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Abstract

Background: Genetic regulatory networks of sequence specific transcription factors underlie pattern formation in
multicellular organisms. Deciphering and representing the mammalian networks is a central problem in development,
neurobiology, and regenerative medicine. Transcriptional networks specify intermingled embryonic cell populations during
pattern formation in the vertebrate neural tube. Each embryonic population gives rise to a distinct type of adult neuron. The
homeodomain transcription factor Lbx1 is expressed in five such populations and loss of Lbx1 leads to distinct
respecifications in each of the five populations.

Methodology/Principal Findings: We have purified normal and respecified pools of these five populations from embryos
bearing one or two copies of the null Lbx1°™ allele, respectively. Microarrays were used to show that expression levels of
8% of all transcription factor genes were altered in the respecified pool. These transcription factor genes constitute 20-30%
of the active nodes of the transcriptional network that governs neural tube patterning. Half of the 141 regulated nodes were
located in the top 150 clusters of ultraconserved non-coding regions. Generally, Lbx1 repressed genes that have expression
patterns outside of the Lbx1-expressing domain and activated genes that have expression patterns inside the Lbx1-
expressing domain.

Conclusions/Significance: Constraining epistasis analysis of Lbx1 to only those cells that normally express Lbx1 allowed
unprecedented sensitivity in identifying Lbx1 network interactions and allowed the interactions to be assigned to a specific
set of cell populations. We call this method ANCEA, or active node constrained epistasis analysis, and think that it will be
generally useful in discovering and assigning network interactions to specific populations. We discuss how ANCEA, coupled
with population partitioning analysis, can greatly facilitate the systematic dissection of transcriptional networks that

underlie mammalian patterning.
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Introduction

The patterning and specification process that generates distinct
neuronal cell types in the spinal cord begins as the neural tube is
formed from the proliferative neuroepithelium. Signaling centers
induce asymmetric expression patterns of sequence specific tran-
scription factors (SSTFs) along the dorsal-ventral axis of the early
neural tube. The expression patterns overlap and form discrete
boundaries so that eleven progenitor laminae, each of which
expresses a distinct combination of SSTFs, can be defined in the
ventricular zone. The proliferating cells of the ventricular zone shed
postmitotic cells into the marginal layer from embryonic day (E) 9.5
to E13 of mouse development. Each progenitor lamina produces at
least one postmitotic cell population. that is defined by a new
combinatorial code of SSTF expression. The eleven postmitotic
populations that emerge are named dI1-dI6, VO-V3, and M [1-8].

Additional mechanisms contribute to the diversification of cell
types in the developing neural tube. For example, individual
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progenitor layers either produce different postmitotic populations
at different developmental times, or postmitotic mechanisms
produce different SSTF codes, and hence new populations, from
single, nascent, postmitotic populations [9-15]. Furthermore,
differential expression of Hox genes along the anterior-posterior
(A-P) axis produces different neuronal populations from a given
dorsal-ventral (D—V) lamina at different axial levels [16-18].
Although the full complement of populations is not completely
characterized, it appears they can be represented by SSTF
“expression codes”.

At least 66 SSTTFs have been invoked in the neural tube
patterning process. These include 42 homeodomain, 11 basic
helix-loop-helix, and 8 zinc finger SSTFs. Functional perturba-
tions such as gene knock-outs in mice or overexpression in chick
embryos have been performed for at least 47 of these SSTFs and
many genetic interactions among these SSTFs have been defined.
A high degree of recursive linkage between SSTFs in this system
appears to exist. However, a population partitioning analysis (PPA)
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identified 200 additional SSTFs with the same degree of
differential expression as the known set and estimated that 500—
700 of the 1700 annotated SSTFs in the genome are active nodes
in the genetic regulatory network (GRN) of neural tube patterning
[19].

Network models are developed to understand the functional
organization of complex systems [20]. Specialized software allows
complex and evolving datasets, of expression and epistasis
information, to be accurately tracked, and aids in decoding the
underlying logic of developmental GRNs [21-25]. GRNs contain
evolutionarily inflexible subcircuits, called kernels, which consist of
SSTF nodes with highly recursive linkages and which specify
spatial domains in which a body part will form [26]. The SSTTF
expression codes that are used to spatially define transient neural
tube populations are transiently stable in spatial domains during
development. Thus, the expressed SSTFs that define a population
are predicted to be nodes of a specific network kernel. Transitions
between SSTF expression codes, such as those that occur between
progenitor laminae and the emergent postmitotic populations,
therefore represent transitions between kernels. Removal of one
SSTF that participates in a kernel destroys the linkages that
stabilize the kernel, and has a catastrophic effect on the
development of the respective body part. In line with this model,
knocking out SSTFs that contribute to the SSTI codes in the
neural tube frequently results in ablation of the respective body
part. For example, removing Is// results in the loss of motor
neurons [27] and removing Lbx/ results in the loss of the
substantia gelatinosa [9].

Active nodes, in a transcriptional network model of a biological
system, represent SSTFs that are differentially expressed in the
system. The large number of active SSTF nodes in neural tube
patterning suggests that either there are far more kernels than
those currently described, or the number of nodes in each kernel is
larger than those currently reported in other systems (5-10
SSTFs). We have previously reported how PPA provides a high
throughput method to systematically identify active SSTF nodes in
a given developmental system [19]. In principle, PPA can be
reiterated in progressively constrained sub-systems until no single
SSTF is differentially expressed in the sub-system. Such a sub-
system is expected to represent a “body part”, specified cell type,
network kernel, or stable regulatory state, and can be described by
a unique SSTT code.

Active nodes should ultimately be connected by regulatory
interactions that reflect the direct interaction of SSTFs with cis-
regulatory modules in each stable regulatory state. Developmental
cis-regulatory modules in the sea urchin system generally have four
to eight diverse inputs [28]. The tools needed to demonstrate
direct interactions are currently not amenable to the rapidly
changing network states of embryonic mammals and require a
priort knowledge of all the ¢is- and trans-acting components of an
mteraction. The use of null knock-in alleles allows investigators to
compare cells that express a SSTF, in heterozygotes, to the
equivalent cells, in mutants, that “should have” expressed the
SSTF. Such analyses establish epistatic, rather than direct,
interactions between the active nodes in the network model.

Epistatic interactions are useful in organizing and constraining
draft network models, which, in turn, can be used to generate specific
testable hypotheses about which components are involved in specific,
direct regulatory interactions. The rate of discovery of epistatic
interactions is currently limited by availability of  situ probes and
antibodies, as well as by manpower, and will therefore be accelerated
by applying high-throughput genomic tools. In this report, we
describe how the same genetic tools that are developed for PPA can
be employed to define epistatic interactions between active SSTTF
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nodes in a high throughput manner. Acquisition of epistasis data
from population pools that are defined by active node expression in
embryos assures that only physiologically relevant interactions are
recorded into network data sets. In tandem, PPA and active node
constrained epistasis analysis (ANCEA) provide a systematic
approach to characterize the many kernels created by the patterning
mechanism to produce a mammalian body.

Results

Flow-Sorting Population Pools by Active Node
Constraints

The LbxI%™ mouse line [29] provides a robust system for
developing genome-wide analyses of epistatic interactions in
mammalian embryos. First, the fluorescent cells from E12.5 embryos
are abundant and are predominantly from two closely related
populations (Fig. 1A). Approximately 80% of Lbxl expressing
neurons in E12.5 neural tubes belong to the two late populations.
Second, these two populations have expressed Lbx1, or GFP, for less
than 24 hours. Thus, comparisons between mutant and heterozy-
gous sources preferentially reveal immediate molecular consequenc-
es of Lbx1 expression, rather than delayed secondary effects. Third,
loss of Lbx1 function leads to known changes in SSTF expression that
provide positive controls for the analysis [9,30].

Fluorescence activated cell sorting (FACS) was used to purify
the GFP" (green) and GFP™ (white) cells from pools of ten neural
tubes of mutant and heterozygote LbxI“" embryos at E12.5
(Fig. 1B). The one hour, serum-free procedure was repeated on
eight separate occasions. Four runs showed a high level of
reproducibility at the level of timing (Table S1) and RNA quality
(data not shown). Green cells constituted 41+6% of the sorted
events in both mutants and heterozygotes, supporting the idea that
cells are re-specified but not yet apoptotic at this stage. Terminal
Transferase dUTP Nick End Labeling (TUNEL) assays have
shown that apoptosis in mutants occurs at E13.5 and E14.5 [9].
White cells constituted 536% and 52+6% of the sorted events in
mutants and heterozygotes, respectively. The ratio of green to
white cells accurately reflected the GFP expression observed by
histology (Fig. 1C).

Total RNA from three biological replicates of each of the four
conditions, heterozygous green (hG), heterozygous white (hW),
mutant green (mG) and mutant white (mW), was used to probe
Affymetrix Mouse 430 arrays. Data from all twelve arrays were
normalized using GC robust multiarray averaging in Genespring
software. The analysis focused on probe sets corresponding to
SSTFs , which collectively form the key interface between the
genetic regulatory information on the DNA and the RNA
polymerase II transcriptional machinery and its coregulators
[31] and which make up transcriptional network kernels [26]. The
annotated SSTTF set used in this analysis includes 177 basic, 749
zinc-coordinated, 512 helix-turn-helix, 116 B-scaffold with minor
groove contacts, and 138 other SSTF's and is an updated version of
the set described earlier [19]. These 1691 genes were collectively
monitored by 3574 probe sets.

Lbx1 Regulates SSTF Genes in a Cell Autonomous
Manner

Region, field, compartment, or cell-type specific selector genes
of Drosophila are SSTFs. They function cell autonomously in the
morphologically distinct, spatial domains of the embryo where
they are expressed. Mammalian homologs of these genes are also
expressed in spatially constrained ways in embryos. However, the
more fluid anatomy of developing mammals generally limits our
ability to delineate regions, fields, and compartments on the basis
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Figure 1. Flow Sorting of Dissociated E12.5 Neural Tubes. (A) Locations of the eight dorsal neural tube populations at E12.5 (right side). The
dI1-dI3 populations do not express Lbx1, are born in the most dorsal ventricular zone, and rapidly migrate toward the floor plate (yellow, tangerine,
and orange traces). Three small early Lbx1*populations, di4, di5, and dI6, are born in distinct layers from the middle-dorsal ventricular zone between
E10.5 and early E11.5 and move to the regions outlined by magenta and cyan traces by E12.5. Two large late Lbx1*populations, di4L” and dI4L®, are
born intermingled from the dorsal half of the ventricular zone between late E11.5 and E13 occupy the areas hatched in cyan and magenta. (B) Flow
cytometry profiles from neural tubes of heterozygotes (+/—) or mutants (—/—) prior to (top panels) and after (lower panels) sorting. Green or white
cell pools are labeled with the four array conditions (hG, hW, mG, mW) they give rise to. (C) Cross sections of heterozygous and mutant neural tubes

at the forelimb level at E12.5 stained with GFP antibody.
doi:10.1371/journal.pone.0002179.g001

of morphology alone. Consequently, it is usually not possible to
determine to what extent the putative mammalian selector genes
are functioning cell autonomously.

The average signal intensities of triplicate heterozygous and
mutant arrays were compared in scatter plots to reveal LbxI-
dependent changes in the expression of SSTF genes (Fig. 2).
Heterozygous versus mutant comparisons gave markedly different
results in green cells (Fig. 2A), which represent populations that
normally express Lbx1, and white cells (Fig. 2B), which represent
populations that normally do not express Lbx1. The scatter from
the diagonal unity line in the green cell comparison indicates that
Lbx1 regulated many SSTF genes in populations where it is
expressed. In contrast, little scatter from the unity line was
observed in the white cell comparison, indicating that few SSTF
genes are regulated in cells where Lbx1 is not expressed. These
results demonstrated that SSTF gene regulation by Lbx/ in green
cell populations have little effect on SSTF gene expression in
adjoining white cell populations. Thus, SSTF regulation by Lbx!
appears largely, or entirely, cell autonomous, consistent with the
idea that Lbx/ functions as a selector gene in a field or
compartment defined by its own expression, rather than by
morphological boundaries. Any non-cell autonomous regulation is
either subtle or occurs between green cell populations. The
absence of significant cross-talk between cell populations is
consistent with the idea that neural tube pattern formation,
during this phase, consists of a series of cell autonomous transitions
between stable transcriptional network states.

Only the probe sets for Lbx! and its corepressor, Lbxcorl,
showed significant signal reductions in the white cell comparison,
albeit from much lower basal signals than in the green cell
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comparison. The loss of residual signal from Lbx1 probe sets is
expected in null mutants. The concomitant reduction of residual
Lbxcor] RNA likely reflects a particularly high affinity interaction
of Lbx1 with a ¢is-regulatory module of this gene.

Lbx1 Regulates at Least 6% of SSTF Probe Sets

The large number of SSTT genes that were regulated by Lbx/ in
green cells was surprising in light of the relatively simple genetic
diagrams that currently describe neural tube development and the
lack of non-cell autonomous regulation. The low level of scatter in
the white cell comparison indicated that the noise between
biological replicates was very low (Fig. 2B). However, it remained
possible that there was simply more variability in gene expression
in green samples. The nonparametric permutation fold-scanning
method [19] was applied to measure the false discovery rate (FDR)
at different fold-cutoffs in green (Fig. 3A) or white (Fig. 3B) cell
pools. The details of this method are described under Materials
and Methods.

Internal comparisons between triplicate arrays reveal false
discoveries arising from combined noise, biological and array
processing, of the measurements. The number of false discoveries
at each cutoff was very similar in each of the four conditions, as
would be expected for noise. Cross comparisons between
heterozygous and mutant showed more changes than internal
comparisons at each cutoff in both green and white cells.
However, in green cells the difference between cross and internal
comparisons was far greater than in white cells at all cutoffs and at
all FDRs. For example, the FDR reached 5% at the 1.3 fold cutoff
in the green comparison. At this cutoff, 180 of the 3108 probe sets
(6%) were true positives. In striking contrast, the FDR reached 5%
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Figure 2. Identification of Lbx1-dependent SSTF Targets. Comparisons were between heterozygotes (x-axis) and mutants (y-axis) in green
(left panel) and white (right panel) cell pools. The average intensity values from three independent arrays of three independent isolates are shown.
Values for 3574 probe sets corresponding to 1691 SSTF genes are plotted. All 12 arrays were normalized using GCRMA. Color coding, given to each
probe set based on their behavior in the green comparison, was maintained in the white comparison. Colored dots represent probe sets that change
in a uniform direction in all of the 9 possible 2-way comparisons between the three mutant and three heterozygous arrays of green cells. Probe sets
are color coded to show those that passed the 1.3 fold threshold in 35-84 (red), 1-34 (cyan), or zero (green ) permutations of three pair wise, logical
AND, comparisons in green cells. Red probe sets were selected to create the tables. Note that red probe sets change in the green comparison but not
in the white comparison. The positive controls Lbx1, Lmx1b, Isl1, and Foxd3 are indicated. No probe sets exists for Pax2. However, both Pax8 and

Pax5 are regulated in the direction predicted for Pax2.
doi:10.1371/journal.pone.0002179.g002

at the 2.1 fold cutoff in the white comparison. At this cutoff, only
the LbxI and Lbxcorl probe sets were true positives. At the 1.3 fold
cutoff in white cells, the FDR was 50% and only 20 SSTTs are true
positives. Taken together, these analyses provide a quantitative basis
for the assertion that Lbx/ regulates 6% of SSTF probe sets in Lbx1
expressing populations. The large number of SSTF probe sets with
altered expression cannot be dismissed as measurement noise.

Selecting Interactions for the Network Model

Lists of SSTF genes that are targets of Lbx! in green cells
(Tables 1, 2) were established by applying similar algorithms as in
the permutation fold-scanning analyses above. The database was
first queried for probe sets that change in a uniform direction in all
nine cross comparisons (Fig. 2, colored dots). This condition was
satisfied in 697 of the 3574 probe sets. These 697 probe sets were
queried for those that pass the 1.3 fold cutoff in all three cross
comparisons of at least one permutation of three cross compar-
isons (Fig. 2, cyan and red dots). This condition was satisfied by
426 probe sets. These probe sets were ranked by the number of
permutations that satisfy the 1.3 fold cutoff. The 1.3 fold cutoff was
satisfied for all 84 permutations for 145 probe sets, for 43-83
permutations for 24 probe sets, and for 1-42 permutations in 257
probe sets. The list was cut at the permutation break nearest the
expected number of true positives at a 5% FDR (i.e. 180 probe
sets). Thus, only the 203 probe sets with =35 permutations passing
the 1.3 fold cutoff were selected (Fig. 2, red dots). These constitute
6% of all probe sets and corresponded to 8% of known SSTF
genes. LbxI repressed 70 and activated 71 SSTF genes (Tables 1,
2). Only 5% are expected to be incorrectly identified interactions.
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Furthermore, 65 were regulated at least 2 fold and 33 were
regulated at least 3 fold. Thus, Lbx] causes widespread, and large,
perturbations in the transcriptional network of developing dorsal
horn neurons in a relatively short time after it begins to be
expressed.

With few exceptions (asterisks), the differences observed in these
probe sets were significant at the 95% confidence interval in t-tests.
For comparison, 18% of probe sets that showed an average fold
change greater than 1.3 and passed the t-test at the 95%
confidence interval were not selected by the permutation analysis.
In contrast , only 8% of the 203 selected probe sets failed the t-test
at the 95% confidence interval (Tables 1, 2; asterisks). Thus,
selection by permutation analysis is more stringent than selection
by average fold change and t-test. Both methods produce similar
lists of targets.

Microarray analysis provided a detailed snapshot of the flux in
the transcriptional network when Lbxl is removed from the
system. However, the permutation analysis allows the resolution of
the snapshot to be understood intuitively by quantitatively linking
the number of selected targets to a FDR. The resolution of the
snapshot is limited by the FDR that one considers acceptable. A
lower FDR translates to a higher effective cutoff and produces a
shorter target list. Nevertheless, demanding excessively low FDRs
is counterproductive because it eliminates many true interactions
and subtle influences on the network that produce reasonable
constraints on an evolving network model. The ability of a given
FDR to produce a low cutoff is limited by the ability to reproduce
data in biological replicates. For example, the green and cyan dots
are closer to the unity line in the white cell comparison (Fig. 2B)
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Figure 3. Limiting the Total Target Number by FDR. A) Array data from GFP expressing cells of neural tubes (Green) was compared. These are
cells that normally express Lbx1. B) Array data from neural tube cells lacking GFP (White) was compared. These are cells that normally lack Lbx1. In
each panel, the results from individual arrays was compared, in a pair-wise manner, between replicate arrays of the same condition (internal), and
between arrays of mutant and heterozygote conditions (cross). Triplicate array measurements allowed three pair wise internal-comparisons to be
made for each of the four conditions (hG, mG, hW, mW) and nine pair wise cross-comparisons to be made between mutant and heterozygote
conditions. The number of probe sets with fold changes at or above a given fold cutoff in three specific internal-comparisons was measured and
represents the number of false positives because the comparison was between biological replicates (open squares). The numbers of probe sets with
fold changes at or above a given fold cutoff for three specific cross-comparisons between heterozygous and mutant arrays was measured in a
comparable manner. Each of the 84 possible permutations of three specific cross-comparisons (of the nine available cross-comparisons) was
evaluated at each fold cutoff. The average value obtained from all 84 permutations (filled squares) was plotted in each panel and represents the total
number of positives, true plus false. By this method, the number of probe sets above a given fold cutoff was determined in an equivalent manner in
cross- and internal-comparisons. The FDR (blue circles) was calculated by dividing the false positives by the total positives. The number of true
positives (triangles) was calculated at each fold cutoff by subtracting the false positives from the total positives (see Materials and Methods for a more

detailed description of the analysis) .
doi:10.1371/journal.pone.0002179.9003

than in the green cell comparison (Fig. 2A). These dots represent
probe sets whose signals changes in a uniform direction in all single
array comparisons, but which fail the 1.3 fold comparison in =49
permutations. The genes corresponding to these probe sets were
not included in the tables, but potentially have LbxI/-dependent
expression. One may expect that a larger number of replicate
arrays would decrease the cutoff corresponding to a 5% FDR and
would allow almost all probe sets to be identified as targets.
However, probe sets need to change in a uniform direction in all
single array comparisons to be considered in fold scanning
analyses. Larger numbers of replicate arrays increase the
stringency of this criterion and more probe sets, whose changes
are not reproducible or are due to stochastic noise, are thereby
eliminated. Permutation analyses allow the quality of different
epistasis data sets obtained by microarray analyses to be quantified
so that their use in assembling network models can be
appropriately weighted.

Repressed Target Genes

Three target genes, Foxd3, Isll, and Pou4fl, are known to be
repressed by Lbx1 [9,30] and appear in Table 1. Foxd3 and Isll
are normally expressed in postmitotic populations that do not
express Lbx1. They are normally not expressed in any of the Lbx1
expressing populations. In Lbx/ mutants, Foxd3 is specifically
upregulated in the dI4L* and I4 populations, and TIsll is
specifically upregulated in the T4L® and I5 populations, respec-
tively The upregulation of each of these genes in only half of the
green cells resulted in some of the strongest effects observed. The
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effects were so strong because none of the green populations
initially expressed these genes. Similarly strong effects were
observed for the Hmx2, Hmx3, and Ofp homeobox genes that
have not yet been implicated in the neural tube GRN. The RNA
i situ patterns of these genes show that their expression is
restricted to regions corresponding to the most dorsal postmitotic
neural tube populations [32,33]. Taken together, the results
suggest that these three new genes: (1) are expressed in few, if any,
of the Lbx1 expressing populations, (2) are strong candidates to
play a role in establishing the kernels that specify dorsal cell types,
and (3) must be shut down by Lbx/ in the same way Foxd3 and Is/]
are shut down to create the network kernels that specify the dI4-
dI6, dI4L* and dI4LP cell types.

The data for the known Lbx1 target gene Pouéfl (Bm3a)
illustrates how striking effects observed in specific populations by
immunohistochemistry become moderate effects in microarray
analyses because of the pooling of populations. Pou4f1 is normally
expressed in dI5 and dI4L® but not in dI4, dI6, or dI4L* [2].
Poudfl is specifically upregulated in the dI4 and dI4L®
populations of mutants [30]. The early populations each
contribute approximately 7% of the green cells whereas the late
populations each contribute approximately 40% of green cells.
The heterozygous green cells therefore contain 47% cells that
express Pou4fl and 53% that do not. In mutants, only dI6 does
not express Brn3a. Thus, 93% of green cells express Pou4fl. The
moderate 2-fold increase observed in the microarrays of mutant
green populations is consistent with these observations. It becomes
clear that the smaller changes observed for many SSTFs may be
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Table 1. SSTF Genes (1691 genes; 3574 probe sets) Repressed by Lbx1 in the Neural Tube (4%)

Heterof Mutantf
Class® #P  SSTFC NT ¢ UCR® (n=3) (n=3) Fold A°
(Highest) Average Signal of PS (Lowest)
1. Basic (177 genes; 362 probe sets) 9% repressed
bHLH 1 Olig3 d,vz 137 5620 2207274 39.1
2 Bhlhb4 v 9+2 129+26 14.2
3 Neurog2 d,vz 931+178 4346+ 156 4.7
4 Bhlhb5 dc, vz 33/+ 729+50 2147+245 2.9
5 Nhlh1 dc, vz 1288+749  2927+600 23
6 Npas3 d, vz 125/+ 290*18 678*41 23 24 2.1 13
7 Neurod1 d 895+79 1752+211 2.0 1.6*
8 Neurod2 pm 121 336+128 49750 1.5% 1.6*
9 Neurod4 pm 351+63 1541+477 4.4 5.0 1.2%F
10 Tcf15 vz (7) 140=+27 215+173 15
11 Ebf2 pm 413+87 617+23 1.1% 1.2* 1.5
12 Ebf1 pm 77/+ 1804+79 2328+189 13 1.7*% 1.6 1.6*
13  Ptfla vz,pm 130 69+41 133£30 2.0*
14  Ascl1 d, vz 491+65 654+58 13 1.6*
bHLH-ZIP 15 Myc ns 10174 150+3 1.5
bHSH 16  Tcfap2a dc,pm 30/+ 4175*+172 6205*+890 1.5 15 1.1*
2. Zinc-coordinated (749 genes; 1627 probe sets) 2% repressed
Cc4 17 Nr4a2 pm 16/+ 526+139 7015=*615 133 29.0 16.6 3.4
18  Esrrg pm 53 284+38 1767+274 6.2 1.0%F
C2H2 19  Zfp503 + 5/+ 1784+236  4523+698 2.5 3.0
20 Prdm8 nd 44 574+139 1258+48 2.2
21 Bnc2 nd 25/+ 55+17 103*+174 1.9 1.9 1.0%F 1.0%F
22 Sall1 dvzpm + 711x70 1324+68 1.9 24
23 Repin1 ns 17x7 30*6 1.2* 1.1* 1.7% 1.2%%
24 Zbtb20 d 112/+ 103749 1498164 1.4 1.5% 1.7 1.5*% 1.4* 1.6 14  1.7*
25 BC035954 nd + 14125 222+35 1.6
26 KIf7 + + 59681 958+93 1.6 1.5 2.0 1.8
27 Zfp703 nd 52 379*53 638*+76 1.7 1.0%F
§ Zfp319 ns 279+29 41149 1.4 1.2* 1.5 1.4*
29 Zfp787 ns 19+2 27+4 1.3% 1.2% 1.4+ 1.0%  11*F 1.0%F
2 Btbd4 nd 342+26 497 +34 1.5 1.2* 1.1* 1.4%
31 Glis2 vz 239+10 326+20 1.4 1.1*
CCHC 32 Peg10 nd 14*6 35+9 2.4}
DHHC 33 Zdhhc2 ns 319+30 565+73 1.8 1.9 2.2 23
3. Helix-turn-helix (512 genes; 1026 probe sets) 7% repressed
HD 34 Hmx3 dc 29 9+17 460+96 53.3
35 Hmx2 dc 29 104 425+20 41.2
36 Isl1 v, dc + 233*1741 6128+941 26.3 26.7
37 Otp v, dc 26 244+65 6059+1782 24.9 1.1%F
38 Phox2b dc 64/+ 467+350 4194+324 9.0 3.0
39 Lhx9 dc 4 21+174 54+13 2.6 1.0% 1.3*F
40 DIx1 ns 34+6 53*171 1.6*7
41 Pou4f2 d,pm 48/+ 582+23 3914246 6.7
42 Pou3f1 dc 59 339+105 1728160 5.1 5.0
43  Pou4f1 d,pm 79 5556492 10500+887 1.9 2.0
44 Hoxa7 pm 56 540+77 921=*17 1.7
45 Hoxc13 Vv, pm 69 8+7 14+5 1.8*f
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due to large changes in specific populations that are ameliorated
by the pooling of populations in the analysis.

A large number of SSTF genes that have known functions in the
establishment of the dorsal progenitor domains show higher
expression levels in Lbx! mutants (Table 2). These include Olig3,
Neurog2(Ngn2), Ascll(Mashl), Gshi, Gsh2, Mathl, Pax3, Pax7, and
Pifla. These genes are generally expressed in the dorsal ventricular
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Table 1. cont.
Heterof Mutantf .
Class® #P  SSTFE NT ¢ UCR®  (n=3) (n=3) Fold A
(Highest) Average Signal of PS (Lowest)
46 Hoxc10 v, pm 69 284+96 825+64 2.9
47 Hoxc9 vV, pm 69 629+12] 1157+54 1.8
48 Hoxc8 v, pm 69 2607 =346 4088+305 1.6
49 Hoxc6 v, pm 69 512+4] 850+23 1.7 1.6 13
50 Hoxd10 v, pm 15 275*118 618=*17121 2.2
51 Hoxd9 vV, pm 15 492+1767 1157x110 2.4
52 Hoxd8 + 15 588+147 1153+226 2.0 1.8
53  Hoxd1 d (@) 15 22+5 415 1.9+
54 Pax3 d, vz 118 366+77 972+190 2.7 2.6 3.0%
55 Pax7 d, vz 128 29+2 63*14 2.2 1.8*
56 Gsh2 d, vz 49+8 104=£175 2.1
57 Gsh1 d, vz 72 33+7 61x16 1.9%
58 Tgif2 + 293+35 39136 13 15
59 Pbx3 pm 7 8701256 12106+17173 1.4 1.5
60 Shox2 pm, dc 42 143=71 634451 4.4* 2.4*
61 BarHI1 pm,dc 120 271 69+39 2.1* 2.6%
FH 62 Foxd3 dcv 17 15+2 715*33 46.9
63  Foxp2 Ve 9/+ 397+121 2898+273 7.3 8.3 8.0 8.5 3.9 1.2%F
64  Foxpl m,vc,vz 12/+ 349+4] 1626+167 4.7 5.3 4.7 4.8 5.2 4.5 4.2
65 Foxp4 pm 128 77+23 324+77 4.2 5.2 1.2%F
TC 66 Ncor2 \Y 250+27 487+100 1.9 1.8
67 DII3 vz 1318798 2253*36 1.7
68 Astel nd 305 42+8 1.4%
4. B-scaffold (116 genes; 281 probe sets) 0.9% repressed
HMG 69  Sox1 vz 55+5 10025 1.8 1.0%F
5. Other (138 genes; 279 probe sets) 0.7% repressed
70 Dach2 pm + 86+21 19650 2.3 1.8*%F
?Categories and classes according to TRANSFAC (Braunschweig, Germany)
PBold indicates known nodes or predicted active nodes that behave like known nodes (Kioussi et al., 2006). Underline indicates other predicted active nodes with
greater than 1.3 fold partitioning.
“Names according to Mouse Genome Informatics (MGI). Bold indicates SSTFs of the known set (Kioussi et al., 2006).
dEstimated regional expression in the developing neural tube. Estimates are based on expression data linked to the SSTF’s MGl website. Expression was observed
somewhere between E9.5 and E13.5. Accurate RNA in situ data at E12.5 and double-labeling immunohistochemical data are often not available. Codesare as follows:
“+", region specific expression observed; vz, ventricular zone; pm, postmitotic layer or mantle zone; svz, subventricular zone between vz and pm; d, dorsal; v, ventral;
dc, dorsalcommissural; da; dorsal association; ns, not seen; nd, no data available.
€Sandelin et al., 2004 lists the 150 largest clusters of ultra conserved regions (non-coding) in the entire mammalian genome (1 is the largest ,150 is the smallest on their
list). The number shown indicates the position of this SSTF on their list. “+” indicates that the UCR cluster is enriched in Sox, Pou and homeodomain binding sites
(Bailey et al., 2006).
fValues are the average and standard deviation from three microarray values. Data shown is from the probe set with the highest average signal, in all 12 arrays, of those
that passed the t-test, or, if none passed t-test, of all.
9Probe sets that passed the 1.3 fold threshold 35 to 84 possible permutations of three pairwise, logical AND comparisons (bold) were selected to establish the initial
SSTF gene list. All other probe sets corresponding to these genes were identified in the UCSC genome browser and were added to the table (plain text). Multiple probe
sets for a given gene were ranked by their average signal in all 12 arrays an their fold change listed. Asterisk (*) indicates that a probe set failed the t-test at the 95%
confidence interval. Dagger (}) indicates that the average signal intensity of the probe set was below 30 (or <0.1% of maximum).
doi:10.1371/journal.pone.0002179.t001

zone and are not co-expressed with Lbx1, which appears shortly
after the last cell division [9].

Notably absent from the list of repressed targets are SSTFs that
are known to be expressed specifically in nascent postmitotic
ventral interneurons (Evxl, Evx2, Enl, Chx10, Siml, Sox14, Etvl,
Etwd, Gata2, Gata3), motor neurons (Isl2, Lhx3, Lhx4, Hixb9 (Hb9,
MNR?2)), or the ventral progenitor laminae (DbxI, Dbx2, Nkx6.2,
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Table 2. SSTF Genes (1691 genes; 3574 probe sets) Activated by Lbx1 in the Neural Tube (4.1%)
Heterof Mutantf
Class® #P  SSTFC NT®  UCR® (n=3) (n=3) Fold A®
(Highest) Average Signal of PS (Lowest)
1. Basic (177 genes; 362 probe set) 5% activated
bZIP 1 Mafa + 487=+115 48=+12 —10.2
2 Mafb da 271+33 64+8 —4.2 —2.6
3 Jun + 255+52 129+173 —-2.0 —-2.1
A_l Jundm2 ns 75 442+12 313*23 -1.4
bHLH 5 Neurog3 vz 25+4 12£5 —-2.1 —1.1%f
6 I1d4 d + 7606+306 3816930 —-2.0 -1.9 -1.9 