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Figure 8. (above) Model for the role of Koi
in nuclear positioning in the larval eye disc.
Shown is an illustration of a model for how
nuclei in the third instar larval eye disc migrate
apically in response to differentiation. See text for
explanation. INM is inner nuclear membrane, and
ONM is outer nuclear membrane. The '+ and "~/
signs indicate the polarity of microtubules.

Figure 7. (above) Molecular epistasis hierarchy among Lam, koi, and klar. (A-E’) Confocal XY-sections of mutant third instar larval eye discs In all of the
mutants, R-cell nuclei (blue) fail to migrate apically and are distributed throughout the apical/basal axis of the disc, with most of them basal. (A and A’)
lam4643 homozygotes. (B and B’) klar™CP4 homozygotes. (C-E’) koiRKO80 homozygotes. (F) Scanning electron micrograph of koiRKO80; kjarmCD4 qdylt
external eye. (G) A close-up of panel F. Note that some bristles are missing in the positions indicated by the arrows. (H) Tangential section through koitRKO80;
klarm©P4 adult eyes. (I) Confocal Z-section of koi™"KO80; kjarmCP4 third instar larval eye disc where R-cell nuclei are blue and cone cell nuclei are green. The

size bar in panel (A) is ~10 um in (A-E), ~80 um in (F), ~20 um in (G and I), and ~15 um in (H).

as endogenous Klar.'® Thus, the Klar associated normally with
microtubules could be Klara.. Two of the most interesting remaining
questions are how Klara, a protein with a transmembrane domain
(within the KASH domain) could be localized both to the nuclear
membrane and to the cytoplasm, and also the nature of Klar function
on the microtubules.

Why are Koi and Klar not essential for biologically significant
nuclear positioning events outside the eye? There are two conspicuous
examples in Drosophila of important nuclear movements for which
neither Klar nor Koi are essential. First, in early embryogenesis,
nuclei migrate to the cell cortex to form the syncytial blastoderm.
The change in nuclear position occurs in two phases, called axial
expansion and cortical migration. In neither of the proposed
mechanisms is the nucleus, as we propose here in the eye disc,
thought to be a cargo of a motor walking along the cytoskeleton.
Rather, axial expansion, which requires actin and myosin and results
in a hollow ball of nuclei not quite at the cell cortex, is thought to
occur because of actin contractions resulting in cytoplasmic streaming
that propels nuclei outwards to the cortex.4® Subsequently, cortical
migration is thought to occur when motor-driven repulsive forces
between microtubules spanning the space between nuclei push them
outwards to the cell cortex.#! The failure of syncytial blastoderm
formation is lethal to the embryo. Therefore, syncytial nuclear
migrations must occur fairly normally at least most of the time in
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embryos from klzr mutant mothers that have no KASH-containing
Klar protein, as such embryos develop into rough-eyed, but otherwise
apparently normal adults.!373% Similarly, embryos lacking all Koi
protein develop into rough-eyed but otherwise apparently normal
adults. Further experiments could be performed to determine if Klar
and Koi are present perinuclearly in syncytial embryos, and if there
are subtle defects in migration or defects with low penetrance in koi
and klar mutants.

Second is the migration of the oocyte nucleus from the posterior
to the anterodorsal side of the oocyte, where the stable maintenance
of its position there defines the dorsal/ventral axis. Evidence suggests
a model in which the nucleus is surrounded by a microtubule
cage, secured by dynein.“> Through dynein motors also present
on the outside of the cage, the cage anchors the nucleus to cortical
microtubules and also allows the nucleus to migrate anterodorsally,
towards the minus ends of cortical microtubules. Exactly how the
oocyte nucleus is stably anchored there is not clear. It is tempting to
speculate that Koi and Klar may be the link between the nucleus and
the dynein motors securing the microtubule cage. However, neither
Koi nor Klar can be essential for oocyte nuclear anchoring. A failure
of nuclear anchoring in the oocyte leads to inviable embryos with
dorsal/ventral defects. Females that lack Koi or a KASH-containing
form of Klar produce large numbers of viable offspring. Further
experiments are required to determine if Koi and Klar are present at
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the oocyte nuclear membrane, and also to determine if; in ko7 and
klar mutants, there are subtle or low penetrance defects in oocyte
nuclear positioning.

It is remarkable that the fully penetrant defects in koi and klar
mutants appear limited to the eye. At least in the two examples of
nuclear positioning cited above, other Drosophila KASH and SUN
proteins also appear to play no essential roles (Martin P. Kracklauer
and Janice A. Fischer, unpublished; Xuanhua Xie, Martin P.
Kracklauer and Janice A. Fischer, in preparation). We conclude that
a variety of mechanisms for moving and anchoring the nucleus have
evolved in Drosophila.

Acknowledgements

For fly stocks and reagents, we thank everyone mentioned in
the Materials and Methods section. We are especially grateful to
Sean Millard in the Zipursky laboratory at UCLA for advice about
homologous recombination. We thank Paul Macdonald for the use of
his confocal microscope, and the individuals in the UT-Austin ICMB
DNA sequencing and microscopy facilities. Shelley Acosta generated
the plasmids pUAS -6xmyce, pUASt—gf}, and pUASt—6xmyc'/eoz', and
Kristi Lea generated the plasmid P/CG18584HRKOPY35%+}. Finally,
we thank all of the Fischer lab members, and also the members of the
Stein, Sisson and Macdonald laboratories for helpful comments during
the course of this work, and two anonymous reviewers for improving
the manuscript. This work was supported by a grant (RO1-EY13958)
to Janice A. Fischer from the National Eye Institute.

References

1. Starr DA, Fischer JA. KASH ‘n Karry: The KASH domain family of cargo-specific cytoskel-
etal adaptor proteins. Bioessays 2005; 27:1136-46.

2. Wilhelmsen K, Ketema M, Truong H, Sonnenberg A. KASH-domain proteins in nuclear
migration, anchorage and other processes. J Cell Sci 2006; 119:5021-9.

3. Rosenberg-Hasson Y, Renert-Pasca M, Volk T. A Drosophila dystrophin-related protein,
MSP-300, is required for embryonic muscle morphogenesis. Mech Dev 1996; 60:83-94.

4. Starr DA, Han M. Role of ANC-1 in tethering nuclei to the actin cytoskeleton. Science
2002; 298:406-9.

5. Zhang Q, Ragnauth C, Greener M], Shanahan CM, Roberts RG. The nesprins are giant
actin-binding proteins, orthologous to Drosophila melanogaster muscle protein MSP-300.
Genomics 2002; 80:473-81.

6. Mosley-Bishop KL, Li Q, Patterson K, Fischer JA. Molecular analysis of the klarsicht gene
and its role in nuclear migration within differentiating cells of the Drosophila eye. Curr Biol
1999; 9:1211-20.

7. Malone CJ, Misner L, Le Bot N, Tsai MC, Campbell JM, Ahringer J, White JG. The C.
elegans Hook protein, ZYG-12, mediates the essential attachment between the centrosome
and nucleus. Cell 2003; 115:825-36.

8. Malone CJ, Fixsen WD, Horvitz HR, Han M. UNC-84 localizes to the nuclear mem-
brane and is required for nuclear migration and anchoring during C. elegans development.
Development 1999; 126:3171-81.

9. McGee MD, Rillo R, Anderson AS, Starr DA. UNC-83 is a KASH protein required for
nuclear migration and is recruited to the outer nuclear membrane by a physical interaction
with the SUN protein UNC-84. Mol Biol Cell 2006; 17:1790-1801.

10. Haque F Lloyd DJ, Smallwood DT, Dent CL, Shanahan CM, Fry AM, Trembath RC,
Shackleton S. SUNT interacts with nuclear lamin A and cytoplasmic nesprins to provide a
physical connection between the nuclear lamina and the cytoskeleton. Mol Cell Biol 20065
26:3738-51.

11. Tzur YB, Wilson KL, Gruenbaum Y. SUN-domain proteins: “Velcro” that links the nucleo-
skeleton to the cytoskeleton. Nat Rev Mol Cell Biol 2006; 7:782-8.

12. Starr DA, Hermann GJ, Malone CJ, Fixsen W, Priess JR, Horvitz HR, Han M. unc-83
encodes a novel component of the nuclear membrane and is essential for proper nuclear
migration. Developmcnt 2001; 128:5039-50.

13. Grady RM, Starr DA, Ackerman GL, Sanes JR, Han M. Syne proteins anchor muscle nuclei
at the neuromuscular junction. Proc Natl Acad Sci USA 2005; 102:4359-64.

14. Padmakumar VC, Libotte T, Lu W, Zaim H, Abraham S, Noegel AA, Gotzmann J, Foisner
R, Karakesisoglou I. The inner nuclear membrane protein Sunl mediates the anchorage of
Nesprin-2 to the nuclear membrane. J Cell Sci 2005; 118:3419-30.

15. Fischer-Vize JA, Mosley KL. marbles mutants: Uncoupling cell determination and nuclear
migration in the developing Drosophila eye. Development 1994; 120:2609-18.

16. Patterson K, Molofsky AB, Robinson C, Acosta S, Cater C, Fischer JA. The functions of
Klarsicht and nuclear lamin in developmentally regulated nuclear migrations of photorecep-
tor cells in the Drosophila eye. Mol Biol Cell 2004; 15:600-10.

www.landesbioscience.com Fly

17. Gupta A, Tsia LH, Wynshaw-Boris A. Life is a journey: A genetic look at neocortical devel-
opment. Nat Rev Genet 2002; 3:342-55.

18. Fan SS, Ready DFE. Glued participates in distinct microtubule-based activities in Drosophila
eye development. Development 1997; 124:1497-1507.

19. Swan A, Nguyen T, Suter B. Drosophila Lissencephaly-1 functions with Bic-D and dynein
in oocyte determination and nuclear positioning. Nat Cell Biol 1999; 1:444-9.

20. Lei Y, Warrior R. The Drosophila Lissencephalyl (DLisI) gene is required for nuclear migra-
tion. Dev Biol 2000; 226:57-72.

21. Vallee RB, Tai C, Faulkner NE. LIS1: Cellular function of a disease-causing gene. Trends
Cell Biol 2001; 11:155-60.

22. Whited JL, Cassell A, Brouillette M, Garrity PA. Dynactin is required to maintain
nuclear position within postmitotic Drosophila photoreceptor neurons. Development 2004;
131:4677-86.

23. Vallee RB, Tsai JW. The cellular roles of the lissencephaly gene LIS1, and what they tell us
about brain development. Genes Dev 2006; 20:1384-93.

24. Mattout A, Dechat T, Adam SA, Goldman RD, Gruenbaum Y. Nuclear lamins, diseases and
aging. Curr Opin Cell Biol 2006; 18:335-41.

25. Sisson JC. Culturing large populations of Drosophila for protein biochemistry. In: Sullivan
MA, Hawley RS, eds. Drosophila Protocols. New York, USA: Cold Spring Harbor
Laboratory Press, 2000:541-52.

26. Eun SH, Lea K, Overstreet, Stevens S, Lee JH, Fischer JA. Identification of genes that
interact with Drosophila liguid facets. Genetics 2007; 175, (in press).

27. HuangY, Fischer-Vize JA. Undifferentiated cells in the developing Drosophila eye influence
facet assembly and require the Fat facets ubiquitin-specific protease. Development 1996;
122:3207-16.

28. Harris AN, Macdonald P. aubergine encodes a Drosophila polar granule component required
for pole cell formation and related to eIF2C. Development 2001; 128:2823-32.

29. Chen X, Fischer JA. In vivo structure/function analysis of the Drosophila faz facets deubiq-
uitinating enzyme gene. Genetics 2000; 156:1829-36.

30. Brand AH, Perrimon N. Targeted gene expression as a means of altering cell fates and gen-
erating dominant phenotypes. Development 1993; 118:401-15.

31. Gong WJ, Golic KG. Ends-out, or replacement, gene targeting in Drosophila. Proc Natl
Acad Sci USA 2003; 100:2556-2561.

32. Hamilton BA, Zinn K. From clone to mutant gene. Methods Cell Biol 1994; 44:81-94.

33. Fischer-Vize JA, Rubin GM, Lehmann R. The fat facets gene is required for Drosophila eye
and embryo development. Development 1992; 116:985-1000.

34. Snee MJ, Macdonald PM. Live imaging of nuage and polar granules: Evidence against a
precursor-product relationship and a novel role for Oskar in stabilization of polar granule
components. ] Cell Sci 2004; 117:2109-20.

35. Huang Y, Baker RT, Fischer-Vize JA. Control of cell fate by a deubiquitinating enzyme
encoded by the fat facets gene. Science 1995; 270:1828-31.

36. Grumbling G, Strelets V. FlyBase: Anatomical data, images and queries. Nucleic Acids Res
2006; 34:D484-8.

37. Fischer JA, Acosta S, Kenny A, Cater C, Robinson C, Hook J. Drosophila Klarsicht has
distinct subcellular localization domains for nuclear membrane and microtubule localization
in the eye. Genetics 2004; 168:1385-93.

38. Wolff T, Ready DE. Pattern formation in the Drosophila retina. In: Bate M, Martinez Arias
A, eds. The Development of Drosophila melanogaster. Vol T1. New York, USA: Cold Spring
Harbor Laboratory Press, 1993:1277-1325.

39. GuoY, Jangi S, Welte MA. Organelle-specific control of intracellular transport: Distinctly
targeted isoforms of the regulator Klar. Mol Biol Cell 2005; 16:1406-16.

40. Royou A, Sullivan W, Karess R. Cortical recruitment of nonmuscle myosin II in early
syncytial Drosophila embryos: Its role in nuclear axial expansion and its regulation by Cdc2
activity. ] Cell Biol 2002; 158:127-37.

41. Baker J, Theurkauf WE, Schubiger G. Dynamic changes in microtubule configuration cor-
relate with nuclear migration in the preblastoderm Drosophila embryo. J Cell Biol 1993;
122:113-21.

42. Roth S. The origin of dorsoventral polarity in Drosophila. Philos Trans R Soc Lond B Biol
Sci 2003; 358:1317-29.

43. Tomlinson A, Ready DF. sevenless: A cell-specific homeotic mutation of the Drosophila eye.
Science 1986; 231:400-2.

85



