assumed a capacitance of 1 nF) and 7, = 15 ms. These were chosen so that for S(t) = 0,
A(7) and IST histograms were similar to those observed under spontaneous conditions
in vivo™. We set N = 100 to make local and global stimulation significantly distinct. The
RAM stimulus variance was W = 0.238 nA?, which resulted in firing statistics comparable
to those of stimulated pyramidal neurons (Fig. 2). The feedback parameters were set to
g=390SF !, =3ms, V; = Vieee =0mV, to model the feedback as GABA, shunting
inhibition, previously reported for interactions between bipolar and pyramidal cells*’. The
loop delay was set to 74 = 12 ms, allowing a fit to experimental data (Figs 1 and 2), and is
also comparable to previously estimated values®. Equation (1) was integrated by a simple
Euler-Maruyama® scheme with At = 0.025 ms. The effects of parameter heterogeneities
were tested by choosing B, and 7, from gaussian distributions with mean values as given
above. The results were qualitatively similar to the homogeneous case for distributions
with coefficient of variations of 0.82 and 1.5 for the B; and 7, distributions, respectively.
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The polarity of Drosophila wing hairs displays remarkable
fidelity. Each of the approximately 30,000 wing epithelial cells
constructs an actin-rich prehair that protrudes from its distal
vertex and points distally. The distal location and orientation of
the hairs is virtually error free, thus forming a nearly perfect
parallel array. This process is controlled by the planar cell
polarity signalling pathway'™. Here we show that interaction
between two tiers of the planar cell polarity signalling mechan-
ism results in the observed high fidelity. The first tier, mediated
by the cadherin Fat®, dictates global orientation by transducing a
directional signal to individual cells. The second tier, orche-
strated by the 7-pass transmembrane receptor Frizzled®’, aligns
each cell’s polarity with that of its neighbours through the action
of an intercellular feedback loop, enabling polarity to propagate
from cell to cell®. We show that all cells need not respond
correctly to the presumably subtle signal transmitted by Fat.
Subsequent action of the Frizzled feedback loop is sufficient to
align all the cells cooperatively. This economical system is there-
fore highly robust, and produces virtually error-free arrays.

A group of signalling molecules, including Frizzled (Fz)’, Dishev-
elled (Dsh)®, Flamingo (Fmi)'®"!, Van Gogh'>"* and Prickle (Pk)"
mediates planar cell polarity (PCP) signalling in various developing
Drosophila tissues'™. In wing cells, these proteins participate in an
intercellular feedback loop that generates subcellular asymmetry
and directs prehair location®'>'°. Frizzled on the distal side of one
cell recruits Dsh to the membrane, thus stabilizing Fz localization,
and simultaneously recruits Pk to the proximal side of the adjacent
cell, where it prevents Dsh localization (Fig. la). A competition
therefore occurs between Fz on either side of the intercellular
boundary, amplifying small differences in Fz levels to all-or-none
differences®. Coupled with the observation that cells do not
accumulate high Fz levels and construct prehairs on two sides,
this mechanism enables polarity to propagate from cell to cell
(Fig. 1b). For example, removing Fz from a clone of cells produces
a difference in Fz at the distal boundary of the clone that is reversed
from the wild type, and this reversal propagates, resulting in the
‘domineering non-autonomy’ first described by ref. 6 (Fig. 1b). The
question remains, however, of what initiates the imbalance of
Fz activity along the proximal-distal axis of each cell in a wild-
type wing. We have proposed previously that, in the eye, two
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non-classical cadherins, Dachsous (Ds)'” and Fat (Ft), and a type II
transmembrane protein, Four-jointed (Fj)'® work together to pro-
vide the Fz-dependent signal with directional cues'. In the imaginal
eye disc, Ds and Fj, expressed in opposing gradients'>*’, function
through Ft to enhance Fz activity in the R3 photoreceptor cell*"**.
These proteins also affect PCP in the wing and abdomen®>°. We
have investigated whether Fj, Ds and Ft provide global directional
information in the wing.

Several observations suggest that the activities of Fj, Ds and Ft
require Fz, and that they bias the orientation of Fz signalling in the
wing, as they do in the eye'. Although ft mutant clones produce
PCP phenotypes, Ft signalling requires Fz activity, as loss of ft

Proximal

Figure 1 Four-jointed (Fj), Dachsous (Ds) and Fat (Ft) in the pupal wing. In all panels, distal
is to the right. a, The Frizzled (Fz)-dependent intercellular feedback loop®. Circles with a
slash through them indicate protein levels that are reduced or absent; bold arrows indicate
dominant interactions. b, Diagram showing domineering non-autonomy®. The top row
depicts wild-type wing cells with distal Fz, and prehairs pointing distally. In the bottom
row, yellow represents a cell lacking Fz. In cells distal to the 27"~ cell, Fz localizes
proximally and prehairs point proximally. ¢, 7t ¢ clone, marked by the absence of green
fluorescent protein (GFP), in a 33-h pupal wing. GFP clone marker and Dsh::GFP are
stained green; prehairs visualized with phalloidin are red. d, ft 'Y mutant clone in a 30-h
pupal wing showing GFP clone marker and Dsh::GFP. Dsh::GFP zig-zags inside the ft "
clone are misaligned in the anterior portion of this image (top; yellow arrows) compared to
the posterior portions (blue arrows). e, f, Anti-8 Gal staining of fj-lacZin a 24-h pupal wing
(€), and Ds antibody staining in a 24-h pupal wing (f). g—i, Anti-Ft (g), anti-Ds (h) and an
overlay (i: Ft, red; Ds, green) showing co-localization at cell boundaries in a 30-h pupal
wing. j-m, Lateral view through edge cells showing co-localization of Ft (red) and Ds
(green) (j), co-localization of Ft (red) and Discs lost (green), a marginal zone marker (K), Ft
(red) apical to DE-cadherin::GFP (green; adherens junctions) (I), and Ft (red) apical to
Fz::GFP (green) (m). Magnifications: ¢, d, % 700; e, x 12.5;f X 10; g—i, x 1,400;
j-m, x 700.
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function in large or small clones does not alter the characteristic
polarity pattern of fz mutant wings (not shown). Fat localization
(see below) is not affected in fz, pk and fmi mutant clones (not
shown). Furthermore, in the absence of Fj, Ds or Ft, Dsh is
membrane associated, and Dsh, Pk and Fmi remain asymmetrically
localized (Fig. 1c, d, and data not shown), indicating that Fz
continues to signal'>'®, although not always in the correct orien-
tation. Similarly, double mutant combinations between ds and fz or
hs-fz indicate that Fz functions, but abnormally, in ds mutants®.
Therefore, in the wing, as in the eye', Fj, Ds and Ft orient the
direction of the Fz-mediated intercellular feedback loop.
Four-jointed expression in the wing is graded, with the highest
level at the distal margin (Fig. le; see also ref. 24). We found that

Distal

Proximal

Figure 2 Dachsous and Ft protein localization, and dependence on Fj. a, b, Dachsous
staining in a wing with ds “A%”" clones (a), and Ft staining in a wing with ft ¢ clones (b).
Yellow dots mark the wild-type cells adjacent to the mutant clones in this and in the
remaining panels. ¢, Dachsous staining in 7t "V clones. d, Fat staining in ds “*°”” clones.
Note the clone boundary effect in ¢ and d (arrows). e, f, Dachsous (e) and Ft (f) staining in
ds Y4977 1 &V double mutant clones. g, Dachsous staining is reduced inside a £ " clone.
Note the boundary effect. h, Fat staining in a wing containing a £’ clone is elevated.
i, Model illustrating a possible regulatory hierarchy among Fj, Ds and Ft. Straight arrows
indicate activating interactions; blunt arrows indicate antagonistic activity. Fj at the
proximal side of one cell may antagonize Ft directly or indirectly through promoting Ds in
the neighbouring cell. Asymmetry in Fj and/or Ds may lead to asymmetric activity of Ft,
which in turn facilitates Fz activity asymmetrically, by an unknown mechanism.
Magnifications: a—h, x 700.
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throughout pupal wing development, Ds expression is highest at the
hinge, and lower distally (Fig. 1f, and data not shown). These
patterns are reminiscent of Ds and Fj gradients in the eye disc, where
Fj expression is highest at the equator and Ds expression is highest at
the poles'”*°. At higher resolution, Ds and Ft form punctate
structures that localize together in a circumferential ring (Fig. 1g—
i). However, unlike Fz and Dsh, there is no obvious asymmetry in Ds
and Ft protein distribution'>®. In the apical-basal axis, Ds and Ft
localize together with a marginal zone marker, and are apical to the
adherens junctions, where Fz and Fmi are observed (Fig. 1j—m; see
also refs 10, 16).

Staining in wings bearing mutant clones reveals that both Ds and

Read gradient

Local alignment

Distal

Proximal

Figure 3 Fat clonal phenotypes indicate that global signalling interacts with the local
alignment mechanism to achieve high fidelity. a, Small t"® clones show no polarity
disruption. b, ¢, Two large ft @ clones in which the prehairs form random swirls. Distal is
bottom right. d, Model describing the interaction between the global signalling and local
alignment mechanisms. Black dots indicate the tentative position each cell places its
prehair after receiving gradient input from Ft. A fraction of cells may interpret the global
input erroneously. Looped arrows represent the Fz-mediated feedback loop that aligns
cells locally. This alignment mechanism corrects and compensates for the cells that have
initially misinterpreted the gradient input. Magnifications: a, x 400; b, ¢, X 70.
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Ft are present at the cell-cell boundary between wild-type and
mutant tissues (Fig. 2a, b), suggesting that homotypic interactions
are not required for their correct localization. This contrasts with
Fmi, a cadherin needed for Fz localization'®, which requires homo-
typic interactions for maintenance of its own membrane localiza-
tion'®. Within a ft mutant clone, Ds becomes diffuse, suggesting that
Ds localization depends on Ft (Fig. 2c). Furthermore, Ds staining is
reduced in the ff mutant cells immediately abutting the wild-type
cells, but appears stronger at the mutant-wild-type boundary than
throughout the wild-type tissue. We interpret this ‘clone-boundary
effect’ to indicate that Ds protein in the first row of mutant cells
selectively localizes at boundaries in contact with cells expressing Ft.
Similarly, Ft staining in ds mutant clones shows that Ft is distributed
diffusely at the cell cortex, and protein levels appear elevated
(Fig. 2d). A boundary effect is again seen, suggesting that Ft
selectively localizes to boundaries in contact with Ds-expressing
cells. These observations support a model in which the localization
of Ds and Ft to punctate marginal zone structures requires inter-
cellular heterotypic interactions. To test this, we examined Ds and Ft
distribution at the boundaries between wild-type and ds ft double
mutant clones, and found that, indeed, both proteins are lost from
the membrane (Fig. 2e, f). Therefore, Ds and Ft maintain each
other’s wild-type localization in neighbouring cells.

Previous work in the eye indicated that Fj functions upstream of
Ds, which is in turn upstream of Ft, and these interactions were

Figure 4 Loss of Ftin a large region enhances Fz domineering non-autonomy. a, A large
%™ clone overlapping the decapentaplegic (dpp) domain where Fz is overexpressed.
b, A wing ectopically expressing Fz in the dpp region in a ft " heterozygous background.
The blue bars indicate the approximate extent of the dpp domain. Yellow arrows indicate
the distance towards the anterior over which domineering non-autonomy extends. The
distance is significantly greater in the ft " clone (a) than in the control wing (b).
Magnifications: a, b, x 80.
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thought to be non-cell autonomous'. Consistent with this hier-
archy, we found that Ds protein level is suppressed in fj wing clones
(Fig. 2g). A boundary effect similar to that described above is seen,
in which Ds preferentially associates with boundaries in contact
with Fj-expressing cells. In contrast, Ft protein level is elevated in fj
mutant clones (Fig. 2h). These observations support the proposal
that Fj regulates Ds and Ft protein localization and activity.
However, feedback regulation of fj expression by Ds and Ft, as
seen in the eye'’, or reciprocal regulation of Fj protein localization
by Ds and Ft have not been ruled out.

On the basis of these results, we propose that a series of
intercellular interactions transmit directional information from Fj
and Ds, through Ft, to the Fz-dependent feedback loop, as shown in
Fig. 2i. The expression patterns of Fj and Ds may be the source of
global directional information, although it is also possible that Fj
and Ds transmit directional information from another source.
Although the precise relationships between these proteins are not
well defined, our data indicate that a heterotypic interaction
between Ds and Ft is required to influence the direction of Fz
signalling.

We examined more closely the consequences of disabling this
global directional signal to test the prediction that in its absence,
local Fz-mediated alignment would occur, but that it would be
uncoupled from the global axes of the wing. We therefore examined
the phenotypes of ft or ds ft double mutant clones. These genotypes
produced essentially identical results (not shown). Very large ft
mutant clones often show marked swirls (Fig. 3b, ¢). Unlike fz, ds, or
fj mutants®?***, we observed no reproducible pattern in a given
region from one wing to another. Furthermore, in these large clones,
the cell—cell alignment shows continuity within and across the clone
boundaries, consistent with the observation that Fz signalling is
intact. In contrast, in small ft mutant clones, the orientation of
prehairs is always normal (Fig. 3a). This observation suggests the
possibility that correct polarity within these small ft mutant clones
is maintained by the intact function of the Fz-dependent feedback
loop and its ability to propagate polarity. Within large ft clones,
local alignment persists, consistent with Fz function, but the
direction of this polarity signalling becomes abnormal, indicating
that Fz-mediated polarity propagation cannot proceed in the
correct direction over large distances in the absence of the global
directional signal. We therefore propose that in the wild type, cells
respond to a global directional cue mediated by Ft, but all cells may
not respond accurately (Fig. 3d). Indeed, the cue is predicted to be
subtle. The subsequent action of the Fz feedback loop to produce
local alignment is proposed to correct errors in the initial reading of
the global cue, resulting in a high-fidelity response.

Experimentally induced boundaries between cells expressing
high and low Fz cause polarity to propagate in an abnormal
direction through wild-type tissue. Our model predicts that this
propagation will be constrained by the global directional cue
mediated by Ft. For example, distal to fz clones, polarity is reversed
in a limited domain®; the extent of the abnormal polarity may be
limited by the global Ft-dependent signal. To test this hypothesis, we
induced domineering non-autonomy by overexpressing Fz in the
decapentaplegic (dpp) domain, a proximal—-distal stripe between
veins L3 and L4. This results in abnormal PCP both within the
dpp domain, and at a distance anterior to the dpp domain, where the
prehairs point away from the fz-overexpressing cells (Fig. 4b; refs 10,
27). We then eliminated the global cue by removing ft in large clones
that span this region, and found that the extent of domineering
non-autonomy is increased, spanning the length of the clone
(Fig. 4a). It has also been observed that fz mutant clones show
enhanced domineering non-autonomy when the global signal is
partially disabled in ds mutant wings®. These results are consistent
with our hypothesis that the Ft-mediated signal provides a direc-
tional cue that orients the action of the Fz-dependent alignment
mechanism.
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We have presented a model in which the interaction between the
global directional signal, mediated by Ft, and a local Fz-dependent
cell—cell alignment mechanism is important for achieving a high-
fidelity PCP response. This interaction results in a highly robust
mechanism requiring a minimum amount of complexity. How
much, if any, directional information is encoded in the expression
patterns of Fj and Ds, or whether they transduce information from
other sources, remains to be determined. Indeed, we observe that
the ability of Fj to regulate Ds and Ft localization is strongly biased
towards the posterior of the wing, suggesting that an as yet
unidentified component may have this function in the anterior. It
will also be important to determine how Ft influences the orien-
tation of the Fzlocal alignment mechanism. Our model establishes a
framework for understanding the interaction between the global
and local PCP signals, and how that interaction produces a high-
fidelity response. U

Methods

Genetics

We used the following fly strains:ftG’rv (ref. 5),ft"2)fd (ref. 28), ds "O7! FRT40A (ref. 23),
FRT42D fi™7 (fi-lacZ; vef. 29), FRT42D fj"! (ref. 24), dsh::GFP (ref. 15), UASFz (ref. 27),
dpp—Gal4 (Bloomington), DE-cadherin::GFP, Fz::GFP (ref. 16),sz52 andfz”z' (P. Adler).

Mutant clones in the pupal wings were generated by FRT-FLP-mediated mitotic
recombination®. Clones were marked with ubiquitously expressed green fluorescent
protein (ubGFP). T155 stocks were a gift from J. Duffy. The genotypes for the experiments
are: ft " FRT40A/UbGFP FRT40A; dsh::GFP/T155Gal4 UASflp, ft'*’* FRT40A/UbGFP
FRT40A; dsh::GFP/T155Gal4 UASflp, ds%"©”" FRT40A/UbGFP FRT40A; dsh:GFP/
T155Gal4 UASflp, FRT42D fjN’/FRT42D UbGFP; dsh::GFP/T155Gal4 UASflp,

FRT42D fj!/FRT42D UbGFP; T155Gal4 UASflp and hsflp; ft©"” FRT40A/UbGFP FRT40A;
UASFz/dppGal4.

All flies were reared at 2325 °C. Heat-shock clones were induced at 37 °C for 45 min.
White pre-pupae were collected and allowed to age at 25 °C. All clones were induced
during third instar, before PCP signalling. No perdurance of Ft or Ds was detected by
immunofluorescence in clones of any size.

Immunofluorescence

Rat anti-Ft'” and anti-Ds'” (all except Fig. 1g—i) were used at 1:100. Rabbit anti-Ds (Fig. 1g,
h), raised against THLPHVSLPRHGHAPQPRGNVGTRM from the cytoplasmic domain,
was used at 1:500. Their specificity is demonstrated by lack of staining in clones of the
corresponding mutant cells (Fig. 2a, b; and data not shown). Mouse anti-3Gal (Promega)
was used at 1:200. Rabbit anti-Discs lost (M. Bhat and H. Bellen) was used at 1:500.
Secondary Alexa488- and Alexa594-conjugated anti-rat and anti-rabbit antibodies and
Alexa568-conjugated phalloidin were from Molecular Probes. Pupal wings were dissected
and stained as described in ref. 15, and visualized with a Nikon laser scanning confocal
microscope.
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Haematopoietic stem cells retain
long-term repopulating activity and
multipotency in the absence of
stem-cell leukaemia SCL/tal-1 gene
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The production of blood cells is sustained throughout the life-
time of an individual by haematopoietic stem cells (HSCs)'.
Specification of HSCs from mesoderm during embryonic devel-
opment requires the stem cell leukaemia SCL/tal-1 gene pro-
duct®®. Forced expression of SCL/tal-1 strongly induces blood
formation in embryos, indicating that this gene has a dominant
role in commitment to haematopoiesis”®. In the adult haemato-
poietic system, expression of SCL/tal-1 is enriched in HSCs and
multipotent progenitors, and in erythroid and megakaryocytic
lineages® "', consistent with roles for this factor in adult haema-
topoiesis. Here we assess by conditional gene targeting whether
SCL/tal-1 is required continuously for the identity and function
of HSCs. We find that SCL/tal-1 is dispensable for HSC engraft-
ment, self-renewal and differentiation into myeloid and lym-
phoid lineages; however, the proper differentiation of erythroid
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and megakaryocytic precursors is dependent on SCL/tal-1. Thus,
SCL/tal-1 is essential for the genesis of HSCs, but its continued
expression is not essential for HSC functions. These findings
contrast with lineage choice mechanisms, in which the identity of
haematopoietic lineages requires continuous transcription factor
expression'>'?,

Knockout of the SCL/tal-1 gene is embryonic lethal in mice owing
to a complete failure of haematopoiesis>, thereby precluding a
simple study of the requirement for this gene in bone marrow (BM)
haematopoiesis in adults. We therefore constructed a conditional
mutant'* SCL/tal-1 strain (SCL""; Fig. 1a). Germline Cre-recom-
binase-mediated deletion of the loxP-flanked (floxed) basic helix—
loop-helix (bHLH) region of the gene recapitulated the phenotype
of the conventional knockout, as anticipated (data not shown). To
inactivate the SCL/tal-1 gene in the adult haematopoietic com-
partment, we bred the SCL™" strain with MxCre mice in which Cre
is expressed after the induction of interferon by administration of
poly(D)-poly(C) (pIpC)".

Whereas partial Cre-mediated deletion occurred in many tissues,
excision in haematopoietic cells, including HSCs, was efficient after
seven injections of pIpC administered every other day (data not
shown). Peripheral blood counts were not changed significantly in
pIpC-treated heterozygous (SCL™™") mice (data not shown). In
pIpC-treated SCL™™ mice, but not in control SCL"* mice, excision
of SCL/tal-1 resulted in moderate anaemia and thrombocytopenia,
with nadirs at 4 and 2 weeks after the initiation of pIpC treatment,
respectively, and in about 5% lethality (data not shown). The floxed
allele was excised completely in haematopoietic cells of pIpC-
treated SCL"™ mice, as assessed by three-primer, genomic poly-
merase chain reaction (PCR) of the DNA from peripheral blood
cells and individual colonies grown from BM cells (Fig. 1b and data
not shown). In surviving pIpC-treated SCL™" mice, however, an
intact floxed allele was detected by PCR in a fraction of peripheral
blood and BM cells (Fig. 1b and data not shown). These data
indicate that SCL/tal-1 may be required, as thought previously, for
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Figure 1 Inducible inactivation of the SCL/tal-1 locus in vivo. a, Conditional targeting of
the SCL/tal-1locus. The floxed neomycin cassette was introduced at a unique Xbal site in
the 3" untranslated region (3" UTR). B, BamHiI site. b, Deletion of the floxed region was
monitored by semiquantitative, three-primer PCR. Peripheral blood PCR from two
representative examples at 12 weeks after plpC administration is shown on the right. ex,
excised; fl, floxed; wt, wild-type products.
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