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ABSTRACT

kinase suppressor of Ras (ksr) encodes a putative protein kinase that by genetic criteria appears to function
downstream of RAS in multiple receptor tyrosine kinase (RTK) pathways. While biochemical evidence
suggests that the role of KSR is closely linked to the signal transduction mechanism of the MAPK cascade,
the precise molecular function of KSR remains unresolved. To further elucidate the role of KSR and to
identify proteins that may be required for KSR function, we conducted a dominant modifier screen in
Drosophila based on a KSR-dependent phenotype. Overexpression of the KSR kinase domain in a subset
of cells during Drosophila eye development blocks photoreceptor cell differentiation and results in the
external roughening of the adult eye. Therefore, mutations in genes functioning with KSR might modify
the KSR-dependent phenotype. We screened ~185,000 mutagenized progeny for dominant modifiers of
the KSR-dependent rough eye phenotype. A total of 15 complementation groups of Enhancers and four
complementation groups of Suppressors were derived. Ten of these complementation groups correspond
to mutations in known components of the Rasl pathway, demonstrating the ability of the screen to
specifically identify loci critical for Ras1 signaling and further confirming a role for KSR in Ras1 signaling.
In addition, we have identified 4 additional complementation groups. One of them corresponds to the
kismet locus, which encodes a putative chromatin remodeling factor. The relevance of these loci with

respect to the function of KSR and the Rasl pathway in general is discussed.

HE mitogen-activated protein kinase (MAPK) path-

way is a central route through which the small
GTPase RAS transmits signals promoting cell prolifera-
tion, cell differentiation, and cell survival (reviewed in
Coss 1999). At the core of this pathway are three kinases
[RAF, MAPK kinase (MEK), and MAPK], which convey
RAS-dependent signals in a sequential manner. RAS
activation induces RAF activation at the plasma mem-
brane, which then phosphorylates MEK, which in turn
phosphorylates and activates MAPK. Activated MAPK
then modulates the activity of a wide range of cyto-
plasmic and nuclear substrates via phosphorylation
events, ultimately generating a specific cellular re-
sponse.

Several other proteins have also been shown to con-
tribute to the mechanism of signal propagation within
the MAPK pathway (reviewed in CAMPBELL et al. 1998;
STERNBERG and ALBEROLA-ILA 1998; GARRINGTON and
Jonnson 1999). Although the function of most of these
molecules appears critical, their mode of action remains
poorly understood. One such protein is kinase suppres-
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sor of RAS (KSR). Loss-of-function mutations in the ksr
gene were originally isolated as dominant suppressors
of a constitutively activated Ras allele in Drosophila and
Caenorhabditis elegans (KORNFELD el al. 1995; SUNDARAM
and HAN 1995; THERRIEN et al. 1995). In genetic studies
performed in Drosophila, KSR activity appeared to be
required downstream of RAS, but upstream of or in
a pathway parallel to RAF, thus indicating that KSR
functions either in the RAS/MAPK pathway or in an-
other essential parallel pathway (THERRIEN et al. 1995).
These studies demonstrated the involvement of KSR
in several receptor tyrosine kinase (RTK)-mediated
pathways, suggesting that KSR is a general signaling
component in RTK/RAS pathways. Biochemical
characterization of the murine form of KSR (mKSR1)
has corroborated a role for KSR in RAS-mediated signal-
ing and has further demonstrated that KSR is directly
involved in signal transmission within the MAPK path-
way (THERRIEN et al. 1996; MICHAUD et al. 1997; XING
et al. 1997). Although the exact nature of its molecular
function is currently unknown, a growing body of evi-
dence suggests a scaffolding role for KSR in the MAPK
pathway. For instance, protein interaction studies have
demonstrated that KSR interacts directly or indirectly
with RAF, MEK, MAPK, and 14-3-3 (THERRIEN et al.
1996; M1CHAUD et al. 1997; XING et al. 1997; DENOUEL-
GALY et al. 1998; YU et al. 1998; CACACE et al. 1999;
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Jacoss et al. 1999; STEWART et al. 1999). In addition,
KSR was found to accelerate signal transmission within
the MAPK pathway in a kinase-independent manner
(M1cHAUD et al. 1997; STEWART et al. 1999). Interest-
ingly, the interactions between KSR and the compo-
nents of the pathway, as well as the intracellular localiza-
tion of KSR, were found to be modulated according to
the activation state of the cell. It has been found that
KSR is bound directly to MEK in the cytoplasm of quies-
cent cells; upon activation of the MAPK pathway by
growth factors or activated RAS, KSR is relocalized to
the plasma membrane in a complex containing RAF,
MEK, and MAPK (MICHAUD e¢f al. 1997; DENOUEL-GALY
et al. 1998; YU et al. 1998; STEWART et al. 1999). On the
basis of these observations and the finding that MEK is
not a substrate of KSR (THERRIEN ¢f al. 1996; DENOUEL-
GALY et al. 1998; YU et al. 1998), it is possible that the
role of KSR is to bring together MEK and its activator
RAF in a favorable enzyme-substrate context at the
plasma membrane. The role of KSR as a scaffolding
protein is appealing given the genetic and biochemical
evidence to date; however, KSR may act outside the
MAPK signaling module and play other roles in cell
signaling.

The identification of proteins that physically interact
with KSR has provided a framework to define the func-
tion of KSR. However, the lack of an in vitro biochemical
assay that depends on KSR activity has made it difficult
to assess the significance of the protein interactions and
has prevented the identification of other nonassociating
proteins that may be required for KSR activity. To cir-
cumvent these limitations, we took a genetic approach
to identify novel gene products potentially relevant for
the function of KSR. Our strategy was to perform a
dominant modifier screen in Drosophila based on a
KSR-dependent phenotype. We reasoned that a twofold
reduction in the gene dosage of a component (by mutat-
ing one of the two alleles) acting in concert with KSR
might be sufficient to modify a KSR-induced phenotype
and thus allow for its identification. Artificially induced
phenotypes in Drosophila, by the overexpression of con-
stitutively activated or dominant-negative molecules in
the eye, have been successfully used in dominant mod-
ifier screens to identify signaling components of various
pathways (DICKSON et al. 1996; KARIM et al. 1996; VER-
HEYEN ¢t al. 1996; BARRETT et al. 1997; STAEHLING-
HaMPTON et al. 1999). To generate a KSR-dependent
phenotype in Drosophila, we took advantage of the fact
that photoreceptor cell differentiation in Drosophila is
governed by RAS/MAPK-mediated signaling (reviewed
in Z1PURSKY AND RUBIN 1994). Previously, we have
shown that overexpression of the mKSRI kinase do-
main, which lacks the noncatalytic N-terminal domain,
specifically blocks signal transmission within the MAPK
pathway (THERRIEN et al. 1996). Therefore, we overex-
pressed the kinase domain of Drosophila KSR in a subset
of cells during Drosophila eye development. The over-

expression of this allele specifically antagonized photo-
receptor cell differentiation in a dosage-sensitive man-
ner and resulted in a visible roughening of the adult
eye surface.

We screened ~185,000 mutagenized progeny for
dominant enhancer and suppressor mutations of the
dominant-negative KSR (KDN)-dependent rough eye
phenotype. The results of the screen strongly support
a role for KSR in the MAPK pathway, in that mutations
in genes encoding known components of the pathway
in Drosophila were isolated, including the I14-3-3,
Dsorl/ mek, rolled/ mapk, pointed, yan, and ksrloci. Further-
more, due to the ability of KDN to block RAS/MAPK-
mediated signaling, mutations in genes expected to
function upstream of ksr were also isolated. These in-
cluded mutations in the egfr, Star, Sos, and Rasl loci.
Here we present the identification of four of the loci
isolated in this screen. The relationship between these
loci and the function of KSR is discussed. In addition,
the molecular characterization of one of these four loci,
which corresponds to the kismet locus, is presented. In-
terestingly, the finding that kismet encodes a protein
with domains found in chromatin remodeling factors
raises the possibility that RAS-mediated signals are inte-
grated by chromatin remodeling factors to control gene
expression.

MATERIALS AND METHODS

Drosophila maintenance and mutagenesis: Fly culture and
crosses were performed according to standard procedures.
For the mutagenesis, w~ males isogenic for the second and
the third chromosomes were either irradiated (4000 rad) or
fed a 25-mm ethyl methanesulfonate (EMS), 10-mm Tris-HCI
pH 7.5, 1% sucrose solution. Mutagenized males were then
mated en massewith either CKDN (CyO, sE-KDN) / Adv or TKDN
(TM3, sk-KDN) /e, ftz, ryvirgin females. The F; CKDN or TKDN
progeny were scored, using a stereomicroscope, for alteration
in eye roughness compared to the F, females.

Chromosomal linkage, complementation tests, and meiotic
mapping: The modified F, progeny were backcrossed to CKDN
and TKDN flies to verify the germline transmission of the
modification. The progeny of this cross were also used to
determine the chromosomal linkage of the modifiers, which
were then balanced over either the CKDN or the TKDN balanc-
ers. Xlinked modifiers were balanced over the FM7¢balancer.
Allelism was assessed by complementation tests based on reces-
sive lethality associated with most of the modifier lines. Allel-
ism was not established for the majority of the homozygous
viable modifier lines. Lethal groups corresponding to pre-
viously known loci required for the RTK/MAPK pathway in
flies were identified by lethal complementation tests using
the following alleles: 1672, Sos"?*%?%) Ras1¥, 14-3-3e%6%, ksr™%,
Dsorl/ mek™%, and Src42A"™"% or alleles isolated in previous
modifier screens in the laboratory, which included S§"%
rolled/ mapk’>?, pnt*™>, and yan™**. Novel complementation
groups were meiotically mapped by using either a second
chromosome mapping stock with the recessive markers &', pr,
¢, px', and sp’ or a third chromosome mapping stock that
included the recessive markers ru!, !, th, st', cu', sr', ¢, and ca'.

Histology: Scanning electron microscopy and apical sec-
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FIGURE 1.—Overexpression of a dominant-negative form
of KSR (KDN) during Drosophila eye development blocks
photoreceptor cell differentiation. (A and B) Scanning elec-
tron micrographs and (C and D) apical sections of adult eyes
of the following genotypes: (A and C) wild type; (B and D)
CyO, P[sl-KDN]/+. Analysis of sE-KDN apical eye sections re-
veals that 80% of the ommatidia are missing an R7 photorecep-
tor cell and 65% are also missing an outer photoreceptor cell.
Anterior is to the right.

tions of adult eyes were performed as described by KIMMEL et
al. (1990) and by TomLINSON and READY (1987), respectively.
Isolation of kismet cDNA clones: Genomic DNA flanking
the {(2)07812 P element was isolated by plasmid rescue and
used to probe a Drosophila embryonic ¢cDNA library (LD
library; Berkeley Drosophila Genome Project). Three overlap-
ping cDNA clones (kis2, kis30, and kis40A) were isolated and
sequenced on both strands to assemble a 17.4-kb contig that
contained a complete (15,966 bp) open reading frame.

RESULTS

Strategy for the KDN dominant modifier screen: To
identify novel signaling components that may be rele-
vant for the function of KSR, we conducted an F, genetic
screen in Drosophila designed to isolate dominant en-
hancers and suppressors of a KSR-dependent rough eye.
We expressed the kinase domain of Drosophila KSR
(ANksr; amino acids 484-966) fused to the amino termi-
nus of Torso4021 (Tor*?; DicksoN ef al. 1992) under
the control of the sevenless (sev) enhancer/hsp70 pro-
moter (sf; BASLER ef al. 1991); this directs expression
in a subset of cells in the eye (R3, R4, and R7 photore-
ceptor cells). As shown in Figure 1, overexpression of

tor"™ ANksrin the eye resulted in the roughening of the
external eye surface (compare Figure 1A and 1B), which
correlated with a block in photoreceptor cell differentia-
tion (compare Figure 1C and 1D; see also THERRIEN et
al. 1996). This phenotype appeared to be dependent on
KSR activity since overexpression of a “kinase-defective”
tor"™ ANksr construct, where an invariant lysine residue
within kinase subdomain II (amino acid 705) of KSR
has been changed to a methionine residue, was unable
to mediate this effect (THERRIEN et al. 1996). Because
Drosophila photoreceptor cell differentiation is con-
trolled by the Rasl pathway (SiMON et al. 1991), the
ability of tor"”'ANksrto antagonize photoreceptor differ-
entiation suggests that, like mKSR1, the isolated Dro-
sophila kinase domain acts in a dominant-negative man-
ner to interfere with Rasl signaling. In agreement with
this, we found that the ability of activated Rasl (Ras1"'?)
to transform cone cells into R7 cells is strongly sup-
pressed by the coexpression of tor™ANksr (data not
shown). For simplicity, we rename the (0" ANksr con-
struct, KDN.

Our previous work characterizing mKSR1 function in
the Xenopus oocyte system suggests that the mKSR1
kinase domain blocks RAS-mediated signal transmission
at a step between RAF and MEK (THERRIEN et al. 1996).
Given the high degree of sequence conservation be-
tween Drosophila and mammalian KSR (THERRIEN et
al. 1995) and the finding that the mouse and Drosophila
KSR kinase domains behave in a similar fashion, we
suspect that these proteins may interfere with RAS sig-
naling by a related if not identical mechanism. A sche-
matic representation of the putative effect of KDN on
RAS/MAPK signaling during photoreceptor cell differ-
entiation is shown in Figure 2. In contrast to the effect
of Ras1''?, which induces the transformation of cone
cells into additional R7 cells by increasing signaling
through the MAPK pathway, KDN interferes with the
differentiation of photoreceptor cells that express high
levels of the transgene (R3, R4, and R7), presumably
because it reduces signaling through the MAPK
pathway.

As with the Ras1'" rough eye phenotype (KarRIM et
al. 1996), the KDN eye phenotype is dosage-sensitive in
that, when compared to the expression of a single copy,
two copies of the KDN transgene produced a much
rougher eye that is severely reduced in size (data not
shown). This indicates that the KDN-modulated signal-
ing is at a threshold and that the phenotype would
be suitable for a dominant modifier screen. Thus, we
predict (as is shown in Figure 2) that mutations in genes
encoding components of the MAPK pathway should
dominantly modify the KDN-dependent eye phenotype
since a twofold decrease in their respective gene prod-
ucts would alter signaling through the MAPK pathway.
In agreement with this prediction, we found that loss-
of-function alleles of mapk and yan dominantly en-
hanced and suppressed the KDN rough eye phenotype,
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respectively (data not shown). A second prediction of
our model is that the KDN phenotype should allow us
to isolate mutations in genes functioning either down-
stream or upstream of RasI since both classes of mutants
might have an effect on a crippled MAPK pathway. This
is in contrast to the use of a gain-of-function molecule
such as Ras1"'? where upstream inputs are more likely
to be negligible (see Figure 2). Consistent with this
interpretation, our previous Ras1"'? dominant modifier
screen failed to identify mutations in signaling compo-
nents functioning upstream of Ras1 (KARIM et al. 1996).

As depicted in Figure 3A, the screen was performed
by crossing w''*® males, mutagenized with either EMS
or X rays, to females carrying the sE-KDN construct in
a pW8 P-element vector inserted onto either the CyO
balancer (CKDN flies) or the TM3 balancer (TKDN
flies). To minimize the risk that a particular integration
site prevents the detection of certain modifiers, two
independent P-element lines (CKDN and TKDN) were
used. Approximately 75,000 and 110,000 progeny were
derived from EMS-treated and X-ray-treated males, re-
spectively, and scored for modification of eye roughness.
Adult flies having eyes with a smoother external appear-
ance (more regular ommatidial array) were isolated as
suppressors, while flies having a rougher eye appearance
(2 more disorganized ommatidial array that is often
accompanied by a slight reduction in the size of the
eye) were identified as enhancers.

The results of the screen: A total of 720 Enhancers of
KDN (EKDN) and 111 Suppressors of KDN (SKDN) lines
were established (Figure 3B). On the basis of our previ-
ous results with the Ras1"'? dominant modifier screen
(KARIM et al. 1996), we predicted that at least two main
classes of modifiers would be isolated. The first class
consists of mutations in RAS/KSR signaling compo-
nents, while the second class represents mutations in
genes affecting the expression level of the KDN trans-
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FiGure 2.—Models depicting the effect of
Ras1"'? and KDN on the RTK/MAPK pathway.
Compared to normal (100%) signaling output
generated by a wild-type MAPK pathway, overex-
pression of Ras1¥ in cells increases signaling
output of the pathway (a threefold increase is
provided as an example) probably by directly
overstimulating RAF activity. Conversely, overex-
pression of KDN attenuates the signaling output
of the pathway (a threefold decrease is shown as
an example) probably by interfering with signal
transmission within the MAPK cascade (THER-
RIEN ¢f al. 1996).

— KDN

gene (basic transcription machinery components, tran-
scription factors specific for the sevenless enhancer, etc.).
To identify and eliminate mutations of the second class,
a simple test cross was performed. We reasoned that
mutations in genes controlling the expression of the
KDN transgene might similarly affect the expression
level of the Ras1'"? transgene. For example, a mutation
that increases the expression of KDN would be isolated
as an enhancer. If the same mutation also increases the
expression of Ras1", it would likewise be scored as
an enhancer of Rasl"' even though KDN and Ras1'"?
generate opposite cellular phenotypes. In contrast, a
mutation that decreases RAS/KSR signaling should en-
hance the KDN phenotype, but suppress the Rasl"?
phenotype if it functions downstream of Rasl, or have
no effect on the Rasl"'"? phenotype if it functions up-
stream of Rasl or in a parallel pathway (like a putative
Rasl-independent KSR-specific pathway). It should be
noted that some modifiers of KDN might not interact
with sev-RasI" if they function sufficiently far down-
stream of Rasl.

Therefore, to eliminate modifiers that most likely af-
fect the expression level of KDN, we crossed the EKDN
and SKDN lines to flies expressing Ras1''? under the sev-
enless enhancer/promoter cassette (sev-RasI"? KARIM et
al. 1996). Of the 720 EKDN, 118 dominantly enhanced
Ras1'? rough eye phenotype and were not further char-
acterized (Figure 3B). For the SKDN, 3 of the 111 lines
suppressed Rasl? and were eliminated. Of the re-
maining 602 EKDN, 55 are homozygous viable mutations
that show no apparent phenotype. We have not deter-
mined allelism for these viable enhancers and do not
know whether they form viable complementation
groups or are hypomorphic alleles of recessive lethal
groups. By performing lethal complementation tests,
allelism was determined for the remaining 547 recessive
lethal EKDN lines. Fifteen lethal complementation
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FIGURE 3.—Schematic representation of the KDN dominant modifier screen strategy and breakdown of the collection of
modifiers isolated. (A) w™ males isogenic for the second and the third chromosomes were mutagenized (X ray or EMS) and
crossed to CKDN (CyO, sE-KDN) or TKDN (TM3, sk-KDN) females. The F, progeny were scored for rougher (enhancers) or
smoother (suppressors) looking eyes. The asterisks show the mutagenized chromosomes. (B) The numbers of Enhancers of KDN
(EKDN) and Suppressors of KDN (SKDN), respectively, falling into the categories defined in the text.

groups that included 362 EKDN alleles were derived.
The remaining 185 recessive lethal enhancers did not
fall into any lethal complementation group and appear
to be single-hit mutations. However, since these lines
have not been further characterized, it is possible that
they may be allelic to some of the viable enhancers
mentioned above but are recessive lethal because they
carry a second-site lethal mutation.

Of the 108 remaining SKDN, 32 are homozygous via-
ble. Although they have not been further analyzed, some
of these viable alleles (all on the second chromosome)
display a slight recessive rough eye phenotype. Comple-
mentation tests for the recessive rough eye phenotype
and genetic mapping will be required to establish allel-
ism between these viable enhancers. For the remaining
76 recessive lethal SKDN lines, allelism was determined
by performing lethal complementation tests. Four lethal
complementation groups that included 12 SKDN alleles
were identified. The remaining 64 recessive lethal sup-
pressors did not fall into any lethal complementation
group and appear to be single-hit mutations. It is possi-
ble, however, that they are homozygous viable en-
hancers with a second-site recessive lethal mutation. Ge-

netic mapping will be required to determine possible
allelism among themselves and the viable SKDN alleles
mentioned above.

Tables 1 and 2 summarize the enhancer and suppres-
sor groups, respectively. The ability of a particular group
to modify the Ras1'"? eye phenotype is shown as are the
genetic interactions between representative alleles of
the modifier groups and a temperature-sensitive hypo-
morphic allele of Raf, Raf™. Hemizygous Raf""” males
die as pharate adults at 25°, but eclose as viable adults
at 18° and have a mild rough eye phenotype (MELNICK
et al. 1993). Heterozygous mutations in bona fide compo-
nents of the Rasl pathway have been shown to interact
genetically with Raf™7 (KARIM et al. 1996). Mutations
in genes that mediate Ras1 signals enhance the lethality
of Raf™"7 at 18°, while mutations in negative regulators
suppress the lethality at 25°. These interactions occur
most likely because the Rasl/MAPK pathway is severely
attenuated in Raf"™” hemizygous males; therefore, a
slight variation in signaling strength caused by muta-
tions in other components of the pathway can signifi-
cantly alter the overall signaling output.

To determine the identity of the suppressor and en-
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TABLE 1
Groups of lethal enhancers of KDN

No. of
Chromosome Groups Genes Map position alleles RasI' Raf™"7
X EKI-1 Dsorl/ mek 8D3-9 5/8 S ND
7 EK2-1 rolled/ mapk h41 70/53 S E
EK2-2 Star 21E2 18/29 No E
EK2-3 cnk 54B10-13 12/23 S E
EK2-4 kismet 21B7 2/15 S E“
EK2-5 Second —/5 S No
EK2-6 egfr 57F1 4/17 No E
EK2-7 Second —/4 S No
EK2-8 s0s 34D —/2 No E
EK2-9 spen 21B7 —/4 No E
117 EK3-1 ksr 83A3-5 6/20 S E
EK3-2 pnt 92F1-2 14/29 S E
EK3-3 Between cu and sr 8/8 S E
EK3-4 Rasl1 85D11-27 1/4 No E
EK3-5 14-3-3¢ 90F6-7 —/1 S E

List of the enhancer groups found on the X, the second (/]), and the third (/II) chromosomes. The number
of X-ray-/EMS-induced alleles isolated for each group is shown. The ability of representative alleles for each
group to either suppress (S) or enhance (E) the sev-RasI"'? external rough eye phenotype (KARIM et al. 1996)
or Raf"™7 hemizygous male lethality is indicated. No, no genetic interaction has been observed; ND, not

determined.

“ EK2-4 alleles enhance eye roughness of Raf™7 at 18°, but do not enhance the lethality.
" EK3-3 alleles might define a haploinsufficient locus since all the alleles show reduced viability and have a

slight external rough eye phenotype as heterozygotes.

hancer groups, lethal complementation tests were con-
ducted using loss-of-function mutations in known com-
ponents of the RAS pathway (see MATERIALS AND
METHODS). This analysis clearly indicated that the
screen was specific for the Rasl pathway and revealed
that 9 of the 15 enhancer groups and one of the four
suppressor groups corresponded to loss-of-function mu-
tations in known components of the Ras pathway in
Drosophila (WassaRMAN and THERRIEN 1997). The loci
identified in the enhancer groups correspond to the egf
receptor (egfr), Star, Son-of-sevenless (Sos), Rasl, ksr, 14-3-
3¢, Dsorl/mek, rolled/ mapk, and pointed (pnt) loci, while
the locus corresponding to the suppressor group is yan

(Tables 1 and 2). The two genetic tests used to classify
the groups further corroborated the identity of the
known components. As expected, all of the enhancer
groups enhanced Raf™ lethality at 18°. The groups
corresponding to genes functioning downstream of
Rasl (ksr, 14-3-3€, Dsorl/mek, rolled/ mapk, and pnt) sup-
pressed Rasl"'? rough eye phenotype, while the ones
corresponding to Rasl itself or functioning upstream
of Rasl (egfr, Star, and Sos) did not interact with Ras1*"?
(Table 1). In addition, yan alleles enhanced Rasl*!?
rough eye phenotype and suppressed Raf"" lethality
at 25° (Table 2).

Since loci that interact genetically with Raf"™’ are

TABLE 2

Groups of lethal suppressors of KDN

Map No. of
Chromosome Groups Genes position alleles RasI"* Raf™”
Vg SK2-1 yan 22D1-2 1/2 E S
SK2-3 Second —/2 E No
SK2-4 Src42A 42A1-2 —/3 E S
1 SK3-1 99A-B 1/3 E S

List of the suppressor groups found on the second (/I) and the third (/II) chromosomes. The number of
X-ray-/EMS-induced alleles isolated for each group is shown. The ability of representative alleles for each
group to either suppress (S) or enhance (E) the sev-RasI"’? external rough eye phenotype (KariM et al. 1996)
or Raf™7 hemizygous male lethality is indicated. No, no genetic interaction has been observed.
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more likely to encode general signaling molecules func-
tioning in the Rasl pathway, meiotic and deficiency
mapping was conducted on the remaining modifier
groups that altered the Raf™" phenotype. They in-
cluded four enhancer groups, EK2-3, EK2-4, EK2-9, and
EK3-3, and two suppressor groups, SK2-4 and SK3-1 (Ta-
bles 1 and 2). Recently, we reported the identification of
EK2-3 and SK2-4, which encode a putative multiadaptor
protein named connector erhancer of KSR (CNK) and
a Drosophila homologue of Src tyrosine kinase named
Src42A, respectively (THERRIEN ef al. 1998). The identi-
fication of EK2-9 and EK2-4 is presented below, while
EK3-3 and SK3-1 remain to be characterized.

The EK3-3locusis recessive lethal and has been meiot-
ically mapped between cu and sron 3R. No deficiencies
have been found to uncover this locus. As heterozygotes,
all the EK3-3 alleles display a slight external rough eye
phenotype and wing vein defects, and their viability
appears to be reduced (data not shown). The SK3-1
group includes four alleles that have been meiotically
mapped to ~3-100 on 3R. Two of the alleles (SK3-1*%
and SK3-I°*¥') are homozygous viable with no appar-
ent phenotype, while the two others (SK3-I*? and
SK3-15%%) are recessive lethal. The SK3-1% and
SK3-15% alleles were further mapped to 99A1-B11,
which corresponds to the breakpoints of Df(3R)Drruvl,
a deficiency that uncovers their lethality.

The SK3-1viable alleles were grouped with the lethal
alleles on the basis of the following criteria: first, the
ability of all SK3-1 alleles to suppress KDN was mapped
to the same location. Second, all alleles enhanced the
Ras1'*? eye roughness and efficiently suppressed Raf™’
lethality at 25°. Third, although the viable alleles are
also viable over the Df(3R)Dr-rvl chromosome, they are
subviable when placed over the lethal SK3-1%°% allele
and display a clear external rough eye phenotype and
wing defects (missing veins and atrophied wings; data
not shown). No P element disrupting this novel locus
has yet been identified.

The EK2-9 group comprises four recessive lethal EMS
alleles (Table 1) that do not dominantly suppress the
Ras1'"? rough eye phenotype but do enhance Raf™™’
lethality at 18°. These data suggest that £K2-9 might
encode a general signaling component required either
upstream or in a parallel pathway to Rasl. EK2-9 alleles
were meiotically mapped to the distal end of the left
arm of chromosome 2. Consistent with this, the lethality
was uncovered by Df(2L)net-PMF (21A1-B8), but was not
uncovered by Df(2L)net62 (21A1-B4), thus placing the
locus at 21B4-B8 in the nonoverlapping interval be-
tween the two deficiencies. P elements mapping to this
region were tested for noncomplementation of the le-
thality of the EK2-9 alleles. Two independent lethal P
elements [[(2)03350 and [(2)k10325] failed to comple-
ment the recessive lethality associated with £K2-9. These
Pelements have recently been shown to disrupt a gene,
split ends (spen), which encodes an RNA recognition

motif (RRM)-containing protein (WIELLETTE ef al. 1999;
REBAY et al. 2000). Therefore, on the basis of the com-
plementation test results, we conclude that FK2-9is al-
lelic to spen.

Molecular characterization of EK24: The EK2-4 al-
leles are recessive lethal and they dominantly suppress
the Ras1''® rough eye phenotype. The EK2-4 alleles,
however, do not enhance Raf"™"lethality at 18°, but do
strikingly enhance the rough eye phenotype seen in
hemizygous Raf™ males (data not shown). These ob-
servations suggest that the protein encoded by EK2-4 is
nota general Rasl signaling component, but rather that
its function is required for some specific aspects of Rasl
signaling during eye development. As with EK2-9, the
EK2-4 alleles were meiotically mapped to the distal end
of 2L. The recessive lethality associated with the EK2-4
alleles is also uncovered by Df(2L)nei-PMF, but not by
Df(2L)net62, placing the locus at 21B4-8. The EK2-4
group, however, is not allelic to EK2-9. Several P ele-
ments that disrupt the kismet locus fail to complement
the lethality of all the EK2-4 alleles tested. In addition,
an unrelated kismet allele, kis', isolated as a dominant
suppressor of PC' (KExNisoN and TAMKUN 1988), also
fails to complement the lethality of the EK2-4 alleles.
Together, these results strongly suggest that the FK2-4
locus corresponds to the kismet gene.

To identify a cDNA encoding the kismet/EK2-4 gene,
we first isolated genomic DNA that flanked [(2)07812
(a P element that is allelic to kismet/ EK2-4). When this
DNA was used to screen a Drosophila embryonic cDNA
library, one class of transcripts was isolated. The se-
quence of the longest cDNA (kis2; Figure 4A) contains
a single long open reading frame (ORF) that lacks a
STOP codon. We then used the kis2 cDNA to isolate
overlapping cDNAs extending the sequence in the 3’
direction until a STOP codon was reached. As shown
in Figure 4A, two additional cDNAs (kis30 and kis40A)
were sequentially isolated and, together with kis2,
formed an ~17.4-kb ¢cDNA contig. Alignment of the
putative kismel transcript sequence to the genomic
sequence [Berkeley Drosophila Genome Project
(BDGP)], revealed a genomic organization of 18 exons
spread over ~40 kb (Figure 4A). In addition, three P
elements that fail to complement the EK2-4 alleles are
found to be inserted in either the first or the twelfth
introns, strongly suggesting that the relevant cDNAs
had been isolated. Although the assembled kismet cDNA
contig is artificial, two naturally occurring kismet tran-
scripts of ~8.5 and 17 kb have been recently reported
(DAUBRESSE et al. 1999). DAUBRESSE el al. (1999) also
reported the isolation and the complete sequence of
the shorter form (8.2 kb), which shares the last six
exons with our 17.4-kb contig (Figure 4A). Itis not clear
whether these two types of transcript are generated by
alternative spicing or by the use of different promoters.

Conceptual translation of the longest ORF (15,966
bp) in the 17.4-kb kismet cDNA contig predicts a protein



M. Therrien et al.

1238

0222 LJd YECIRMIA NYY 13 g 028a0 T3 Wjtd MO K]l B9 SEWMOL I - Tfel(IletN - @83 ST L OPW I HIEE 2912

mmo rove [anElepaiar 558 5 ORI £t a uRioB o m slla M af{NERA O 131 1y a1 aNu AN 3 u B TR

60v BT afgelu e X ERY s A v (R auflo o ammaatalinalfio 1313 310 affla 1080 33 ANy 1SS

€22 HT OECEN M X OIS N L (R anpio 0 IMMAd TRREN a0 T[] T IhT O AP TAD T3 A TINED

1912 wWvadPl - arax1ang o0 vEIOREARLZ A0 WIS 3 HO kRl FFERT 1 a s 7 LBl f¥Slanooaf)- - - - - - - - N S AR IS 1 Bz oEERLI 9902
SVEE - - o dpio a3 s IS TR0 v OEDIRICHNE A X 2 naqamomxm_mq.ma@oxuxasﬂ:mamm N5s vREL sH 1Al 1 o1 1IN 1Kz A EEREIN voze
9vE 101 o ORI EPE « 100 A w3 o WEEN Ay xmqmmoaxxmq.m« ROl oonafftalyl: - PG tEPYSEE CEE R e PSe
091 ML lgd aooannl o N RAN AN S P 3 I O ok Rl sERalpd * (S T TREIOMENY - - -~ - - proGidctel O A RERM 1 O1S S AN 2 aldvieda ¥ a1 mEEE]
sz0z VEERIN SElARY 1 M ¢ an g 1R # oBI: oOF B ol - slfloRl: 2 1 E 1 Bl aflr s i Mo sy and adaTvy - I ERIvER s Al 031V 9c61
6562 0 AP OBR 2 1 B ALCERTH 0 0 1 o KW s SEWAS - - FEILEREL s 1 aBER 1 Blz nax10fdaa BRBdX 2 TREAN TT AMNRIHABITH 3 3 A 4K T

€21 PERRIVERRAE T 1 AAOHAIAD I TTS AR aE@Man 1 I) Ela oK« YT Bl Iy o fsia i o) s i) O TAZTHEAETT ANNGHE B 3 3 A IR

ve6 SRV ERREAN TAOHMIAD T TTSHaNERM am mBEVNETa PR B+ o bl lPRa 1 3l ald o Bl RO ERR T oFBd a1 T4 A TR AN 1T ANNBlaE 11 31 1 2B

1€6T MBIONAWSO VYRl - * " ° [¢]nke] O 1 © SELUBEIN Oubtudlgals 334 1ol HeMEI LRI S WHE Il Okis T © * 37 Iplx M X VEREDORE1X O Yl ARKEOIE] A kA8 9681
qu 668 ERREEINI VS ND - o]0 p{Ld L T Tl waKMQUMN,IﬁbUNEq.HA& O IREIRGIMEINTTH MR RIH L P IM TO MO Ipd NEEONERRER 5w 69.L
LBLT ERREWNT NH a¥ s 1hleAl fd L. d 1 T TEsl LESS IR PIA O TRl T 1RV OaklaldAdu vo REIORIT 2hiTEl sEERERBELS DEERSEGRISE| 9692

ze b O .

"e'e 1621 I [E[ F}---

v 05z Tl }---

2010} - T —F -
_

"e'B /667 W

‘BB LGLT | €18

(6] Tl [¢] T

"B 7265 |

|

—_  J esedly OO
Had suolbay  ay-zins QO

6SGLTIOVYY

LIWSINA
80EO0VYVIX
8€8LG§8VYD

6SSLIOVY
LINWSIN
0EOVVYIN m

8
BESBLGHEVD

LdHOW

80€0VVIA
1°8€8.59VO
1'9€8.59VO
6SS.LOVV

S-SIM
TS

paAasuo) g
R R —
PivLL %\/%/?\/5\[\\\\/_
.OOOOOOWWQJVMA.N« '.l'l!..-ll.O.ll...'..'Q.MCAW..M%.QII.ll!l.l..‘l.l..ll... N%N& Dxm
" o — . y y N .. "
69r2(0)dA [0#2(0)dd ZI18L0(I v



KSR-Dependent Genetic Screen 1239

of 5322 amino acids, named KISMET long isoform (KIS-
L; Figure 4B). The shorter form, named KISMET short
isoform (KIS-S), is 2151 amino acids long and is derived
from the 8.2-kb contig described by DAUBRESSE et al.
(1999). The first 46 amino acids of KIS-S are unique,
while the remaining 2105 amino acids are shared with
KIS-L (Figure 4B). BLASTP searches of the GenBank
database using the KIS-L amino acid sequence revealed
the presence of two chromodomains followed by a SNF2-
like ATPase domain; when compared to known pro-
teins, this domain organization is most similar in se-
quence and in structure to the chromodomain-helicase
domain (CHD) proteins (WOODAGE et al. 1997; Figure
4B). The homology with the CHD proteins, however,
does not extend to other regions of the KIS proteins.
One additional region of homology was previously iden-
tified in KIS-S by DAUBRESSE el al. (1999). This region
is named the Brahma (BRM)-KIS (BRK) domain and
corresponds to a short amino acid sequence that exhib-
its homology between the KIS proteins and proteins of
the Brahma family.

Database searches also identified several putative pro-
teins in other phyla with high homology to KIS-L (Figure
4B). Most of them correspond to partial sequences, so
it is not clear whether they are completely related to
KIS-L. Nonetheless, the high degree of homology with
KIS-L is a strong indication that KISMET homologues
exist in other species. Interestingly, in addition to the
known domains mentioned above, sequence compari-
son between KIS-L and some of the homologues has
identified three novel conserved regions (CRI, CR2,
and CR3; Figure 4B). Except KIS-S, which also contains
the CR3 domain, database searches failed to identify

known proteins containing any of these three CR do-
mains.

DISCUSSION

ksr has been genetically identified as an important
mediator of RAS-dependent signals. Although biochem-
ical evidence suggests that KSR is directly involved in
the MAPK pathway, its molecular function remains un-
clear. In this report, we present the results of a dominant
modifier screen performed in Drosophila that was based
on a KSR-dependent rough eye phenotype. We rea-
soned that some of the loci identified in such a screen
might encode novel signaling molecules that could shed
light on the function of KSR and/or might provide
new clues regarding other aspects of RAS-dependent
signaling mechanisms.

Since KSR activity appears to be required for the
MAPK pathway (see Introduction), we expected that
the KDN screen would uncover mutations in several
known loci involved in RAS/MAPK signaling during
Drosophila eye development (WASSARMAN and THER-
RIEN 1997). As predicted, 9 (egfr, Star, Sos, Rasl, 14-3-
3¢, ksr, Dsorl/mek, rolled/ mapk, and pointed), of the 15
complementation groups of Enhancer of KDN, and one
(yan) of the four groups of Suppressor of KDN, correspond
to such critical genes (Tables 1 and 2). This result not
only strongly correlates with the biochemical findings
that KSR is required for signaling through the MAPK
pathway but also demonstrates the effectiveness of the
screen in identifying signaling components relevant for
RTK/RAS-dependent signaling. Thus, it would be pre-

F1cure 4.—Molecular characterization of the kismet locus and identification of its gene products. (A) Genomic organization
of the kismet locus. The top line represents genomic DNA. The inverted triangles and the ticks on top of the line mark the
position of P-element insertion sites and the EcoRI restriction sites, respectively. The position of the P elements was provided by
aligning the flanking genomic DNA sequence available for each P-element insertion (Berkeley Drosophila Genome Project) to
the genomic sequence of the kismet locus derived from two overlapping P1 genomic clones (see below). The three dotted lines
represent the extent of the longest overlapping cDNAs isolated (kis2, kis30, and kis#0A), which together form a 17.4-kb contig
(GenBank accession no. AF215703). The exon/intron arrangement of the kismet gene was determined by aligning the 17.4-kb
cDNA sequence with the kismet genomic sequence contained within two overlapping P1 genomic clones (GenBank accession
nos. AC004274 and AC005334). Solid and open boxes denote the coding and noncoding sequences, respectively. The structure
of the short 8.2-kb kismet transcript (DAUBRESSE e al. 1999) is shown as a reference (GenBank accession no. AF113847). (B)
Schematic structure of the long (KIS-L) and the short (KIS-S) KISMET protein isoforms. Database searches identified two
chromodomains (checkered boxes: CD1, amino acid positions 1793-1921, and CD2, amino acid positions 1939-1996) and a
SNF2-like ATPase domain (solid box: amino acid positions 2029-2626) specifically found in the KIS-L isoform. The two KIS
isoforms, however, share a BRK domain (hatched box: amino acid positions 4376-4416 in KIS-L) recently defined as a 41-amino-
acid motif conserved between KIS-S (amino acid positions 1205-1245) and the Brahma proteins (DAUBRESSE et al. 1999). The
schematic structure of mouse CHD1 (GenBank accession no. L10410) is provided as an example. In addition to the chromodomains
and the SNF2-like ATPase domain, the CHD proteins also include a putative DNA-binding domain (DBD) that is not found in
KIS-L. Database searches also identified a partial human expressed sequence tag (KIAA0308) and three predicted ORFs deduced
from genomic sequences [a C. elegans sequence (protein ID, AAC17559), and two partial human sequences (protein IDs,
CAB57836.1 and CAB57838.1)] that represent better KISMET homologues than the CHD proteins. For instance, the potentially
full-length AAC17559 C. elegans sequence and the partial CAB57836.1 human sequence have a higher homology in the chromo-
ATPase region (~65% identity) compared to the CHD proteins (~44% identity) and have additional conserved regions (1, 2,
and 3) that are not found in the CHD proteins. Furthermore, the C. elegans sequence also contains a BRK domain. The two
other partial human sequences (CAB57838.1 and KIAA0308) also contain some of the conserved regions found only in KISMET.
KIAA0308 also contains two BRK domains. (C-E) Amino acid sequence comparison of the conserved regions (CR1, CR2, and
CR3) found between KIS-L and the putative ORFs. Identical and conserved residues are highlighted in black and gray, respectively.



1240 M. Therrien et al.

dicted that some of the novel loci may also encode
important components of this signaling route.

Six (EK2-3, EK2-4, EK2-9, EK3-3, SK2-4, and SK3-I)
of the nine novel complementation groups genetically
interact with Raf™” (Tables 1 and 2). Since loci encod-
ing bona fide components of the Rasl pathway show an
interaction with Raf"™’, it is likely that these six new
loci may also encode proteins involved in Ras] signaling.
In contrast, the three complementation groups (£K2-5,
EK2-7, and SK2-3) that did not interact with Raf™" (Ta-
bles 1 and 2) are less likely to encode critical mediators
of the pathway. However, we cannot exclude the possi-
bility that there may be alternative explanations as to
why these groups fail to interact with Raf™". For in-
stance, it is possible that the mutations for each of these
three groups represent weak loss-of-function alleles that
do not significantly alter signaling in the Raf"™” back-
ground. It is also possible that these groups encode
molecules required in other Rasl-dependent but MAPK-
independent pathways and that the Raf"" assay is un-
able to detect genetic interactions with such signaling
components. The ability of these three groups to inter-
actwith sev-Ras1""? (Tables 1 and 2) is consistent with this
possibility. Their identification awaits further mapping
and molecular characterization.

The identity of four (EK2-3, EK2-4, EK2-9, and SK2-
4) of the six novel complementation groups thatinteract
with Raf"™” has been determined (Tables 1 and 2). All
of the groups except one ([£K2-9) are able to modify the
sev-Ras1" rough eye phenotype, indicating that their
activity is required downstream of Rasl. From this data
alone, we cannot unambiguously determine whether
EK2-9 is required upstream or downstream of Rasl,
since it is possible that a 50% reduction in EK2-9 gene
dosage is not sufficient to alter Rasl' signaling
strength. The identity of EK2-3 and SK2-4 as ¢nk and
Src42A, respectively, readily suggests a link to Rasl sig-
naling, while the proteins encoded by EK2-4 and EK2-9
point to novel classes of RAS signal mediators. £EK2-3
encodes a novel 1557-amino-acids long protein, named
CNK. CNK contains several protein-protein interaction
domains and may function as a multiadaptor molecule
(THERRIEN et al. 1998). Consistent with a role in Rasl
signal transduction, cnk loss-of-function alleles not only
suppress the Ras1¥? rough eye phenotype but prevent
photoreceptor cell differentiation and impair cell prolif-
eration (THERRIEN et al. 1998). Like ksrloss-of-function
alleles, cnk mutations do not suppress the rough eye
phenotype induced by the overexpression of an acti-
vated form of Raf, Tor*”ANRaf, suggesting that CNK
activity is required upstream of or in a parallel pathway
to Raf (THERRIEN ef al. 1998). In agreement with this
position and with the possibility that CNK is required
for the MAPK pathway, CNK directly interacts with RAF
(THERRIEN et al. 1998). The fact that both CNK (di-
rectly) and KSR (indirectly) interact with Raf suggests
that some aspects of their function converge on the
regulation of Raf. These findings also suggest that KSR

and CNK might coexist in a complex, which would rein-
force the possibility of a functional relationship between
the two molecules. Finally, we have recently presented
genetic evidence suggesting that CNK activity is also
required for a Rasl-dependent/MAPK-independent
pathway (THERRIEN ef al. 1999).

Complementation test results reveal that SK2-9 is al-
lelic to Src42A (THERRIEN ef al. 1998 and data not
shown), the closest Drosophila homolog of the Src ki-
nase family (TAKAHASHI et al. 1996). Intriguingly, our
genetic data (suppression of sE-KDN, enhancement of
sev-Ras1"'?, and suppression of Raf™) suggest an inhibi-
tory role for Src42A in Rasl1 signaling, which is opposite
to the described function of Src-like kinases in verte-
brates (BELSCHES et al. 1997; HANKS and PorLTE 1997).
During the course of this work, Sr¢42A was also identified
by another laboratory as being a dominant suppressor
of a hypomorphic allele of Raf (Raf“"'% Lu and L1 1999).
The genetic and molecular characterization of different
Src42A alleles by Lu and Li clearly supports an inhibitory
function for Src42A in different RTK-dependent signal-
ing pathways. Therefore, the further elucidation of the
molecular function of Src42A in Drosophila may unveil
anovel mechanism of action for this family of nonrecep-
tor tyrosine kinases.

Since alleles of EK2-9failed to complement two inde-
pendent P elements recently shown to disrupt the split
ends locus (spen; WIELLETTE el al. 1999; REBAY et al.
2000), we conclude that EK2-9 is allelic to spen. This
gene encodes at least three large (~5500 amino acids)
and closely related protein isoforms (WIELLETTE et al.
1999; REBAY et al. 2000). The Spen proteins contain
three RRMs at the N terminus and a conserved region
of unknown function at the C terminus (WIELLETTE et
al. 1999; REBAY et al. 2000). The presence of three RRMs
suggests that the Spen proteins mediate their effect via
a RNA binding-dependent mechanism such as RNA pro-
cessing or transport. Interestingly, mutant alleles of spen
have been isolated in several independent genetic
screens in Drosophila. They were initially recovered in
a screen for mutations affecting peripheral nervous sys-
tem development (KoLODZIE] et al. 1995). Subsequently,
they were isolated in two related screens that, like the
KDN screen, were designed to identify novel compo-
nents of the Rasl pathway. Mutations in spen were iso-
lated as dominant enhancers of a Raf-induced [E(Raf)
2A complementation group; DICKSON et al. 1996] and
aYan-induced rough eye phenotype (ReBAY et al. 2000).
The fact that three separate screens targeting Rasl sig-
naling (KSR-, Raf-, and Yan-dependent) recovered mu-
tant alleles of spen suggests that this locus is relevant for
Rasl-mediated signal transduction. Examination of the
genetic interactions, however, indicates that the role of
spen in Rasl signaling may not be straightforward. For
example, the ability of the E(Raf) 2A/ spen alleles to dom-
inantly enhance an activated Raf-dependent phenotype
(DICKSON et al. 1996) suggests that spen is a negative
regulator of the pathway. However, alleles of spen also
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enhance Raf™ lethality at 18° (DICKSON et al. 1996;
REBAY et al. 2000; this study), and homozygous mutant
clones in the eye are often missing R7 and outer photo-
receptor cells, although extra photoreceptor cells are
occasionally found (DICKSON et al. 1996). These results
are more consistent with a positive role for spen during
Rasl signaling and would agree with the fact that spen
mutations were recovered as enhancers of sk-KDN and
gmryan" (Table 1 and REBAY et al. 2000). Alleles of spen
were also recovered as enhancers of a loss-of-function
phenotype for the Hox gene Deformed (Dfd; GELLON et
al. 1997). In that context, the genetic analysis of spen
suggests that it functions in parallel to Dfd for the speci-
fication of head cuticular structures. Finally, mutations
in spen have been identified as dominant enhancers
of an E2F/Dp-induced rough eye phenotype and as
dominant suppressors of p21“F-induced phenotypes
(STAEHLING-HAMPTON et al. 1999). The fact that S-phase
entry is stimulated by the overexpression of E2F and
Dp proteins in the eye but inhibited by p21“*! overex-
pression suggests that spen may be involved in the nega-
tive regulation of cell cycle progression.

How spen activity links Ras1-dependent cell differenti-
ation, Hox-dependent segment specification, and E2F-
dependent cell cycle control is unknown. Nonetheless,
their common requirement for spen function suggests
that they are interconnected. In agreement with this
idea, other loci have been found to be in common in
the screens mentioned above, as well as in other related
screens (see below). One of these loci corresponds to
the kismet (kis) gene. In addition to the EK2-4/ kis alleles
identified in this KDN screen, mutations in kis were
recovered as dominant enhancers in the Dfd screen
(GELLON et al. 1997) and as dominant suppressors in
a Polycomb (Pc) loss-of-function screen (KENNISON and
TaMkuN 1988). Alleles of kis have also been identified
as dominant suppressors of the synthetic lethality gener-
ated by the coexpression of activated Sevenless (SevS11)
and Ras1''? (MAIXNER el al. 1998).

The ability of kis mutations to suppress the homeotic
transformations observed in a Pc mutant background
and to suppress the expression of the Hox gene Sex
combs reduced suggests that kis is a member of the tri-
thorax group (trxG) of genes (KEnNISON and TAMKUN
1988; DAUBRESSE ¢t al. 1999). In Drosophila, trxG genes
are essential for Hox gene expression, where they ap-
pear to counteract the repressive effect of the Polycomb
group (PcG) of genes on Hox gene expression (re-
viewed in PIRROTA 1998). Interestingly, a number of
trxG proteins are similar to components of the large (2
MD) ATPase-dependent SWI/SNF complex that facili-
tates the access of transcription factors to their DNA
binding sites by destabilizing the nucleosomes
(MucHARDT and Yaniv 1999). It is thus possible that
trxG proteins control Hox gene expression by directly
altering the chromatin at specific Hox loci. Strikingly,
sequence analysis of the KIS proteins reveals strong ho-
mologies with the CHD proteins, which represent a

novel class of putative ATPase subunits of chromatin
remodeling complexes (WOODAGE et al. 1997), and with
Brahma, a trxG protein that is the closest fly homologue
to the yeast SWI2/SNF2 ATPase subunit (TAMKUN et al.
1992). These observations strongly suggest that the KIS
proteins are also involved in chromatin remodeling.
Interestingly, Brahma and KIS proteins do not appear
to coexist in a common complex (DAUBRESSE el al.
1999). This raises the possibility that KIS is part of a
different chromatin remodeling complex that might
regulate the transcription of a distinct group of genes.
Consistent with this hypothesis, brahma mutations have
not been isolated in the Rasl pathway-dependent
screens mentioned above. On the basis of the presumed
function for KIS and the observation that kis loss-
of-function mutations suppress sev-RasI1"'%, and enhance
sE-KDN and Raf™’ rough eye phenotypes (Table 1), it
is tempting to speculate that KIS is part of a complex
that, in response to Rasl-dependent signals, directly
alters the transcription of a specific group of genes re-
quired for Rasl-dependent cell differentiation during
Drosophila eye development.

In summary, the KDN screen has enabled us to iden-
tify novel players in the intricate network of proteins
that defines the RAS signal transduction pathway. The
goal remaining is to elucidate the function of these
proteins with respect to KSR and with respect to other
components of the pathway. The functional character-
izations of CNK and Src42A certainly represent promis-
ing avenues to unravel novel features of the Ras1/MAPK
pathway, which may also provide important clues to
deciphering the molecular function of KSR. Although
a direct link may exist between KSR and Spen or KIS,
the fact that spen and kishave been identified in multiple
screens and that they encode nuclear proteins (DAu-
BRESSE ¢l al. 1999; WIELLETTE ef al. 1999) suggests that
they more likely function further downstream in the
pathway. Still remaining to be characterized are five
additional loci. Based on the genes that have been iden-
tified by the KDN screen so far, it is hoped that the
identification of the remaining loci will provide new
entries into a well-studied pathway.
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