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ditionally, no influence of SR alleles on female
remating behavior has been shown (/5). Third,
we doubt that the remating rate increase was
driven by SR populations being more inbred and
females avoiding inbreeding depression (10),

because their transmission mode involves a sub-
stantial failure of spermatogenesis (13, /4). They
also impose serious costs because they destroy
sperm and distort brood sex ratios (/4). Sex
chromosome drive is widespread (20) and may
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Regulation of Microtubule

metry of centrosomal asters in the vicinity of
chromosomes has remained unclear.

To visualize the shape of the stabilization

gradient, we designed an experimental system
allowing the precise measurement of centrosomal
MT asymmetry as a function of centrosome dis-
tance from chromatin (/0). We immobilized
chromatin beads on patches of defined sizes and
distributions and incubated them in Xenopus egg
extracts containing purified human centrosomes
(Fig. 1, A and B). The chromatin patches nu-
cleated MTs actively, and spindles assembled
robustly on practically all patches. In the exper-
iments designed to assay aster asymmetry, we
added anti-TPX2 antibodies to the extract to pre-
vent chromatin mediated MT nucleation around
the beads and their interaction with centrosome-
nucleated MTs (7). In this assay, centrosomal
MTs displayed a radial symmetric distribution
when far away from chromatin patches and be-
came asymmetric when closer, whereas no ob-
vious interactions between astral microtubules
and the beads could be detected (Fig. 1B).
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During spindle assembly, chromosomes generate gradients of microtubule stabilization through
a reaction-diffusion process, but how this is achieved is not well understood. We measured the
spatial distribution of microtubule aster asymmetry around chromosomes by incubating
centrosomes and micropatterned chromatin patches in frog egg extracts. We then screened for
microtubule stabilization gradient shapes that would generate such spatial distributions with
the use of computer simulations. Only a long-range, sharply decaying microtubule stabilization
gradient could generate aster asymmetries fitting the experimental data. We propose a
reaction-diffusion model that combines the chromosome generated Ran—guanosine
triphosphate—Importin reaction network to a secondary phosphorylation network as a potential
mechanism for the generation of such gradients.

(7). When centrosomes are incubated together

dle assembly by generating a gradient of Ran—

guanosine triphosphate (RanGTP) in their
vicinity (/-5). In frog eggs and egg extracts, it has
been shown that this gradient triggers the nuclea-
tion of spindle microtubules (MTs) by activating
the protein TPX2 (6) and stabilizes the plus ends of
centrosomal MTs by activating the kinase CDK11

In eukaryotic cells, chromosomes regulate spin-
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with chromatin stripes or beads in those extracts,
the centrosomal asters are asymmetric, sending lon-
ger microtubules preferentially toward chromatin,
presumably because of their increased stability in
this region (8, 9). However, the exact distribution
of the CDK 11-dependent MT stabilization activity
and how this could translate into a defined asym-

In parallel to this experimental setup, we de-

veloped a simple generic model to carry out com-
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puter simulations. It includes a centrosome with
dynamic MTs, circular chromatin, and a MT
stabilization gradient (Fig. 1, C and D). The cen-
trosome nucleates a finite number of MTs from
equally spaced points on its periphery. According
to the MT dynamic instability model, MTs are
allowed to grow and shrink with parameter values
v and vy (velocities of growth and shrinkage,
respectively) and fo and f.s (frequencies of
catastrophe and rescue, respectively), derived
from measurements in mitotic Xenopus extracts
(table S1) (Fig. 1C). In the absence of a gradient,
the average MT length (<L>) rises rapidly and
achieves a symmetric steady-state value of 4.23
um within 100 s. This matches the value obtained
from an analytical solution (4.25 um) (/7). The
stabilization gradient is modeled as a two-
dimensional spatial change in f., and f.s scaled
between values measured in mitotic extracts and
extracts containing RanQ69L (/2) (Fig. 1D and
table S1). The RanQ69L values are assumed to
correspond to the situation around chromatin. For
a gradient with a range of ~20 pm and an aster
located at 20 wm from the surface of chromatin,
mean MT lengths also achieve a steady state
within 100 s. These asters are, however, asym-
metric and polarized toward chromatin with
MT mean lengths of ~7 um toward chromatin
and 5 um away from it (Fig. 1D).

Using the experimental setup, we measured
the maximal aster asymmetry (C,,) as a function
of centrosome position relative to chromatin (Fig.
2A). C, reached a maximum value (~2) when
centrosomes were ~20 um from chromatin, in
agreement with previous results (8). When
centrosomes were further away (between 50 and
100 um), C, was close to 1 (symmetric asters).
We found a linear correlation between the C,
value of each aster and the length of its longest
MT pointing toward chromatin (Fig. 2B), indicat-
ing that the change in C,, was due to a lengthening
of MTs toward chromatin and not to a possible
shortening of MTs away from it. A few astral
MTs were longer than the chromatin-centrosome
distance (Fig. 2C). Although we do not rule out
that they physically contact the chromatin, we can
explain the MT lengthening simply by the sta-
bilizing effects of diffusible factors generated by
chromatin. Such weak asymmetries were gen-
erated by a highly stochastic process involving
MT dynamic instability (movies S1 and S2).

We thus screened for f.,, and fi., gradient
shapes that would generate the aster asymmetry
observed experimentally. A long-range shallow
gradient, a short exponential, and a long-range
step gradient were tested (Fig. 2, D to F). Of
these, only the step gradient with a cutoff distance
of R. = 22 um reproduced the asymmetry
measured in the experiments (Fig. 2F). The
long-range step gradient reproduced the experi-
mental values better than any other tested model
because the asymmetry is expected to be maxi-
mal at the edge of the decaying stabilization
gradient. On either side of this edge, asymmetry
should tend toward the minimum; i.e., C,, ~ 1.

We then simulated the functional consequence
of the astral asymmetry caused by a long-range step
gradient on the first capture time (¢.) of a single
microtubule by chromatin. Previous models such as
random (/3) or biased (/4) “search and capture”
have predicted biologically unreasonable z. values
(>30 min) for centrosomes located farther than
~30 um from chromatin. In the presence of the step
gradient described here, #. remains on the order of a
few minutes for centrosome-chromatin distances as
large as 45 pum (fig. S2). In addition, the capture-
time values appear less variable in the presence of
a step gradient. This is consistent with the previous
finding that 7, is sensitive to location of the centro-

some with respect to the edge of a sharply decay-
ing stabilization gradient (/4). Thus, long-range,
abruptly decaying stabilization gradients efficient-
ly reduce 7, and increase the robustness of the
search and capture mechanism.

What kind of molecular mechanism could
produce a long-range, sharp decaying gradient of
fres and foy values around chromatin in the cyto-
plasm? In developmental biology (15—17), eukary-
otic cells (/8), and bacteria (19), step gradients
(boundaries) are modeled by zero-order (15, 20)
ultrasensitive reaction networks, but other possi-
bilities could be thought of (such as cooperativity
or positive feedback) (/7). In frog egg extracts, the

60 40 20 0
Dist. from Chromatin (um)

10 um

Away Towards
-—

Time (s)

Fig. 1. Experimental and simulation of centrosomal aster asymmetry in the vicinity of chromatin.
(A) Xenopus egg extracts with centrosomes and fluorescent tubulin were flowed into a chamber
over a glass surface containing immobilized chromatin-bead patches and imaged with confocal
microscopy. Centrosomes are shown in white, and the round chromatin patches are in dark gray.
(B) sStill images of three asters located at different distances from DNA indicate increasing
asymmetry closer to the DNA surface. Stars indicate the longest microtubules in the toward and
away directions, and the red line denotes the axis between the centrosome and nearest DNA patch.
(C and D) Snapshot of a simulation with a centrosome near a DNA patch (blue) (C) without and (D)
with the MT stabilization gradient. The f,. values are displayed on a scale from green to gray. The
MTs ends are represented as white in a growing state and blue in a shrinking state. In the middle
column, the uppermost panels indicate the MT lengths evolution in time, averaged (black lines)
over 10 different runs (green lines). The two lower panels depict the time-dependent mean
distribution of MT lengths pointing toward and away from the chromatin, respectively. The
rightmost rose plots describe the steady-state angular distribution of the MT length (radial extent
indicates length in microns) with respect to chromatin at zero degrees. The aster without a gradient
is symmetric, whereas in the presence of a stabilization gradient it is asymmetric.
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stabilization effect around chromosomes involves  described by the following partial differential

the local activation of a kinase (CDK11), which  equations
dissociates from importins in response to high
RanGTP concentration (/7). We therefore built a OIE1]

reaction-diffusion model downstream of the
previously modeled Ran gradient (2), which in- ot
volves a protein kinase (£1) and a phosphatase
(E2) (Fig. 3A). The locally activated kinase (E1)

=S+ (dy + ky):[WE1]—-

arWHE + Dy -A[E1] (1)

1c?onverts the substrate (/) into a phosphorylated @ = (ds+ ko) - [WpE2] —

orm (Wp) locally, whereas the phosphatase

(E2), free to diffuse in the cytoplasmic space, ay - [Wp] - [E2] + D - A[E2] (2)
dephosphorylates Wp globally (Fig. 3A and fig.

S3). We modeled Wp as stabilizing MTs di- Gll4 ;

rectly while I is inactive. The reaction param- ~ ~ 5~ = —¢1 W]-[E1]" +d, - [WE1] +

eters are given in table S1 and were chosen to ky - [WpE2] + D3 - A[W] (3)

reflect realistic kinetic constants and diffusion
rates for proteins. We tested the following
scenarios (Fig. 3B): (i) a linear network where
[] is not saturating, (ii) a network where WE1
interaction is cooperative, (iii) a positive feed-
back network where Wp inhibits the phospha-
tase, and (iv) a zero-order ultrasensitive network M = —a-
where [] is saturating for both enzymes (15, 20). ot
The reactions between the components are

6[ng1] =ay - [W]-[E1]"—(d, + ki) - [WE1] +

A[WE1] (4)

(Wp] - [E2] +d - [WDPE2] +
ki - [WE1] + Ds - A[Wp] (5)

A B C
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Fig. 2. Experimental measures of aster asymmetry around chromatin beads and comparison with simula-
tions. (A) Distance of each aster from the chromatin patch in each time frame plotted against maximal
asymmetry (C,). The different colors represent individual asters, and the line plot indicates the trend of the
average C,, distribution (black line) with error bars representing SD. (B) C,, plotted as a function of the length
of the longest MT toward DNA. (C) Absolute lengths of MTs toward (red) and away (blue) from DNA plotted as
a function of the DNA-aster distance and overlaid with mean trend lines. (D to F) f..; and f,.s values around
chromatin chosen between those measured in M phase extracts and in M phase extracts treated with
RanQ69L (mimicking the situation around chromatin) plotted as a long-range shallow gradient (D), a short-
range exponential gradient (E), and a long-range step gradient (F). In the lower panels, the simulated C,
distributions generated by these gradients (lines) are compared with the experimental data (histograms).
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VRN _ o W) [E2) (o + )

[WpE2] + D¢ - A[WpE2] 6)

The term S in Eq. 1 connects this network to
the RanGTP-Importin gradient-forming reaction
system (supporting online material text). Also, in
the above equations, d is the dissociation rate, & is
the rate of product formation, a is the association
rate, n is the Hill coefficient, and D is the diffusion
coefficient of each species (/—6). In the positive
feedback network, the parameter £, is replaced by
a variable k', such that k> = k - K¢/(K¢+ [WD)),
where K is the feedback strength (/7). Wp reaches
steady-state concentration within 150 s for all mod-
els (Fig. 3C). Gradients of RanGTP and Importin-
E1 complexes extend over 4 to 10 wum away from
chromosomes with amplitudes between 0.5 and
1uM. Gradients of E1, WE1, and WpE2 extend
over similar distances away from chromosomes
but have lower amplitudes on the order of 0.05 to
0.1 uM. Both gradient extents and amplitudes vary
somewhat according to network topology. All net-
works generated gradients of Wp extending over
20 to 25 um with amplitudes ranging from 0.2 to
0.8 uM, depending on the topology of the network.
Only the zero order network produced a relatively
long-range, sharply decaying gradient.

To examine whether some of these gradients
could generate distributions of aster asymmetries as a
function of chromatin distance similar to those ob-
served experimentally, we made W) stabilize MT plus
ends by affecting MT dynamics transition frequen-
cies as a function of chromatin distance (») as follows

((Wp@)]/ W p]™)-(fa = fa™) + 1o
(7)
fm(r) =

(Ip(r)]/ [p]™)-(fmox — fmin) 4 fmin
(8)

The gradients of MT dynamic instability param-
eters generated by the linear network produced an
asymmetry pattern that is a poor fit to the experi-
mental results (Fig. 4). The positive feedback net-
work did not generate any asymmetry pattern, as
expected from the shape of the Wp gradient that is
too shallow (Fig. 4, A and B). The Hill coopera-
tive and the zero-order ultrasensitive networks gen-
erated asymmetry patterns that were best fit to the
experimental results, both for the amplitude and
extent of the gradients (Fig. 4). The distance from
chromatin at which asters showed half maximum
asymmetry was on the order of 20 um in both
cases. The fit of the asymmetry generated by the
ultrasensitive or Hill-cooperative networks is not as
good as with the pure step gradient (compare Figs.
2C and 4B). It is possible that alternative, addition-
al, or more complex mechanisms are at work or
that we did not find the exact parameters combina-
tion. However, the present results demonstrate that
it is possible to generate gradients of microtubule
dynamic instability around chromosomes having
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an extent of ~20 um with enzymatic networks Our hypothetical network consists of a  protein systems are involved in various processes,
composed of proteins having realistic diffusivity — kinase-phosphatase-substrate system regulated ranging from signal transduction (2/) to cell po-
and kinetic constants. by RanGTP. Small heterotrimeric GTP-binding larity (22) and membrane trafficking (23). In

Fig. 3. RanGTP-based hypothetical re- A
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conversion between Ran—guanosine di- 005 lo.03= Rag@OP.  RanGTP——=——<"" W P
phosphate (RanGDP) and RanGTP by the '5 = Ncs o peegp e p
chromatin-bound Ran—guanine nucleo- = N RanGTP-ImportinP
tide exchange factor (RCC1) opposed by 0.0 0.00
the cytoplasmic Ran—GTPase activating 0 10 20
protein (RanGAP) generates a short-range Dist. from DNA (um)
RanGTP gradient around chromatin. B = 1 o 1 [ e ol
RanGTP binding to Importin releases a | Linear  Hill-cooperativity | Positive-feedback \Zero-Order
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that distributes over a longer-range gra- E1 E1 Eq E1
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of Wp, assumed to regulate MT dynamics. /’\ /—\ /'—\
The part of the network that has previously W Wp w Wp W Wp
been modeled (5) is displayed in gray; the Kf
hypothesized components are in black. \_/ v
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reaction are described in table S1. (B)
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almost all cases, they are coupled to the down-
stream modulation of kinase activities (24-26).
Such systems may also generate local gradients
involved in a variety of morphogenetic processes
at the subcellular level.
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Canonical Wnt Signaling Regulates
Organ-Specific Assembly and
Differentiation of CNS Vasculature

Jan M. Stenman,* Jay Rajagopal,™? Thomas ]. Carroll,*+ Makoto Ishibashi,

Jill McMahon,* Andrew P. McMahon®3§

Every organ depends on blood vessels for oxygen and nutrients, but the vasculature associated with
individual organs can be structurally and molecularly diverse. The central nervous system (CNS)
vasculature consists of a tightly sealed endothelium that forms the blood-brain barrier, whereas
blood vessels of other organs are more porous. Wnt7a and Wnt7b encode two Wnt ligands
produced by the neuroepithelium of the developing CNS coincident with vascular invasion. Using
genetic mouse models, we found that these ligands directly target the vascular endothelium and
that the CNS uses the canonical Wnt signaling pathway to promote formation and CNS-specific

differentiation of the organ’s vasculature.

everal signaling pathways have been de-
fined that generally regulate vascular de-
velopment [e.g., (/)]. However, much less
is known about the control of organ-specific
vascularization and endothelial cell differentia-
tion. The endothelium of the central nervous
system (CNS) differs from most other organ
systems in that the vascular cells establish a
blood-brain barrier (BBB) that serves a critical
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neuroprotective role in preventing the free flow
of substances between the blood and CNS [e.g.,
(2)]. Consequently, the BBB also presents a phys-
ical block to the passage of potentially therapeu-
tic agents. Diseases of the brain’s vasculature are
the third leading cause of death in the United
States (3). Thus, defining the signaling pathways
that promote the formation and differentiation
of the CNS vasculature has important clinical
ramifications.

At embryonic day 8.5 (E8.5) in the mouse,
migrating paraxial mesoderm—derived angio-
blasts form a perineural vascular plexus (PNVP)
surrounding the neural tube, the CNS anlagen.
Endothelial cell sprouting from the PNVP initi-
ates intraneural vascular plexus (INVP) formation
at E9.5. Several Wnt family members, including
Wnt7a and Wnt7b, are expressed in the neural
tube coincident with neural tube angiogenesis
(4). By E10.5, Wnt7a and Wnt7b are expressed in
broad overlapping domains along the dorsal-
ventral axis in the presumptive spinal cord and
complementary patterns in the future forebrain

(fig. S1). Because single null mutants for either
Wnt7a or Wnt7b (5, 6) do not exhibit an early
neural tube phenotype, we derived Wnt7a/b dou-
ble mutant embryonic stem cell lines and used
tetraploid aggregations to demonstrate a neural
tube—specific hemorrhaging phenotype in em-
bryos lacking both signaling activities.

To examine the role of these Wnts in detail,
we generated a more tractable genetic system in
which the embryo-specific removal of Wnt7a
and Wnt7b function avoided an early lethality
due to Wnt7b function in placental development
(7). In this model, all Wnt7a/b double mutants
die around E12.5, displaying a severe CNS-
specific hemorrhaging phenotype and disorga-
nization of neural tissue (Fig. 1, A and E, and
figs. S2 and S3). These data indicated that Wnt
signaling is essential for CNS vascular develop-
ment. In most instances, when a single active
Wnt7a or Wnt7b allele remained, no phenotype
was observed (figs. S2 and S3).

A detailed molecular analysis of CNS vascu-
lar development was performed using antibodies
to several general endothelial markers, includ-
ing fetal liver kinase 1 (FLK1) and the pericyte
marker platelet-derived growth factor receptor—3
(PDGFRB) (Fig. 1, B to D and F to H, and figs.
S3 and S4). Consistent with normal vascular
endothelial growth factor (VEGF) signaling (8), a
PNVP surrounded the neural tube in Wnt7a/b
double mutants at E12.5. However, endothelial
cells and pericytes were absent from all ventral
neural regions of the presumptive spinal cord ex-
cept the floor plate (Fig. 1, F to H). In the dorsal
neural tube, endothelial cells and pericytes were
present but clustered abnormally and formed
vessels with expanded lumens, most noticeably
where the expression of dorsal Wnts intersects
with that of Wnt7a and Wnt7b (Fig. 1F and fig.
S5). Thus, whereas Wnt7a and Wnt7b are critical
for ventral CNS vascularization, other Wnts may
also participate in this process in more dorsal
domains of the presumptive spinal cord. When
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