,
53). Collectively, these results provide strong in vivo evidence
that DMKP-3 suppresses cellular proliferation, as well as dif-
ferentiation, both of which are promoted by the Ras/DERK
pathway during development.

Because the females of hypomorphic DMKP-3 mutants dis-
played a phenotype of decreased number of laid eggs, we
suspected that there is another function of DMKP-3 in the
female reproductive system. When the maternal DMKP-3 was
depleted in the female germ line, the number of laid eggs was
further reduced to that of hypomorphic DMKP-3 flies, and
even the laid eggs showed severe morphological defects, in-
cluding chorion malformation, which is known to be caused by
defects in the vitellogenesis process during oogenesis (58).
Although some eggs appeared to have normal shape, they
failed to show any further embryonic development, just arrest-
ing at the single-nucleus or two-nucleus stage (Fig. 9E to H).

FIG. 8. Expression of rhomboid is inhibited by DMKP-3. Antibody staining of �-galactosidase in rhoAA69 reveals rho expression. (A) sev-
GAL4/�; rhoAA69/�; (B) sev-GAL4/�;UAS-DMKP-310/rhoAA69; (C) sev-GAL4/UAS-DMKP-3 C302A; rhoAA69/�; (D) sev-GAL4/�;UAS-DMKP-3
R56/57A/rhoAA69; (E) MS1096-GAL4/�; �/�; rhoAA69/�; (F) MS1096-GAL4/�; �/�; UAS-DMKP-310/rhoAA69; (G) MS1096-GAL4/�; UAS-
DMKP-3 C302A/�; rhoAA69/�; (H) MS1096-GAL4/�; �/�; UAS-DMKP-3 R56/57A/rhoAA69.

FIG. 9. Defective embryos in DMKP-3P1 germ line clones. Scan-
ning electron micrographs of w1118 (A) and DMKP-3P1 germ line clone
eggs (B and C). (D) Measurements of egg lengths in wild type (w1118)
and in DMKP-3P1 germ line clone are shown (1 arbitrary unit � 30.6
�m). (E to H) Propidium iodide-stained embryos. (E and F) Eggs 0.5 h
after egg laying; (G and H) eggs 15 h after egg laying; (E and G) w1118;
(F and H) DMKP-3P1 germ line clones.
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These results suggest that DMKP-3 is also required for proper
oogenesis and early embryogenesis besides the other develop-
mental processes, as we have described, such as eye and wing
development. Interestingly, various gain-of-function mutants
of DERK also have shown female sterility with severe defects
in vitellogenesis in previous studies (38), demonstrating that
the DMKP-3-deficient phenotypes in female germ lines may be
the consequences of DERK hyperactivation.

It should be noted that another DERK phosphatase, PTP-
ER, has been identified in the Drosophila system (28). Eye-
specific overexpression of PTP-ER suppresses DERK activity,
causing a reduction in the photoreceptor cell number (Fig.
3W). However, the null mutants of PTP-ER develop well and
only show mild defects in photoreceptor cell differentiation
(28), whereas the loss-of-function DMKP-3 mutants become
lethal from the embryonic or early larval stages. Since the
mammalian homologues of PTP-ER are expressed in a neu-
ron-specific manner (28, 47), it seems that Drosophila PTP-ER
acts specifically in neuronal photoreceptor cells. In contrast to
PTP-ER, DMKP-3 was shown to be involved not only in pho-
toreceptor cell specification but also in other developmental
processes such as vein cell differentiation, oogenesis, and early
embryogenesis. Moreover, DMKP-3 is ubiquitously expressed
throughout all developmental stages (Fig. 1N and Q and 2D
[32]). Therefore, we conclude that DMKP-3 is a general
DERK phosphatase controlling various processes of Drosophila
development.

In conclusion, we provide here firm genetic evidence to
support that DMKP-3 acts as an essential antagonist against
the Ras/DERK-dependent signaling pathway during Drosophila
development. Further analyses of DMKP-3 functions in Dro-
sophila may provide abundant insights for understanding the in
vivo roles of the Ras/DERK-dependent signaling pathway in
the context of both cell differentiation and proliferation.
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