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SUMMARY

The six-layered neocortex permits complex informa-
tion processing in all mammalian species. Because
its homologous region (the pallium) in nonmamma-
lian amniotes has a different architecture, the ability
of neocortical progenitors to generate an orderly
sequence of distinct cell types was thought to have
arisen in the mammalian lineage. This study,
however, shows that layer-specific neuron subtypes
do exist in the chick pallium. Deep- and upper-layer
neurons are not layered but are segregated in distinct
mediolateral domains in vivo. Surprisingly, cultured
chick neural progenitors produce multiple layer-
specific neuronal subtypes in the same chronological
sequence as seen in mammals. These results
suggest that the temporal sequence of the neocor-
tical neurogenetic program was already inherent in
the last common ancestor of mammals and birds
and that mammals use this conserved program to
generate a uniformly layered neocortex, whereas
birds impose spatial constraints on the sequence to
pattern the pallium.

INTRODUCTION

All mammals (and only mammals) have a layered neocortex

that plays a central role in higher brain functions. How this struc-

ture evolved is a great mystery of mankind. In the neocortex,

each layer uniformly expands horizontally and consists of

specific neuron subtypes that share molecular and functional

properties. These layer-specific properties are allocated to the

neurons according to their differentiation timing (McConnell,

1991): a single neural progenitor cell (NPC) in a neocortical

area sequentially produces multiple subtypes from the deep

layer (DL) to the upper layer (UL) in an inside-out pattern (Shen

et al., 2006; Eiraku et al., 2008; Gaspard et al., 2008). This

sequential production chronologically switches on and off the

expression of fate-determining transcription factors, which

assign layer-specific phenotypes to the differentiated neurons
and eventually serve as layer-specific neuronal markers (Fig-

ure 1A) (Molyneaux et al., 2007).

The presence of homologous brain regions of the mammalian

neocortex in nonmammalian amniotes has been a long-standing

debate, because of the highly divergent cytoarchitectures

(Medina and Reiner, 2000; Jarvis et al., 2005). Molecular devel-

opmental studies have only recently determined the pallium of

nonmammalian amniotes as the homolog of the mammalian

neocortex (Puelles et al., 2000; Fernandez et al., 1998). However,

it remains unclear whether the nonmammalian pallium encom-

passes the same neuron subtypes as themammalian neocortex,

although it is generally accepted that the chronologic develop-

mental program for the layer-specific neuron subtypes was a

key innovation leading to the multi-layered neocortex in the

mammalian lineage (Reiner, 1991; Northcutt and Kaas, 1995).

In the present study, we report that the chick pallium in fact

encompasses the neuron subtypes that are molecularly and

functionally homologous to mammalian DL and UL neurons.

Although their generation and distribution in vivo are highly diver-

gent from those in the mammalian neocortex, in vitro analysis

contrastingly revealed a remarkable conservation of the neuro-

genetic programs between the two groups; a single chick NPC

sequentially produced both DL and UL neurons in the same

chronological order as that for mammals. Our results, therefore,

propose an evolutionary scenario that mammals evolved their

layered neocortex by successfully modifying the preexisting

neurogenetic program inherent in the common ancestor of

mammals and birds.

RESULTS

Existence of DL and UL Neurons in the Chick Pallium
We isolated the chicken orthologs of mammalian layer-specific

marker genes and examined their expression patterns in chick

brains. Three DL marker genes, Er81, Fezf2, and CTIP2, were

expressed in the medial domains of chick pallium, particularly

the parahippocampal area, in an overlapping manner (Fig-

ures 1C–1E). In contrast, four UL marker genes, Satb2, Cux2,

Mef2c, and FOXP1, were expressed in the lateral domain of

the pallium, including the mesopallium (Figures 1E–1H). The

overlapping but slightly different distributions of individual UL

markers suggested heterogeneity among the chick UL neurons,

similar to mammalian UL neurons (Molyneaux et al., 2007).
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Figure 1. DL and UL Neurons in the Chick

Pallium

(A–H) Coronal sections of forebrain hemispheres.

The mediolateral axis is left to right, and the

dorsoventral axis is top to bottom. (A) Layer-

specific expressions of marker genes in themouse

neocortex. (B) Summary of expression patterns of

DL and UL marker genes in the E10 chick pallium.

(C–H) Expressions of DL marker genes, Er81 (C),

Fezf2 (D), and CTIP2 (green in E), in the para-

hippocampal area (APH) on the medial part of the

E10 chick pallium. Expressions of UL marker

genes, FOXP1 (magenta in E), Satb2 (F), Cux2 (G),

and Mef2c (H), in the lateral part of the E10 chick

pallium, including the mesopallium (M).

(I) Extra-pallial projections (arrowheads) from the

DL marker+ domain (asterisk) in the chick E16

pallium.

(J) Intra-pallial projections from the UL marker+

mesopallial domain (asterisk) in sagittal (J) and

coronal (J0) sections of E16 chick pallium. Hp,

hippocampus; Ncx, neocortex; Ocx, olfactory

cortex; St, striatum; N, nidopallium; H, hyper-

pallium; Th, thalamus.

Scale bars represent 0.5mm (C–H), 1.0mm (I). See

also Figure S1.
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Although theULmarkerSatb2 is additionally expressed in a small

specific subset of DL neurons that project to the corpus callosum

in mammals, expression of this gene was not detected in the

medial DL domain of the chick pallium. The mediolaterally sepa-

rate arrangement of DL and UL domains was maintained

throughout different anteroposterior levels (data not shown).

When compared with the expressions of subpallial markers,

the chick DL and UL domains were exactly confined to the

homologous region of the mammalian neocortex (see Figure S1

available online).
2 Developmental Cell 22, 1–8, April 17, 2012 ª2012 Elsevier Inc.
Axon tracing provided additional simi-

larities between mammalian neuron

subtypes and molecularly defined chick

counterparts. In mammals, DL neurons

project to extracortical targets, whereas

UL neurons make intracortical connec-

tions that ipsilaterally and contralaterally

associate cortical areas (Molyneaux

et al., 2007). Dye filling of the medial DL

domain in the chick pallium labeled

a prominent descending bundle toward

the thalamus and the tectum (Figure 1I),

the targets of mammalian DL neurons.

The axons from the chick UL domain

were confined within the pallium and

were locally connected to distinct pallial

areas (Figure 1J). Although these axons

lacked contralateral projections because

of the absence of the placental mamma-

lian-specific callosum (Mihrshahi, 2006),

the other features of the chick UL projec-

tions were similar to those of mammalian

UL projections. In summary, the chick
homolog of the neocortex does indeed consist of DL and UL

neurons that are molecularly and anatomically equivalent to

the DL and UL neurons in the mammalian neocortex.

Spatiotemporally Segregated Production of DL and UL
Neurons in the Chick Pallium
The mediolateral separation of chick DL and UL neurons con-

trasted the layered arrangement of mammalian DL and UL

neurons (Figures 1A and 1B). This difference led us to hypothe-

size that, unlike the spatially homogeneous generation of



Figure 2. Birthplace and Birth Timing of DL and UL Neurons in the

Chick Pallium

(A and B) Radial migration of GFP+ neurons from the medial (A) and lateral (B)

ventricular zone (VZ). (A0and B0) Highmagnifications of the dotted rectangles in

the left panels. GFP+ neurons in the medial and lateral domains express CTIP2

(arrowheads in A0) and FOXP1 (arrowheads in B0), respectively.
(C and D) E10 chick pallium after BrdU injection at E5 (C) and E7 (D). (C1 and

D1) High magnifications of the green rectangles containing DL marker+ APH in

the left panels. (C2 and D2) High magnifications of the magenta rectangles

containing the UL marker+ mesopallium. (C10and D10) The adjacent section of

(C1) and (D1) probed for Er81. (C20and D20) the adjacent section of (C2) and

(D2) probed for Satb2.
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mammalian neocortical neurons, chick DL and UL neurons may

be derived from spatially separated NPCs. To test this hypoth-

esis, we focally expressed a fluorescent protein in NPCs and

traced the migration of their descendants. The chick NPCs

supplied nearby pallial neurons via strict radial migration (Figures

S2A–S2I). Specifically, DL neurons were produced by the NPCs

in the medial ventricular zone (Figure 2A), whereas UL neurons

were producedby those in the lateral ventricular zone (Figure 2B).

No significant tangential mixing of the medially and laterally

derived neuronal populations was observed (Figures S2A–S2I).

Because the birth-timing is the key determinant of neuronal

fate in the mammalian neocortex, we examined the birthdates

of chick neuronal subtypes using bromodeoxyuridine (BrdU).

The neurons in the medial DL domain differentiated earlier than

those in the lateral UL domain (Figures 2C and 2D). Because of

the technical limitations in double detecting marker mRNA and

BrdU, we counted the BrdU-labeled neurons in a marker-ex-

pressing domain defined on an adjacent section (Figures 2C10

and 2D20). The neurons in the DL domain were produced during

an early phase of neurogenesis between embryonic days E4 and

E6 (Figure 2E and Figures S2J–S2L), whereas the neurons in the

UL domain were mainly produced during the final phase of neu-

rogenesis at E7–E8 (Figure 2E). Thus, the chick DL and UL

neurons differentiated in the same early-to-late sequence as

mammalian DL and UL neurons.

Manifestation of Evolutionary Conserved Neurogenetic
Program in Chick NPCs
The mediolaterally segregated production of chick DL and UL

neurons suggests a lineage restriction in chick NPCs for the

selective production of DL or UL neurons. However, this was

only true in vivo. Once chick NPCs were dissociated and

sparsely cultured in a dish, NPCs derived from either of the

domains displayed multipotency (Figures 3A–3D). The medial

and lateral NPCs retained an almost equal competence and

generated both DL and UL subtypes. The time course for the

production of each subtype was comparable between the two

subdivisions (Figures 3A–3D) and recapitulated the overall

generation timings of the subtypes determined in vivo

(Figure 2E).

A clonal analysis further confirmed that a single NPC isolated

from either domain in the E5 chick pallium generated both DL

and UL neurons (Figure 3E). Statistically, the medial clones

lacked UL neurons at a slightly higher frequency (Figure 3F) and

exhibited a smaller clonal size than the lateral clones (Figures

S3A and S3B), partially reflecting the in vivo trend. Nevertheless,

regardless of the NPC origin, the neuronal production followed

the same mammalian-type chronologic sequence in each clone;

during the first 3days in culture, thedifferentiated coloniesmostly

consisted of DL neurons alone, and then dominated by mixed

colonies containing both DL and UL neurons by day 5 in vitro

(Figure 3F). In mammals, the earliest daughter in each NPC

lineage differentiates into a REELIN-positive Cajal-Retzius cell
(E) Number of BrdU+ cells in the marker+ domains at E10 after BrdU injection

between E4–E8. Means ± SEM, calculated from six hemispheres. m, meninge;

SVZ, subventricular zone.

Scale bars represent 500 mm (A–D), 125 mm (A0 and B0), 250 mm (C1, C2, D1,

and D2). See also Figure S2.
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Figure 3. Sequential Generation of DL and UL

Neurons from Chick NPCs in Culture

(A–D) Proportion of BrdU+ cells in marker+ cells. NPCs

from the E5 medial (A and C) and lateral (B and D) domains

were cultured for 5 days in vitro (div) and examined for DL

(A and B) and UL (C and D) markers. BrdU was applied at

the indicated div. Mean ± SEM calculated from 200–250

marker+ neurons.

(E) DL (CTIP2+) and UL neurons (FOXP1+/CTIP2�) differ-
entiated in a clone.

(F) Proportions of the clones containing DL or UL or

DL + UL neurons. NPCs isolated from either the medial or

lateral half of the E5 or E7 chick pallium were cultured for

3 or 5 div.

(G) CTIP2 expression in themedial domain in whichGFP or

SATB2-myc was ectopically expressed. Arrowheads

indicate GFP or SATB2-myc transfected cells.

(H) Reduction of CTIP2 protein levels in Satb2-transfected

neurons. Mean ± SEM calculated from 60 individual cells.

Statistical value by a two-tailed Student t test.

Scale bars represent 50 mm (E and G). See also Figure S3.
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(Marin-Padilla, 1978; Shen et al., 2006). Likewise, the medial and

lateral chick NPCs generated the REELIN-positive neurons in the

early round of neurogenesis (Figures S3C–S3F). As shown for

mammalian NPCs (Shen et al., 2006), the chick NPCs progres-

sively restricted the competence to produce the early-born DL

and REELIN-positive neurons over the course of development;

when isolated from the E7 pallium, they predominantly produced

late-born UL neurons (Figure 3F and Figure S3F). Overall, the

results indicated that chick NPCs from any part of the pallium

are intrinsically multipotent and can execute the chronological

neurogenetic program, which is widely accepted as a character-

istic unique to the mammalian neocortex.
4 Developmental Cell 22, 1–8, April 17, 2012 ª2012 Elsevier Inc.
Recent studies have begun to elucidate the

complex gene networks underlying the expres-

sion of layer-specific neuron fates (Leone et al.,

2008; Molyneaux et al., 2007). For example, the

UL marker Satb2 suppresses the expression

of DL marker Ctip2 and consequently the DL

phenotypes,eventually leading to thedifferentia-

tion of UL neurons in mice (Alcamo et al., 2008;

Arlotta et al., 2005; Britanova et al., 2008). Like-

wise, when Satb2 was ectopically expressed in

the chick pallium, it significantly suppressed the

endogenous expression of CTIP2 (Figures 3G

and 3H), suggesting that common genetic

interactions underlie the evolutionary conserved

neurogenetic programs.

Spatiotemporally Biased Neurogenesis
Constructing to the Chick-Type Pallium
If chick NPCs are intrinsically multipotent, how

do they preferentially produce one subtype

in vivo? One obvious responsible factor is spa-

tially biased neurogenesis in the chick pallium.

First, although the mitotic activities of NPCs

were almost equal in the medial and lateral

domains at E5, the activities were progressively
downregulated in the medial domain by E7 (Figures 4A and 4B).

Second, for each cell cycle, the differentiation kinetics toward

neurons were highly biased and extremely accelerated in the

lateral domain at E7 (Figures 4C and 4D). This laterally biased

neurogenesis during the late stage was also evident from the

laterally intensified expression of Ngn2 (Figure S4), a marker

for neuronally committed cells (Sommer et al., 1996). Finally,

basal progenitors, a special type of NPCs that divide symmetri-

cally and produce two UL neurons during the late phase of

mammalian corticogenesis (Cheung et al., 2007; Kriegstein

et al., 2006), emerged in the chick pallium in a laterally concen-

trated manner at the late development stage (Figures 4E and



Figure 4. Mediolaterally Biased Neurogenesis in the Chick Pallium

Chick pallium at E5 (A, C, and E) and E7 (B, D, and F). (A and B) Mitotic cells in the ventricular zone (VZ) and subventricular zone (SVZ) detected using anti-pH3

antibody. The right graphs show the numbers of pH3+ cells in the subdivisions defined on the left panels. (C and D) Triple labeling for neurons (TUJ1+), NPCs

(PAX6+), and the cells that have undergone DNA synthesis in the previous 24 hr (BrdU+). The right graphs show the numbers of BrdU+/TUJ1+ and BrdU+/PAX6+

cells in the subdivisions. Note that newly produced neurons (BrdU+/TUJ1+) are much more abundant in the lateral domain at E7. (E and F) Basal progenitors

double labeled for TBR2 and BrdU applied for 30 min before sacrifice. The right graphs show the numbers of BrdU+/TBR2+ cells in the subdivisions. Arrowheads

indicate the medial and lateral ends of the neocortical counterpart. All bar graphs show mean ± SEM calculated from six hemispheres. (G and H) Comparison of

avian (G) and mammalian (H) pallial development.

Scale bars represent 250 mm (A–F). See also Figure S4.
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4F) (Teissier et al., 2010). Thus, this mediolaterally biased neuro-

genesis in the chick pallium, which is contrasted to the spatially

uniform neurogenesis in the whole mammalian neocortex, can

explain the apparent lineage restriction of NPCs in vivo (Figures

4G–4H), i.e., the precocious termination of proliferation and

neurogenesis in the medial domain effectively suppresses the

generation of late-born UL neurons from the medial NPCs. Like-

wise, the accelerated neuronal production from the lateral

domain during the later development stage greatly expands

the UL neuronal population over the DL neuronal population.

DISCUSSION

Many researchers have postulated that layer-specific neuronal

phenotypes and their chronologic generation are mammalian-

specific and coevolved with the acquisition of a multi-layered

neocortex (Reiner, 1991; Northcutt and Kaas, 1995). In contrast,

our results show that the nonmammalian chicken possesses the

layer-specific neuronal subtypes and the genetically endorsed

developmental program that chronologically generates these

subtypes. Therefore, the basic scheme of this seemingly sophis-

ticated neurogenetic program must have existed in the last

common ancestor of amniotes, which had lived �310 million

years ago (Kumar and Hedges, 1998). This finding revises the

current scenario and suggests that the developmental program

for layer-specific neuronal subtypes predates the evolutionary

emergence of the actual layer structure, which is thought to

have occurred during early mammalian evolution after the split

from lineages leading to reptiles and birds (Reiner, 1991; North-

cutt and Kaas, 1995). Therefore, the chronological neurogenetic

program may have been a common strategy for creating

neuronal diversity from a limited variety of NPCs in amniotes

(Jacob et al., 2008). The true mammalian distinction is the mech-

anism that arranges the diverse neurons in homogenous layers

across the entire neocortex.

Chick pallial development involved spatiotemporally biased

neurogenesis, which is uncommon inmammalian corticogenesis

and seems the main cause underlying structural differences

between the chick pallium and the mammalian neocortex.

Although this distinct pattern of neurogenesis can explain the

lack of UL neurons in the medial domain, uncertainties remain

about eventual fates of the outnumbered early-generated

neurons in the lateral domain. Because apoptosis was not signif-

icantly observed in this domain (data not shown), later elimina-

tion of them by cell death may not likely the case. Instead, we

favor the hypothesis that the neurons eventually loose the

expression of DL markers and are transformed into some other

unidentified subtypes.

The present study indicated that extrinsic factors that are

spatially arranged in the chick brain restrict multipotency of chick

NPCs. Accordingly, we can hypothesize that mammalian NPCs

have escaped from this spatial restriction during evolution to

benefit from the multipotency. It should be noted, however,

that even in the mammalian NPCs, the multipotency is not fully

unleashed but still partially restricted in vivo. For example, Ca-

jal-Retzius cells are generated only from the restricted cortical

regions during the mammalian development (Takiguchi-Hayashi

et al., 2004; Bielle et al., 2005; Hanashima et al., 2007). However,

once NPCs from any cortical regions are dissociated and
6 Developmental Cell 22, 1–8, April 17, 2012 ª2012 Elsevier Inc.
cultured in vitro, they are released from the restriction and

generate the Cajal-Retzius cells in the earliest round of neuro-

genesis (Shen et al., 2006). Thus, the spatially biased extrinsic

control of neurogenesis might be a more fundamental scheme,

to varying degrees in different species, to sculpt their own pallial

architectures.

The molecular nature of the extrinsic influence in the chick

brain remains elusive, but the boundary between the pallium

and its ventral subpallium could deserve further investigation.

Inmammals, this pallial-subpallial boundary functions as a signal

center (Assimacopoulos et al., 2003) and is a source of special

cell types that control the subsequent neocortical patterning

(Bielle et al., 2005; Griveau et al., 2010; Teissier et al., 2010).

Interestingly, the pallial region next to this boundary has dramat-

ically evolved into the dorsal ventricular ridge in nonmammalian

amniotes, and many features of this enigmatic structure are

highly divergent between mammals and nonmammals (Molnár

and Butler, 2002; Molnár et al., 2006; Nomura et al., 2008).

Therefore, an interesting question is whether the animal group-

specific evolution of this signaling center has influenced neuro-

genetic patterns in the pallium.

EXPERIMENTAL PROCEDURES

Axon Labeling

The E16 chick brain was fixed in 4% paraformaldehyde overnight. A small

crystal of DiI (l,l0-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine) was

introduced into a desired position in the brain with a tungsten needle. The

DiI-introduced brain was incubated for weeks at 37�C in 4% paraformalde-

hyde. After the incubation, the brain was sectioned with a microslicer (Dosaka)

in 100–300-mm thickness, and the brains sections were mounted on slide

glasses. Axon trajectories were examined with a fluorescent microscope

(Leica).

In Ovo Electroporation

Electroporation of the chick embryos was performed as previously described

(Nomura et al., 2008; Nakamura and Funahashi, 2001). Briefly, plasmids were

dissolved in TE buffer (10 mMTris-HCl, 1 mMEDTA, pH 8.0) at a concentration

of 5 mg/ml and injected into the ventricle of an E5 chick embryo using a fine

glass needle. Electric pulses (25 V, two 50 s pulses with a 950 ms interval)

were then applied to the brain between tweezer-type electrodes (CUY-650-

P0; Nepagene), and the embryo was incubated until E8 at 37�C.

BrdU Labeling

Three types of methods were used: (1) for neural birth dating, a small dose of

40 mM of BrdU was injected into the embryonic ventricle during E4–E8 and the

embryo was incubated until E10; (2) to label mitotic cells in the S phase, 40 mM

of BrdU was injected into the ventricle at 30 min before sacrifice; and (3) to

trace the fates of newly produced cells, 500 mM of BrdU was injected into

the blood vessel of the extra-embryonic tissue, and the embryo was incubated

for 24 hr at 37�C. In all the procedures, the BrdU-labeled brains were sectioned

and treated with 2 N HCl for 2 hr at room temperature, neutralized with Tris-

buffered saline (pH 9.5) for 5 min, and then immunostained with anti-BrdU

antibody.

Chick NPC Culture

The methods used for the mouse NPC culture (Qian et al., 1998; Shen et al.,

2006; Tomioka et al., 2000) were slightly modified. The pallium of E5 or E7

chicken embryo was isolated and separated into medial and lateral parts.

The pallial parts were enzymatically treated with papain (Sigma), dissociated

into single cells, and plated onto a poly-L-lysine-coated chamber

slide (Nalge-Nunc) at 1.0 3 104 cells/cm2 in a sparse cell culture or at 1.0 3

102 cells/cm2 in a clonal culture. The cells were then cultured for 5 days in Dul-

becco’s modified Eagle’s medium supplemented with 1 mM sodium pyruvate,
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1 mM N-acetyl-cysteine (Sigma), 1 mM L-glutamine, 10 ng/ml fibroblast

growth factor 2, N2 supplement, and B27 supplement (Life Technologies).

Cell Count and Statistical Analysis

To determine the birth timing of the neuron subtypes in vivo, BrdU and layer-

specificmarker geneswere detected on adjacent sections. Er81, Fezf2,Satb2,

Mef2c, and Cux2 were detected using in situ hybridization, and CTIP2 protein

was detected using immunostaining. The adjacent images were digitally

superimposed, and the number of BrdU-positive cells expressing eachmarker

gene was counted within the domain.

To determine the production timing of neuron subtypes in vitro, BrdU was

applied to the culture medium at a certain time point during 1–4 days in vitro

(div) and washed out on the next day. The layer-specific markers were de-

tected as described above, and the proportion of BrdU/marker double-posi-

tive neurons in eachmarker-positive neuron was calculated. In clonal cultures,

the cells were triple-labeled with TUJ1 as a pan-neuronal marker, anti-CTIP2

antibody as a DL specific marker, and anti-FOXP1 antibody, which marks

strongly UL neurons and weakly DL neurons. The DL neurons were defined

as those positive for TUJ1 and CTIP2, whereas the UL neurons were defined

as those positive for TUJ1 and FOXP1 but negative for CTIP2. The proportions

of clones containing both DL and UL neurons, DL neurons alone, UL neurons

alone, and neither DL nor UL neurons were then calculated.

To analyze the spatial dynamics of neurogenesis, the homologous region of

the neocortex was defined as the region sandwiched between the Lhx5-posi-

tive hippocampal primordium and the Sfrp1-positive olfactory cortex. This

domain was equally divided into two halves at E5 and four quarters at E7 based

on the length of the ventricular perimeter using Adobe Photoshop software

(Adobe Systems). For each subdivision, the number of mitotic cells labeled

with antiphospho histone H3 (pH3) antibody was counted on a computer

screen. In the analysis of the differentiation kinetics, the sections were triple-

labeled for BrdU, PAX6, and TUJ1 and the numbers of TUJ1/BrdU and

PAX6/BrdU double-positive cells were counted in each subdivision. To quan-

tify the basal progenitors, the sections were labeled with anti-BrdU and anti-

TBR2 antibodies and the numbers of TBR2/BrdU double-labeled cells were

counted in each subdivision.

Supplemental Experimental Procedures

Additional information regarding animals, DNA construction, in situ hybridiza-

tion, and immunohistochemistry is provided in the Supplemental Experimental

Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-

mental Procedures and can be found with this article online at doi:10.1016/

j.devcel.2012.01.004.
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