Screening for T-DNA insertion lines

We used the T-DNA insertion-line screening system organized at the Kazusa DNA
Research Institute. The principles of the screening method were as described”. Gene-
specific primers were 5'-ATATGCGATAGCGACTCTCGTACAA-3" and 5'-AAC-
CAAAATGCATATCAATCAGCAG-3'. T-DNA (pPCVICEn4HPT)* specific primers were
5’-ATAACGCTGCGGACATCTAC-3' and 5'-ATCTAGGCTTTGATAGTCAC-3'. We used
four combinations of primer sets, each consisting of a gene specific primer and a T-DNA-
specific primer. The position of the T-DNA insert was determined by sequencing the PCR
products carrying the T-DNA-genome junctions.

Yeast experiments

The entire coding region of the CREla cDNA was PCR-amplified and cloned into the yeast
expression vector p415CYC” under the CYCI promoter at the Smal site, generating
p415CYC—CREIL. We used the QuickChange site-directed mutagenesis kit (Stratagene) to
generate p415CYC—CRE1(G467D), p415CYC—-CRE1(H459Q) and p415CYC—
CRE1(D973N). After sequence confirmation, plasmids were introduced into sln1A (strain
TM182") or ypdIA (strain SW100"). Suspensions of transformants were spotted (about
800 cells per spot) onto drop-out media with 10 uM plant hormones as indicated in Fig. 4,
with either 2% glucose or 2% galactose.
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cdc2links the Drosophila cell cycle
and asymmetric division machineries

Murni Tio, Gerald Udolph*, Xiachang Yang and William Chia

Institute of Molecular and Cell Biology, 30 Medical Drive, 117609 Singapore

Asymmetric cell divisions can be mediated by the preferential
segregation of cell-fate determinants into one of two sibling
daughters. In Drosophila neural progenitors, Inscuteable' >, Part-
ner of Inscuteable*’ and Bazooka®” localize as an apical cortical
complex at interphase, which directs the apical-basal orientation
of the mitotic spindle as well as the basal/cortical localization of
the cell-fate determinants Numb® and/or Prospero'®" during
mitosis. Although localization of these proteins shows depen-
dence on the cell cycle, the involvement of cell-cycle components
in asymmetric divisions has not been demonstrated. Here we
show that neural progenitor asymmetric divisions require the
cell-cycle regulator cdc2. By attenuating Drosophila cdc2 function
without blocking mitosis, normally asymmetric progenitor divi-
sions become defective, failing to correctly localize asymmetric
components during mitosis and/or to resolve distinct sibling
fates. cdc2 is not necessary for initiating apical complex formation
during interphase; however, maintaining the asymmetric locali-
zation of the apical components during mitosis requires Cdc2/B-
type cyclin complexes. Our findings link cdc2 with asymmetric
divisions, and explain why the asymmetric localization of mole-
cules like Inscuteable show cell-cycle dependence.

The embryonic central nervous system (CNS) of Drosophila is
derived from progenitors called neuroblasts (NBs). NBs undergo
repeated asymmetric divisions, budding off a series of ganglion
mother cells (GMCs) from their basal/lateral surfaces; GMCs can
divide asymmetrically to produce progeny with distinct neuronal
fates. Both the NB and GMC asymmetric divisions are mediated, in
part, by a protein localization machinery that directs the prefer-
ential segregation of Prospero (Pros) or Numb to the more basally
located daughter. Mitosis is driven by activation of the Cdc2 protein
kinase, which, during the first 13 embryonic divisions, depends on
dephosphorylation by the product of maternal string (cdc25)'>".
NB divisions occur after depletion of maternal string and depend on
zygotic string. However, NBs, although arrested at G2 of cycle 14, do
form in embryos lacking zygotic string. In contrast, loss of zygotic
cdc2 does not substantially affect embryonic development, and
lethality occurs during postembryonic development'*?.

From a mutant screen we identified two lines that exhibited
defective localization of Pros and Inscuteable (Insc) in NBs. Genetic
mapping, complementation and DNA sequencing revealed that the
phenotypes associated with both mutants were caused by the same
mutation in cdc2, resulting in a glutamic acid to glutamine change at
amino-acid 51. Embryos homozygous for cdc2®'? show late

* Present address: MRC Centre for Developmental Neurobiology, King’s College London, London
SE1 1UL, UK.

1063




letters to nature

embryonic lethality and exhibit various abnormalities that are also
seen in insc and partner of inscuteable (pins) mutants, which can be
explained by defects in asymmetric divisions.

To illustrate these defects, we focused on the first GMC produced
from NB4-2, GMC4-2a, which divides to generate two daughter
neurons, RP2 and its sibling RP2sib'’. The Even-skipped (Eve)
protein is expressed in the GMC4-2a sublineages (Fig. la). Eve is
initially expressed in both RP2 and RP2sib; however, its expression
is extinguished in RP2sib, such that late in embryonic development
only one Eve" neuron can be seen at the RP2 position in each wild-
type hemineuromere. Two types of defects are seen in cdc2®'?
homozygotes. Fourteen per cent of the mutant hemisegments
exhibit near the RP2 position a single Eve" cell that has all of the
characteristics of the RP2 neuron but is larger than the wild-type
RP2 neuron. In cell-division mutants that prevent GMC4-2a
division, GMC4-2a differentiates into an RP2-like cell that is
larger than normal”'® (Fig. 1b; Table 1). More notably, 33% of
the mutant hemisegments possess two cells near the RP2 position,
both of which show characteristics of the RP2 neuron as judged by
marker expression (Fig. 1b, d; Table 1).

Duplication of the RP2 neuron is caused by an RP2sib — RP2
transformation, indicating that the normally asymmetric division
of GMC4-2a (GMC4-2a — RP2 + RP2sib), has been converted to a
symmetric division (GMC4-2a — RP2 + RP2) in the mutant. This
defect in asymmetric division is not restricted to the CNS; the
normally asymmetric division of muscle progenitor, P15, which in
wild type produces a single Eve-expressing muscle DAl and a
second daughter of unknown fate (Fig. le), can also become
symmetric in mutant embryos, leading to the duplication of
muscle DA1" (Fig. 1f).

We assessed the localization of Insc, Partner of Numb® (Pon,
which colocalizes with Numb) and Miranda*~* (which colocalizes
with Pros) in mutant neural progenitors which are clearly under-

™~

RP2 RP2 sib

asymmetric
division

GMC4-2a

o0,
@DA1 @
L )

DA1 ?

P15

Figure 1 Conversion of asymmetric to symmetric divisions in cdc2 mutants. a, b, Wild-
type GMC4-2a divides to produce Eve™ neurons, RP2 and RP2sib; only RP2 retains Eve
expression, and by stage 14 only a single Eve™ neuron can be seen at the RP2 position
(arrow, a). In cdc2®'? embryos, 14% of GMC4-2a fail to divide and differentiate into a
‘large’ RP2 (arrowhead, b); 33% of GMC4-2a divide symmetrically to give rise to two RP2s
with equal nuclear size (arrows, b). ¢, d, In addition to Eve (red) both wild-type RP2 () and
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going mitosis. Dividing wild-type GMC4-2a always localizes Insc as
an apical crescent (20/20; Fig. 2a) and Pon as a basal crescent (20/20;
Fig. 2d). In dividing cdc2'? GMC4-2a, defective localization of
Insc (39%; 9/23; Fig. 2b, ¢) and Pon (37%; 7/19; Fig. 2e, f), in the
form of cortical distribution or misplaced crescents, and mis-
orientation of the mitotic spindle (Fig. 2f) are observed.

These defects are not restricted to GMCs. Mislocalization of Insc
(25%, n = 246; Fig. 2h), Bazooka (38%, n = 85; data not shown),
Pon (Fig. 2k) and Miranda (data not shown), and defective spindle
orientation (Fig. 2n, o) are also seen in mutant mitotic NBs. These
data suggest that the underlying cause of the abnormal progenitor
divisions may be the failure to localize the apical components
during mitosis, and consequently localization of the basal deter-
minants is also defective. Consistent with this notion, the duplicated
RP2 neurons show identical nuclear size—a phenotype character-
istic of insc and pins mutants*".

Embrbyonic lethality and defects in asymmetric division are seen
in cdc2®'? embryos but embryos totally lacking zygotic cdc2
function develop essentially normally (Table 1), owing to the
maternal contribution of cdc2. Several observations indicate that
cdc2™'9 acts as a maternal effect dominant-negative allele that can
antagonize the maternally inherited wild-type cdc2. Stron§ mutant
phenotypes are seen in genotypicalgf hemizygous (cdc2™'%/defi-
ciency) embryos only if the cdc2®'¢ allele is inherited from the
(cdc2®'Yy CyO) mother, and not if it comes from the father (Table 1,
(2)). Moreover an earlier arrest of cell divisions, resulting in a
marked increase in the frequency of undivided GMC4-2a cells, is
seen by overexpressing cdc2®'? (from a wuas—cdc2™'? transgene)
(Table 1, (3)).

To show that defects in asymmetric cell divisions and protein
localization are not peculiar to cdc2®'?, we used a stock that is
homozygous for an amorphic allele, cdc2®, and in addition
contains four copies of a transgene carrying a temperature-sensitive

33%
RP2 RP2

o

symmetric
division

['!:l
GMC4-2a

DA1

P15

the duplicated RP2 and ‘large’ RP2 found in the mutant (d) express Zfh-1 (green).

e, f, Muscle progenitor P15 divides to produce one Eve™ founder for muscle DA1 and a
sibling of unknown fate (schematically represented); the single muscle DA1 with about 10
Eve* nuclei can be seen from a dorsal—lateral view of a stage14/15 wild-type embryo (e).
In cde2'@ (not shown) or cdc2ts4X embryos upshifted to the non-permissive
temperature, duplication of the DA1 muscle can be seen (f).
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allele, cdc2*'", of cdc2 (referred to as cdc2ts4X)™. Immunopreci-
pitates from cdc2ts4X embryonic extracts exhibit kinase activity that
is highly temperature sensitive®. Under appropriate temperature-
shift conditions, these embryos can exhibit all of the phenotypes
seen in cdc2®1? including RP2 (Table 1, (1)) and muscle DA1
(Fig. 1f) duplications, and defective protein localization in dividing
progenitors (Fig. 2i, I; and data not shown).

These results suggest that the levels of Cdc2 activity determine
whether and how a progenitor divides. When the level of Cdc2 is
low, neural progenitors fail to divide; at intermediate levels they can
divide, but mitotic NBs often fail to correctly localize asymmetric
components, and GMC divisions can become symmetric with
respect to segregation of cell-fate determinants and the size and
fate of their daughters; only at higher levels of cdc2 do normal
asymmetric divisions take place.

We used a binary expression system® to express wild-type and
mutated forms of cdc2 in the neural progenitors of cdc2™'?
embryos. Expression of a wild-type cdc2 transgene rescued the
cdc2®'? phenotypes, whereas the expression of enzymatically
dead versions® of cdc2, cdc™*™ and cdc2®*®6'4) which do not
exhibit dominant-negative properties, did not rescue those pheno-
types (Table 1, (4)), suggesting that kinase activity is required for

Mutant

Insc
GMC4-2a

a-tubulin
NB

Figure 2 Defective protein localization in dividing neural progenitors of cdc2 mutants.
Lateral optical sections of stage10/11 embryos. Apical is down. a—c, Wild-type (a) and
cdc2®™ (b, ¢) mitotic GMC4-2a labelled with anti-Eve (blue), DNA stain (green) and anti-
Insc (red). d—f, Wild-type (d) and cdc2%? (e, f) mitotic GMC4-2a labelled with anti-Eve
(blug), DNA stain (green) and anti-Pon (red). g—1, Wild-type (@, j), cac2?™ (h, k) and
cde2ts4X i, ) mitotic NBs labelled with DNA stain (green) and anti-Insc (red, g—i) or anti-
Pon (red, j—1). m—o, Wild-type (m) and cac2?' (n, 0) mitotic NBs labelled with DNA stain
(green) and anti-a-tubulin (blue). Note the mislocalization of Insc and Pon and the
misorientation of mitotic spindles in mutant GMCs and NBs.
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asymmetric divisions. As Cdc2 kinase activity appears to be
required to maintain apical Insc localization during mitosis,
might it also be required for the apical localization of Insc during
interphase? In embryos lacking zygotic string, NBs form but arrest at
G2 during interphase of cell-cycle stage 14 and fail to enter mitosis
because mitotic kinase activation does not occur. Insc (Fig. 3a), Pins
and Bazooka (data not shown) form normal apical crescents,
indicating that the initial apical localization of the apical compo-
nents during interphase does not require mitotic kinase activation.
Moreover, temperature upshifts can induce similar string-like
phenotypes in cdc2ts4X embryos, and in these embryos the NBs
arrested at G2 show apical localization of the apical components
(Fig. 3b; and data not shown). These data suggest that Cdc2 kinase
activity is required to maintain the apical complex proteins during

cdc2ts4X

Insc
NBs
colcemid

Figure 3 Cdc2 kinase activity is required for the maintenance but not the establishment of
Insc apical localization. A string embryo arrested at interphase of cycle14 (@) and a
cdc2ts4X embryo shifted to the non-permissive temperature arrested at interphase of
cycle 14 (b) stained with anti-Insc (red) and DNA stain (green). Note the apical Insc
localization in the NBs of both embryos. ¢—f, Wild-type NB treated with colcemid and
shifted to 31 °C (¢); cdc2ts4X NB treated with colcemid and maintained at 21 °C (d);
cdc2ts4X NB treated with colcemid and shifted to 31 °C (e, f). Insc (red) and DNA (green).
Apical is down.

Table 1 Phenotypic analysis of various cdc2 mutations and genotypes

RP2 Big n Lethal phase
duplication RP2s

Wild type 0% 0% 200
cdc2%'9 (amorph) 33% 14% 266 Embryonic
cdc2”7 (amorph) 0.8% 0.8% 381 Larval/pupal
cdc2E"%% (amorph) 0.25% 0.8% 390 Larval/pupal
cdc25%” (amorph) 3.6% 3% 307 Larval/pupal
(1) cdc2ts4X* 42.7% 4.6% 144
(2) cdc255"%Y/Df(21)J3 from 33% 7% 249

cdc255'%/Cyo(ftz-lacZ) mothers

(2) cdc25'Y/Df(21)J3 from 2% 1% 565
¢dc25'%/Cyo(ftz-lacZ) fathers
(3) cdc2F5'C sca-Gal4(1X);
uas-cdc2%19(1x)

(4) cdc25°'9 yas-wt cde2(1X); 0% 0% 486
da-Gal4(1X)

15% 52% 690

(4) cdc2™'? uas-T161A(1X); 25.5% 105% 475
da-Gal4(1X)
(4) cdc2'9 uas-K33R, T161A(1X); 22.4% 12% 759

da-Gal4(1X)

nis the number of hemisegments scored. The cdc? alleles specified represent homozygotes unless
otherwise indicated. (1) A viable, fertile stock referred to as cdc2ts4X? (see text). (2) Genotypically
¢dc2'%/Df(21)J3 embryos show different phenotypes depending on whether the cdc2¥' allele is
maternally or paternally inherited. (3) Overexpression of a cdc2f1? transgene using a pan-neural
driver, sca-Gal4, has dominant-negative effects, increasing the proportion of GMC4-2a which fails
to divide. (4) Experiments in which wild-type and enzymatically compromised cdc2 transgenes were
overexpressed in a cdc2¥'? homozygous background (using a ubiquitous driver, da-Gal4),
showing the requirement of kinase activity in asymmetric cell-fate specification. The T161A and
the K33R mutations would be expected to compromise cyclin binding and ATP hydrolysis,
respectively. Mutant cdc2 genes were generated by PCR and authenticated by DNA sequencing;
germline transformants were produced using standard methods. Temperature shifts were per-
formed as described in Methods.

*The frequency of RP2 duplications is extremely variable in upshifted cdc2ts4X embryos and our
quantitation was based on ten embryos with the highest frequency of duplications. This phenotype
was never seen in wild-type embryos processed in parallel.
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mitosis but not for their establishment during interphase.

If Cdc2 activity is responsible for maintaining the apical com-
ponents, premature inactivation/reduction of its activity—at a
point in mitosis when its activity is normally high—should lead
to premature delocalization of apical components like Insc.
cdc2ts4X and wild-type control embryos were arrested at metaphase
using colcemid treatment at 21 °C for 30 min (see Methods); half of
the embryos were shifted to 31 °C for 45 min, while the other half
were kept at 21°C for 45 min, then both groups were fixed and
stained for Insc. cdc2ts4X NBs arrested at metaphase and main-
tained at 21 °C showed normal apical crescents of Insc (98%, n =
270; Fig. 3d); similarly, colcemid-treated wild-type controls that
were shifted to 31°C show 100% apical localization (n = 106;
Fig. 3c). cdc2ts4X NBs arrested at metaphase and upshifted to
31 °C showed defective localization of Insc (only 7% have normal
apical crescents; n = 82; Fig. 3e, f) and Miranda (data not shown).
These results show that downregulating Cdc2 activity in NBs

a
High cdc2
A A Normal
i asymmetric

wdivision
-.y.y.-.y.y.-.“y.-.“ny.“.-y.-..-nn“.-nn.-ASymmetry threshold

Defective

protein
localization

A
: Defective
i symmetric
: division
v

Division threshold

No division

Low cdc2

b

Prophase

Metaphase §

Early
anaphase

Late
anaphase
to
telophase

¢ WT

Insc
NB

Figure 4 Cdc2 kinase activity is required for asymmetric cell divisions. a, Model proposing
that different thresholds of kinase activity determine whether and how a progenitor divides
(see text). b, Wild-type mitotic NBs are stained with anti-Insc (red, apical/cortical), DNA-
stain (green) and anti-cyclin-A or anti-cyclin-B3 (red, cytoplasmic). Note that Insc remains
localized at metaphase and early anaphase when cyclin A cannot be detected but cyclin
B3 levels remain significant. When Insc becomes delocalized (expanded) at late
anaphase/telophase, cyclin B3 cannot be detected. ¢, Wild-type metaphase NB (left) and
cyclin B, cyclin B3 double-mutant metaphase (middle) and prophase (right) NBs; note the
premature delocalization of Insc (red) in the double-mutant NBs.
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arrested at metaphase can cause delocalization of the apical (and
basal) component proteins and provide direct evidence that
elevated Cdc2 activity is required to maintain the localization of
apical components during mitosis.

There are three known mitotic cyclins in Drosophila, cyclin A, B
and B3; these need to be destroyed for mitotic exit to occur”. Is a
subset of these cyclins preferentially required for maintaining
the apical components? We followed the temporal profile of Insc
localization with respect to the time of cyclin A (metaphase), cyclin
B (early anaphase) and cyclin B3 (late anaphase) destruction. The
results from anti-Insc/anti-cyclin-A/DNA-stain triple-labelling
experiments (Fig. 4b) show that Insc remains apically localized at
metaphase/anaphase after destruction of cyclin A. Supporting the
idea that cyclin A is dispensable, we failed to detect any evidence of
defective Insc localization in cyclin A single and cyclin A, cyclin B3
or cyclin A, cyclin B double mutants (data not shown). In wild-type
NBs, Insc delocalization occurs after chromosome separation,
coinciding with the time when cyclin B3 becomes undetectable
(Fig. 4b). Single mutants in cyclin B and cyclin B3 do not show
defects in Insc localization (data not shown); however, in cyclin B,
cyclin B3 double mutants, mislocalization of Insc can be seen in
most mitotic NBs (72%, n = 120 for prophase; 71%, n = 90 for
metaphase; Fig. 4c). These results indicate that whereas cyclin A
appears dispensable, the B-type cyclins are required to maintain
asymmetric localization of Insc during mitosis.

Our data show that a key cell-cycle regulator is involved in
mediating asymmetric cell divisions. Phosphorylation mediated
by Cdc2 is likely to be important in maintaining the correct
localization of the apical complex of asymmetry proteins during
mitosis; however, Cdc2 probably does not act directly on Insc as the
putative Cdc2 phosphorylation sites of Insc can be removed without
affecting its function in overexpression paradigms**. These obser-
vations provide an explanation for the normal temporal profile of
the localization of molecules like Insc. As long as there is Cdc2
kinase activity during mitosis, apical/cortical localization of mol-
ecules such as Insc is maintained; however, when kinase (and B-type
cyclins) is destroyed towards the end of mitosis, the apical com-
ponents become delocalized. Our findings indicate that the tight
temporal correlation of asymmetrically localized components
important for mediating asymmetric divisions to the cell
cycle may be because the two processes share key regulator(s) like
cdc2.

Methods
The initial mutant screen

A collection of ~300 lethal enhancer trap insertions that show B-galactosidase expression
in all or subsets of NBs were identified and collected over the past few years. We screened
embryos from these insertions lines using confocal microscopy after staining with anti-
Insc and anti-Pros. The E51Q allele associated with the two lines showing defective Pros
and Insc localization were unconnected with their respective P-element insertions, and
most probably originated from a pre-existing mutation in the progenitor chromosome
used to generate the enhancer traps.

Flies and embryos

The following cdc2 alleles were used: cdc2®'?, cdc2ts4X, cdc2”, cdc2P % and cdc2"” . The
following cyclin alleles were used: cyclinA“**, cyclinB?, cyclinB3%, cyclinB3’. string?/TM3
Ubx-lacZ was used. All lethal mutant alleles that we used in this study were balanced over
balancer chromosomes containing P-element insertions expressing ftz—lacZ or Ubx—lacZ,
and homozygous mutant embryos were identified by the absence of B-galactosidase
expression. cdc2ts4X was raised at 18 °C, and all other stocks were raised at 25 °C. For the
temperature-shift experiments designed to examine neuronal or muscle cell fate changes,
cdc2ts4X embryos were collected for 5h and aged for 7h at 21 °C, shifted to 31 °C for 1 h,
and aged at 21 °C overnight until fixation. For the temperature-shift experiments designed
to examine protein localization in NBs and GMCs, cdc2ts4X embryos were dechorionated
and incubated in a 31 °C water bath for 1h before fixation. Wild-type control embryos
were processed in parallel.

Drug treatment

Embryos were permeabilized in octane'? and treated with 20 ug ml™' colcemid for 30 min
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at 21 °C. They were either maintained at 21 °C or upshifted to 31 °C for a further 45 min
before fixation and staining.

Immunohistochemistry

We performed fixation and antibody staining of embryos as described**. We used the
following primary antibodies: mouse anti-o-tubulin, mouse anti-cyclin-A, mouse anti-
cyclin-B, rabbit anti-cyclin-B3, rabbit and mouse anti-Eve, mouse anti-Zfh-1, rabbit and
mouse anti-B-galactosidase, rabbit anti-Insc, rabbit anti-Miranda, rabbit anti-Pon, mouse
anti-Pros. DNA was visualized with a DNA fluorochrome®. Confocal microscopy was
performed using a MRC1024 scanhead.
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The p16™<** cyclin-dependent kinase inhibitor' is implicated in
replicative senescence, the state of permanent growth arrest
provoked by cumulative cell divisions or as a response to con-
stitutive Ras—Raf-MEK signalling in somatic cells’®. Some con-
tribution to senescence presumably underlies the importance of
p16™* a5 a tumour suppressor’ but the mechanisms regulating
its expression in these different contexts remain unknown. Here
we demonstrate a role for the Ets1 and Ets2 transcription factors'
based on their ability to activate the p16™*** promoter through an
ETS-binding site and their patterns of expression during the
lifespan of human diploid fibroblasts. The induction of p16™<*
by Ets2, which is abundant in young human diploid fibroblasts, is
potentiated by signalling through the Ras—Raf-MEK kinase
cascade and inhibited by a direct interaction with the helix—
loop—-helix protein Id1 (ref. 11). In senescent cells, where the Ets2
levels and MEK signalling decline, the marked increase in p16™**
expression is consistent with the reciprocal reduction of Id1 and
accumulation of Etsl.

The p16™** tumour suppressor protein functions as an inhibitor
of Cdk4 and Cdke, the cyclin-dependent kinases that initiate the
phosphorylation of the retinoblastoma protein, pRb*”. Thus,
p16™5* has the capacity to arrest cells in the G1 phase of the cell
cycle and its probable physiological role is in the implementation of
an irreversible growth arrest termed replicative senescence. Senes-
cence occurs naturally when cultured cells reach the end of their
lifespan'>", triggered by the inexorable loss of telomeric DNA''S,
but a similar phenotype can be induced when primary cells are
challenged by an activated Ras oncogene or its downstream effectors
Raf and MEK®™®. In each case the arrest is accompanied by elevated
levels of p16™*** (refs 2—8) and ectopic expression of p16™<* in
young human diploid fibroblasts (HDFs) the senescent phenotype®"’.

To delineate the signalling pathways that regulate pl6™~*
expression in these different contexts, we asked whether existing
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