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ABSTRACT

The sticky/citron kinase protein is a conserved regulator of cell-cycle progression from invertebrates to
humans. While this kinase is essential for completion of cytokinesis, sticky/citron kinase phenotypes
disrupting neurogenesis and cell differentiation suggest additional non-cell-cycle functions. However, it is
not known whether these phenotypes are an indirect consequence of sticky mutant cell-cycle defects or
whether they define a novel function for this kinase. We have isolated a temperature-sensitive allele of the
Drosophila sticky gene and we show that sticky/citron kinase is required for histone H3-K9 methylation,
HP1 localization, and heterochromatin-mediated gene silencing. sticky genetically interacts with Argonaute
1 and sticky mutants exhibit context-dependent Su(var) and E(var) activity. These observations indicate
that sticky/citron kinase functions to regulate both actin—-myosin-mediated cytokinesis and epigenetic
gene silencing, possibly linking cell-cycle progression to heterochromatin assembly and inheritance of

gene expression states.

N multicellular organisms, development must be co-
ordinated with cell proliferation and differentiation
to achieve proper tissue and organ size and morphol-
ogy. In some cases, differentiation includes dramatic
cell-cycle modifications, for example, programmed
changes in DNA ploidy (for reviews see EDGAR and
ORR-WEAVER 2001; LEE and ORrR-WEAVER 2003). By
contrast, meiotic divisions lead to decreased ploidy to
produce haploid gametes. In each of these examples,
the order of cell-cycle events is altered to achieve de-
velopmental and tissue-specific outcomes. Moreover, a
spectacular range of dynamic changes in nuclear mor-
phology, chromosome condensation, chromosome pair-
ing, and chromatin structure also accompany these
variant cell cycles (for reviews see EDGAR and ORR-
WEAVER 2001; LEE and ORR-WEAVER 2003; MATZKE and
BIRCHLER 2005; WALLACE and ORR-WEAVER 2005;
IvaNovskA and ORR-WEAVER 2006). How cell division,
cell differentiation, and changes in chromatin are co-
ordinated remains poorly understood; however, it is
clear that these processes must be linked to ensure
proper propagation of epigenetic states and mainte-
nance of cell fates (MAURANGE et al. 2006; BAKER 2007;
McCLURE and SCHUBIGER 2007).
As these are fundamental processes ubiquitous to all
metazoan, it is of great interest to uncover the factors
thatlink cell-cycle progression to developmental changes
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in chromatin. Drosophila development, and oogenesis
in particular, has proven to be an excellent model for
understanding how developmental cues coordinate
differentiation with cell-cycle progression (SPRADLING
1993; Bosco and ORR-WEAVER 2002; LEeE and ORR-
WEAVER 2003). For example, heterochromatin pack-
aging and underreplication as well as specific develop-
mentally regulated histone modifications have been
described as occurring during Drosophila oogenesis
(LrtLy and SPRADLING 1996; RoyzmanN et al. 2002;
AGGARWAL and CarLvi 2004; IVANOVSKA et al. 2005;
HARTL et al. 2007). Therefore, we used this system to
screen for mutants that exhibited developmental de-
fects in addition to cell-cycle and chromatin defects. In
this report, we focus on the function of the sticky/citron
kinase cell-cycle regulator as a possible candidate that
links cell-cycle progression to modifications in chroma-
tin structure.

sticky/citron kinase is a member of the AGC family of
kinases that include protein kinase B, protein kinase C,
Rho-kinase, myotonic dystrophy protein kinase, and
myotonin-related Cdc42-binding kinase (D’AvINO et al.
2004; NaMm et al. 2004; for review see ZHAO and MANSER
2005). The only known substrate for this kinase is myo-
sin II, the primary motor protein responsible for cyto-
kinesis. Myosin II is activated by phosphorylation of the
regulatory light chain (MLC) at Serl9/Thrl8. Phos-
phorylation at this site allows myosin II to interact with
actin, resulting in the assembly of an actomyosin com-
plex forming the contractile ring. Several kinases,
including citron kinase, have been shown to phosphor-
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ylate MLC at Ser19/Thrl8, and citron kinase function is
essential for cytokinesis in Drosophila as well as in some
mammalian cells (for review see MATSUMURA 2005).

Although it is clear that citron kinase plays a critical
function in cytokinesis in many systems, some reports
suggest that this kinase may have other functions,
particularly during neurogenesis. In mice deficient for
citron kinase, death occurs within a few weeks after birth
due to severe ataxia and epilepsy, although some non-
neuronal cells develop normally (D1 CuNnToO et al. 2000).
Citron kinase is also required for neurogenesis (D1
CunTo et al. 2003; LoTuRrco et al. 2003; ACKMAN et al.
2007). In a Down syndrome mouse model, citron kinase
is responsible for inhibiting neurite extension (BERTO
et al. 2007). Interestingly, this citron-kinase-mediated
neurite inhibition is through a direct interaction with
tetratricopeptide repeat protein TTC3, a Drosophila
ortholog of dTPR2, which suppresses polyglutamine
toxicity in a fly Huntington’s disease model (KazeEmI-
EsFARJANT and BENZER 2000; BERTO et al. 2007). Further
supporting a neuro-specific function is the observation
that a cleaved form of citron kinase protein, citron-N,
directly interacts with the postsynaptic density protein
95 (PSD95) and localizes to synapses (MADAULE el al.
2000).

A nuclear and mitotic function for citron kinase also
has been described. In mouse-cultured keratinocytes,
citron kinase was shown to be important for gene tran-
scriptional regulation and cell differentiation (GROSSI
et al. 2005). In rat hepatocytes, citron kinase localizes to
the nucleus and is important for Go/M progression,
suggesting that this protein has a critical nuclear func-
tion prior to cytokinesis (L1u et al. 2003). This precyto-
kinesis function is consistent with studies where
pharmacological and RNA interference (RNAi) inacti-
vation of myosin II result in mitotic spindle defects in
vertebrate and Drosophila cells, although these studies
do not directly examine the role of citron kinase in
spindle assembly (SoMMa ef al. 2002; ROSENBLATT el al.
2004). However, in mouse neuronal explants, live im-
aging showed that a citron kinase mutation resulted in
mitotic defects due to abnormal spindle formation
(LoTurco et al. 2003).

Finally, citron kinase has been implicated in retroviral
replication: The rubella virus RNA replicase binds di-
rectly to citron kinase protein and inactivates its kinase
activity (ATREYA ef al. 2004a,b). By contrast, HIV-1 pro-
duction is enhanced by citron-kinase-mediated exocy-
tosis (Loomis et al. 2006). Thus, it appears that citron
kinase normally inhibits rubella virus RNA replication
while promoting HIV-1. How citron kinase affects either
RNA virus is not well understood.

The Drosophila sticky (stz) gene is the citron kinase
ortholog. Drosophila citron kinase function is essential
for viability, and all st alleles previously studied are
homozygous lethal. Mutant phenotypes include neuro-
blast and spermatocyte cytokinesis defects resulting in

multinucleated and polyploid cells (D’AvINO et al. 2004;
Na1Mm et al. 2004; SHANDALA ef al. 2004). Mutations in sti
also resultin late telophase defects, including persistent
midbodies and abnormal F-actin and anillin structures
(Namm et al. 2004). RNAi knockdown of sti in the
Drosophila developing eye causes proliferation defects,
and in tissue culture cells stz RNAi causes cytokinesis
defects, producing multinucleated cells (D’AvINO et al.
2004; EcHARD et al. 2004). Here, we report a novel
Drosophila sti allele that is adult viable at low temper-
atures and lethal at high temperatures. We also show
that st functions in heterochromatin assembly and
epigenetic gene silencing, a function previously not
known for this gene.

MATERIALS AND METHODS

Drosophila strains: The sticky gene and sti and sti’ mutants
were described in GATTI and GOLDBERG (1991), D’AvVINO et al.
(2004), and NamM et al. (2004). The sti' and st mutants and all
mapping and deficiency stocks were acquired from the
Bloomington Stock Center. Mutant lines for the screen were
from the Zuker collection and were previously described in
KOUNDAKJIAN et al. (2004). Meiotic recombination mapping
was done by using the mapping stock ru, A, th, st, cu, s, ¢, and ca.
The UAS-Agol transgenic line was a gift from Daniela Zarnescu
and was previously described (WiLLiAMS and RuBiN 2002; JIN
et al. 2004). The Rhol”’ and Agol mutant lines were obtained
from the Bloomington Stock Center; yw; Rhol”’/Cyo was pre-
viously described (D’AvINO et al. 2004). Ago "' (y[1] w[67c23];
P{w[+mC]=lacW}AGO1[k08121]/CyO) and Agol""”" (y[1]
w[67¢23]; P{w[+mC]=1lacW}AGO1[k00208]/CyO, P{y[+t7.7]
ry[+17.2]=Car20y}EWI) were previously described (RochH
et al. 1998; SPRADLING el al. 1999; KATAOKA ef al. 2001). The
white” variegating lines have been previously described as
follows: In(I1)w"” was obtained from the Bloomington Stock
Center and described in REUTER and Wouvrrr (1981). The DX1-
mini-w 7-tandem repeat line was a gift from James Birchler and
described in DoreR and HENIKOFF (1994). The bw?”; st varie-
gating line was obtained from Steven Henikoff and was pre-
viously described (SrATIS 1955; TALBERT and HENIKOFF 2006).

Immunofluorescence and microscopy: We dissected ovaries
in Grace’s insect medium (Invitrogen, San Diego). The ovaries
were transferred to a 1.5-ml Eppendorf tube and fixed for 5
min in a solution of 4% formaldehyde in buffer B (100 mm
KHsPO,4/KsHPO,, pH 6.8, 450 mMm KCl, 150 mm NaCl, 20 mm
MgCly). Immunostaining was performed as previously de-
scribed (RoYzMAN et al. 1999; Bosco et al. 2001). The ovaries
were incubated for 10 min in a solution of 1 ml PBT (PBS,
0.005% Triton X-100) and 0.5 pl 4’ ,6-diamidino-2-phenylindole
(DAPI; 100 pg/ml in 95% EtOH). This was followed by one
10-min wash in PBT. To stain the cell membranes, mouse
antiphosphotyrosine (clone 4G10, Upstate Biotech) was used
at 1:75 dilution. Rabbit antihistone H3 dimethyl-lysine-9 (anti-
H3-dmK9) was used at 1:150 and obtained from Upstate
Biotech. Rabbit anti-heterochromatin protein 1 (HP1) was a
gift from Michael Botchan and was used at 1:200 as previously
described (PAK et al. 1997).

All samples were mounted in Vectashield (Vector Labora-
tories, Burlingame, CA). Follicle-cell nuclei, egg chambers,
and larval brain mitotic chromosomes were viewed using a
Nikon Eclipse E800 microscope. Staged egg chambers were
viewed at X40 and larval brain mitotic chromosomes at X100.
Images were captured using a digital camera (RT Mono-
chrome SPOT Model 2.1.1).
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Nuclear diameter measurements: Approximately 200 DAPI-
stained nuclei were imaged as above at X40 magnification. For
each egg chamber, 20-30 nuclei were traced out and selected
using the Polygonal Lasso tool, and the diameter of each
selected nucleus was determined in pixels using the Image
Histogram function of Photoshop 7.0. The average nuclear
diameter was calculated for each experimental condition. The
values in pixels were converted to microns using the conver-
sion factor of 2.8 pixels/wm. For all of the measurements
taken, the standard error was calculated.

Flow cytometry of follicle-cell nuclei: For DNA content
measurements, we dissected 10-20 ovary pairs in Grace’s insect
medium. Grace’s was removed, and 700 wl of filtered ice-cold
buffer (200 mm Tris—HCI, ph 7.4, 4 mm MgCl2, 0.1% Triton X)
was added to the ovaries. Ovaries were transferred into a
60-mm petri dish with a truncated pipette tip. Ovaries were
chopped with a single-edged blade until homogenous. An-
other 700 pl of buffer was added and ovaries were chopped
again. Chopped ovaries were filtered through a small piece of
cheesecloth (~3 cm?®). Chopped ovaries were then filtered
through 30-um mesh (Sefar 03-30/18) and placed into flow
cytometry tubes (Sarstedt) with 20 pl of DAPI (100 wg/ml)
in each tube and left on ice. The petri dish was washed once
with 700 pl of buffer and this was filtered through cheese cloth
and mesh as above, pooling it in the flow cytometry tube.
Samples were kept in the tube on ice with DAPI for 10-60 min
before flow cytometry (PARTEC CCA 11-01-3002) and DNA
content was analyzed as previously described (Bosco et al.
2007).

Eye-pigment assays and position-effect variegation: Virgin
females from In(1)w"" and w/w;DXI1-mini-w/CyO were crossed
to sti’/TM6B, sti”’>*°/TM6B and yw; Rhol””°/Cyo males. The
resulting 3- to 4-day-old male progeny that were +/+ (TM6B
Tb, Hu, ¢), sti/+, Rhol”™/+, and CyO/+ were separated and
processed for eye pigment. In the case of the w/w;DXI-mini-w/
CyO cross, only w/Y;DX1-mini-w/+ males were selected. TM6B/
+ male progeny from the above crosses were backcrossed to
In(1)w"™" females and the resulting male In(1)w""; TM6B/+
and In(1)w""; +/+ progeny were compared to ensure that
TM6B had no Su(var) activity (Figure 6L).

For white gene eye-pigment analysis, flies were frozen in
—80° and ~10-30 fly heads were used for each assay. Heads
were placed in 100 pl/head of methanoland 1 pl/head of 11.6
M HCI. Samples were mixed and allowed to rotate for 1 hr in
the dark at room temperature. Samples were neutralized with
8 wl/head of 1.5 m Tris, pH 8.8, mixed briefly, and centrifuged
for 3 min in a microcentrifuge at maximum setting. For each
sample, 3 pl was analyzed for optical density at 480 nm using a
ND-1000 spectrophotometer (NanoDrop). An average of 10
trials and standard error were determined. Pvalues were
calculated by a two-tailed, paired ttest using Microsoft Excel.

For the effect of sticky on brown™""* (buw") silencing, first
bw”/ buP;st/st females were crossed to sti”’7%%, st, ¢/TM6B.
Second, bw”/buw”;st/st females were also crossed to ru, h, th,
st, cu, s1, e, ca males. Eye pigmentation was imaged from bw”/
+;5ti77%%, st, e/st progeny from the first cross and bw”/ +;st/ru,
h, th, st, cu, sv; e, caprogeny from the second cross. Finally, bw"”/
+;56727%%) st, e/st males were crossed to sti””7%%, st, ¢/TM6B
females to obtain bw”/ +;sti”?7%%°, st, e/sti””?%’, st, e progeny to
demonstrate the homozygous effects of st/”**** on bw” silenc-
ing (Figure 7C).

Scanning electron microscope imaging: Adult flies were
placed in 70% ethanol and stored up to 1 week. Samples were
washed five times with 100% ethanol and dried under vacuum.
Dried whole flies were coated with gold and imaged with an
Electroscan E3 scanning electron microscope at X150-200
magnification. Images were either captured on Polaroid film
and then scanned or captured directly as digital images.

Temperature-sensitive viability: To test for temperature-
sensitive lethality, st”>”**° ¢/TM6B Tb, Hu, e females were
crossed to st’/TM6B Th, Hu, e females and progeny were
allowed to develop at either 18° or 25°. All progeny were
collected after 32-36 days and 16-18 days for 18° and 25°,
respectively.

Western blot analysis: Levels of sticky protein were de-
termined by Western blot of ovarian extracts from hetero-
zygotes, homozygotes, and fransheterozygotes raised at room
temperature. Ovaries were placed directly into SDS-PAGE
loading buffer with 1 mM DTT, homogenized, and incubated
at 98° for 5 min. Samples were centrifuged and supernatants
were electrophoresed on SDS-PAGE. Approximately 10 ovary-
pair equivalents were loaded from 3- to 5-day-old fattened
females. The anti-sticky rabbit polyclonal was a gift from David
Glover and Western conditions were used as described in
D’AviNo et al. (2004). Anti-sticky was used at 1:3000 dilution.
HRP-anti-rabbit was used as secondary antibody at 1:10,000.
This membrane was stripped and reprobed using mouse
antilamin (Drosophila lamin Dm0; Developmental Studies
Hybridoma Bank ADL84.12) (STUURMAN et al. 1995). Anti-
lamin was used at 1:5000 dilution, and secondary HRP-anti-
mouse was used at 1:10,000. Secondary antibody signal was
visualized by chemiluminescence.

RESULTS

A screen for defects in follicle-cell ploidy: We per-
formed a genetic screen of female sterile mutants from
the Zuker third chromosome collection (KOUNDAKJIAN
et al. 2004) to uncover new genes that function to reg-
ulate cell-cycle progression, morphogenesis, and chro-
matin structure during oogenesis. Ovaries from 1500
homozygous female flies were dissected and stained
with DAPI and BrdU (data not shown). Fluorescence
microscopy was used to determine whether follicle-cell
nuclear morphology and DNA replication patterns were
abnormal. We found that seven mutants when homo-
zygous exhibited follicle-cell chromocenter defects and
fat nuclei (fnu), which indicated that these may have
increased ploidy levels (data not shown). All seven mu-
tants complemented each other in all pairwise combina-
tions with respect to the fhu phenotype. This indicated
that they represent seven different complementation
groups (data not shown).

One mutant (Z3-5829) had the most severe nuclear
size phenotype, where late stage 12-13 egg chambers
accumulated the most extreme fat nuclei as well as
multinucleated follicle cells and also had a disorganized
follicle-cell layer (Figure 1, A-F). Z3-5829had increased
DNA content to 32c (Figure 1, G-L). Larval brain cell
chromosome spreads also exhibited polyploid cells
(Figure 1, M and N), thus confirming that Z3-5829
mutants fail to regulate ploidy in polyploid and diploid
cells. We therefore focused on the Z3-5829 mutant to
characterize it more completely. Further characteriza-
tion of the other six fnu mutants will be reported in
future studies.

Z3-5829is a defect in sticky, a novel viable allele of the
Drosophila gene encoding citron kinase: To understand
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the molecular lesion that caused these hyperpolyploid
follicle-cell and fat nuclei phenotypes, we mapped the
73-5829 mutation. First, we used standard meiotic
recombination mapping and followed the large folli-
cle-cell phenotype in addition to the female sterility
phenotype for all recombinant progeny. Recombinant
progeny showed that the large follicle-cell and ploidy
defects mapped to the left arm of chromosome three at
~36 and ~11 cM from hairyand ~7 cM from thread. This
placed the Z3-5829 mutation within the 66D-72D1 cyto-
genetic region delineated by the hairy and thread genes.
Deficiency mapping also placed the Z3-5829 mutation
in this region (Table 1), and previously described mu-
tants in this region—sticky’ (data not shown) and sticky’
(st’) as well as the deficiencies Df(3L )eyg, Df(3L)ED4483,
and Df(3L)F10—failed to complement the follicle-cell

merge

FIGURE 1.—sticky mutant cells have en-
larged nuclei and increased ploidy. Follicle-
cell layer of sti”>**/+ (A-C) and sti”>>%’
homozygotes (D-F) where DAPI-stained nu-
clei (blue) and cell membranes are stained
with antiphosphotyrosine (P-tyrosine, green).
(D) sti mutant cells have enlarged nuclei
(asterisk) and multinucleated cells (ar-
rows). Follicle-cell size and shape is also dis-
rupted (E). Flow cytometry of DAPI-stained
isolated nuclei from wild-type and sticky
mutant ovaries: (G) sti777%°/+ follicle-cell
nuclei terminate with normal 16c¢ ploidy.
(H) sti”?*** homozygous follicle cells have
32c ploidy. (I) Df(3L)eyg/+ follicles have
normal ploidy, and (]) st”7%°/Df(3L)eyg
have 32c ploidy. (K) sti’/+ follicle-cell nu-
clei have normal ploidy, and (L) sti”>>%°/sti’
have 32c ploidy. DAPI-stained larval brain
mitotic cells of (M) wild-type st”>7%%/+
and (N) sti”?7%°/ Df(3L)ED4483 stained with
DAPI. Follicle-cell images taken at X40;
bar, 10 pm. Mitotic chromosome images
taken at X100; bar, 1 pwm.

nuclear size and ploidy defects in ovarian follicle cells
and larval neuroblasts (Table 1 and Figure 1).

The sti' and sti’ mutations have been shown to affect
the Drosophila gene encoding the citron kinase protein
(D’AviNO et al. 2004; NAIM et al. 2004; SHANDALA el al.
2004). Sequencing of the entire intron and exon re-
gions of the sticky gene (CG10522) from Z3-5829 homo-
zygotes revealed a single nucleotide mutation that is
predicted to cause an asparagine (N)-to-isoleucine (I)
change at amino acid position 1799 (N1799I) (Figure
2A). This N1799I mutation occurs at a residue that is
conserved in other Drosophila species (Figure 2B). Se-
quencing of this region from another, unrelated Zuker
homozygous mutant (Z3-0019) indicated that this was
not a polymorphic site in this genetic background (data
not shown). Western blots of ovarian extracts from wild-
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TABLE 1
Deficiencies used to map Z3-5829

Complementation
Deficiency Region deleted of fat nuclei
Df(3L)eyg 69A4:69D6 No
Df(3L)ED4483 69A4:69D3 No
Df(3L)F10 69A2:69D1 No
Df(3L)ED4475 68C13:69B4 Yes
Df(3L)ED215 69B5:69B4 Yes
Df(3L)Exel6116 68F2:69A2 Yes
Df(3L)Exel6117 69D1:69E2 Yes

type and mutant females indicated that sticky protein
levels were reduced in the mutants, relative to a nuclear
lamin loading control (Figure 2C).

Because we found this molecular change in the sticky
gene sequence, and because sti’, st’, and more than one
deficiency in the sticky gene region failed to comple-
ment the Z3-5829 mutation, we conclude that the Z3-
5829 mutation lies in Drosophila citron kinase encoded
by the sticky gene and thus constitutes a novel adult
viable allele of this gene. We hereafter will refer to this
novel allele as st7”7%”. Furthermore, reduced protein
levels in this mutant demonstrate that the N17991 mu-
tation alters sticky protein stability, which is likely to be
the cause of the hypomorphic phenotypes reported in
this study.

The sti”?* mutant is temperature sensitive: Inter-
estingly, Drosophila sti”*** cultured at 18° produced
more homozygous adult individuals than those reared
at 21° (room temperature) and none were recovered
at 25° (data not shown). To determine whether the
temperature-sensitive lethality was linked to the sti 77%%°
mutation, we crossed sti”>?%%°, ¢/TM6B Hu, eto sti’/ TM6B
Hu, e and scored the number of three possible progeny
classes: (1) sti#22%%, ¢/ TM6B Hu, e, (2) sti’/ TM6B Hu, e,
and (3) st”7%%, e/st’. At 18°, the sti”?7%%, e/ sti’ class
(47% = 6) appears greater than the expected 33%;
however, this was not a statistically significant difference
(P = 0.25, n = 338) relative to the sibling controls
(Figure 3A). By contrast, at 25° the sti”’7%*°/ sti’ class of
progeny was significantly less than expected (14% * 5, P
< 0.03, n = 398). When we examined a larger pool of
progeny, we observed that this temperature-sensitive de-
crease in viability was more severe in males than in
females (Figure 3B, P = 0.01, n = 4193). This bias
against male progeny was not observed in flies grown at
18° (Figure 3B, P = 0.38, n = 3682).

We also observed the enhancement of three other
phenotypes when sticky mutants were grown at higher
temperature. First, we examined the frequency of mul-
tinucleated follicle cells as well as follicle-cell nuclear
size in individuals grown at 18° and 21°. The fraction of
multinucleated follicle cells was approximately fourfold
higher in flies reared at higher temperature (Figure

A sticky protein structure and mutations (1854 a.a.)
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FIGURE 2.—sti#7°%? mutation in a conserved residue results

in reduced sticky protein levels. (A) Gene structure depicting
previously described sticky mutations and the position of the
st72%?? N17991 mutation. The sticky gene product encodes a
conserved kinase domain, a coiled-coil region, a cysteine-rich
(Cl) domain, and a citron-N homology (CNH) domain. (B)
An alignment of 20 amino acids immediately adjacent to the
N1799 site is shown in boldface type. The Drosophila species
listed are in the following order: D. yakuba (D.y), D. simulans
(D.dim), D. melanogaster (D.m), D. erecta (D.e), D. sechelia
(D.se), D. ananasae (D.a), D. persimilis (D.pe), D. pseudoobscura
(D.ps), D. virilis (D.v), D. mojavensis (D.moj), and D. grimshaw:
(D.gr). (C) Western blot of sticky protein levels in heterozy-
gous sti”?7%?/TM6B control (left lane), sti”7%*” homozygotes
(middle lane), and st”>7%*°/ sti””%*? (right lane). Nuclear lam-
in is used as a loading control (bottom). The truncated sticky
protein predicted to arise from the heterozygous sti’ extract
cannot be detected by this antibody, which was raised against
a C-terminal antigen as previously described (D’AvINO et al.
2004).

3C). In addition, stage 12-13 follicle-cell nuclear di-
ameter in sticky mutants reared at 21° was ~12 pm * 0.2,
whereas sticky mutants grown at 18° had a normal
nuclear diameter of ~8 wm = 0.1 (data not shown
and Figure 3D). We observed this for both sti*?** ho-
mozygotes and sti””7%?/sti’, and for both genotypes
this difference was highly significant (P < 0.0001, n =
200).

We observed that the sticky rough-eye phenotype is
also temperature sensitive. In st7”7%*” homozygotes and
sti?7%2°/ st?, 100% of adults had missing eye bristles and
~37% had rough eyes when reared at 21°. When grown
at 25°, 100% of sti”’?%*°/ sti’ adults had missing bristles
and rough eyes (Figure 3, E-G, and data not shown).

173-5829

Thus, taken together, these data suggest that the st
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FiGURE 3.—The st/”"°** is a tempera-

ture-sensitive allele. (A) Graph com-
pares the percentage of total progeny
that result from the cross sti¥77%%°/
TM6B X sti’/TM6B at 18° and 25°.
Open bars, sti”7%?°/ TM6B. Shaded bars,
sti’/TM6B. Solid bars, sti”?7%%?/sti’. No

significant difference was observed be-
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tween heterozygous progeny and st
st (P = 0.25, n = 338) at 18° whereas
sti”?7%/ sti’ progeny were significantly
reduced at 25° (asterisk, P < 0.03, n =
398). (B) Both male (m) and female
(f) st7”??%%°/ sti’ progeny are equally rep-
resented at 18° (P = 0.38, n = 3682)

whereas male progeny are significantly
reduced at 25° (asterisk, P = 0.01, n =
4193). (C) Multinucleated follicle cells
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are never observed in sti%°%??/ 4+ ovaries
(0%, n> 1000 egg chambers) while st/
%22 homozygotes have ~6% multinucle-
ated cells at 18° (shaded bar, n = 200).

sti#?%2? homozygotes have ~22% multi-

allele of citron kinase is temperature sensitive for via-
bility, follicle-cell division, follicle-cell nuclear size,
and rough-eye phenotypes. In addition, the fact that
this rough-eye phenotype is similar to an RNAi-induced
rough-eye phenotype further supports the idea that
the sti”7%’ allele is a hypomorph mutant that becomes
more penetrant at higher temperatures (D’AvINO et al.
2004). Finally, follicle-cell division, follicle-cell nuclear
size, and rough-eye phenotypes were never observed in
heterozygotes at any temperature, indicating that both
the st7%*? allele and its temperature sensitivity are
recessive traits.

Follicle-cell heterochromatin is disrupted in sticky
mutants: We found it curious that nuclear size increased
at higher temperature in the sticky mutant (Figure 3D).
Higher temperature did notinduce any further increase
in ploidy beyond 32C (Figure 1), and thus this increase
in nuclear size could not be explained by higher DNA
content. Therefore, we speculated that reorganization
of chromatin packaging, and not DNA content, was

nucleated cells at 21° (solid bar, n =
200). (D) Nuclear diameters of sticky
mutant follicle cells in stage 12-13 egg
chambers at 18° (open bar) and wild
type at 21° (+/+, darkly shaded bar)
have normal size, ranging from 6 to
11 pm. The nuclear diameters of both
sti”??%*? homozygotes (lightly shaded bar)
and st77%%°/ st (sti”%%°/7, solid bar)
at 21° are significantly larger than st
’%2? homozygotes at the permissive 18°
(asterisks, P < 0.001, n = 200 for each
genotype). (E and F) Scanning electron
microscopy of the eyes of sti””7%’/+ (E),
st/ + (F), and (G) sti”%*°/sti’ at 25°.
Magnification, X150.

responsible for this dramatic change in nuclear size. As
in all Drosophila polyploid tissues, follicle-cell A:T-rich
pericentric heterochromatic sequences form an aggre-
gate known as the chromocenter, and this aggregate is
where histone H3 lysine-9 (H3 Lys”) methylation and
HP1 localization are enriched (BERNSTEIN and ALLIS
2005; Bosco et al. 2007). First, we probed with anti-H3
dimethylated Lys® (dmLys?). As expected, the wild-type
sibling controls exhibited crescent-like staining in the
nucleus that colocalizes with the DAPI-intense chromo-
center (Figure 4, B and C, arrows) as previously shown in
follicle cells of this developmental stage (Bosco et al.
2007). However, H3 dmLys’ staining was diminished or
nearly absent in st””**” homozygotes and st”>"%’/ sti’
transheterozygotes (Figure 4, D and E, and F-H).
Interestingly, loss of the H3 dmLys® staining in the sticky
mutant was not restricted to the large nuclei within the
follicle-cell epithelium as normal-sized nuclei also were
affected (Figure 4, arrows). This is important because it
suggests that disruption of H3 dmULys® at the pericentric
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dmH3 Lys9

heterochromatin is not necessarily associated with in-
creased ploidy and nuclear size.

Second, we probed HP1 that is also enriched at the
pericentric heterochromatin and requires Lys® di- and
trimethylation on histone H3. In wild-type controls,
HP1 was nuclear and clearly enriched at the chromo-
center, exhibiting a crescent-shape peri-centric hetero-
chromatin pattern (Figure 5, A-C, arrows). By contrast,
sti”?7%?° homozygotes and sti””%*°/sti’ transheterozy-
gotes had HP1 mislocalized and diffused throughout
the nucleus (Figure 5, D-I). In some cells where the
DAPI chromocenter was clearly visible, HP1 was either
diffuse throughout the nucleus and/or enriched at non-
chromocenter locations (Figure 5, G-I, asterisks). Some
sti”??%?? homozygous nuclei exhibited multiple regions
of HP1 enrichment (Figure 5, D-F, arrowheads), and in
extremely large, ~50-pum, stage 12—-13 nuclei, multiple
intense regions of HPI localization were observed
(Figure 5, J-L, arrows in K).

sticky mutants disrupt position-effect variegation and
gene silencing: The chromatin phenotypes described
above in the Drosophila ovary of sticky mutants could
be an indirect consequence of cell division defects.
For example, the multiple regions of HP1 enrichment
(Figure 5) could be due to failure in cytokinesis earlier
in follicle-cell development where cells blocked in cyto-
kinesis could have entered endo cycles as mono-nucleated
polyploid or multinucleated polyploid cells with multi-
ple chromocenters acting as multiple HP1 nucleation
sites. Alternatively, it was possible that citron kinase may
function to regulate heterochromatin, independent of
its cell-cycle function. We sought to distinguish between
these two possibilities by testing whether sticky muta-

merge

F1GUrRE 4.—Methylation of histone H3-K9 is di-
minished in sticky follicle cells. Stage 10B/11 fol-
licle cells are shown for (A-C) sti””**°/+, (D-F)

sti”7?%?? homozygotes, and (G-I) sti”>>**°/sti’ trans-

heterozygotes. DAPIstained nuclei (A, D, and
G). Histone H3 dimethyl-Lys9 (B, E, and H).
Merged images (C, F, and I) show DAPI in blue
and dimethyl-Lys9 in magenta. Arrows in A-C
point to chromocenters enriched for H3 di-
methyl-Lys9. Arrows in D-F and G-I show both
large and normal-sized nuclei with disorganized
chromocenters and diminished H3 dimethyl-
Lys9 staining. Bars, 10 pm.

tions could function as dominant suppressors of w""

position-effect variegation (PEV). This was possible
because the sticky mutant cytokinesis defect is com-
pletely recessive and therefore any dominant modifica-
tion of variegation could not be associated with cell
division defects. In w™" flies, an X chromosome in-
version leads to partial silencing of the white" gene by
pericentric heterochromatin. This heterochromatin
silencing is HP1 and Su(var)3-9 (H3-K9 histone methyl
transferase) dependent (GRIGLIATTI 1991). We tested
two different mutant alleles (sti””**?and sti’) of the sticky
gene, and in both cases observed that one mutant copy
of sticky was sufficient to suppress silencing at the w"*
locus (Figure 6, A-C). Extraction and quantitation of
eye pigment also confirmed that " gene expression
was increased in the sticky heterozygotes (Figure 6, G
and H). This Su(var) activity at w"” was not likely to be
due to other mutations in this genetic background since
similar tests with heterozygotes for two other Zuker
mutants, Z3-0019 and Z3-5163, had no dominant effect
on w"” expression (T. HARTL and G. Bosco, unpublished
observation). In addition, a loss-of-function mutation in
Rhol, an upstream activator of citron kinase, and the
TM6B balancer chromosome had no effect on position-
effect variegation in a w"* background (Figure 6, K
and L).

To test whether sticky exhibited Su(var) activity at
heterochromatic loci that were not pericentric, we
asked whether sticky alleles also dominantly suppressed
silencing of tandem arrays of the mini-white* gene (DXI)
(Dorer and HENIKOFF 1994) present within a euchro-
matic region of the second chromosome. We found
that both st”°7%*? and st’ could dominantly suppress
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DAPI HP1

silencing of the DXI-mini-white" array (Figure 6, D-F,
and I and J).

To ensure that the PEV suppression was not an
unexpected artifact of sticky/citron kinase regulation
of the white gene product, we tested whether sticky also
affected silencing at the brown locus (bw). The bu”
dominant mutation is an insertion of heterochromatin
that disrupts bw gene expression and also results in trans-
silencing of the wild-type bw™ allele, and bw” silencing is
HPI1 dependent (SraTis 1955; TALBERT and HENIKOFF
2006). Therefore, we hypothesized that sticky mutations
should disrupt bw” silencing. We found that bw” silenc-
ing was unaffected in sti”7%*°/+ heterozygotes (Figure
7, A and B). However, we were surprised to observe that
the st””**” homozygotes were strong enhancers of bu”
silencing (Figure 7C). This E (var) activity of the s#>%%°
homozygote was not likely to be due to other mutations
in this genetic background since similar tests with
homozygotes for two other Zuker mutants from the
same genetic background, Z3-0019and Z3-5163, exhibit
Su(var) activity at bw” (T. HArRTL and G. Bosco, un-
published observation).

sticky genetically interacts with Argonaute 1: The
follicle-cell defects in histone H3 Lys’ methylation and
HP1 localization and Su(var) activity for w"* and DXI-
mini-white tandem arrays support a model where sticky
kinase functions to regulate transcriptional gene silenc-
ing (TGS) through changes in heterochromatin. How-
ever, the observation that st/”**” homozygotes were
strong enhancers of bw” silencing suggests that sticky
kinase functions to regulate gene silencing in a context-

merged

Ficure 5.—HP1 is mislocalized in sticky follicle
cells. Stage 10B/11 follicle cells are shown for (A-
C) st”>*°/+, (D-F and J-L) sti”’**° homozy-
gotes, and (G-I) sti”?7%%°/sti’ trans-heterozygotes.
DAPI-stained nuclei (A, D, G, and J). HP1 (B,
E, H, and K). Merged image (C, F, I, and L) shows
DAPI in blue and HP1 in green. Arrows in A-C
point to chromocenters enriched for HP1 in a
crescent pattern at the chromocenter. Arrows in
D-F show nuclei with disorganized chromocen-
ters and mislocalized HP1 that is not restricted
to a crescent shape. Arrowheads in D-F show nu-
cleus with clear double crescent and diffuse HP1
staining. Asterisks in G-I show that in nuclei with
or without clearly delineated chromocenters,
HP1 still exhibits a diffuse nuclear staining with
multiple enrichment sites. In J and K, one nor-
mal-size nucleus and one extremely large nucleus
are shown. Neither have a clear single chromo-
center but multiple sites of HP1 enrichment
are observed in K (arrows). Bars, 10 pm.

dependent manner, as has been shown for other PEV
modifiers, including the RNA-mediated silencing fac-
tors piwi and homeless (PAL-BHADRA et al. 2004a). To test
this possibility, we examined whether sticky geneti-
cally interacts with Argonaute 1 (Agol) since it also has
been shown to regulate multiple RNA-mediated gene-
silencing processes, including TGS and heterochroma-
tin formation (for reviews see NAKAHARA and CARTHEW
2004; BEHM-ANSMANT et al. 2006; MoAZED et al. 2006;
ZorAaLL and GREWAL 2006). Gain-of-function mutants of
Agol cause a rough-eye phenotype in Drosophila, and
this is caused by upregulation of the Agol-mediated
functions (WiLLiaMSs and RUBIN 2002; JIN et al. 2004).
We tested whether sticky hypomorphic and loss-of-
function mutations could suppress Ago! gain-of-function
phenotypes. We observed that two different sticky alleles
suppressed the rough-eye phenotypes caused by Agol
overexpression (Figure 8). Strikingly, this was a domi-
nant effect observed in 100% of heterozygotes, and in
some cases there was a full suppression of wild-type eye
morphology (Figure 8).

This genetic interaction suggested that Agol protein
function requires wild-type sticky/citron kinase protein
and that sticky mutant phenotypes could be caused, in
part, by insufficient Agol activity. Therefore, we tested
whether Agol loss-offunction mutants could enhance
sticky rough-eye phenotypes. We found that two differ-
ent Agol loss-offunction mutations dominantly en-
hanced the st””** rough-eye phenotype (Figure 9).
These data provide strong support for a model in which
Agol-mediated processes are sensitive to sticky/citron
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wihdh DX1-mini-w (7)

. Z3-5829 =3 . 73-5829 .3
= s RS s Gl FIGURE 6.—Mutations in sticky
G mh H o dominantly suppress position-effect
_ 0.06 W variegation of white. (A) w""/Y; +/
p<0.0001 p<0.0001 TM6 B (+/+). (B) w"™/Y; sti”*$2°/
ol 085 +. (C) w™/Yist?)+. (D) w; DXI-
: w0 mini-w+; +/TM6 B (+/+). (E) w;
. 0.03 DXI-mini-w+; sti”%°/+. (F) w;
. 0.02 DXI-mini-w+; sti’/+. (G=]) Eye pig-
¥ 0.01 ment from 10-30 males was
0 0 extracted and quantified by spec-
(i £3-5829,, e stidle trophotometry at 480 nm (see
I J MATERIALS AND METHODS). Open
DXI-mini-w DXI-mini-w bars are +/+ controls and solid bars
0.04 0.04 are sti/+ heterozygotes as indicated.
£ 0.03 p<0.0001 0.03 p=0.0001 In each case, highly significant differ-
E : ences were seen as indicated. Con-
% 0.02 0.02 trols for (K) w"“”‘/Y;CyO and w"””/Y;
. Rhol1”? and (L) w""/Y:+/+ and
g 0.01 0.01 w""/Y;TM6B/+ show no significant
differences in white gene variegation
0 5 235829, 0 and expression as indicated. All P-
values were calculated by a two-tailed
K L 4h L i ah ttest assuming unequal variance.
0.04 0.04
E p=029 p=0.38
= 0.03 0.03
S
F 0.02 0.02
?5 0.01 0.01
0 0
CyOl+ Rhol ++  TM6 Bl+
kinase dosage and dependent on citron kinase wild-type protein kinase C, Rho-kinase, and myotonic dystrophy
function (Figure 10). protein kinase, among others (ZHAO and MANSER
2005). These kinases can form homodimers where
DISCUSSION autophqsphory@ﬂon is important for stlm.ulatmg ki-
nase activity while N-terminal kinase domains may be
sticky/citron kinase is a member of the AGC family of inhibited by the C-terminal domain through inter- or
serine/threonine kinases, including protein kinase B, intramolecular interactions, and their functions have

FiGUre 7.—The sticky hypomorph mutant en-
hances silencing at bu”. The hypomorphic st”>>**
mutation had no effect on bw” silencing as a
heterozygote (compare A and B); however,
100% (n = 20) of sti”””* homozygotes strongly
enhanced silencing at the bw” locus (C). Flies
were reared at 18° to minimize rough-eye pheno-
type and an individual with little or no eye defect
is shown. The relevant genotypes are as follows:
(A) bu”/+ ; st/st. (B) bu”/+ ; sti”?%%/+, st/st.
(C) bu/+ ; sti”%2° [sti?5%°) st/st.

ble +; bwD [+;

ble -
Z3-5829/+ Z3-5829/ 73-5829
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GMR>GALA4, UAS>Agol

sti 233829,

male

female

been implicated in a variety of essential cellular pro-
cesses (for review see ZHAO and MANSER 2005 and for a
specific example see Busn et al. 2000). However, our
lack of understanding of how citron kinase functions
in vivo is underscored by the fact that cytoplasmic

Ago 11(081 21

I+

k00208

k00208 Agol 1 ati

1+, sti

2'3-5329',+

sti Z3-5829

FIGURE 8.—Mutations in sticky dominantly sup-
press the Agol overexpression eye phenotype. In
all cases, GMR>GAL4 is activating expression
of UAS>Agol. (A) Wild-type (+/+) male. (B)
sti”??%?/+ male. (C) st’/+ male. (D) Wild-type
(+/+) female. (E) sti”**°/+ female. (F) st’/+
female. Note that sticky mutants suppress both
rough- and small-eye phenotypes. We also ob-
served that suppression was consistently stronger
in females than in males.

myosin light chain is the only known substrate for this
kinase (for reviews see MATSUMURA 2005; ZHAO and
MANSER 2005).

The Drosophila sticky/citron kinase gene is essential for
viability and sticky mutant alleles reported thus far have

F1GUure 9.—Mutations in Agol dominantly en-
hance the sticky rough-eye phenotype. Genotypes
are shown above each panel as follows: (A) w;
Pwt+ Agol"%/+. (B) w; Pwt Agol""'/+. (C)
yw’.sll‘li—5829/stl'li—5829. (D) w; Pw+ Ag01k00208/+ 5
stl‘ZS—5829/+. (E) w; PZU+ Agoll:OOZOX/J’_’.Stili5829/stl'li-5829.
(F) w; Pwt Agol™™ /+ ;sti?>>%°/sti77>%%°. All flies
were grown at 18°. Images were taken at X150
magnification.
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F1Gure 10.—A speculative model for sticky/citron kinase
effects on gene expression. As previously shown (D’AviNo
et al. 2004), Rho is thought to activate while Rac inhibits
sticky/citron kinase activity. We speculate that other (ques-
tion mark) developmental and cellular cues may also impinge
upon its activity. Active sticky/citron kinase can phosphory-
late myosin to facilitate the completion of cytokinesis. Here
we show that Agol activity may be dependent on sticky/citron
kinase, although this may be indirect (dashed lines). Misex-
pression of genes in sticky/citron kinase mutants could be
due to insufficient Agol protein activity, misregulation of
RNAI processes, and/or misregulation of other factors (ques-
tion mark) that modulate chromatin structure. Alterations
in gene expression patterns can result from direct (solid
arrows) or indirect (dashed arrows) regulation of one or
more of these processes by sticky/citron kinase. Although
it is not shown in this model, it is possible that cytokinesis
can also be regulated by Agol and/or other RNAi compo-
nents (ANTAR et al. 2005; DESHPANDE el al. 2005; MEYER
et al. 2006). Furthermore, we speculate that sticky/citron ki-
nase may function to link cell-cycle progression to epigenetic
maintenance of heterochromatin.

precluded analysis of adult functions. The Zuker Dro-
sophila mutants (KOUNDAKJIAN et al. 2004) have proven
to be a valuable collection of adult viable mutations in
genes that otherwise would not be recovered in screens
for null mutations in essential genes. For example, many
cell-cycle genes involved in oogenesis could not be iden-
tified if it were not possible to recover adult female hypo-
morphic mutants in these essential genes (SPRADLING
1993; Bosco and ORR-WEAVER 2002). In a screen of
~1500 third chromosome mutants, we identified one
mutant with dramatic ovarian cell-cycle and chromatin
phenotypes. Here, we report the characterization of a
new adult viable mutation in the Drosophila sticky (citron
kinase) gene. We refer to this new allele as st”’>**°. The
sti”?7%%? allele is a temperature-sensitive mutation, and
thus this new allele provides us with an excellent genetic
tool with which to study the many possible functions of
the sticky protein. This kinase almost certainly has other
substrates that have yet to be discovered. The complex
phenotypes exhibited in mice, rats, humans, and now
Drosophila sticky/citron kinase mutant models support
the idea that this kinase functions to regulate processes
other than cytokinesis.

sti”?% exhibits temperature-sensitive cytokinesis
and nuclear morphology defects: The sti”7**” homozy-
gous mutant is completely inviable at 25° (data not

shown). The sti”7”** homozygotes also show stronger
phenotypes at 21°, relative to 18° (Figure 3). Consistent
with the st#”°%’ allele conferring temperature sensitiv-
ity, the sti”?7%°/sti ° trans-heterozygotes also exhibits
more severe phenotypes at higher temperatures (Figure
3). The rough-eye phenotype (datanotshown), viability,
cytokinesis, and follicle-cell nuclear size all display
temperature sensitivity, where all phenotypes are more
severe at higher temperatures. Western analysis con-
firms that the single-amino-acid substitution of aspara-
gine to isoleucine at position 1799 (N1799I) (Figure 2)
results in decreased protein levels, consistent with the
hypomorphic behavior of the sti”*** allele (Figure 2).
Although the N17991 mutation is in a small block of
amino acids conserved within Drosophila species (Fig-
ure 2), it is not clear whether this amino acid sub-
stitution makes the sticky protein structurally unstable
or ifit uncovers an important functional domain critical
for sticky protein regulation. If Drosophila sticky kinase
forms homodimers and autophosphorylates, as do other
AGC kinases, it is then possible that this C-terminal
N17991 mutation could be affecting some aspect of
auto-regulation. Future studies that further dissect this
temperature-sensitive allele will allow an in-depth un-
derstanding of this kinase and its in vivo function.

sticky/citron kinase regulates chromatin structure
independently of its cytokinesis function: We show that,
in addition to the expected role in cytokinesis, the
Drosophila sticky protein functions to regulate nuclear
size and chromatin structure during follicle-cell de-
velopment (Figures 4 and 5). We considered the possi-
bility that misregulation of nuclear morphology and
chromatin in the sticky mutants was an indirect conse-
quence of cell division defects. For example, follicle
cells with multiple nuclei and/or hyperpolyploid nuclei
may have failed to properly establish and organize
heterochromatin early in development and subsequently
fail to maintain heterochromatin in postmitotic, endo-
replicating follicle cells. Since the sticky mutant cyto-
kinesis defect is completely recessive, we sought to
ascertain whether sticky mutants had dominant effects
on chromatin, using PEV as an assay (Figure 6).

We found that suppression of gene silencing is not an
indirect consequence of cell-cycle and cytoskeletal de-
fects in sticky mutants: First, sticky mutants do not have
dominant cell-cycle or cytoskeletal defects, whereas in
two of the three gene-silencing assays that we tested
sticky mutants were dominant suppressors of PEV
(Figure 6). Second, a mutation in Rhol previously shown
to disrupt Rhol activation of sticky/citron kinase does
not suppress gene silencing (Figure 6), whereas this
Rho17”’ mutation does enhance a cytokinesis defect
(D’AvINO et al. 2004; SHANDALA et al. 2004). Third, the
observation that sticky mutations both suppress and
enhance gene silencing depending on the genomic
context indicates that citron Kkinase regulation of
heterochromatin is complex and likely due to mislocal-
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ization of chromatin factors such as HP1 (Figure 5).
Therefore, we favor a model where sticky/citron kinase
regulates chromatin independently of its role in actin/
myosin regulation during cytokinesis.

How does Drosophila sticky kinase regulate chroma-
tin? An appealing interpretation of these data is that
citron kinase regulates transcription and/or chromatin
factors. Its genetic interaction with Agol suggests that
sticky regulates heterochromatin through one or more
RNA-mediated pathways, possibly affecting RNA-in-
duced transcriptional silencing mechanisms (for re-
views see Kavr et al. 2005; TALBERT and HENIKOFF 2006).
It is intriguing that two other RNA-processing genes,
piwi and  homeless, also behave as context-dependent
suppressors and enhancers of chromatin-mediated gene
silencing. Both piwi and homeless mutants enhance
transgene-pairing-sensitive silencing whereas mutations
in either gene suppress silencing (e.g., DXI-mini-white)
of unpaired transgenes (PAL-BHADRA et al. 2004a,b).
Silencing at the brown locus involves both heterochro-
matin and pairing of the bw” and the bw" alleles (for
review see TALBERT and HENIKOFF 2006). Although piw:
and homeless mutants have not been tested for their
effects on buw” silencing, we speculate that the context-
dependent effects of sticky on w"”, DXI-mini-white and
buw” silencing is analogous to the context-dependent
Su(var) and E(var) activities of piwi and homeless
mutants.

Three previous studies have reported on sticky pro-
tein localization, and none of these reports show sticky
protein in the nucleus (D’AvINO et al. 2004; NAIM el al.
2004; SHANDALA et al. 2004). Although this lack of
evidence for nuclear localization does not exclude the
possibility, it does raise the question as to how sticky can
regulate nuclear chromatin factors. We do not believe
that the reported cytoplasmic localization of Drosophila
sticky kinase presents a paradox with regards to its novel
function in regulating chromatin. First, nuclear enve-
lope breakdown could allow sticky kinase access to
chromatin during mitosis, thereby obviating the need
for nuclear localization. Second, many examples exist
where cytoplasmic localization/function of chromatin
proteins and chromatin regulators is the norm. For
example, some histone acetyl transferases are strictly
cytoplasmic and acetylation of histones facilitates nu-
clear import required during S-phase (PARTHUN et al.
1996). Similarly, nuclear import, cytoplasmic retention
and/or protein stability may all be affected by phos-
phorylation of sticky/citron kinase substrates. As these
kinase substrates are yet to be identified, it is difficult to
say how directly sticky/citron kinase activity affects
chromatin factors.

Does citron kinase regulate transcription and chro-
matin structure through actin/myosin? In mammalian
hepatocytes, the citron kinase protein has been local-
ized to the nucleus (L1u et al. 2003). A growing body of
evidence also suggests that both myosin and actin

proteins may be involved in regulating gene transcrip-
tion, chromatin remodeling, and nuclear architecture
(for reviews see OLAVE et al. 2002; GRumMT 2006). Of
particular interest in vertebrates and Drosophila is a
nuclear-actin-related protein, Arp6, which physically as-
sociates with HP1 and is required for pericentric hetero-
chromatin stability (Kato et al. 2001; OHFUCHI et al.
2006). Recently, nuclear actin has been shown to be di-
rectly inhibiting transcription factor activity (VARTIAINEN
et al. 2007). Taken together, these data do suggest that it
is possible that nuclearly localized mammalian citron
kinase, actin, and myosin could be effectors of gene
transcription and chromatin. However, at present there
is no evidence to indicate that nuclear actin or myosin is
regulated by citron kinase.

sticky/citron kinase activity as a potential link
between cell division and maintenance of epigenetic
states: Our observations that sticky/citron kinase mod-
ulates heterochromatin structure, affects expression
of genes adjacent to or within heterochromatin, and
genetically interacts with Agol suggest a possible link
between cell-cycle progression, RNA-mediated gene si-
lencing, and chromatin remodeling (Figure 10). Al-
though examples of microRNA targeting of cell-cycle
genes have been reported (HATFIELD ef al. 2005;
CARLETON el al. 2007), it is not clear how cell-cycle
progression, aspects of microRNA regulation, and het-
erochromatin maintenance are coordinated. For ex-
ample, DNA replication may disrupt epigenetic histone
modifications, and how these histone modifications are
“inherited” by newly synthesized DNA strands is not
known. Recent evidence suggests that disruption of cell-
cycle progression, chromatin factors, and epigenetic
histone modifications are important for maintenance of
Drosophila stem cells and cell fate determination after
stem cell division (for reviews see EISSENBERG 2006;
MAURANGE et al. 2006; BAkKerR 2007; McCLURE and
ScHUBIGER 2007). Presumably, transfer of epigenetic
marks must occur before cell division is completed to
propagate an epigenetic state from mother to daughter
cell. In addition, mitotic chromosome condensation
and decondensation must occur before completion of
cytokinesis while also preserving the epigenetic state of
heterochromatin. How or if these epigenetic processes
are coordinated with the final step of cell division,
cytokinesis, is not known. Interestingly, Drosophila Agol
has been shown to regulate germline stem cell pro-
liferation (YANG et al. 2007). It will be of great interest to
determine whether Agol, other RNA-mediated silenc-
ing components, and/or chromatin factors could be
direct phosphorylation targets of citron kinase. Further-
more, our observation that sticky mutant males are more
susceptible to temperature-sensitive lethality (Figure
3B) also suggests a possible role in dosage compensa-
tion. In Drosophila, dosage compensation is yet another
RNA- and chromatin-mediated gene activation mecha-
nism (DENG and MELLER 2006).
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How do we understand mammalian citron kinase
function in light of the Drosophila sticky mutant phe-
notypes? In mammalian models, citron kinase is known
to be important for the final step of cell division, cyto-
kinesis, by phosphorylating myosin II (MADAULE et al.
1998; EDpA et al. 2001; YAMASHIRO ef al. 2003). Some
studies have shown citron kinase to be important earlier
in the cell cycle as it is required for progression through
Gy and mitosis (L1u et al. 2003; LoTUrco et al. 2003).
Other studies in mice and rats suggest that citron kinase
functions during neurogenesis and that a cleaved form
of the protein localizes to synapses (D1 CunToO et al. 2000,
2003; LoTurco et al. 2003; ZHANG and BexsonN 2006).
Consistent with a neurodevelopment function, recent
data implicate citron kinase in a mouse Down syndrome
model (BErTO et al. 2007). Still other studies have
reported that citron kinase is important for transcrip-
tional regulation and cell differentiation (GRrossI et al.
2005). One possible explanation for many of these
citron kinase phenotypes could be that there are many
more kinase substrates that are yet to be identified that
participate in various processes. We speculate that some
of these substrates are chromatin factors. The defects in
Gy, mitosis, gene transcription, and cell differentiation
in citron-kinase-deficient mammalian cells could be
explained by a failure to regulate chromatin structure.
For example, inefficient packaging of chromatin after
replication could lead to Gg arrest/delay, and defects in
centric heterochromatin could result in nonfunctional
kinetochore and mitotic arrest/delay. Our observation
that Drosophila sticky/ citron kinase exhibits chromatin
defects and epigenetic gene silencing suggests that in
Drosophila this is a distinct possibility, but it remains to
be determined whether vertebrate citron kinase also
regulates chromatin.

Future studies that identify the sticky/citron kinase
substrates as well as protein interactors will further
elucidate the function of the sticky protein with regards
to its role in cytokinesis, chromatin structure, and RNAi
proteins. We anticipate that this novel Drosophila st*7%*
mutant and its temperature sensitivity will prove to be
an excellent new tool for dissecting the molecular
function(s) of the sticky/citron kinase protein and will
facilitate identification of its kinase targets as well as
sticky genetic interactors in both Drosophila and mam-
malian systems.
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