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Nuclear lamins are intermediate filaments that compose
the nuclear lamina — the filamentous meshwork underly-
ing the inner nuclear membrane — and are required for
nuclear assembly, organization and maintenance. Here
we present evidence that a nuclear lamin is also required
for cytoplasmic organization in two highly polarized cell
types. Zygotic loss-of-function mutations in the Drosophila
gene encoding the principal lamin (Dm,) disrupt the
directed outgrowth of cytoplasmic extensions from termi-
nal cells of the tracheal system. Germline mutant clones
disrupt dorsal-ventral polarity of the oocyte. In mutant
oocytes, transcripts of the dorsal determinant Gurken, a
transforming growth factor-c. homologue, fail to localize
properly around the anterodorsal surface of the oocyte
nucleus; their ventral spread results in dorsalized eggs
that resemble those of the classical dorsalizing mutations
squid and fs(1)K10. The requirement of a nuclear lamin
for cytoplasmic as well as nuclear organization has
important implications for both the cellular functions of
lamins and the pathogenesis of human diseases caused
by lamin mutations.

n a screen of tracheal P[lacZ] transposon insertions for mutations
that alter the outgrowth of terminal branches of the Drosophila
tracheal (respiratory) system, we identified mutations in a nuclear
lamin gene. The original allele (1(2)02459) was a P[lacZ] insertion
at cytologic position 25F1-2 that expresses LacZ in the tracheal cells
that form terminal branches (Terminal-4 marker'); two additional
alleles were obtained by imprecise excision of the transposon and
four more were identified by complementation tests with existing
lethal mutations in the 25F cytologic region. We named the gene
misguided (misg), because terminal branches in the mutants did not
follow the normal projection patterns during branch outgrowth. In
wild-type embryos, terminal branches grow out in stereotyped
directions (Fig. la, c) towards specific targets on which they later
ramify into extensive networks of fine terminal branches. They do
not grow over or contact other branches, nor do they cross the dor-
sal or ventral midlines or enter target regions of other branches.
In misg mutant embryos, by contrast, terminal branches grew
into the territory of, and contacted other terminal branches, occa-
sionally crossing the midline or stalling during outgrowth (Fig. 1b,
d). The original allele, [(2)02459, is weak and showed only occasion-
al guidance defects. Six other alleles (1(2)04643, ex91, ex98, sz18, sz9,
a7) showed a higher penetrance and expressivity of guidance defects
(15-20% of branches affected at 25°C; Table 1, and data not
shown). The severity of the phenotype was not increased in misg
hemizygotes (misg**’/Df(2L)cl-h3 and misg***/ Df(2L)GpdhA),
although it was increased substantially at elevated temperature
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(29 °C; and see below). No defects were seen in misg heterozygotes.

Terminal branches arise as long cytoplasmic extensions of tra-
cheal terminal cells* (Fig. 1e). The cytoplasmic projections did not
extend normally in misg mutants: 9% of terminal cells (n = 144)
formed multiple cytoplasmic blebs, or thin spindly processes that
grew in inappropriate directions (Fig. 1f) or stopped short before
reaching their targets (Fig. 1g). Two per cent of terminal cells dis-
played defects in nuclear morphology, such as a spherical nucleus
protruding off the main axis of the cell (Fig. 1g), but the disruption
in cytoplasmic structure and outgrowth was more prevalent.

The sequence of the genomic DNA flanking the misg P[lacZ]
alleles showed that both transposon insertions disrupted the tran-
scription unit of lamin Dm, — a B-type lamin and the main con-
stituent of the nuclear lamina® (Fig. 1h). All alleles examined
showed reduced or no expression of lamin Dm,in germline clones
(Fig. 2a, b, and Table 1). Furthermore, expression of a lamin Dm,
transgene in the terminal cells of misg’** embryos using the
Gal4/UAS system* ameliorated the mutant phenotype: at 29 °C,
only 16% of dorsal branches (#=96) were normal in control
embryos carrying a terminal-cell-specific Gal4 driver, whereas 56%
(n=192) were normal in embryos carrying the Gal4 driver and
UAS-lamin Dm,. Thus, misg encodes lamin Dm, and it is required
in tracheal cells for the structural organization and outgrowth of
cytoplasmic processes. The residual defects in the rescue experi-
ment may be due to suboptimal expression of the transgene or a
cell non-autonomous component of the misg tracheal phenotype.

[B-Galactosidase from the misg?*® P[lacZ] is expressed strongly
in tracheal terminal cells and weakly in epidermal cells', but there
is a large maternal contribution of gene product and the protein is
present at roughly equivalent levels in all embryonic cells including
tracheal cells (ref. 3; and data not shown). To investigate the role of
the maternally expressed gene product, we generated misg mutant
germline clones using the dominant female sterile FLP/FRT sys-
tem’. Females with germline clones of the two strongest alleles
(5218, ex98) did not deposit eggs. The mutant egg chambers showed
severe defects in germline nuclear organization and morphology
(Fig. 2¢, d, and Table 1), consistent with known roles of lamin in
nuclear assembly and maintenance, and the phenotypes of other
lamin mutants®'°.

Egg chambers of the other misg alleles (a7, 4643, 2459) showed
much less severe or no germline nuclear abnormalities (Fig. 2e-h, and
Table 1) and deposited eggs. Almost all the eggs showed striking
defects in dorsal-ventral polarity (Fig. 3a—e, and Table 1). This ranged
from mild dorsalization with expanded dorsal appendages (Fig. 3b),
to strongly dorsalized, symmetrical eggs with a ring of dorsal
appendage material surrounding the micropyle (Fig. 3d), resembling
the phenotypes of the classic dorsalizing mutations fs(1)KI10 and
squid (Fig. 3e; and ref. 11). Although dorsal-ventral patterning was
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Figure 1 Defects in directed outgrowth of tracheal terminal branches in misg
mutants. a, Lateral view (anterior left, dorsal up) of three dorsal branches (DB) in a
stage 16 wild-type (WT) embryo stained with mAb2A12 to show tracheal lumen.
Terminal branches (arrowheads) extend ventrally. Dashed lines indicate continuation
of DBs out of focal plane. b, Similar view of a misg** embryo showing a misdirect-
ed (black asterisk) and an ectopic (white asterisk) terminal branch. ¢, Ventral view
(anterior left) of three pairs of wild-type ganglionic branches (GB). GB terminal
branches (arrowheads) extend posteriorly, parallel to the ventral midline (dashed
line). d, Similar view of a misg®°! embryo. Note the terminal branches extending
anteriorly (black asterisk), crossing the midline and contacting the contralateral
branch (white asterisk), and prematurely stalled (arrow). e, Micrograph (top) and trac-
ing (bottom) of wild-type GB terminal cell carrying a trachealess-lacZ marker (1-eve-
1; ref. 31) and stained for p-galactosidase to show tracheal cells and nuclei (N). A
single cytoplasmic process (nascent terminal branch) extends posteriorly. The nucle-
us is ovoid and oriented in the axis of outgrowth. f, misg?6*3 GB cell showing thin,
misdirected cytoplasmic process and multiple cytoplasmic blebs.

g, misg*43 GB cell showing stalled outgrowth and round nucleus lying off the out-
growth axis. Scale bar, ~10 um (a-d); ~5 um (e-g). h, Positions of misg#*3 and
misg?*>° PllacZ] insertions in the lamin Dm, transcription unit. Genomic sequence of
the bracketed region3? is shown. Both insertions lie in the first intron, 258 and 232
bp upstream of the translation start site, as does a previously described weak muta-
tion Lam® (ref. 7). Open boxes, coding sequence; filled boxes, noncoding sequences.
Lowercase, intron sequence; uppercase, exon sequence; boldface, start codon.

altered, anterior—posterior patterning seemed to be normal, as judged
by normal micropyle and aeropyle morphology and normal localiza-
tion of oskar messenger RNA in the oocyte (data not shown).
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Figure 2 Nuclear structure and division defects in misg germline clones.

a, Wild-type stage 6 egg chamber immunostained for lamin Dm,. Lamin is detected
at high levels throughout the oocyte nucleus (o) and at the periphery of the 15
nurse-cell nuclei (n; four are seen in this focal plane) and the nuclei of the somatic
follicle cells (f) surrounding the germ line. b, misgs2!é germline clone. Lamin is great-
ly reduced or absent in the germline nuclei but is expressed normally in the follicle
cells. The weak signal in the germline nuclei is probably spectral overlap from the
DAPI channel (not shown). ¢, misg18 germline clone stained with DAPI to show
DNA. Germline nuclei are disorganized. d, misg®® germline clone (stage 2). There
are 16 large (nurse-cell) nuclei and no small (oocyte) nucleus, as in cytoplasmic
dynein mutants33. e, DAPI stain of stage 2 embryo derived from misg?#>° germline
clone. Nuclear division is not synchronous and there are aberrant nuclear struc-
tures (arrowheads). f, Confocal micrograph of stage 4 wild-type oocyte nucleus
stained for lamin Dmy, (red) and DNA (propidium iodide, green). Nucleus is spherical
and DNA is compacted to one side. g, h, Similar view of stage 4 misg**3 germline
clones. Lamin staining is reduced in both, and there are abnormal nuclear protru-
sions resembling rabbit ears in g and aberrant DNA organization in h. The image in
h is pixelated because the lamin signal was very weak and the gain on the lamin
channel was increased maximally. Scale bar, ~10 um (a); ~8 um (b-d); ~4 um

(e); ~1.8 um (f-h).

Dorsal-ventral polarity of the egg is controlled by the trans-
forming growth factor-o. homologue Gurken, which activates the
epidermal growth factor receptor Torpedo on the overlying follicle
cells, causing them to assume dorsal fates''. At stage 9 of oogenesis,
the oocyte nucleus has migrated to a dorsal position in the anteri-
or cortex of the cell, and gurken mRNA is tightly localized around
the anterodorsal surface of the nucleus (Fig. 3f, h). We found that
in misg**® germline clones gurken RNA was sometimes less tightly
associated with the oocyte nucleus (Fig. 3i) and spread more ven-
trally in the cell (Fig. 3g). The distribution of Gurken protein was
also altered. In contrast to the tight dorsal stripe seen in wild-type
egg chambers (Fig. 3j), Gurken staining in the mutant egg cham-
bers was more diffuse, extending further ventrally but not as far
posteriorly in the cell (Fig. 3k). This is similar to the defects in
gurken transcript and protein localization seen in fs(1)KI10 and
squid mutants, which lead to an increase in follicle cells adopting
dorsal fates'>"*. Thus, misg lamin is required for the proper cyto-
plasmic localization of a crucial determinant of egg polarity.

These results confirm the known functions of nuclear lamins in
nuclear assembly and maintenance, but more importantly they
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Figure 3 misg germline clones give rise to dorsalized eggs. a, Dorsal view
(anterior left) of wild-type egg. A pair of dorsal appendages protrudes from the dor-
sal surface. b, Similar view of egg from misg**3 germline clone. Egg is partially
dorsalized with thickened dorsal appendages. ¢, Lateral view (dorsal up) of wild-
type egg. Ventral surface is rounded and dorsal surface is relatively flat. d, Same
view of egg from misg**3 germline clone. Egg is almost fully dorsalized with ring
of dorsal appendage encircling the anterior end and with symmetrical dorsal and
ventral surfaces. e, Same view of egg from fs(1)K10% mother for comparison.

f, Lateral view (dorsal up) of stage 9 wild-type egg chamber hybridized with a
probe for gurken RNA visualized by indirect immunofluorescence (green). Egg
chamber was also stained with DAPI (blue) and lamin Dm, antiserum (not shown) to
visualize the position of the oocyte nucleus (outlined with white dots). (Lamin Dmj
staining is variable under these fixation conditions so was not used for the quantifi-
cation of lamin Dmj levels in Table 1.) gurken RNA localizes to a tight cap (bracket)
around the dorsal surface of the oocyte nucleus. g, misg?*3 germline clone. gurken
RNA extends ventrally in the cell. h, Close-up view of wild-type oocyte nucleus
hybridized with gurken RNA probe and detected with alkaline phosphatase immuno-
chemistry. Nucleus is outlined with white dots. i, misg*¢*3 germline clone. Note
gurken RNA is not tightly associated with the nucleus. j, Lateral view (dorsal up) of
stage 10 wild-type egg chamber stained with anti-Gurken antiserum. Gurken protein
localizes to a tight dorsal stripe (bracket) that extends posteriorly. k, misg*¢43
germline clone. Gurken protein is more diffuse, extending further ventrally (bracket)
but not as far posteriorly as in wild type. Scale bar, ~100 um (a—€); ~30 um

(f, g); ~15 um (h, i); ~40 um (j, k).

show that a nuclear lamin can also influence cytoplasmic organiza-
tion in at least two different Drosophila cell types, the oocyte and
tracheal terminal cells. How might misg lamin, the main con-
stituent of the nuclear lamina, affect cytoplasmic organization?
One possibility is that a small, as yet undetected cellular fraction of
this lamin localizes and functions in the cytoplasm. Another possi-
bility is that the nuclear protein is required for correct expression of
one or more cytoplasmic factors(s). Lamins can bind chromatin
directly or through interactions with chromatin-binding nuclear
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membrane proteins, so they can influence chromosome organiza-
tion and possibly gene expression®''®. gurken transcripts are syn-
thesized in the oocyte nucleus and must interact with the Squid
hnRNP protein and possibly K10, a putative RNA-binding protein,
in order to localize properly after export into the cytoplasm'”'8.
Oocyte nuclei with reduced misglamin may synthesize gurken tran-
scripts normally but fail to process them correctly, resulting in cyto-
plasmic mislocalization. The effect of misg mutations on gene
expression would have to be selective, because the affected eggs and
tracheal cells retain many normal aspects of cell differentiation and
function.

The cytoplasmic defects in misg mutants might also be
explained if lamin-dependent connections exist between the nucle-
us and cytoplasm that are necessary for cellular organization. The
nucleus is physically connected to the rest of the cell through actin
filaments, intermediate filaments, microtubules and the endoplas-
mic reticulum®. Indeed, it has been proposed that an intermediate
filament network extends from the plasma membrane into the
nucleus, possibly passing through nuclear pores to interact with the
underlying lamina®. In lamin-depleted oocytes and tracheal cells,
such connections may be compromised, with consequent loss of
cytoplasmic organization.

Whatever the molecular explanation, the finding that different
cellular phenotypes predominate in misg alleles of different
strengths suggests that misglamin may have several functions, each
requiring a different threshold level of the protein. Because cyto-
plasmic defects in misg alleles can occur without grossly altering
nuclear structure, they seem to be the most sensitive to lamin
depletion.

The requirement of a nuclear lamin for cytoplasmic organiza-
tion and cell polarity might help explain the pathogenesis of sever-
al human diseases recently found to be caused by mutations in the
lamin A/C gene. These include an autosomal dominant adult-onset
cardiomyopathy?', a rare familial lipodystrophy'® and the autoso-
mal dominant form of Emery—Dreifuss muscular dystrophy
(EDMD)?*, as well as a mouse model of EDMD generated by tar-
geted disruption of the homologous gene’. It has been difficult to
explain how defects in a nuclear lamin give rise to these diseases
because nuclear structure or organization is not obviously altered
in affected individuals®. Perhaps, as with the less severe misg muta-
tions, cytoplasmic defects predominate. For example, muscle cells
are highly organized and exhibit coordinated transcript localization
and translation at sites where proteins are required in the cell®,
such as the sarcolemma in which dystrophin, B-dystroglycan and
other genes implicated in muscular dystrophy localize**.
Localization of these or other cytoplasmic components may be per-
turbed in EDMD patients, like gurken transcripts in misg mutant
oocytes. U

Methods

Fly strains and genetics.

misg®* and misg"* correspond to 1(2)02459 and 1(2)04643 (ref. 27). Several P-transposase-induced
excisions of the misg*’ P[lacZ] element reverted the lethality; imprecise excisions created additional
lethal alleles, two of which (misg®*! and misg**) exhibited strong misg phenotypes. misg='s, misg”,
misg® are ethylmethane-sulphonate-induced alleles from the 25F region® that failed to complement
the lethality of misg’**. All three exhibited the same tracheal phenotype, but misg® contained a second
closely linked lethal mutation and was not analysed further. We recombined misg alleles onto the
FRT40A chromosome and created germline clones by the dominant female sterile FLP/FRT technique®.

Immunostaining, in situ hybridization and histology.

‘Whole-mount embryos were fixed and stained as described' using antibodies against a tracheal lume-
nal antigen (mAb2A12, 1:5 dilution), B-galactosidase (from Cappell, 1:1500) and lamin Dm, (mAb
ADLB84 from P. Fisher, 1:100). Ovaries were dissected in PBS, fixed in 4% formaldehyde, stained with
mAb ADL84 and Cy3- or Cy5-conjugated secondary antibody, and counterstained with 4',6-diamidi-
no-2-phenylindole (DAPI) or propidium iodide as described”. We fixed and stained ovaries with a
rabbit polyclonal anti-Gurken antiserum (1:1000) and horseradish peroxidase (HRP) immunohisto-
chemistry as described'. In situ hybridization of ovaries was performed using digoxigenin-labelled
gurken and oskar RNA probes and alkaline phosphatase immunohistochemistry® or indirect immuno-
fluorescence using anti-digoxigenin antibody coupled to HRP (Boerhinger Mannheim) and tyra-
mide/FITC immunochemistry (NEN Life Science). To analyse egg morphology, we mounted the eggs
in Hoyer’s medium.
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Table 1 Zygotic and maternal misg phenotypes

Zygotic Maternal *
Allele Mutagen Tracheal Lamin egg Egg chamber Egg Egg
guidance chamber morphology production polarityt}
defectst expression}
Increasing Wild type None <1% Normal Normal§ Normal Normal
severity (Canton S) (0% eggs affected)
misg?° PllacZ] 2% n.d. Normal Reduced Weakly dorsalized
+ (1(2)02459) (82%)
misg?643 PllacZ] 20% Reduced Occasional oocyte differentiation Greatly reduced Dorsalized (86%)
(1(2)04643) and nuclear morphology defectsq
misg?’ EMS 17% Reduced Frequent oocyte differentiation Greatly reduced Strongly dorsalized
defects# (100%)
misgex8 PllacZ] excision 15% Reduced Early development arrest** None (no eggs)
misgs?18 EMS 19% Undetectable Severe nuclear disorganizationtt None (no eggs)

* Egg chamber and egg phenotypes of homozygous misg germ line clones.

1 Percentage of misguided and stalled dorsal ganglionic branches in homozygous embryos at 25 °C (n = 170 branches).

+ Lamin Dm, levels were analysed in egg chambers fixed and immunostained as in Fig. 2a, b. Egg chambers from wild-type and misg alleles were processed in parallel, and the results
were consistent for each allele.

§ Wild-type egg chambers have 1 small (diploid) oocyte nucleus and 15 large (polyploid) nurse cell nuclei.

9 Occasional egg chambers with 2 small and 14 large nuclei. See Fig. 2g, h for examples of nuclear morphology defects.

# Frequent egg chambers with 2 small and 14 large nuclei, or 3 small and 13 large nuclei.

**Arrested at stage 2 with 16 similarly sized nuclei per egg chamber (Fig. 2d).

11 See Fig. 2c.

11 Mutant eggs displayed a range of dorsal-ventral polarity defects; the percentage of mutant eggs affected is shown. Affected eggs fell into four classes: expanded dorsal appendages
(Class I; see Fig. 3b); single fused or circumferential dorsal appendage (Il, see Fig. 3d); multiple dorsal appendages (lll); no dorsal appendage (IV). The number of mutant eggs scored (n)
and percentage in each class were: misg®* (n = 157): 1(64%), Il (12%), lll (5%), IV (1%). misg"* (n = 97): 1 (55%), Il (18%), lll (9%), IV (4%). misg”” (n = 34): | (44%), Il (41%), lll (9%), IV (6%).

n.d., not determined.
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