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undetectable in chondrocytes; CBFb is ex-
pressed in all cell types at comparable levels
(figs. S13 and S14). Fluorescent immuno-
staining of mouse joint tissue sections also
showed coexpression of CBFb and RUNX1 in
cartilage cells (fig. S15). These results are con-
sistent with previous findings about the roles
of the genes in chondrogenesis and osteogen-
esis, and lead us to speculate that RUNX1, rather
than RUNX2 or RUNX3, is probably the down-
stream effector of KGN.Whenwe knocked down
RUNX1 expression in hMSCs with shRNAs,
KGN-induced chondrocyte differentiation was
blocked (fig. S16). Furthermore, RUNX2 tran-
scription has been shown to be suppressed by
RUNX2 through an autoregulation mechanism
in different types of cells (31). Given the fact that
all RUNX family members recognize the same
DNA sequence, it is plausible that the RUNX1-
CBFb complex also suppresses RUNX2 tran-
scription, thus keeping RUNX2 at a relatively
low level, which inhibits osteoblast and terminal
chondrocyte differentiation.

The development of disease-modifying
osteoarthritis drugs has to date focused on (i)
slowing the erosion of cartilage by inhibiting
matrix-degrading enzymes; (ii) protecting chon-
drocytes from catabolic activity with antagonists
of interleukin-1b and TNF-a or inhibitors of p38,
MEK, and caspases; and (iii) the development of
anabolic agents, such as FGF18, which promote
chondrocyte and chondrocyte progenitor cell
proliferation (3, 32, 33). This work is based on
small-molecule effectors of endogenous stem cell
populations and may prove synergistic with other

efforts currently in development. KGN functions
by binding FLNA and disrupting its interaction
with CBFb, which in turn modulates the RUNX
family of transcription factors. Recently, two oth-
er examples have been reported (34, 35) in which
small druglike molecules selectively regulate
transcription factor subcellular localization and
downstream transcriptional activities. Thus, small
molecules appear to be useful tools for selectively
modulating gene transcription in cells and whole
organisms, and in this case have provided new
insights into chondrocyte biology that may lead to
novel therapies for the treatment of this degener-
ative disease.
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Differential Diffusivity of Nodal and Lefty
Underlies a Reaction-Diffusion
Patterning System
Patrick Müller,1* Katherine W. Rogers,1 Ben M. Jordan,2† Joon S. Lee,1† Drew Robson,1

Sharad Ramanathan,1,3 Alexander F. Schier1,3*

Biological systems involving short-range activators and long-range inhibitors can generate complex
patterns. Reaction-diffusion models postulate that differences in signaling range are caused by
differential diffusivity of inhibitor and activator. Other models suggest that differential clearance
underlies different signaling ranges. To test these models, we measured the biophysical properties
of the Nodal/Lefty activator/inhibitor system during zebrafish embryogenesis. Analysis of Nodal
and Lefty gradients revealed that Nodals have a shorter range than Lefty proteins. Pulse-labeling
analysis indicated that Nodals and Leftys have similar clearance kinetics, whereas fluorescence
recovery assays revealed that Leftys have a higher effective diffusion coefficient than Nodals.
These results indicate that differential diffusivity is the major determinant of the differences
in Nodal/Lefty range and provide biophysical support for reaction-diffusion models of
activator/inhibitor-mediated patterning.

In1952, Alan Turing put forward the reaction-
diffusionmodel, in which two interacting and
diffusing species of molecules can generate

complex patterns (1). Gierer and Meinhardt pos-
tulated that pattern formation in reaction-diffusion

models requires a short-range activator that en-
hances both its own production and that of a
long-range inhibitor (2) (Fig. 1A). Despite the
prominence of reaction-diffusion models and
the widespread occurrence of short-range acti-

vators and long-range inhibitors in development
(3–10), it is unclear how differences in activa-
tor and inhibitor ranges arise in vivo. The classic
reaction-diffusion models postulate that the in-
hibitor is more diffusive than the activator (text
S1), but more recent studies suggest that differ-
ential signal clearance might be a major deter-
minant of differences in signaling range (11–18)
(Fig. 1B). This question has not been resolved
because the biophysical properties of diffusion
and clearance have not been measured for any
activator/inhibitor pair.

The transforming growth factor–b super-
family signals Nodal and Lefty constitute an
activator/inhibitor-based system in animals as dif-
ferent as sea urchin and mouse (3–5, 16, 18–22)
(text S2). Nodals activate signaling during mes-
endoderm induction and left-right patterning,
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whereas Leftys block pathway activation. The
Nodal/Lefty system fulfills two of the tenets of
activator/inhibitor reaction-diffusion models: (i)
Nodals are short- to mid-range activators that
enhance their own expression, and (ii) Leftys
are long-range inhibitors that are activated by
Nodals (3–5, 19, 22). Genetic and embryological
studies in zebrafish have shown that during
mesendoderm induction, the two Nodal signals
Cyclops and Squint and the two Nodal signaling
inhibitors Lefty1 and Lefty2 have different activ-
ity ranges: Cyclops is a short-range activator of
mesendodermal gene expression, Squint acts at
a medium range, and Lefty1 and Lefty2 are long-
range inhibitors (6, 23). Moreover, these Nodal
signals induce their own expression as well as
the expression of Leftys (5, 19, 22) (Fig. 1A).
However, the biophysical properties that control
the different activity ranges of Nodals and Leftys
are unknown. It therefore remains unclear whether
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Fig. 1. Model of the Nodal/Lefty activator/inhibitor reaction-diffusion system and regulation of range. (A) In
the source, Nodal signals (blue) activate their own expression as well as the expression of Lefty (red), which
inhibits Nodal production. Nodal signaling in the responsive field is inhibited by the long-range inhibitor
Lefty. (B) Distribution is controlled by both diffusivity,D, and clearance, k1. Highlymobile molecules that are
rapidly cleared from the extracellular space (black circles) can form gradients similar to those formed by
poorly diffusive molecules that are slowly cleared (blue). Decreasing the clearance of the more diffusive
species results in a long-range gradient (red). Simulations were performed as described in text S7.

Fig. 2. Measurement of Nodal-GFP and Lefty-GFP
distributions. (A) At late blastula stages, about 40 cells
secreting Nodal-GFP or Lefty-GFP proteins were trans-
planted from donor embryos into wild-type hosts (text S4).
The gradient profile was determined using a maximum-
intensity projection of five confocal slices encompassing a
depth of 20 mm (about one cell). (B) A representative pro-
jection is shown for Squint-GFP. (C to F) Construct sche-
matic, representative maximum-intensity projection, and
distribution profiles 30, 60, and 120 min after transplan-
tation for Cyclops-GFP (C), Squint-GFP (D), Lefty1-GFP (E),
and Lefty2-GFP (F). Embryos that did not undergo trans-
plantation were used for background subtraction, and all in-
tensities were normalized to the value most proximal to
the source. Error bars indicate SE. Numbers of embryos
analyzed at 30, 60, and 120 min after transplantation,
respectively: for Cyclops-GFP, n30 = 7, n60 = 7, n120 = 7;
for Squint-GFP, n30 = 12, n60 = 17, n120 = 20; for Lefty1-
GFP, n30 = 8, n60 = 8, n120 = 13; for Lefty2-GFP, n30 = 12,
n60 = 10, n120 = 12.

0 25 50 75 100 125 150
0

0.2

0.4

0.6

0.8

1

 

 

0 25 50 75 100 125 150
0

0.2

0.4

0.6

0.8

1

Distance from source boundary (µm)

N
o

rm
al

iz
ed

 in
te

n
si

ty

 

 

C D

E F

Cyclops-GFP
pro-domain GFP mature

Squint-GFP
pro-domain GFP mature

Lefty1-GFP Lefty2-GFP

 

cells (source)

Host 
Analysis
region

TransplantedA

Image

5 optical slices

 

 

 

 

  

 

 

40

60

80

100

120

140B

Lateral view Animal pole view

mature domainpro- GFP mature domainpro- GFP

Distance from source boundary (µm)

0 25 50 75 100 125 150
0

0.2

0.4

0.6

0.8

1

 

  

Distance from source boundary (µm)

Squint-GFP

0 25 50 75 100 125 150
0

0.2

0.4

0.6

0.8

1

 

 

N
o

rm
al

iz
ed

 in
te

n
si

ty

Distance from source boundary (µm)

30
60

120 min
min
min

11 MAY 2012 VOL 336 SCIENCE www.sciencemag.org722

REPORTS

 o
n 

A
pr

il 
16

, 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


one of the central tenets of reaction-diffusion
models—differential diffusivity of activator and
inhibitor—is fulfilled in vivo (4–6, 15, 16, 19, 22, 24).
To address this question, we performed measure-

ments of Nodal and Lefty distribution, clearance,
and diffusivity during zebrafish embryogenesis.

To visualize Nodal and Lefty proteins in vivo,
we generated active fusions of green fluorescent

protein (GFP) with Cyclops, Squint, Lefty1, and
Lefty2 (see figs. S2 to S11 and texts S3 and S4
for analyses of fusion protein activity, processing,
localization, and distribution). When expressed
from a localized source in blastula embryos, the
fusion proteins had activity ranges similar to
those of their untagged counterparts (figs. S5 and
S10). In vivo imaging revealed that the distri-
bution profiles of the fusion proteins reflected
their activity ranges: The gradient formed by
Cyclops-GFP exhibited a punctate distribution
and dropped steeply as the distance from the
source increased, whereas the gradient formed
by Squint-GFP was more diffuse and reached
farther (Fig. 2, C and 2D). The distributions of
Lefty1-GFP and Lefty2-GFP were more shal-
low and were long-range and super-long-range,
respectively (Fig. 2, E and F).

To determine whether differential clearance
underlies the different ranges of Nodal and Lefty
signals, we developed a pulse-labeling assay to
measure extracellular clearance rate constants.
We fused the monomeric green-to-red photo-
convertible protein Dendra2 (25) to Nodals and
Leftys and uniformly expressed these active fu-
sions in blastula embryos (figs. S2 to S10 and
text S3). We then switched the fluorescent state
of Dendra2 from green to red throughout the
embryo and monitored the decrease in intensity
of the extracellular red signal for 300 min (Fig. 3
and movie S1). By fitting the data with an expo-
nential decay model, we obtained clearance rate
constants (k1) and calculated the inversely related
extracellular half-lives, t = ln(2)/k1 (see figs. S12
to S16 and text S5 for control experiments and
detailed measurements). We found half-lives of
95 to 218 min with clearance rate constants of
1.22 (T0.13) × 10−4/s for Cyclops-Dendra2, 1.00
(T0.06) × 10−4/s for Squint-Dendra2, 0.53 (T0.05) ×
10−4/s for Lefty1-Dendra2, and 0.69 (T0.07) ×
10−4/s for Lefty2-Dendra2 (Fig. 3B and fig. S12).
Thus, protein half-lives increased only slightly as
ranges increased, which suggests that differential
clearance is only a minor contributor to the dif-
ferences in Nodal and Lefty range.

To determine whether differential diffusiv-
ity underlies the different ranges of Nodals and
Leftys, we measured their effective diffusion co-
efficients using fluorescence recovery after pho-
tobleaching (FRAP) (12, 13, 18, 26). FRAP assays
can measure diffusivity over developmentally
relevant length and time scales by observing the
diffusion-dependent reappearance of fluores-
cence after photobleaching (text S6). To perform
FRAP assays, we ubiquitously expressed Nodal-
GFP and Lefty-GFP fusion proteins in blastula
embryos and photobleached a cuboidal volume
containing several hundred cells. We then moni-
tored the recovery of fluorescence in the bleached
region over a period of 50 min (3000 s) (Fig. 4A
and figs. S18 to S23). Photobleaching was near-
ly uniform (fig. S22) and had no apparent toxic
effects on the embryo, and fluorescence recovery
occurred from regions adjacent to the bleached
window (fig. S23). We determined the effective
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diffusion coefficients of the fusion proteins by
fitting a three-dimensional diffusion model to
recovery profiles (text S6 and figs. S19 to S21).
We obtained effective diffusion coefficients of
0.7 T 0.2 mm2/s for Cyclops-GFP, 3.2 T 0.5 mm2/s
for Squint-GFP, 11.1 T 0.6 mm2/s for Lefty1-GFP,
and 18.9 T 3.0 mm2/s for Lefty2-GFP (Fig. 4B,
figs. S18 to S23, and text S6). Thus, increased pro-
tein diffusivities reflect increased ranges, indicating
that differential diffusivity is a major contributor
to the differences in Nodal and Lefty range.

To test whether the experimentally determined
values for diffusivity and clearance accurately
predict the measured distribution profiles, we nu-
merically simulated signal secretion from a local-
ized source, diffusion, and clearance (12, 14, 26)
in a three-dimensional geometry appropriate for
blastula embryos (text S7). Using the measured
values for diffusivity and clearance, these simu-
lations yielded distribution profiles similar to the
experimentally determined protein distributions
(fig. S26) and thus provided independent support
for the validity of the experimental approaches.

Our results have two major implications.
First, differential diffusivity underlies differences
in activator/inhibitor range. The differences in
range (Cyclops < Squint < Lefty1 < Lefty2) are
reflected in the differences in effective diffu-
sion coefficients (Cyclops < Squint < Lefty1 <
Lefty2). There is a similar trend in half-lives,
but the differences in diffusivity are much more
pronounced than the differences in clearance.
During embryogenesis, the sources of Nodal
and Lefty overlap, but Nodal signaling is active
near the source and is inhibited by Lefty farther
away. Our results suggest that the lower mobil-
ity of Nodal allows its accumulation close to
the site of secretion, whereas the high mobility
of Lefty leads to rapid long-range dispersal and
prevents accumulation near the source. Thus,
the differential diffusivity of Nodal and Lefty
signals serves as the biophysical basis for the
spatially restricted induction of cell fates during
embryogenesis.

Second, the previously described network
topology of the Nodal/Lefty system and the
biophysical properties of Nodals and Leftys
measured here support the activator/inhibitor
reaction-diffusion model of morphogenesis: A
less diffusive activator (Nodal) induces both its
own production and that of a more diffusive
inhibitor (Lefty) (3, 4). The Nodal/Lefty reaction-
diffusion system is further constrained by pre-
patterns and rapid cell fate specification; thus,
the system results in graded pathway activation
during mesendoderm induction and exclusive
pathway activation on the left during left-right
specification (see text S2 for detailed discus-
sion). Mathematical models have postulated that
the inhibitor in reaction-diffusion systems must
have a higher diffusion coefficient than the ac-
tivator. Several models suggest that clearance-
normalized inhibitor and activator diffusion
coefficients differ by a factor of at least 6, that is,
ℜ = (D/k1)inhibitor/(D/k1)activator > 6 (8, 16, 27–29).

The average ratio of the normalized diffusivities
of Leftys and Nodals measured here is ℜ ≈ 14,
providing biophysical support for these modeling
studies (see text S8 for comparison of reaction-
diffusion systems). The different diffusivities in
the Nodal/Lefty biological system have counter-
parts in chemical reaction-diffusion systems. For
example, patterns can be generated in a starch-
loaded gel by combining an activator (iodide)
with an inhibitor (chlorite) in the presence of
malonic acid (30). In this in vitro system, diffu-
sion of the activator is hindered by binding to
the starch matrix and is thought to result in a
higher (factor of ~15) diffusivity of the inhibitor.
These models and our measurements raise the
possibility that differential binding interactions
and a ratio of at least a factor of 5 to 15 of inhib-
itor and activator diffusivities might be a general
feature of reaction-diffusion–based patterning.
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Mechanical Control of Morphogenesis
by Fat/Dachsous/Four-Jointed
Planar Cell Polarity Pathway
Floris Bosveld,1* Isabelle Bonnet,1* Boris Guirao,1* Sham Tlili,1† Zhimin Wang,1

Ambre Petitalot,1 Raphaël Marchand,1 Pierre-Luc Bardet,1 Philippe Marcq,2

François Graner,1 Yohanns Bellaïche1‡

During animal development, several planar cell polarity (PCP) pathways control tissue shape
by coordinating collective cell behavior. Here, we characterize by means of multiscale imaging
epithelium morphogenesis in the Drosophila dorsal thorax and show how the Fat/Dachsous/
Four-jointed PCP pathway controls morphogenesis. We found that the proto-cadherin Dachsous
is polarized within a domain of its tissue-wide expression gradient. Furthermore, Dachsous
polarizes the myosin Dachs, which in turn promotes anisotropy of junction tension. By combining
physical modeling with quantitative image analyses, we determined that this tension anisotropy
defines the pattern of local tissue contraction that contributes to shaping the epithelium mainly
via oriented cell rearrangements. Our results establish how tissue planar polarization coordinates
the local changes of cell mechanical properties to control tissue morphogenesis.

Tissue morphogenesis requires the coordi-
nation of cell behaviors during develop-
ment. Planar cell polarity (PCP) pathways,

which coordinate the polarization of cells in the

tissue plane, have been shown to play a funda-
mental role in morphogenesis of vertebrates and
invertebrates (1). It remains largely unknown
how PCP pathways control local cell mechan-
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