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INTRODUCTION
Epigenetic mechanisms that regulate access to the genetic material
govern cell differentiation and embryonic development. This
epigenetic control is mainly mediated by covalent modifications of
histones and DNA (Kouzarides, 2007). Recently, histone
methylation has received special attention as an essential regulator
of gene expression. In particular, methylation of lysine 27 of
histone H3 (H3K27me3) has been found to be an important
regulator of embryonic development and cell homeostasis
(Margueron and Reinberg, 2010; Morey and Helin, 2010). The
enzymes responsible for this activity are enhancer of zeste
homologs 1 and 2 (EZH1/2) (Cao et al., 2002; Czermin et al., 2002;
Kuzmichev et al., 2002). H3K27me3 is recognized by the
chromodomain of the polycomb protein that forms part of PRC1
(Cao et al., 2002; Lois et al., 2010). The recruitment of PRC1 leads
to final transcriptional repression (Cao et al., 2002), a state that can
be reversed by the removal of H3K27me3 marks by Jumonji C
(JmjC) domain-containing proteins, JMJD3 and UTX histone
demethylases (Agger et al., 2007; De Santa et al., 2007; Lan et al.,
2007; Lee et al., 2007). The importance of the balance between
methyltransferase and demethylase activity is reflected by the fact
that many key developmental promoters are often marked by
H3K27me3 (Boyer et al., 2006; Bracken et al., 2006; Lee et al.,
2006; Pan et al., 2007). Indeed both UTX and JMJD3 derepress
HOX genes and a subset of neural and epidermal differentiation
genes (Agger et al., 2007; Burgold et al., 2008; Jepsen et al., 2007;

Lan et al., 2007; Lee et al., 2007; Sen et al., 2008). In particular,
UTX is enriched around the transcription start sites of many HOX
genes in primary human fibroblasts, which correlates with a strong
decrease in H3K27me3 levels. However, in embryonic stem cells
(ESCs), in which these genes are repressed, UTX is excluded from
the HOX loci (Agger et al., 2007; Lan et al., 2007). In addition,
inhibition of a zebrafish UTX homolog or the Caenorhabditis
elegans JMJD3 ortholog leads to mis-regulation of HOX genes and
developmental defects (Agger et al., 2007; Lan et al., 2007).
However, in isolated cortical progenitor cells, SMRT prevents
retinoic-neuronal differentiation by repressing the expression of
JMJD3, which can activate specific components of the neurogenic
program (Jepsen et al., 2007). These findings show an important
contribution of JMJD3/UTX during development. However, in
spite of the essential role of H3K27me3 and its demethylases
during development, we do not know how they respond to
developmental signals.

Signaling pathways are essential during development.
Specifically, transforming growth factor  (TGF) signaling is
important for both embryonic development and tissue homeostasis
(Moustakas and Heldin, 2009). At the cellular level, TGF
regulates cell growth, differentiation, adhesion, migration and death
in a cell context-dependent manner (Yang and Moses, 2008).
However, alterations in TGF signaling lead to congenital
malformations, inflammation and cancer (reviewed by Gordon and
Blobe, 2008; Massague et al., 2005). Mechanistically, TGF
transduces signals from the plasma membrane by interacting with
type I and type II receptors, which are serine/threonine kinases.
Cytokine binding induces phosphorylation and activation of Smad2
and Smad3 at C-terminal serine residues, while activated Smad2/3
proteins interact with Smad4 to enter the nucleus and regulate gene
expression (Feng and Derynck, 2005; Shi and Massague, 2003;
Varga and Wrana, 2005). The biological output of TGF pathway
activation depends on the subset of genes that are regulated in each
cellular context (Massague, 2000), which, in turn, varies with each
particular combination of co-factors. Specific chromatin modifier
enzymes have been associated with activated Smad proteins, such
as histone acetyltransferases P/CAF, CBP/p300 or the ATP-
dependent remodeling factor Brg1 (Feng and Derynck, 2005;
Massague et al., 2005; Xi et al., 2008). In particular, the TGF
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SUMMARY
Neural development requires crosstalk between signaling pathways and chromatin. In this study, we demonstrate that neurogenesis
is promoted by an interplay between the TGF pathway and the H3K27me3 histone demethylase (HDM) JMJD3. Genome-wide
analysis showed that JMJD3 is targeted to gene promoters by Smad3 in neural stem cells (NSCs) and is essential to activate TGF-
responsive genes. In vivo experiments in chick spinal cord revealed that the generation of neurons promoted by Smad3 is dependent
on JMJD3 HDM activity. Overall, these findings indicate that JMJD3 function is required for the TGF developmental program to
proceed.
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Genome-wide analysis reveals that Smad3 and JMJD3 HDM
co-activate the neural developmental program
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effectors Smad2/3 interact with JMJD3 to de-repress certain loci in
ESCs (Dahle et al., 2010; Kim et al., 2011). Here, we demonstrate
by genome-wide analysis and in vivo experiments that TGF-
neural development-associated function requires JMJD3 activity.

The results of the present study show by ChIP-Seq analysis that
JMJD3 and Smad3 colocalize at the transcriptional start site (TSS)
of TGF responsive genes in neural stem cells (NSCs). Moreover,
genome-wide expression profiling reveals that the neural
developmental targets of TGF signaling require JMJD3 for proper
regulation. Finally, in vivo experiments in chick developing spinal
cord demonstrate that JMJD3 activity is essential for Smad3-
induced neuronal differentiation.

MATERIALS AND METHODS
Cell culture and CoIP assays
Human 293t cells were grown under standard conditions (Blanco-Garcia
et al., 2009). Mouse NSCs, provided by Dr K. Helin (University of
Copenhagen, Denmark), were dissected out from cerebral cortex of mouse
embryos (E12.5) and cultured in a poly-D-lysine (5 mg/ml, 2 hours at 37°C)
and laminin (5 mg/ml, 4 hours at 37°C) pre-coated dishes growing with a
media comprising equal parts DMEM F12 (without Phenol Red, Gibco)
and Neural Basal Media (Gibco) containing penicillin/streptomycin and
Glutamax (1%), N2 and B27 supplements (Gibco), non essential amino
acids (0.1 mM), sodium pyruvate (1 mM), Hepes (5 mM), heparin (2 mg/l),
bovine serum albumin (25 mg/l) and -mercaptoethanol (0.01 mM). We
added fresh recombinant human EGF (R&D Systems) and FGF
(Invitrogen) to 20 ng/ml and 10 ng/ml final, respectively. NSCs preserve
the ability to self-renew and to generate a wide range of differentiated
neural cell types (Calloni et al., 2009; Gossrau et al., 2007; Sasaki et al.,
2006). TGF (Millipore) was used at a final concentration of 5 ng/ml. CoIP
experiments were carried out as described previously (Akizu et al., 2010).

Plasmids and recombinant proteins
Flag-Smad2, Flag-Smad3 and Flag-Smad3S/D cloned into pCIG vector
were kindly provided by Dr E. Martí (Garcia-Campmany and Marti, 2007).
pCIG-Myc-JMJD3 and pCIG-Myc-JMJD3 DN have been previously
described (Akizu et al., 2010). shRNA against chicken JMJD3 was cloned
in pShin vector (Kojima et al., 2004). shRNA against mouse JMJD3 was
cloned into pLKO.1-puro vector and it was purchased from Sigma
[shJMJD3(2837), TRCN0000095265]. GST-Smad3 full-length and GST-
Smad3 MH1 domain (1-155) were kindly provided by Dr J. Massagué (Xu
et al., 2003). GST-Smad3 MH2 (199-425) and Linker-MH2 (146-425)
domains were acquired from Addgene.

Antibodies and reagents
TGF was acquired from Millipore (GF111). Antibodies used were: mouse
anti-Smad3 (Abcam 55480), rabbit anti-ChIP Grade Smad3 (Abcam,
28379), rabbit anti-PhosphoSmad3 (Cell Signaling, mAb9520), mouse
anti-Flag (Sigma M2), mouse anti-Nestin (BD Biosciences, 611653),
mouse anti--Tubulin III (Tuj1, Covance, MMS-435P), rabbit anti-
trimethyl H3K27 (Millipore, 07449), rabbit anti-Sox2 (Invitrogen, 48-
1400), mouse anti-HuC/D (MP, A21271), rabbit anti-Gfap (Dako, z0334),
rabbit anti-Id1 (Santa Cruz, sc488), rabbit anti-ph3 (Upstate, 06-570) and
mouse anti-Mnr2 (DSHB, 81.5C10). Rabbit anti-JMJD3 was kindly
provided by Dr K. Helin (Agger et al., 2009). Mouse anti-Myc antibody
was a gift from Dr S. Pons (Instituto de Investigaciones Biomedicas de
Barcelona, Spain). Guinea pig anti-Lbx1 was kindly provided by Dr E.
Martí (Instituto de Biología Molecular de Barcelona, Spain).

Microarray analysis
RNAs from 106 non-stimulated or TGF-stimulated (for 2.5 hours) KD C
and KD JMJD3 cells were supplied to the Microarrays Unit of the Centre
for Genomic Regulation (CRG) LOCATION? for quality control,
quantification, reverse transcription, labeling and hybridization using an
Agilent Platform with Whole Mouse Genome microarrays. Triplicates were
analyzed for untreated and TGF-treated KD C and KD JMJD3 samples.
Fold changes (FCs) between untreated and the corresponding TGF-treated
samples were calculated by applying the AFM tool. The list of JMJD3-

dependent TGF-responsive genes was generated using a two-step
protocol. First, we identified the genes putatively sensitive to TGF
regulation. These were defined as those genes from the KD C with
significant values (adjusted P-value ≤0.05) for the fold change between
gene expression levels in TGF-treated and untreated cells (this fold
change is abbreviated as FC). Second, we used the resulting 2744 gene set
to generate the list of candidate genes. This was carried out by generating
two subsets of genes: the subset of genes for which FC remains significant
in the KD JMJD3 array (adjusted P-value ≤0.05) but showed a lower FC
(differences larger than 25% of the corresponding FC in the KD C array);
and the subset of genes with non-significant FC (P≥0.1) in the KD JMJD3
array experiment. We subsequently put these two subsets together to
produce a final list of 781 candidates. Microarray data have been deposited
in GEO database under Accession Number GSE35361.

ChIP assays
ChIPs from NSCs were carried out using previously described procedures
(Frank et al., 2001) with modifications: 3�106 NSCs untreated or treated
with TGF (5 ng/ml, for the indicated times) were fixed with di (N-
succinimidyl) glutarate (DSG) 0.2 mM for 45 minutes at room temperature
followed by formaldehyde (1% for 20 minutes). Fixation was stopped by
addition of 0.125 mM glycine. The sonication step was performed in a
Bioruptor sonicator (12 minutes and 30 seconds on, 30 seconds off). ChIP
DNA was analyzed by qPCR in a LightCycler 480 PCR system (Roche).
ChIPs from electroporated chick cells were essentially performed as
described previously (Akizu et al., 2010).

ChIP-Seq procedure
A standard ChIP protocol was used. Before sequencing, ChIP DNA was
prepared by simultaneously blunting, repairing and phosphorylating ends
according to manufacturer’s instruction (Illumina). The DNA was
adenylated at the 3� end and recovered by Qiaquick PCR purification kit
(Qiagen) according to the manufacturer’s recommendations. Adaptors were
added by ligation and the ligated fragments were amplified by PCR,
resolved in a gel and purified by Qiagen columns. Samples were loaded
into individual lanes of flow cell. We generated almost 20 million 36 bp
reads for each ChIP sample. Reads were mapped with bowtie (Langmead
et al., 2009) to the UCSC (Fujita et al., 2011) Mus musculus genome
release 9; only sequence reads mapping at unique locations were kept.
Peaks were called with MACS (Zhang et al., 2008) on each sample with
Input as control. Only one read from each set of duplicates was kept, P-
value cutoff for peak detection was set to 1e–4 and PeakSplitter was
invoked. The total number of peaks called for Smad3 and for JMJD3 were
98086 and 63154, respectively. PeakAnalyzer (Salmon-Divon et al., 2010)
was used to find the closest upstream or downstream refGene Transcription
Start Site (TSS). R language and Bioconductor (Gentleman et al., 2004),
including packages ShortRead and IRanges (Morgan et al., 2009), were
used for further annotation and statistical analysis. ChIP-Seq data have
been deposited in GEO database under Accession Number GSE36673.

Size exclusion chromatography
Size exclusion chromatography was performed with whole cell extracts in
a Superose-6 10/300 gel filtration column (GE Healthcare) on AKTA
purifier system (GE Healthcare).

Purification of recombinant proteins and GST pull down assays
GST pull-downs were performed essentially as described previously (Valls
et al., 2003).

Immunoblotting
Immunoblotting was performed using standard procedures and visualized
by means of an ECL kit (Amersham).

mRNA extraction and qPCR
mRNA from NSCs was extracted with QIAGEN columns following
manufacturer’s instructions. mRNA from dissected neural tubes was
extracted by TRIZOL (Invitrogen) protocol. qPCR was performed with
Sybergreen (Roche) in LC480 Lightcycler (Roche) using the primers in
supplementary material Table S2.
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Indirect immunofluorescence
The brachial regions from collected embryos were fixed for 2 hours at 4°C
in 4% paraformaldehyde. Indirect immunofluorescence was essentially
performed as described previously (Akizu et al., 2010).

In situ hybridization
RNA in situ hybridization of whole-mount embryos was carried out
following standard procedures (Schaeren-Wiemers and Gerfin-Moser, 1993)
using ESTbank probes for chick JMJD3, NeuroD1, Ngn2 and Smad3.

GFP+ cell position measurement
Images from electroporated (EP) neural tubes were obtained on Leica SP5
confocal. Maximum projection of 10 sections was generated and used for
quantification. Image J software was used to quantify the position of GFP+

cells along the mediolateral axis. The Y coordinate was used to define the
GFP+ cell position respect to the lumen (Y0). First, neural tube
mediolateral axis was divided into four equal quadrants encompassing the
entire Y axis (from lumen to mantle zone). Second, the Y value of each
GFP+ cell was defined. Third, GFP+ cells were grouped in one of the
quadrants according to their Y values. Finally, the percentage of GFP+ cells
in each quadrant was calculated and the average from all quantified
sections was represented in the graph (Fig. 5D).

Lentiviral transduction
Lentiviral production was performed as described previously (Rubinson et
al., 2003). Viral particles were added to NSCs and infected cells were
selected with puromycine (1 mg/ml) 24 hours later.

Chick in ovo electroporation
In ovo electroporation experiments were performed as previously described
(Akizu et al., 2010). Total EP DNA was adjusted to 3.5 mg/ml.

Statistical analysis
Quantitative data were expressed as mean and standard deviation (s.d.) of
at least three biologically independent experiments. The significance of
differences between groups was assessed using the Student’s t-test
(*P<0.05; **P<0.01).

RESULTS
Phosphorylated Smad3 interacts with JMJD3 in
NSCs
The TGF signaling pathway has recently been reported to have a
role in neural development (Garcia-Campmany and Marti, 2007).
Besides, we know that JMJD3 regulates many developmental and,
in particular, key neural promoters (Jepsen et al., 2007). Given this,
we wondered whether JMJD3 cooperated in TGF-dependent
neural development. In order to address this issue, we used a
suitable neural cell model: NSCs. First, we demonstrated that
JMJD3 and the phosphorylated form of Smad3 (Smad3P) co-
purified in TGF-treated NSC extracts in a gel filtration assay (Fig.
1A). We then confirmed that JMJD3 interacts with the Smad3P by
co-immunoprecipitation (Co-IP) experiments (Fig. 1B). Next, by
pull-down assay, we identified that the Smad3 regions responsible
for the interaction with JMJD3 are the MH1 and linker domains
(Fig. 1C, lanes 3 and 5). As these are the least well-conserved
domains between Smad2 and Smad3 proteins (supplementary
material Fig. S1A), we tested the specificity of the JMJD3
interaction with Smad proteins. Co-IP assays showed that Smad2
did not interact with JMJD3 (supplementary material Fig. S1B,C).

We then wanted to assess whether the Smad3-JMJD3 interaction
was biologically relevant for TGF function in NSCs. To this end,
we established a JMJD3 knockdown (KD) cell line of NSCs that
expresses low levels of JMJD3 without affecting Smad3 expression
(Fig. 1D) and maintaining neural stem cell identity (supplementary
material Fig. S2). Then, we analyzed the effects of JMJD3
depletion on the TGF response. As shown in Fig. 1E, TGF
treatment of control cells led to a clear decrease in Nestin, a neural
progenitor marker. By contrast, TGF failed to downregulate
Nestin in JMJD3 KD cells. These findings suggest that changes in
neural stem cell identity mediated by TGF depend on JMJD3.

2683RESEARCH ARTICLEJMJD3 regulates the TGF pathway

Fig. 1. Endogenous Smad3 and JMJD3 interact in NSCs. (A)Size-exclusion chromatography of NSC lysate showing co-elution of Smad3P and
JMJD3, and the presence of Smad3 in the lower weight fractions. (B)Co-IP of mouse NSCs lysate using anti-Smad3P antibody or unrelated IgGs in
the presence or absence of TGF for 30 minutes. (C)Upper panel shows schematic representation of GST-Smad3 fragments: full length (FL), MH1
(1-155 aa), MH2 (199-425 aa) and linker domains that also contains MH2 (146-425 aa). Pull-down assay using GST-Smad3 fusion proteins and
293t cell extracts overexpressing Myc-JMJD3. Ponceau staining of GST-Smad3 proteins (lower panel). (D)Immunoblot from control knockdown (C
KD) and JMJD3 knockdown (JMJD3 KD) cell extracts using the indicated antibodies. (E)Immunoblot showing Nestin expression prior to and after
TGF treatment for the indicated times in C KD and JMJD3 KD cells. Nestin levels (relative to Actin) were quantified by using the Image J software
(graph on the right). Input (In) corresponds to 1% of the protein present in the whole-cell extract. D
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TGF-induced gene expression profile depends on
JMJD3
To explore whether JMJD3 contributes to the TGF response, we
set out to identify genes co-regulated by TGF and JMJD3. For
this, we performed a microarray expression experiment with
control (C KD) and JMJD3-depleted NSCs (JMJD3 KD) left
untreated or treated with TGF for 2.5 hours (Fig. 2A). We
confirmed the results of the two microarrays by qPCR of 12 genes
selected to cover the whole range of changes in gene expression
(supplementary material Fig. S3A). Interestingly, from 2744 TGF-
responsive genes in control cells (P≤0.05: 1493 genes upregulated
and 1251 genes downregulated, see Fig. 2B), 781 targets were not
affected to the same extent by TGF in JMJD3-depleted cells (Fig.
2B and supplementary material Table S1). These correspond to
genes regulated by TGF in control cells but not efficiently
regulated in JMJD3-depleted cells after TGF treatment. Of these
781 candidates, 381 showed JMJD3 dependency for transcription
activation (Fig. 2B, left panel). This was more evident for genes
with larger transcriptional changes upon TGF treatment (75% of
genes with FC≥2 were not activated in KD JMJD3 cells;
supplementary material Fig. S3B), in agreement with an activating
role for JMJD3. Nevertheless, JMJD3 seems to be required to
direct or indirectly repress 400 TGF downregulated target genes
(Fig. 2B, right panel). To further characterize the differences
between C KD and JMJD3 KD cells in response to TGF
signaling, we performed an enrichment analysis of Gene Ontology
(GO) terms over the 781 JMJD3-dependent genes (supplementary
material Table S1) to identify those biological processes most
sensitive to JMJD3 levels in response to TGF signaling. The

results of this analysis showed that the most significantly enriched
GO terms were associated with development (‘anatomical structure
development’, ‘organ development’ and ‘developmental process’
with adjusted P-values of 1.76e–11, 2.75e–11 and 3.86e–11,
respectively) (Fig. 2C). In addition, other well-known TGF
functions such as apoptosis or cell proliferation and differentiation
were also dependent of JMJD3 (Fig. 2C). Overall, this result points
to a key role for JMJD3 in the regulation of TGF-responsive
genes, in particular genes associated with developmental processes.
Interestingly, some class II basic helix-loop-helix (bHLH)
proneural genes such as neurogenin 2 (Ngn2) and inhibitor of DNA
binding 3 (Id3) (Fig. 2C; supplementary material Table S1), the
activity of which is essential during neurogenesis, were not fully
induced by TGF in KD JMJD3 cells.

Smad3 and JMJD3 colocalize on gene promoters
The ability of the TGF signaling pathway and JMJD3 to co-
regulate gene transcription suggests that Smad3 and JMJD3 bind a
subset of common target genes. To investigate this hypothesis, we
identified the genome-wide binding sites of Smad3 and JMJD3 in
NSCs treated with TGF by sequencing DNA fragments of
immunoprecipitated chromatin (ChIP-Seq) (Fig. 3A). With values
normalized to the input, 98086 and 63154 peaks were detected in
ChIP data for Smad3 and JMJD3, respectively. To validate the
ChIP-Seq results, as well as the specificity of JMJD3 and Smad3
antibodies, we performed ChIP followed by qPCR for a
representative set of Smad3 and JMJD3 target genes. Specifically,
we selected: Smad3 and JMJD3 promoter targets corresponding to
genes regulated at transcriptional level by Smad3 and JMJD3

RESEARCH ARTICLE Development 139 (15)

Fig. 2. TGF and JMJD3 regulate common target genes. (A)Schematic representation of microarray analysis design. (B)Diagrams depict the
number of TGF-responsive genes that need JMJD3 to be efficiently upregulated (on the left) or downregulated (on the right). (C)GO analysis of
the TGF-responsive genes dependent on JMJD3.
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(seven upregulated and seven downregulated; supplementary
material Fig. S4A,B), and four promoters of genes not regulated in
the microarray experiment (supplementary material Fig. S4A,B).
Finally, to test the specificity of the antibodies we chose three areas
corresponding to intergenic regions occupied only by Smad3
(named IGR1, IGR2 and IGR3) and three occupied only by JMJD3
(named IGR4, IGR5 and IGR6) (supplementary material Fig.
S4A,B). Then, we examined the genomic distribution of the Smad3
and JMJD3 peaks. Our results showed that both Smad3 and JMJD3
peaks are distributed across various genomic regions
(supplementary material Fig. S4C), consistent with what has been
found in other cell contexts (De Santa et al., 2009; Kim et al.,
2011). Importantly, the overlapping regions between Smad3 and
JMJD3 are mainly located around the transcription start site (TSS)
(supplementary material, Fig. S4D,E), containing a common peak
maximum around –100 bp from the TSS (Fig. 3B,D). As shown in
Fig. 3C, 6158 promoters (–1000 to 0 bp from the TSS) were found
to be targeted by both Smad3 and JMJD3.

Interestingly, of the 381 genes that showed a JMJD3
dependency for transcriptional activation in the microarray
experiment, 215 (56.4%) were bound by Smad3 and JMJD3
(Fig. 3E, left panel and supplementary material Table S1).
Furthermore, 192 genes out of those 400 (48%) downregulated
in the microarray experiment were also direct targets of Smad3
and JMJD3 (Fig. 3E, right panel) suggesting a potential role for
JMJD3 in transcriptional repression. Enrichment analysis of GO
terms over these 407 (215 upregulated plus 192 downregulated)

Smad3 and JMJD3 co-regulated direct targets showed that the
most enriched GO terms are again associated with several
different aspects of development (Fig. 3F).

Taken together, these results indicate that JMJD3 cooperates
with Smad3 regulating the expression of genes involved in
development.

JMJD3 permanency at promoters is independent
of Smad3
To further analyze the mechanism by which TGF and JMJD3
cooperate to activate transcription, we studied several genes
involved in development and neural function (Slc16a6, Eomes,
Ngn2, Ctgf and Stx3) from those listed in supplementary material
Table S1. First, we performed a time-course experiment of Smad3
and JMJD3 recruitment at the promoters under study. Results
illustrated in Fig. 4A,B show that soon after activation (30
minutes), Smad3 and JMJD3 were recruited to the TGF-
responsive promoters but not to the control gene Hbb. Three hours
later, Smad3 had been displaced, but JMJD3 remained at most
promoters (Slc16a6, Eomes, Ngn2 and Ctgf), correlating with
mRNA accumulation (Fig. 4A,B,D). Given the known HDM
activity of JMJD3, we wondered whether its recruitment resulted
in H3K27me3 removal. It was observed that H3K27me3 levels
decreased from 3 hours after TGF treatment in the four
methylated promoters (Fig. 4C). This change was probably due to
JMJD3 because no changes were detected in H3K27me3 levels in
JMJD3 KD cells (supplementary material Fig. S5). However, this

2685RESEARCH ARTICLEJMJD3 regulates the TGF pathway

Fig. 3. Smad3 and JMJD3 colocalize on gene
promoters. (A)ChIP-Seq experimental procedure.
(B)Distribution of the distance of Smad3 (blue) and
JMJD3 (red) peaks from the TSS. (C)Venn diagram
showing promoters (–1000 to TSS) co-bound by
Smad3 and JMJD3. (D)Representation based on BED
files obtained for Smad3- and JMJD3-binding sites on
Ngn2 and Slc16a6 promoters. (E)Venn diagrams
showing genes co-bound by Smad3 and JMJD3
(±1000 bp from TSS) that are transcriptionally
upregulated (on the left) or downregulated by TGF
and JMJD3 (on the right). (F)GO analysis of genes
co-bound by Smad3 and JMJD3 that are
transcriptionally regulated by TGF and JMJD3 (407
targets; 215 upregulated plus 192 downregulated).
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decrease was slight and not always correlated with mRNA
accumulation (Fig. 4D). These data suggest that, in addition to
H3K27me3 activity, other JMJD3-dependent functions might be
involved in TGF-responsive promoter activation.

The simultaneous binding of Smad3 and JMJD3 to common
targets 30 minutes after TGF treatment led us to investigate
whether Smad3 reduction affects JMJD3 recruitment to promoters.
To address this issue, we first established a Smad3-depleted NSC
line (Smad3 KD), which express low levels of Smad3 protein
without affecting JMJD3 expression (Fig. 4E; supplementary
material Fig. S2C). Then, we analyzed the binding of Smad3 and
JMJD3 in each of the three cell lines (Fig. 4F,G). We observed that
Smad3 binding to the promoters increases upon TGF treatment in
both the C KD and JMJD3 KD cell lines, whereas, as expected, the
binding was severely reduced in the Smad3 KD cell line (Fig. 4F).
However, JMJD3 recruitment to promoters upon TGF treatment
was detected only in the C KD cell line (Fig. 4G).

Taken together, these findings indicate that the TGF pathway
activates the expression of some target genes through a rapid
recruitment of JMJD3 by Smad3 to the corresponding promoters.
JMJD3 targeting triggers H3K27 demethylation and subsequent
transcriptional initiation, whereas Smad3 is displaced and no longer
required for stable JMJD3 binding. Moreover, the active
recruitment of JMJD3 to the non-H3K27-methylated Ctgf promoter

and the low decrease of H3K27me3 at methylated promoters
suggests that JMJD3 may have an additional role in transcriptional
activation, beyond its HDM activity on H3K27me3.

TGF-induced neurogenesis in the spinal cord
requires JMJD3
The findings described above support the idea that Smad3,
together with JMJD3, regulates genes important for neural
development (Fig. 2C, Fig. 3F). Hence, we tested whether
JMJD3 cooperates with the TGF pathway in an in vivo model
of neural development, the chick embryo neural tube.
Structurally, three zones can be distinguished in a transversal
section of neural tube: the ventricular zone (VZ), where
proliferating progenitors reside; the transition zone (TZ), where
neuroblasts exit the cell cycle to initiate differentiation; and the
mantle zone (MZ), where the final differentiated neurons reside
(Fig. 5B). We first examined the expression domains of Smad3
and JMJD3 in developing spinal cord. In situ hybridization (ISH)
of transverse sections of Hamburger and Hamilton (HH) stage
24-26 embryos showed that both mRNA were expressed in
similar domains: in the dorsal part of the VZ and in the TZ (Fig.
5A,B). In addition, Smad3 immunostaining experiments show a
similar distribution of active (nuclear) Smad3 (supplementary
material Fig. S6). The extended colocalization of Smad3 and
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Fig. 4. Smad3 recruits JMJD3 to promoters in response to TGF. (A-D)ChIPs [of Smad3 (A), JMJD3 (B) and H3K27me3 (C)] and mRNA levels
(D) analyzed by qPCR were performed in NSCs left untreated (0 hours) or treated with TGF (30 minutes, 3 hours or 6 hours). Graphs on the right
represent the mean levels at the analyzed promoters. (E)Immunoblot from C KD and Smad3 KD cell extracts using the indicated antibodies.
(F,G)ChIPs of Smad3 (F) and JMJD3 (G) analyzed by qPCR at the indicated promoters were performed prior to and after TGF treatment (30
minutes) in C KD, JMJD3 KD and Smad3 KD NSC lines (see key). ChIP results are presented as fold enrichment over a region negative for Smad3
and JMJD binding (G6pd2 gene, see supplementary material Table S2). Hbb is an additional negative control represented in the graph. Three
biological replicates were used in each ChIP experiment. Data are mean±s.e.m. *P<0.05, **P<0.01.
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JMJD3 along the dorsoventral axis of the TZ in the neural tube
(Fig. 5A,B) and the previously reported function of Smad3 in
inducing neuronal differentiation in this model (Garcia-
Campmany and Marti, 2007) suggest that Smad3 and JMJD3
could functionally cooperate in developing spinal cord.

To analyze the function of the proteins of interest, we
electroporated the recombinant DNAs cloned in a bicistronic vector
containing GFP sequence in the neural tube; thus, the EP cells were
GFP positive (GFP+). It has been previously shown that
overexpression of the pseudo-phosphorylated Smad3 (Smad3S/D)
in the chick neural tube promotes neuronal differentiation (Garcia-
Campmany and Marti, 2007) (Fig. 5C-J). The neuronal
differentiation phenotype can be monitored in three ways: (1)
lateral distribution of GFP-positive cells; (2) analysis of progenitor
markers; and (3) neuronal differentiation marker expression. Fig.
5C,D shows that Smad3S/D in ovo EP cells differentiate earlier
and, as a consequence, are mainly in the MZ of the neural tube
where fully differentiated neurons are found, in contrast to the even
distribution observed for the empty vector EP cells (Fig. 5C,D). In
line with this, Smad3S/D EP cells are excluded from the progenitor
zone stained with Sox2 marker (Fig. 5E,F), and, furthermore,
express high levels of the neuronal differentiation markers HuC/D
and Tuj1 (Fig. 5G-J). We then tested whether Smad3-mediated
phenotype was related to JMJD3 overexpression by checking

JMJD3 mRNA levels upon Smad3 electroporation, but we did not
observe any increase in the transcript of the demethylase
(supplementary material Fig. S7).

Next, we sought to assess the role of endogenous JMJD3 on
Smad3-induced neuronal differentiation. To achieve this, we first
cloned an shRNA for chick JMJD3 in a bicistronic vector containing
GFP sequence, which efficiently reduces JMJD3 levels (Fig. 5K).
Then, we electroporated in ovo Smad3S/D together with shJMJD3
and analyzed the previously described markers. First, we investigated
the distribution of GFP+ cells. In this case, co-EP GFP+ cells failed
to migrate to the MZ, in contrast to EP Smad3S/D cells, indicating
that the lack of JMJD3 counteracts Smad3 neurogenic induction
(Fig. 5C,D). Moreover, Smad3S/D and shJMJD3 co-EP cells
expressed higher levels of Sox2 proliferation marker than did
Smad3S/D EP cells (percentage of Sox2+/GFP+ cells: empty vector
55.43%, Smad3S/D 6.54%, Smad3S/D together with shRNA-JMJD3
56.26%) (Fig. 5E,F). In addition, the total number of Sox2+ cells in
the EP side was recovered, counteracting the global progenitors
reduction promoted by Smad3 (supplementary material Fig. S8A).
Furthermore, Smad3-shJMJD3 co-EP cells express fewer HuC/D
and Tuj1 differentiation markers than do Smad3S/D EP cells
(percentage of HuCD+/GFP+ cells: empty vector 48.96%, Smad3S/D
84.22%, Smad3S/D together with shRNA-JMJD3 41.24%;
percentage of Tuj1+/GFP+ cells: empty vector 47.74%, Smad3S/D
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Fig. 5. Smad3 and JMJD3 cooperate to induce neuronal differentiation in chick spinal cord. (A)Smad3 and JMJD3 mRNA in situ
hybridization in HH25-26 embryo spinal cord. (B)Schematic representation of Smad3 and JMJD3 expression domains shown in A. (C,E,G,I) HH12
embryos were electroporated in ovo with the DNAs (cloned into a bicistronic vector containing GFP) indicated in the vertical boxes and processed
(48 hours PE) for the immunostaining indicated. The right side corresponds to the electroporated side (GFP positive). (D)Quantification of the lateral
distribution of GFP+ cells from the lumen to the mantle zone of the neural tube. (F,H,J) Graphs showing the percentage of electroporated cells
(GFP+) positive for Sox2, HuCD and Tuj1, respectively. Data are the mean of n30 sections (from 4-6 embryos). (K)JMJD3 mRNA levels were
determined by qPCR from sorted EP neural tube cells (GFP+) with the empty vector (E. vector) or shRNA of JMJD3-containing vector (shJMJD3) for
48 hours. Data are mean±s.e.m. **P<0.01.
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85.23%, Smad3S/D together with shRNA-JMJD3 45.33%) (Fig. 5G-
J; supplementary material Fig. S8C). According to the global
changes observed in the progenitors population, the increase of
differentiated cells (HuCD+ or Tuj1+) promoted by EP of Smad3S/D
was impaired in Smad3-shJMJD3 co-EP neural tubes
(supplementary material Fig. S8B). To further confirm the
cooperation of JMJD3 with active Smad3 to induce neuronal
differentiation, we performed JMJD3 gain-of-function experiments.
Results in supplementary material Fig. S9 strongly support our
previous results by showing that co-EP of Smad3S/P and JMJD3
wild type leads to premature and ectopic neuronal differentiation
induction.

As the endogenous chick Smad3 is active (supplementary
material Fig. S6) we tested the effect of loss of function of JMJD3
on endogenous neuronal differentiation. Electroporation of
shJMJD3 alone had a blocking effect on endogenous neuronal
differentiation (supplementary material Fig. S10A-D), that equally

affects dorsal and ventral terminally differentiated neurons
(supplementary material Fig. S10E-G). These results strongly
indicate that JMJD3 is required for Smad3 to induce neuron
generation in chick embryo spinal cord.

Next, we wondered about the correlation between the observed
phenotypes and the H3K27me3 status of the EP cells. To achieve
this, we checked the H3K27me3 levels of shJMJD3 and JMJD3
wild-type EP cells. Results in supplementary material Fig S11
indicate that, even though we could not detect a global increase in
the H3K27me3 levels in JMJD3 depleted cells (probably owing to
technical limitations), we observed a decrease in H3K27me3 signal
upon EP of JMJD3 wild type. Moreover, this global demethylation
promoted by JMJD3 wild type electroporation correlates with the
dramatic neuronal differentiation observed when Smad3 is co-
electroporated with JMJD3 wild type (supplementary material Fig.
S9). Overall, these results point to an important function of JMJD3
regulating H3K27me3 levels in the neural tube.
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Fig. 6. NeuroD1 is a target of Smad3 and JMJD3 in the neural tube. (A)Schematic representation of bHLH gene expression during
neurogenesis. (B)Schematic representation of chick embryo RNA extraction and ChIP procedures. (C)NeuroD1 mRNA levels from EP neural tube
cells (GFP+) with the indicated DNAs were determined by qPCR. (D-F)ChIPs analyzed by qPCR from EP neural tube cells (GFP+) with DNAs indicated
on the x-axis of the graphs using H3K27me3 (C), Flag (D) and Myc (E) antibodies at the NeuroD1 promoter. Results are represented as fold
enrichment over negative binding regions for Smad3 and JMJD3 (±s.e.m.). Tll promoter was used as negative control for Smad3 and JMJD3
binding, and Hes5 promoter as negative control for H3K27me3. Three biological replicates were used in each experiment. *P<0.05, **P<0.01.
(G)Schematic diagram summarizing our results. In the non-EP side of the neural tube, Smad3 drives neuronal differentiation activating the
expression of neuronal genes in the TZ (such as NeuroD1) together with JMJD3. In the side EP with loss of function (LOF) of JMJD3, Smad3 is not
able to efficiently activate proneural genes, leading a reduction in the number of differentiated neurons (see HuC/D marker in red).
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Smad3-JMJD3 cooperation requires JMJD3 HDM
activity
Based on our previous data, we assessed whether the requirement
of JMJD3 for TGF-induced neurogenesis in developing spinal
cord depends on the HDM activity mediated by the Jumonji C
domain of JMJD3. To achieve this, we used a JMJD3 mutant
lacking HDM activity that acts as a dominant-negative form of
JMJD3 (JMJD3 DN) (Akizu et al., 2010) (supplementary material
Fig. S11). Fig. 5C-J shows that co-electroporation of JMJD3 DN
together with Smad3S/D, counteracts Smad3-induced neuronal
differentiation, similar to the effect observed upon EP of Smad3S/D
and shJMJD3. Again, electroporation of JMJD3 DN alone blocks
endogenous neuronal differentiation (supplementary material Fig.
S10A-G). These findings demonstrate that the demethylase activity
of JMJD3 is essential for Smad3-induced neurogenesis.

NeuroD1 is regulated by Smad3 and JMJD3 HDM
activity
Our data using NSCs indicates that Smad3 and JMJD3 cooperate to
co-regulate genes important for neural development, among them
class II bHLH genes essential for proper neurogenesis (Ngn2 and
Id3). bHLH activators show temporal expression sequence during
central nervous system development on the basis that they can be
further divided into: neural determination factors, such as the
proneural genes Mash1, Ngn1 and Ngn2, which are expressed in
proliferating neural progenitors at the initiation of neuronal
differentiation; and neural differentiation factors, such as NeuroD1,
which is mainly expressed in young postmitotic neurons undergoing
neuronal differentiation (Fig. 6A; supplementary material Fig.
S12A). In order to investigate the implication of JMJD3 regulating
the expression of late bHLH genes, we use the developing chicken
neural tube where TGF signaling induces terminal neural
differentiation and patterning specification (Garcia-Campmany and
Marti, 2007). We first confirmed that the proneural gene Ngn2 is also
a TGF target that requires JMJD3 activity for full induction in chick
neural tube. To do this, Smad3S/D, together with shJMJD3 or
JMJD3 DN vector, were in ovo electroporated, the neural tubes were
dissected out 24 hours later and GFP+ cells sorted by FACS were
processed for RNA extraction and analyzed by qPCR (Fig. 6B).
Results in supplementary material Fig. S12B shows that, in chicken
neural tube, TGF also induces Ngn2 gene expression; moreover,
this induction was partially blocked by overexpression of JMJD3 DN
or shJMJD3, together with the TGF effector. Once confirmed that
the proneural gene Ngn2 is also a TGF and JMJD3 target in chicken
neural tube, we tested whether Smad3 and JMJD3 promoted
neurogenesis by co-regulating late bHLH genes, such as NeuroD1.
To achieve this, 48 hour EP GFP+ cells were sorted for RNA
extraction or ChIP assays (Fig. 6B). Fig. 6C shows that Smad3S/D
electroporation induces NeuroD1 expression. This induction was
severely counteracted by overexpression of JMJD3 DN or shJMJD3,
together with the TGF effector (Fig. 6C). In accordance with
NeuroD1 mRNA expression levels, co-EP of JMJD3 DN blocked
Smad3-induced H3K27 demethylation of the NeuroD1 promoter
(Fig. 6D). To check whether this regulation occurs through a direct
binding of Smad3 and JMJD3 to NeuroD1 promoter, we
electroporated Flag-Smad3 or Myc-JMJD3 and performed ChIP
assays in EP cells using Flag or Myc antibodies. Results in Fig. 6E,F
show that Flag-Smad3 binds NeuroD1 promoter, but this is not the
case for Myc-JMJD3. As our previous results in NSCs indicated that
JMJD3 requires Smad3 to target promoters (Fig. 4G), we
electroporated Flag-Smad3 together with Myc-JMJD3 and
performed a new Myc-JMJD3 ChIP assay. Results in Fig. 6F show

that Myc-JMJD3 is recruited to NeuroD1 promoter in cells co-EP
with the TGF effector, confirming our previous results that JMJD3
targeting requires Smad3 (Fig. 4G).

Overall, our findings highlight an essential role for JMJD3
activity in Smad3-dependent neural vertebrate development
through co-regulation of early (Ngn2) and late (NeuroD1) master
genes for neuronal differentiation.

DISCUSSION
Our results demonstrate by genome-wide analysis and experiments
in vertebrate embryos that TGF response is largely dependent on
the Smad3 co-regulator JMJD3.

Although a large number of Smad co-factors have been
previously described, how they provide specificity and plasticity to
TGF response is still unknown. Recent studies have shown that
master transcription factors, such as Oct4 in ESCs, Myod1 in
myotubes and PU.1 in pro-B cells select cell-type-specific
responses to TGF signaling (Mullen et al., 2011). Our studies
expand this knowledge showing that an epigenetic regulator, not a
transcription factor, determines the TGF outcome during
development. Our results demonstrate that JMJD3 recruitment to
Smad3-targeted promoters is essential for triggering the
transcriptional activation of TGF-responsive genes that are key
for development. As we have shown, JMJD3 depletion
compromises the transcriptional regulation of developmental genes.
Moreover, in the chick neural tube, JMJD3 is essential for Smad3-
induced neuronal differentiation.

By establishing a molecular link between JMJD3 and TGF
signaling, our study provides new insight into how a developmental
signal is integrated into chromatin to provide the transcriptional
plasticity required during development. In addition, our data
propose that a dynamic H3K27me3 targets behavior, modulated by
signal-dependent targeting, which recruits JMJD3 by DNA
sequence-specific transcription factor Smad3 to neuronal genes.
The knowledge about how histone demethylases are recruited to
the promoter regions is very limited. It has been shown that T-box
transcription factors recruit H3K27me3 demethylases to chromatin
(Miller et al., 2008; Miller and Weinmann, 2009). Similarly, p53
by interacting with JMJD3 cooperates to control neurogenesis
(Sola et al., 2011). Moreover, recent data have revealed that
Smad2/3 and Smad1 (Akizu et al., 2010; Dahle et al., 2010; Kim
et al., 2011), by interacting with JMJD3, recruit it to some loci. Our
data extend these findings showing that (1) JMJD3 specifically
interacts with Smad3 and (2) this association occurs in almost 7000
promoters in NSCs; moreover, (3) we demonstrate that JMJD3 is
essential for Smad3 to activate transcription of key neural genes.
Finally, our finding reveals that (4) TGF-dependent neuron
generation in chick embryo spinal cord requires JMJD3 activity
(Fig. 6G).

The contribution of H3K27me3 demethylation to JMJD3-
mediated transcriptional activation is an intriguing issue. Our
results indicate that H3K27me3 levels decrease 3 hours after TGF
treatment in the methylated promoters (Fig. 4C). However, the
active recruitment of JMJD3 to the non-H3K27-methylated like
Ctgf promoter and the low decrease of H3K27me3 at methylated
promoters, suggests that, in addition to H3K27me3 demethylation,
other JMJD3-dependent functions might be involved in TGF-
responsive promoter activation as it has been previously proposed
(De Santa et al., 2009; Miller et al., 2010). Finally, our data with
JMJD3 DN clearly demonstrate that HDM activity is required to
facilitate TGF-induced neuronal differentiation, as well as to
demethylate and activate the key NeuroD1 promoter. These results
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open the possibility that other essential factors different from
histone H3 might be targeted by JMJD3 HDM activity upon TGF
signaling activation. This hypothesis would explain the dependency
of HDM activity on JMJD3 function and the lack of correlation
with H3K27me3 levels at some analyzed promoters.

In addition to TGF pathway, other developmental signaling
pathways might also use JMJD3 to increase the rate of transcription
of responsive genes. In agreement with this idea, our laboratory has
recently shown that JMJD3 regulates the BMP pathway by
interacting with Smad1 in developing chick spinal cord (Akizu et
al., 2010). These data raise the possibility that effectors from
different signaling pathways could compete with one another for
binding and recruitment of JMJD3 to a different set of genes in a
particular spatial and temporal order. In line with this, JMJD3
function would depend on the combination of active signaling
pathways at each developmental stage.

In summary, this study identifies a new TGF signaling-
dependent JMJD3 regulatory function, demonstrating a role for this
demethylase in neural vertebrate development. owing to the broad
range of TGF functions in other processes such as cancer, it
would now be interesting to investigate the role of TGF-
dependent JMJD3 transcriptional regulation in other cellular
contexts.
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Table S1: TGF_ and JMJD3 co-regulated genes
 Highlighted in grey: Genes showing Smad3 and JMJD3 binding in ChIPseq experiment
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Col2a1 16,24377065 5,1711E-12 11,35083454 2,02622E-11

Mep1a 9,673053053 5,7514E-12 5,207245062 1,29147E-10

Nrip3 8,760586025 5,1711E-12 5,73849171 3,36363E-11

Chst8 7,167338724 1,4377E-10 3,671794975 5,33605E-09

D18Ertd653e 6,223014967 3,6473E-08 4,224942641 2,89604E-07

Gjb3 6,105667375 3,0541E-09 2,859304311 3,5372E-07

Myo1d 6,048224121 1,2538E-07 3,522676964 3,49575E-06

Fst 5,76162566 5,2485E-11 4,040965267 3,61273E-10

Diras2 5,428953616 1,1781E-08 2,918104085 6,4788E-07

Scube3 5,388968036 1,2612E-09 2,969647375 4,97079E-08

Nkd2 4,800835583 3,0051E-10 3,391727965 3,06396E-09

Cdkl4 4,528871302 1,4377E-10 2,806693074 4,31928E-09

ENSMUST00000021911 4,03630606 2,5123E-09 2,569690856 6,93725E-08

Mdfi 3,698805762 0,00021481 1,620520568 0,145976114

Dhrs3 3,369679195 3,7082E-07 2,478987695 6,72899E-06

2010111I01Rik 3,237928595 2,028E-08 2,17557339 8,01831E-07

Tmem100 3,089445187 7,0552E-09 2,300495944 9,36617E-08

Ctgf 3,084118679 3,9502E-09 1,860099621 8,12844E-07

Fbp1 3,015193021 1,8914E-06 1,931896371 0,000240504

Mgp 2,924585339 1,3265E-08 1,955743502 8,05297E-07

Slc16a6 2,911019452 0,02586114 1,681506986 0,366414703



Rgs4 2,764342889 2,3383E-07 1,901461515 1,9754E-05

Sphk1 2,616375891 8,3782E-07 1,838175679 6,96513E-05

Dclk3 2,558304311 2,8989E-07 1,000905063 0,997318218

Cd40 2,526512809 3,8619E-08 1,746196126 4,12245E-06

Fam20a 2,482678994 8,5405E-06 1,763493455 0,000655253

Klhl6 2,48151149 2,8989E-07 1,67686575 6,48653E-05

9930023K05Rik 2,38667137 9,8348E-08 1,682658589 1,13915E-05

Trim67 2,371942353 1,28E-07 1,731564543 8,98887E-06

Edn1 2,32039475 1,7196E-07 1,420304275 0,000542891

Tph1 2,314226864 8,8722E-08 1,506988454 6,61741E-05

Abca1 2,281425052 7,4092E-08 1,708480827 4,00435E-06

Rdh10 2,257786029 1,0885E-07 1,540946918 4,13336E-05

Neurog2 2,225207059 2,6052E-07 1,515086898 0,000123853

B4galt1 2,189181908 2,0242E-07 1,389214555 0,000618742

Tspan18 2,152184291 4,8092E-06 1,423689428 0,004281154

1600014C23Rik 2,075697325 0,00046243 1,479011438 0,04170247

Tmem179 1,990964802 9,9277E-06 1,194350427 0,153195495

Fam46a 1,97807362 0,00087134 1,332826082 0,162186072

Klf5 1,953562115 1,112E-05 1,40258016 0,004209651

Kit 1,941501294 6,0251E-06 1,403052025 0,002411519

Tmem229b 1,933978576 8,7315E-05 1,238846803 0,159249557

Eomes 1,927385624 7,981E-06 1,20240957 0,101212643

Anp32a 1,862809208 0,02483337 1,186954174 0,645589431

Gprc5b 1,860442937 0,03328669 1,015437376 0,976357317

Acta2 1,816676055 4,2399E-05 1,272968737 0,043262924

Tmtc1 1,806603733 0,00011101 1,199888975 0,201423888

Adra2a 1,738584867 4,2761E-05 1,18876677 0,136791324

Synm 1,723948723 4,0513E-06 1,252957708 0,008018084



P2ry1 1,697997363 0,00390903 1,21760938 0,356420217

Fgl2 1,693091619 4,3347E-06 1,227583057 0,01276981

Stx3 1,649995849 0,00810684 1,150072101 0,569688875

Gng11 1,608031556 0,04288358 1,375742982 0,21570279

Crtc3 1,585150196 0,00197976 1,210165606 0,228389098

Adamts1 1,582328466 6,1648E-05 1,074843427 0,558269244

Lrp4 1,565816799 0,02111552 1,119433674 0,66863292

Fzd4 1,558765654 0,00499078 1,301308632 0,104895417

Kcnk10 1,551258682 0,04564364 1,202201616 0,512342277

Fstl1 1,533274735 0,00178287 1,211950955 0,173817278

Ppp3r1 1,528974059 0,04755601 -1,00149287 0,997601452

S1pr3 1,514379478 0,01430303 1,282293771 0,17530289

Ssfa2 1,513834419 0,00162751 1,158220456 0,31314124

Polr3h 1,510900629 4,9525E-05 1,151409852 0,104056425

Rab27b 1,505037552 0,00011345 1,155244668 0,13138029

Tgm2 1,493171265 0,00023005 1,160054771 0,148728469

BC002195 1,475888688 0,00205395 1,104523002 0,523549408

Gdpd5 1,473829696 0,00046494 1,081646805 0,549852907

Lor 1,461244214 0,00088839 1,194370118 0,111830744

Leprel1 1,46020801 0,00423323 1,209225341 0,175683281

ENSMUST00000089634 1,443910687 0,0497382 1,201535819 0,422316237

Tnfrsf12a 1,443629191 0,01312626 1,102298572 0,620672116

Vit 1,438359327 0,01033618 -1,04585989 0,833962041

Cyb561 1,433578906 0,00304517 1,218432415 0,110105357

Ntsr2 1,427024017 0,00169155 1,122360991 0,374240669

Efnb2 1,423548516 3,0367E-05 -1,11656331 0,118826911

Tob1 1,421325823 0,02641063 1,180376085 0,387641031

Itpk1 1,41762709 0,04846902 1,27469884 0,209350551



Unc5a 1,414337909 0,00047185 1,069121412 0,571348777

9130213A22Rik 1,412316564 0,00040021 1,09846216 0,375503776

Nupr1 1,409320086 0,00298063 1,017211006 0,928514259

Zswim5 1,409003099 0,00068381 1,109340194 0,348062382

Scrg1 1,407586451 0,03879802 1,172631673 0,437026987

Adcy5 1,406675097 0,00763889 1,026036955 0,901633507

Id3 1,405894955 0,00651704 -1,17772771 0,235388863

Srgap3 1,401547439 0,00903244 1,16859565 0,29186705

Meig1 1,401434911 0,00183036 1,165757099 0,169785805

Bcl11b 1,398610103 0,01881826 1,231845821 0,179624275

ENSMUST00000110138 1,395390777 0,0032896 1,183732208 0,154465967

Gpr156 1,393603814 0,00019495 1,029270782 0,800193766

Ddx26b 1,393229742 0,01115802 1,094758121 0,599432585

Scrt1 1,392358412 0,01085955 1,125426745 0,469650583

Zfp318 1,389314292 0,01145873 1,148296633 0,37592832

Bend4 1,387742705 0,00304936 1,193949731 0,116156283

Ppp4r4 1,383785264 0,00120588 1,127436105 0,262508461

Baiap2 1,383718535 0,00217446 1,094146239 0,485416574

Gnpda1 1,383450137 0,00040794 1,113886703 0,246804886

Pdlim7 1,378139121 0,0125851 1,130984006 0,439715873

ENSMUST00000113311 1,378082711 0,02263266 1,245448861 0,145226004

Fam169b 1,37594814 0,0005589 1,088541729 0,413484485

Adra2c 1,375257073 0,00847588 1,209629554 0,137196125

Clec14a 1,374425354 0,00584716 1,150618542 0,279644704

1200014J11Rik 1,374243516 0,03274678 1,199874723 0,285489433

Ugdh 1,370070061 0,00704572 1,213637866 0,110434393

Gm5423 1,369009603 0,00619051 1,152242226 0,270166938

Sbk1 1,367575082 0,00093164 1,132292268 0,199195446



Otud7a 1,36754209 0,00632961 1,170965826 0,203767619

Bdh1 1,366303915 0,00129913 1,100534512 0,388913479

3110035C09Rik 1,364000194 0,00148999 1,112021388 0,329076535

Lysmd3 1,363974384 0,01550461 1,209974396 0,168632938

Afap1l1 1,361869929 0,01193013 1,146950165 0,34533419

Ceacam2 1,359762161 0,04264803 1,284330259 0,114813343

St6galnac2 1,356902396 0,01081934 1,156936497 0,286495773

Mup6 1,356338547 0,02120822 1,170439354 0,304476771

Rnf217 1,356238847 0,00745645 1,091306623 0,5519183

Foxk1 1,353266895 0,02628037 1,060604567 0,761758064

Aim1 1,349844212 0,00481875 1,085183276 0,546895282

Lsm14b 1,345286534 0,00658157 1,045336797 0,775810232

Nav1 1,342982003 0,02396724 1,231862365 0,133424326

Ppap2a 1,341795564 0,02587962 1,16990535 0,304476771

Gjc1 1,341770539 0,02408281 1,212547007 0,172237775

4933415E08Rik 1,340155255 0,00591184 1,176329185 0,147985501

Tcfeb 1,339855687 0,0321385 1,126657603 0,493497765

ENSMUST00000110243 1,339737216 0,02936728 1,210244205 0,194098252

Osbpl1a 1,337957126 0,00015073 1,087205289 0,265559545

ENSMUST00000093399 1,336899647 0,00876632 1,120654219 0,394403467

Lpin2 1,335682581 0,02871057 1,177819147 0,279399696

Inpp4a 1,334202827 0,01094017 1,166940597 0,215497425

Rgnef 1,333273856 0,04191996 1,090146301 0,64823635

Pawr 1,33282858 0,01626619 1,075582049 0,650654602

Tesc 1,331208281 0,00320863 1,096246007 0,430796474

Zfp867 1,328941775 0,01243727 1,159704181 0,244612956

Pdlim4 1,327981364 0,02855529 1,040083377 0,841613916

Ssx2ip 1,327833386 0,00097035 1,127127772 0,167968374



Ldlrap1 1,327450035 0,0012152 1,110289018 0,263099662

Tbc1d8b 1,32719615 0,00038613 1,125016685 0,119764937

Cpt1a 1,325462713 0,04613431 1,233240979 0,166381214

Cpeb2 1,324956679 0,00981158 1,157846177 0,222596405

Trpc3 1,322562038 0,01478722 1,164465439 0,233276129

Mmp11 1,321618286 0,0111882 1,088186389 0,553834632

Ccdc80 1,320427946 0,00866496 1,08154686 0,569688875

Mrc2 1,319814122 0,01151462 1,098236506 0,50442247

Inpp5j 1,319726705 0,00461102 1,162416895 0,141806155

Tspan5 1,319557278 0,0015703 1,080387793 0,460131664

Nacc2 1,318114528 0,00929357 1,179934539 0,142855169

Igfbp3 1,317453346 0,01480037 1,160704503 0,237935818

Smurf2 1,31517813 0,00119082 1,130954352 0,149973617

Appl2 1,314481275 0,00630957 1,113669093 0,362179462

Mark1 1,313536339 0,00845811 1,193090675 0,100283675

ENSMUST00000101553 1,312734617 0,00743018 1,049510752 0,732809092

D330050I23Rik 1,309956544 0,02590291 -1,02256495 0,912645539

Aldh1a3 1,309762323 0,00402213 1,043751672 0,739974677

Ccdc103 1,309217177 0,03744474 1,175972669 0,269811135

Herc3 1,307887244 0,01694229 1,199876249 0,125769395

ENSMUST00000116172 1,306666874 0,0144105 1,19298208 0,127164485

Crtam 1,304873647 0,01840111 1,172057975 0,200164078

Gpr68 1,302604124 0,03832504 -1,04330443 0,823983314

Slc6a9 1,302159179 0,03675347 1,177807787 0,248837997

Gm3588 1,301196115 0,01452797 1,170414414 0,178231729

1700020L24Rik 1,300953409 0,02759868 1,162741971 0,265559545

Clic6 1,30051938 0,00061735 1,086447736 0,311120006

ENSMUST00000056962 1,299710775 0,01298139 1,169148569 0,169512744



A_55_P2035029 1,29777425 0,03143096 -1,0220918 0,914957968

Fam49a 1,296854846 0,02290161 1,091029231 0,559474229

ENSMUST00000095043 1,296501768 0,01626619 1,116455076 0,402909905

4921513H07Rik 1,296248815 0,00040563 1,101584 0,178492875

Eif2c4 1,296155311 0,03868331 1,163675292 0,292086038

Gm12824 1,295169541 0,00631448 1,06059808 0,638107828

LOC100047506 1,294690349 0,001365 1,118755054 0,175496366

LOC100045981 1,290298539 0,0120629 1,188014605 0,10387067

Igf1 1,289843892 0,00393152 1,071377033 0,536874513

Lsp1 1,289624994 0,02519598 1,087816683 0,572292164

Anks1 1,288546618 0,01326226 1,100572195 0,453967228

P2rx7 1,288429287 0,04399233 1,02407354 0,910202977

Xk 1,288074779 0,00783777 1,076333415 0,549986121

Whsc1l1 1,286309318 0,00335194 1,126512343 0,190859264

Flrt3 1,285744496 0,02811165 1,06945248 0,664113676

Phactr1 1,284398669 0,0401557 1,049268707 0,78622427

BC046404 1,283656788 0,02590291 1,128272059 0,369745231

Gab1 1,283558908 0,00358857 1,078357209 0,474741851

Zfp827 1,281937606 0,00247219 1,124288923 0,170315792

Gm5607 1,281733678 0,00308521 1,13145691 0,158095635

Cpeb3 1,281221147 0,00213017 1,032103124 0,778245613

Cfb 1,281141515 0,01437626 1,060126979 0,669832103

Aqp5 1,27874592 0,02202988 1,190826827 0,124173468

Cxcl14 1,278095369 0,04785765 1,235397203 0,100086058

Ell2 1,277526341 0,00157531 1,128846619 0,11883968

Gdf15 1,276344891 0,0087832 1,133610628 0,220898668

Errfi1 1,276269756 0,00767372 1,021121118 0,885416716

Abcg2 1,276094628 0,01682256 1,158084075 0,186941741



Rhox2e 1,275428429 0,03624041 -1,01644155 0,935117677

Apbb2 1,274619397 0,00694712 1,042467481 0,739590392

Nxt2 1,271144257 0,00803494 1,07417887 0,538956517

Naa40 1,268135098 0,00472276 1,108776463 0,270334642

Cnih3 1,268108092 0,01827353 1,104024052 0,42674982

Pllp 1,267537408 0,04532932 1,196303188 0,156830328

Susd4 1,265785406 0,02913096 -1,01771505 0,924267807

Kcna6 1,26473363 0,0035237 1,104306927 0,26309769

Slc26a2 1,262163239 0,02331615 1,103825165 0,439267321

Klf9 1,260928726 0,04743742 1,21455846 0,110661857

Bfsp1 1,26007763 0,04021477 1,201891759 0,120780847

D230034L24Rik 1,259893521 0,0181893 1,175547013 0,11639703

AA881470 1,259231017 0,02566593 1,173168497 0,150046482

Rhox2c 1,25901381 0,00463749 1,016031488 0,904053391

Mphosph9 1,258896985 0,00903654 1,148949069 0,136909524

Kctd9 1,258895041 0,00685098 1,073805481 0,510711645

Zfp238 1,258751274 0,03423741 1,17861911 0,160159904

LOC668861 1,258032337 0,02366384 1,109514802 0,400555721

Sos2 1,258001944 0,01550461 1,140812531 0,20638244

Msrb3 1,257967786 0,00717774 1,091591391 0,392531681

Sobp 1,257902937 0,00806306 1,145342202 0,138306817

Bend5 1,25768786 0,03487706 1,103822769 0,471554902

Bcl6b 1,257294303 0,04209223 1,0859497 0,575114524

Napepld 1,25700436 0,00462783 1,125647541 0,16563084

Twist2 1,255629298 0,04728342 1,162791374 0,234922028

A330049M08Rik 1,255025011 0,00523698 -1,01519819 0,910665301

Dcaf10 1,254771097 0,02780408 1,112447864 0,396116277

Fam46c 1,254730285 0,00618704 1,009108237 0,949108277



Lgals2 1,254726498 0,01558985 1,12479527 0,270148296

Gjb2 1,254515798 0,01127066 1,011431323 0,941917623

Itsn2 1,253984183 0,00613361 1,125548517 0,18119254

Pde10a 1,253050476 0,00695684 1,127798012 0,180614667

Myo9a 1,252778302 0,00538373 1,092742831 0,347945632

Itgav 1,251899736 0,0069694 1,02650275 0,833951601

BC020535 1,249683254 0,00097595 1,106831906 0,130376588

Fam89a 1,248731306 0,00521491 1,125088925 0,16174632

Zfp276 1,24864578 0,04619327 1,179683803 0,166404656

Slc14a1 1,248580724 0,00130772 1,109656184 0,134075031

Ncoa1 1,247865255 0,02263266 1,115603815 0,34181738

Coro2b 1,246296191 0,01091337 1,053083434 0,655995718

Cdc6 1,245982303 0,04412724 1,167177842 0,193193356

Lrba 1,24543644 0,01680657 1,030972403 0,824521229

BC005561 1,244773802 0,02305517 1,164041913 0,139751416

Pik3ip1 1,24471833 0,01912428 1,122248149 0,281032973

Slc15a2 1,244186845 0,01621958 1,145464582 0,166193998

Polr3gl 1,242817711 0,02649149 1,117035913 0,338720112

Ap3s1 1,24221109 0,02665348 1,161647222 0,154682866

Fam40b 1,241142498 0,01081271 1,03362279 0,788485157

Eef2k 1,240186893 0,02519598 1,174044895 0,112552731

Pbx3 1,239208278 0,02639196 1,152229534 0,176445435

Irx2 1,239046675 0,01444179 1,105239424 0,329807306

Kctd3 1,23882812 0,02240768 1,111050143 0,343632796

C230072F16Rik 1,238516257 0,00708197 1,021639245 0,860236638

Slc44a5 1,238078604 0,01278943 1,085942313 0,438032502

ENSMUST00000056756 1,237630074 0,03612414 1,032115974 0,8379897

Fzd1 1,236982552 0,0447803 1,036259231 0,820875214



S1pr5 1,236782853 0,01764783 1,113913953 0,296754446

Odc1 1,231968624 0,00193745 1,080709569 0,29516016

Spata2 1,23104633 0,00327372 -1,00577777 0,961735537

Abat 1,22998773 0,04524697 1,118913098 0,360377038

Stac 1,229927889 0,01490543 -1,22399226 0,018580604

Cd28 1,229802418 0,01821059 1,141261122 0,161889622

Pxdn 1,229539758 0,01634133 1,062202475 0,596168655

Phlpp1 1,229220435 0,00356329 1,069645237 0,429747663

Slc20a1 1,228966351 0,00101093 1,033938015 0,676195512

Tmtc4 1,228557704 0,02546789 -1,02420048 0,866719351

Fbxl13 1,226784889 0,03380869 1,063887006 0,629279215

B630019K06Rik 1,226268501 0,01292662 1,079022869 0,458634308

Synj2 1,224970246 0,0035237 1,087315019 0,278518736

Tbc1d1 1,224905385 0,01095744 1,03772336 0,740469314

Gna14 1,224713222 0,03590638 1,117601827 0,32429368

Cerk 1,224618108 0,02422941 1,096681321 0,399415075

Mthfr 1,22423907 0,02320252 1,104573128 0,347539482

2610002J23Rik 1,22398199 0,00487143 1,109393999 0,173452828

Pcdh8 1,223764629 0,02805027 1,125416062 0,254948798

ENSMUST00000107402 1,223400646 0,03001888 1,151978936 0,1570227

Cald1 1,222415579 0,02253797 1,155146103 0,121136667

LOC100047320 1,221704706 0,02093308 1,087696916 0,434918114

Jmjd4 1,221691374 0,02310646 1,001862899 0,991334246

Arrb1 1,217535248 0,01764245 1,092015188 0,379538761

4921510H08Rik 1,216934638 0,03415663 -1,04125684 0,758981358

Aplf 1,216653175 0,0048863 1,070675412 0,416508963

Pcnx 1,216189186 0,02641768 -1,03278026 0,804523541

Gm5610 1,21596811 0,02336861 1,12621521 0,211973705



Ctla2a 1,214763133 0,01961701 1,111564824 0,26309769

Tcam1 1,214608739 0,00209991 1,025621513 0,771511805

Ahi1 1,2142258 0,02995752 -1,02378631 0,864528806

Arid3a 1,213995573 0,00602295 1,076532129 0,37954825

Mertk 1,212638684 0,01672152 1,113480614 0,230833614

Tbx4 1,212453155 0,02677222 1,150488016 0,12861069

Eps15 1,211986131 0,025389 1,138545304 0,161930466

Scd4 1,2118413 0,03260891 1,078549076 0,513813284

Gm9344 1,210699901 0,02489701 -1,04728564 0,691480299

Csf1 1,209762289 0,03717523 1,028282826 0,840725524

Mapk6 1,209532886 0,00640549 1,075944641 0,378084808

Ptgfrn 1,209105891 0,00472276 1,098864569 0,189666796

Lrrc8a 1,20897674 0,0469574 1,079518625 0,532351697

Arl4a 1,208306825 0,00729122 -1,16842153 0,027567301

Lipg 1,208181846 0,03449047 1,148484864 0,148766793

Pacsin1 1,206881998 0,03335694 1,140896031 0,167094772

Slc37a2 1,206663311 0,01068189 1,048035967 0,631284377

4921509J17Rik 1,206203908 0,03744474 1,046399469 0,716248813

Lhx5 1,205994514 0,01023645 1,038301264 0,707856035

Crip1 1,205302698 0,01455158 1,105821479 0,238524742

Gm6460 1,203299873 0,01848858 1,102639707 0,275866021

Gm14484 1,202869704 0,01162061 1,091145621 0,301176127

Kcnk5 1,202675797 0,0283355 -1,01806538 0,89499806

Ak5 1,201874748 0,04935586 1,017096868 0,913296852

Mthfd1l 1,201752429 0,04153088 1,057462348 0,643144901

ENSMUST00000109982 1,200738417 0,0338541 1,077585909 0,497794542

Dnaja4 1,200192797 0,01506693 1,035127986 0,743797986

Ubqln2 1,198457018 0,00493046 1,016139302 0,870337334



Frat2 1,197170884 0,02148622 1,142071087 0,105194419

Svil 1,195537477 0,03143033 1,145480512 0,121276439

Phactr4 1,191699823 0,0211707 1,078547746 0,420200422

Unc119b 1,191588576 0,01495682 -1,05024506 0,607785751

Gramd1c 1,190902676 0,00353196 1,087096177 0,189013509

Rims3 1,190873148 0,0232888 1,022771156 0,848338306

ENSMUST00000113576 1,190868217 0,01626423 1,122893299 0,133493865

Pcmtd1 1,190659515 0,02783036 1,063120758 0,554138932

Speer6-ps1 1,188298112 0,0219808 1,121197944 0,158330911

Sh3bgrl2 1,188232759 0,04018598 1,072869452 0,514200485

Ror2 1,187041541 0,02566593 1,107960365 0,231043429

Cd9 1,186528331 0,02085359 1,030141378 0,782936173

Foxe3 1,186363467 0,02677222 1,098665528 0,28807325

2010300C02Rik 1,185518422 0,04084758 1,045104274 0,697824177

Thbs2 1,184932194 0,02795938 1,101789954 0,269811135

Nsun7 1,184088123 0,01837119 1,024868399 0,817948488

Smad3 1,18398424 0,02360596 1,085040079 0,360751887

Sbno2 1,182464019 0,01095745 -1,00921137 0,935735922

Puf60 1,182266922 0,03299981 1,062280249 0,55497708

Gys2 1,181221147 0,01476345 1,103632512 0,184566689

Ncan 1,180922726 0,03116304 1,078209243 0,430564336

Pde7a 1,178698626 0,03001888 1,087051147 0,355657321

LOC100047749 1,178026345 0,01307904 1,029820653 0,753158759

Gpc1 1,177889784 0,00435098 1,072431918 0,274547084

Cobl 1,177777142 0,01865968 1,073218326 0,406149813

Tom1 1,177410466 0,04380269 1,036383053 0,754629895

Pcyt1b 1,176714155 0,02948682 1,087786624 0,341839863

Traf2 1,176402398 0,03428032 1,112308983 0,207357379



Mpa2l 1,17587364 0,02096502 1,052953982 0,57582568

Dna2 1,175056102 0,03504062 1,114574529 0,194757965

Tnrc18 1,17357975 0,02775365 1,078905661 0,389047408

Smad1 1,17288406 0,0375351 1,06943928 0,490730432

Cox11 1,171563629 0,01779537 1,044922531 0,621773917

Arhgef7 1,168553108 0,02639543 1,026667856 0,798462132

Sh3kbp1 1,167990456 0,0286017 1,082556651 0,346213527

LOC100045958 1,167709893 0,04146432 1,086079753 0,362077643

LOC637082 1,165489019 0,01720036 1,094157784 0,202659663

Cdc42se1 1,165251932 0,04106815 1,026566493 0,812803196

Lrrc17 1,164977185 0,04325825 1,061405371 0,541174641

Igfbpl1 1,163954425 0,048591 1,040905456 0,702109465

Prss12 1,163918125 0,04277623 1,113047005 0,187671739

Tgfa 1,163456459 0,03381312 -1,00286101 0,982072294

NAP068712-1 1,163241505 0,04116282 1,083333659 0,36530457

Slc10a6 1,16255023 0,03263018 1,086776436 0,308963135

Ddah1 1,161565961 0,02005069 1,024989521 0,792927421

Gls2 1,161414436 0,04507297 1,112186611 0,189084724

Papd5 1,160933994 0,03168807 1,058838907 0,523396841

Gm5884 1,160744068 0,03624041 1,090510354 0,287984784

Phtf2 1,160425189 0,0110782 1,035998542 0,652917721

Pkd2 1,158283376 0,03832504 1,108559572 0,180245596

Meaf6 1,157626436 0,04581287 1,043056858 0,668975234

Cyld 1,157262603 0,03453559 1,098301381 0,219634328

Scamp1 1,15688309 0,01823609 -1,03022922 0,731398586

Kras 1,156746966 0,03646931 1,007794169 0,948752076

Fam132b 1,155459518 0,03314245 1,08463974 0,299371292

D230025D16Rik 1,155258023 0,01688791 -1,02747242 0,75138322



ENSMUST00000060215 1,154989219 0,01850472 1,056246619 0,480193006

BC026782 1,153434341 0,01399953 -1,01893893 0,830016734

Hapln4 1,151527545 0,0316213 1,045944242 0,605699084

Spag4 1,150300379 0,03405227 1,012591257 0,91041406

Luzp1 1,149828371 0,01142915 1,047260283 0,514817414

Atf7ip2 1,148140846 0,01292662 1,043530768 0,555684204

Gm4497 1,147579075 0,03618083 1,096940639 0,197957791

LOC635905 1,145471642 0,02780091 1,077375108 0,295433069

Slc31a1 1,145464968 0,04275718 1,075713099 0,360051563

Heg1 1,144998793 0,03379113 1,083177571 0,270209879

Lca5 1,143809264 0,01923149 -1,01203558 0,898057948

Stk38 1,143517806 0,02641768 1,039746997 0,628651292

6720489N17Rik 1,142654919 0,03851902 1,003890492 0,972335431

Actn4 1,14095128 0,01208191 1,049393703 0,465323209

Lrrc58 1,138708303 0,03149472 1,01709593 0,855278119

ENSMUST00000065364 1,137339373 0,04752873 -1,00967576 0,929978134

Lypd1 1,132676722 0,03106698 1,022363757 0,792927421

Chsy1 1,132230591 0,03130877 1,086893517 0,184638821

C030046G05 1,131030617 0,04339916 -1,01160627 0,910201431

LOC100047288 1,130213708 0,04142223 1,004506464 0,965900718

Slc6a2 1,12823132 0,02876731 1,079818148 0,206067319

Lrrc30 1,127545855 0,04711911 1,019740867 0,828394972

Golm1 1,116371415 0,05000389 1,014100912 0,871806538

2810408M09Rik 1,115885941 0,04033387 1,064464871 0,313390263

2700049A03Rik -1,109218563 0,04288358 -1,05074233 0,432824732

ENSMUST00000071016 -1,117675999 0,03537503 -1,03064986 0,674149969

Slc7a8 -1,12011802 0,02854238 1,014387967 0,858135863

ENSMUST00000093083 -1,122603726 0,03803874 -1,09480977 0,123309598



Ntrk2 -1,122851745 0,0396003 -1,04443677 0,5519183

4932441K18Rik -1,12408428 0,03695917 -1,06355508 0,355657321

Gosr1 -1,128307873 0,04550043 -1,09131746 0,180008298

Srrm1 -1,128320869 0,03073805 1,044063817 0,553834632

Zfp637 -1,128656253 0,04815049 -1,06216611 0,420448143

Enpp5 -1,12880414 0,03435708 -1,10192584 0,10506327

Pcdhga1 -1,129226713 0,04565318 -1,04866414 0,544637288

Jmjd5 -1,130718455 0,04653787 -1,07447123 0,313426611

1600012H06Rik -1,138725491 0,02660294 -1,10285621 0,111935915

Disp1 -1,139090807 0,01674582 -1,00704576 0,940888853

Scfd1 -1,13973235 0,01764783 -1,07157809 0,270148296

Ano6 -1,142762604 0,03010951 -1,10301583 0,134183478

Zfp488 -1,144688945 0,02991387 -1,03216019 0,71387165

C030010L15Rik -1,145951128 0,03451718 -1,05092993 0,553834632

Parp3 -1,146144594 0,03522651 -1,10644354 0,14405313

Il34 -1,146845786 0,03249502 -1,08482976 0,261236167

Cherp -1,147564214 0,03219847 1,025287921 0,789935632

ENSMUST00000121671 -1,147577771 0,02404677 -1,01279789 0,898014957

ENSMUST00000114941 -1,149852196 0,0471147 -1,09300217 0,260219319

A730015C16Rik -1,150095324 0,05002512 -1,03988791 0,68464412

Zfp239 -1,150447033 0,03537503 -1,11626285 0,116411639

Cfl1 -1,150675594 0,03971827 1,022456614 0,827932619

Tatdn3 -1,150701449 0,03042112 -1,00569164 0,960376892

Zfp365 -1,151735299 0,03985084 -1,10500968 0,179733483

Them4 -1,152163782 0,04028424 -1,06708425 0,450088047

Glcci1 -1,154284602 0,01564343 -1,0157575 0,864319569

B4galt3 -1,154335802 0,0192384 -1,03697993 0,660917163

Tnfrsf1a -1,1554301 0,04244627 -1,04177222 0,669740805



Agpat4 -1,155448587 0,03182751 -1,0852381 0,290418486

ENSMUST00000103426 -1,155796928 0,02101786 -1,0610919 0,44985117

Ctxn3 -1,155906398 0,02858744 -1,02291668 0,818253133

Meis1 -1,156144638 0,03524386 -1,09375205 0,246421177

Gm347 -1,156316213 0,04935586 -1,12316834 0,136277305

Msh3 -1,15687807 0,02164631 -1,05603064 0,502798386

Aass -1,156991766 0,02824886 -1,03502349 0,707916453

Snx27 -1,157857406 0,0417357 -1,01981808 0,859486844

Cyb561d1 -1,160321655 0,01516129 -1,08237325 0,25011849

Myst1 -1,160901817 0,0343256 -1,04463608 0,644426234

Dffa -1,161188214 0,04992163 -1,06668769 0,504870925

Nfrkb -1,161494048 0,04341075 -1,07578905 0,42192719

Abcc5 -1,161819682 0,01170797 -1,07010251 0,330681392

Smek2 -1,162091359 0,04572235 -1,00886637 0,94577442

1810032O08Rik -1,162525434 0,00840447 -1,03086549 0,695130661

D330050I16Rik -1,162864067 0,0277549 -1,0711848 0,41397851

Nudcd1 -1,163782888 0,02814005 -1,06132327 0,501706457

Myadml2 -1,16454519 0,03884442 -1,04190323 0,68170992

ENSMUST00000107485 -1,165310203 0,03209076 -1,09719532 0,247411264

Tinagl1 -1,166057736 0,03035272 -1,12308302 0,121424109

Prkar2b -1,166841827 0,01978928 -1,11556982 0,117220073

LOC100045149 -1,16751102 0,01232716 -1,03944777 0,639857811

Tarbp2 -1,167541197 0,01550828 -1,10058478 0,164935764

9630033F20Rik -1,168210903 0,04325825 1,105198917 0,243740705

ENSMUST00000044682 -1,168350123 0,01585063 -1,04475157 0,609367625

Ppt1 -1,168688045 0,00980647 -1,03221278 0,700505646

LOC100046157 -1,169066737 0,02073775 -1,07206449 0,397488707

Cflar -1,169296318 0,01648794 -1,11686794 0,105460284



LOC100048019 -1,16980789 0,04794916 -1,02887716 0,806666679

Gm11728 -1,170192301 0,02876731 -1,06729125 0,474178858

Tfrc -1,170502771 0,01636148 -1,09017522 0,238907819

Stam -1,17197388 0,03892251 -1,01083598 0,935058579

Gm889 -1,17200144 0,03733643 -1,04005022 0,708459932

Nrp2 -1,172247822 0,01731092 -1,04372565 0,631034874

Magee1 -1,173266685 0,0490327 -1,0628946 0,562604104

6330409N04Rik -1,173628043 0,03136156 -1,09897239 0,262333374

C230055K05Rik -1,173903622 0,04391118 -1,05767184 0,591961129

Gm5915 -1,174883658 0,04776006 1,064646895 0,551701994

ENSMUST00000041220 -1,175199842 0,0288808 -1,09546876 0,280847661

E430018J23Rik -1,175402104 0,00678739 -1,08781683 0,190995265

Snhg1 -1,176247142 0,04540981 -1,09990308 0,308546402

Gm2496 -1,176580545 0,04047402 -1,12647882 0,162186028

4833421G17Rik -1,177019306 0,04312291 -1,09647145 0,326107947

BC023744 -1,17755858 0,03267658 -1,01062558 0,936452758

Ppm1e -1,178709089 0,01254917 -1,05975936 0,486312363

Adam19 -1,178995966 0,04775697 -1,05763175 0,609466993

Dapk1 -1,179406503 0,04429857 -1,11486012 0,231382921

ENSMUST00000098234 -1,179667285 0,02034772 -1,07585335 0,399392641

D6Ertd131e -1,180473468 0,04706001 -1,06260916 0,577264434

Ttc17 -1,180584702 0,02426266 1,000955864 0,995116451

2010001M09Rik -1,18097963 0,00900482 -1,06078211 0,4570456

2810432L12Rik -1,181217556 0,01526577 -1,10275804 0,191808196

Mlst8 -1,181217912 0,03143033 -1,09385631 0,32086365

Zfp282 -1,181434388 0,02991387 -1,1198916 0,173471237

Rgs19 -1,181807478 0,04356015 -1,11759451 0,223210567

A630033E08Rik -1,181855615 0,04245312 -1,1176632 0,219656561



Nudt6 -1,181903671 0,02713872 -1,00710764 0,957933842

Pot1b -1,181979644 0,03330533 -1,07795372 0,441843206

Gm5081 -1,18200834 0,02928913 -1,08075086 0,40847318

Ptprb -1,182379938 0,00400173 -1,03562149 0,647081997

Gas8 -1,182554679 0,04145254 -1,07306335 0,501395577

Slc48a1 -1,183449683 0,03468358 -1,01490493 0,912085326

Det1 -1,184094586 0,0144105 -1,10028529 0,208717245

AI464131 -1,184460315 0,03864494 -1,10083337 0,310909083

ENSMUST00000100423 -1,185335778 0,04743742 -1,10929411 0,28805414

Steap4 -1,185703547 0,02742573 -1,05328201 0,612635568

ENSMUST00000055255 -1,185830345 0,01516129 -1,00289953 0,981776807

Zfp84 -1,186305318 0,04005531 -1,11297285 0,251096031

Dnajc16 -1,186355588 0,04508364 -1,009518 0,94870041

Ltb -1,186637972 0,02281852 -1,01075036 0,933831511

Plcd1 -1,18666937 0,01565971 -1,11125284 0,167824086

Mfsd6 -1,187391839 0,03903141 -1,13757453 0,147220454

6430548M08Rik -1,187534953 0,02435644 -1,08133904 0,400555721

2010007H06Rik -1,1877433 0,04637292 -1,03490685 0,783431223

Figf -1,188651733 0,01754376 -1,1284229 0,114651223

Zfp74 -1,188915729 0,01634133 -1,07024763 0,451337194

AI450241 -1,190344204 0,0130595 -1,10084851 0,21388072

Plekhf1 -1,190593372 0,02640895 -1,01526504 0,908878889

Gm2555 -1,190799599 0,03242862 -1,13574502 0,145002242

Cth -1,190933308 0,03970361 -1,12467142 0,207357379

Dph2 -1,192438829 0,01496044 -1,05739925 0,553554294

Wars2 -1,19293218 0,01108907 -1,02105711 0,84258618

Trim7 -1,193600865 0,00195018 -1,09679379 0,106336518

Exoc8 -1,193949467 0,02461279 -1,00705235 0,959813323



Lrsam1 -1,194927432 0,01916016 -1,0954928 0,299371292

LOC553090 -1,19507536 0,00940767 -1,04237501 0,65178692

Gtpbp4 -1,195214479 0,04770851 1,026893219 0,845643317

Cdk8 -1,195363308 0,01565971 -1,11782722 0,161733666

Mamdc4 -1,195497246 0,03162177 -1,05439506 0,632857529

Cenpq -1,195674053 0,04223905 -1,0453309 0,715303762

Gm5606 -1,195825433 0,01656229 1,046117197 0,653936492

Zc3h4 -1,195836496 0,0131713 -1,06587421 0,485348834

Mettl3 -1,196359219 0,00617524 -1,05515002 0,518379753

Acbd4 -1,196549811 0,04563351 -1,08389117 0,474962886

4933432K03Rik -1,196981239 0,00469779 -1,08121422 0,270398006

Gtl3 -1,19730997 0,0211707 -1,13095369 0,140210305

D10627 -1,197704049 0,0445685 -1,09928657 0,380008749

A630057N01Rik -1,197973263 0,0145862 -1,07256577 0,447580628

Slc9a5 -1,198867569 0,03948952 -1,08285041 0,473424974

Zfand6 -1,19888606 0,03274678 1,003790247 0,98047497

Mon1b -1,199953954 0,03469239 -1,0529152 0,657611086

4833419E13Rik -1,201252581 0,00730355 -1,116728 0,122650341

Ppp1r3d -1,201510488 0,03836833 -1,02068271 0,884834298

Plcl1 -1,202160135 0,01597581 -1,06747546 0,505016942

Rarb -1,203401771 0,03078271 -1,13106002 0,187819042

Ppif -1,204074204 0,03791111 -1,04655305 0,712945563

Ube2b -1,204738457 0,02235425 -1,031199 0,797849632

Pcnt -1,205305517 0,01516129 -1,12896401 0,138640456

Fam119a -1,205539175 0,01069948 -1,11122219 0,184378879

Dchs1 -1,205908844 0,02498791 -1,03023096 0,810383986

Ccdc82 -1,207285902 0,02414247 -1,12236536 0,210390821

Gpr20 -1,207442887 0,0166904 1,073221658 0,477948016



Ppargc1a -1,207514625 0,02728361 -1,03444493 0,786125899

Nfe2l2 -1,207549131 0,04333747 -1,09258504 0,443491737

Cpne7 -1,20767668 0,03602823 -1,09280885 0,423958028

Nos3 -1,20768575 0,0289108 -1,12691886 0,209813297

Ccdc69 -1,209078992 0,01664173 -1,06859457 0,516337388

ENSMUST00000106505 -1,209317845 0,04308569 -1,00876522 0,957933842

Tnfrsf19 -1,209366351 0,02021104 -1,08710311 0,40297259

Nup54 -1,209582939 0,02268187 -1,1328227 0,167094772

Erbb2 -1,209751702 0,04613431 -1,14046499 0,208487255

Pex12 -1,209950096 0,01848858 -1,02194804 0,862087898

Bdp1 -1,210169035 0,04129917 -1,15057937 0,16206072

LOC100038847 -1,210226296 0,01823609 -1,10039982 0,30749495

Zcchc7 -1,210379333 0,03730682 -1,12604256 0,248462336

Fchsd2 -1,210501188 0,0091203 -1,13194692 0,10387067

Htr2a -1,210762093 0,00986279 -1,07893361 0,397488707

Gm5595 -1,211463957 0,0154584 -1,11223769 0,226472117

B130019D13Rik -1,212213638 0,03892251 -1,07783931 0,532689487

4930471M23Rik -1,212409305 0,01091337 -1,10916345 0,212861611

1700047I17Rik2 -1,212712447 0,04126095 -1,10091029 0,401375407

Thrb -1,213428588 0,0472775 -1,02205943 0,887544118

Gabrg1 -1,213602747 0,04883536 1,081195943 0,536380195

Adat1 -1,215012277 0,03490092 1,000948727 0,996425905

LOC100046257 -1,215063267 0,03832869 -1,08357373 0,50442247

Gm567 -1,216711287 0,02248552 -1,02851893 0,827796948

Kdm2b -1,219558761 0,0095061 -1,0748788 0,447435645

Alkbh4 -1,220024574 0,03101637 1,10896048 0,343818125

ENSMUST00000099033 -1,220849258 0,01430303 -1,09327083 0,3591212

ENSMUST00000099574 -1,2213687 0,01596337 -1,13543176 0,154615938



Fzd10 -1,222198571 0,00751521 -1,11659225 0,169893417

Cln8 -1,222245201 0,00765291 -1,12274989 0,147431185

Hpn -1,222279981 0,0238508 1,000776535 0,99721684

Gnl3 -1,222607849 0,00837455 -1,11638854 0,180800053

Ttpa -1,222754253 0,00125985 -1,08548342 0,204753568

Dapk2 -1,22276295 0,02534749 -1,13894777 0,184399647

Fam83e -1,224599578 0,03889096 -1,17105919 0,127664658

ENSMUST00000106647 -1,224881485 0,02054422 -1,13054903 0,202209466

Ttc30a2 -1,225118055 0,0167868 1,011291282 0,939481091

Dpf3 -1,22616075 0,03357007 -1,10928166 0,366957144

Il17ra -1,226448995 0,00777397 1,048588635 0,641582374

ENSMUST00000121246 -1,227197454 0,03825586 -1,02289255 0,885628542

Zbtb43 -1,228432738 0,03039496 -1,1402858 0,210340277

Tor3a -1,228449251 0,00275733 -1,06959623 0,407552152

Zfp672 -1,228505055 0,00435672 -1,08684391 0,30972214

Srpk2 -1,229310756 0,03004697 -1,0667477 0,609570298

Cmtm3 -1,230013313 0,00945752 -1,01048268 0,939996052

Rffl -1,230304694 0,00313453 -1,03660116 0,700294324

1700060J05Rik -1,230710087 0,03670851 -1,05422514 0,697906822

Arrdc4 -1,23080888 0,03820509 1,065925464 0,631975763

ENSMUST00000107373 -1,230828408 0,0176727 -1,0996623 0,36570397

Hmgcl -1,232827967 0,00377999 -1,11673878 0,142451842

1810031K17Rik -1,234091482 0,00484974 -1,07457557 0,427309361

Cc2d2a -1,234340989 0,02993309 -1,0557061 0,681485142

Cdc42se2 -1,23475646 0,00759301 -1,13000251 0,144346418

Klf8 -1,235035298 0,02460839 -1,14517372 0,185540213

LOC100044039 -1,235518887 0,00846561 -1,0393374 0,729992462

Ccdc85b -1,235950122 0,00844005 -1,14261975 0,111944424



Rbm43 -1,236318262 0,03426938 -1,06294897 0,650512875

Usp20 -1,236961857 0,00488826 -1,08329222 0,368682935

Sox3 -1,237055256 0,02315259 -1,06479717 0,61461082

9030425E11Rik -1,237195308 0,01964102 -1,0337272 0,805888531

Rab40b -1,237430924 0,0108318 -1,13570206 0,155358343

BC030499 -1,238027828 0,02814005 -1,18190317 0,100240262

AW555355 -1,238066562 0,01298139 -1,13168952 0,185453696

Thbd -1,238552923 0,01171954 -1,14862682 0,121249727

EU359271 -1,239475564 0,01312626 -1,07389495 0,522018818

Amigo1 -1,241739481 0,03059758 1,057973893 0,679879565

Gas7 -1,242359306 0,02713872 -1,03853619 0,79159557

Gcap14 -1,242933376 0,00377999 -1,12453667 0,131018051

XM_001476704 -1,244373856 0,02641768 -1,18037301 0,108746142

Znf512b -1,245023454 0,00778793 -1,04936749 0,661886954

Nrxn2 -1,245047111 0,03744474 -1,04005708 0,798955153

Moxd1 -1,246238235 0,01672152 -1,15975464 0,12856519

Gjd2 -1,248386869 0,00436185 -1,07182185 0,470782405

Fam110a -1,248942566 0,00911092 -1,0726174 0,521441856

Chst10 -1,249266775 0,02117642 -1,02411358 0,875114574

Dus4l -1,25040506 0,04152968 -1,02861565 0,867372695

Dixdc1 -1,250682863 0,02419634 -1,16757589 0,144852245

6720475J19Rik -1,250969675 0,02059979 -1,10432123 0,399617588

ENSMUST00000106341 -1,251706072 0,03359753 -1,17301933 0,160923222

A730020E08Rik -1,252282989 0,01978011 -1,04470308 0,74847892

Wbscr27 -1,255000393 0,00719078 -1,14457789 0,12754803

Itga4 -1,255530011 0,04392927 -1,11408285 0,439161063

Urb2 -1,255624383 0,01621091 -1,05981536 0,648082109

N4bp1 -1,256570526 0,02069116 -1,14499353 0,214192721



Srpk3 -1,257986582 0,02933037 -1,1074942 0,434918114

Fam35a -1,258891986 0,01614659 -1,11943606 0,30972214

D2Ertd295e -1,259287433 0,0171161 -1,05990073 0,65508544

D930043N17Rik -1,260997068 0,03733903 -1,00350602 0,986406465

Ttll7 -1,261707798 0,02289049 -1,15963695 0,18345025

Ccnyl1 -1,262431884 0,02353578 -1,02795617 0,862214893

Npy2r -1,262459507 0,01714036 -1,10233274 0,418471486

Hunk -1,26549608 0,03299981 -1,19794954 0,121375604

Kti12 -1,265654688 0,01190254 -1,1262587 0,260910115

Elovl7 -1,265768046 0,03537503 -1,11055576 0,45456953

Ecscr -1,266602812 0,03873985 -1,13467272 0,351667046

BC048403 -1,268978049 0,00848892 -1,13708726 0,190361652

Relb -1,269300937 0,00412056 -1,12217039 0,194439649

Fgf1 -1,269824321 0,01753205 -1,17008414 0,144346418

Sla -1,270207356 0,01946883 -1,05311037 0,716216804

Psip1 -1,270362004 0,04288358 1,005013046 0,981232024

Snn -1,270524354 0,00717774 1,014201127 0,925669822

Mid1ip1 -1,271162014 0,01052321 -1,07539195 0,550256786

Map3k1 -1,27147841 0,02489701 1,084023466 0,565463426

Zdhhc9 -1,271587406 0,00066737 -1,01993399 0,841616044

Btbd19 -1,271802068 0,03646931 -1,17003633 0,215176206

ENSMUST00000109596 -1,272131693 0,04776006 -1,17236859 0,238230975

C430049B03Rik -1,272931338 0,01280041 -1,10626914 0,388913479

Gpatch4 -1,273049731 0,00851092 -1,14897022 0,156830328

Cyp4f15 -1,273133161 0,00782909 -1,14566021 0,161275455

Cntrob -1,2738054 0,01678999 -1,12925512 0,298115766

ENSMUSG00000072890 -1,275087131 0,00851092 -1,08173745 0,504127596

ENSMUST00000119373 -1,275434223 0,00435347 -1,04980832 0,666625128



6330407J23Rik -1,27650075 0,02583578 -1,13608487 0,317609983

Rbm3 -1,27701411 0,01833858 -1,08594706 0,540216929

Rapgef2 -1,279661426 0,01590668 -1,18523716 0,114067025

5430405G05Rik -1,281352047 0,00668625 -1,05175816 0,681308396

Psd3 -1,281447844 0,01672152 -1,04575158 0,761904113

Phf21a -1,281918544 0,03388838 -1,03874211 0,829162701

Stim1 -1,282095041 0,012725 1,044699706 0,757278207

Trim8 -1,282249885 0,00371852 -1,12359692 0,203583338

Adcyap1r1 -1,282448101 0,00530048 -1,10550255 0,329429283

D5Wsu178e -1,28255989 0,00840447 -1,09623848 0,428500859

C77080 -1,282852623 0,04333747 -1,20249122 0,163173396

Bard1 -1,283860914 0,00630281 -1,13364211 0,206067319

Zfp157 -1,284063589 0,03039496 -1,10599393 0,494375447

Tjp3 -1,285150057 0,01868762 -1,12201592 0,368972279

Mical2 -1,285298878 0,00771688 -1,16451173 0,122780862

LOC100048400 -1,286416248 0,03897989 -1,14998136 0,326107947

Zfp64 -1,286736352 0,00390751 -1,06647425 0,563898946

Nudt4 -1,28939601 0,0126997 -1,07895687 0,569030002

Gm9581 -1,290067906 0,00503218 -1,12148015 0,253917224

Nufip2 -1,290767653 0,00791437 -1,14841012 0,181878203

E130106K03Rik -1,291678367 0,00275733 -1,1222024 0,204052426

A130010J15Rik -1,291973777 0,02759868 -1,127331 0,397379201

B3galt4 -1,292046148 0,02736924 -1,19461803 0,154662118

Akna -1,294534157 0,04839404 -1,17306849 0,282548571

LOC100044771 -1,29456306 0,00635827 -1,06017723 0,640236679

Mfsd7c -1,295589762 0,02049232 -1,09894759 0,512513229

Rasl12 -1,297131723 0,02566593 -1,20969127 0,122650341

Tsen54 -1,302001939 0,03439444 -1,21173523 0,151478384



Ccdc129 -1,30238465 0,00234003 -1,12179455 0,211973705

Tnfaip3 -1,302917971 0,00667127 -1,06877731 0,602326875

Pfkp -1,303719819 0,02663093 -1,15424009 0,29939582

Sfrs8 -1,305565775 0,01946851 -1,08889515 0,569688875

St3gal1 -1,306879613 0,00219985 -1,04325728 0,716248813

Mars2 -1,306999802 0,0083936 -1,09888773 0,455415878

Shroom2 -1,307050849 0,00287106 -1,08570179 0,448660518

Abi2 -1,30849572 0,03715632 1,039972332 0,841040403

Peg3 -1,311784514 0,00552665 -1,09972424 0,423657875

Slc2a4 -1,312105882 0,0038609 -1,11394693 0,310825776

38231 -1,313488359 0,0190145 -1,09513432 0,549406367

0610039H22Rik -1,314040866 0,00785018 -1,1137305 0,381507415

Cep68 -1,315186417 0,00870755 -1,17078137 0,157853916

NAP052385-1 -1,317997456 0,02253435 -1,06961235 0,683051967

Rnf43 -1,31905546 0,02311521 1,004189827 0,985036639

LOC100046855 -1,321757844 0,00308008 -1,15281199 0,146207413

Cyp2c55 -1,324932325 0,00300115 -1,12098812 0,275240731

A830054O07Rik -1,325704226 0,00617524 -1,12812086 0,304476771

9030607L02Rik -1,325857043 0,047821 -1,12382605 0,522018818

ENSMUSG00000068790 -1,332083611 0,01366802 -1,11220928 0,467345519

Sall1 -1,33337687 0,0020369 -1,14316009 0,164557259

Zfp593 -1,335355499 0,04268528 -1,19637547 0,26515309

Arrdc2 -1,336184994 0,03100133 -1,25682197 0,103865526

Scg2 -1,338352846 0,00212201 -1,03450974 0,799135164

Cnga3 -1,342005378 0,00325667 -1,01842318 0,910848603

9530036O11Rik -1,342825495 0,00783777 -1,20544582 0,104256394

Trnt1 -1,344000297 0,00560001 -1,00825548 0,9642676

Lmo4 -1,346373323 0,04990069 1,040810198 0,863211253



NAP114820-1 -1,34837226 0,03762597 -1,2154767 0,218636544

Stim2 -1,348541856 0,03005879 -1,16493295 0,352492745

Sema3e -1,352849216 0,00986279 -1,09211657 0,56360805

BC031353 -1,353228876 0,012725 -1,17930444 0,218178592

Ube2ql1 -1,354917586 0,02248552 1,027957486 0,898860178

Dnajb5 -1,355069742 0,01823609 -1,10343127 0,557932362

Fzd9 -1,3551011 0,02073503 -1,13745396 0,428500859

Surf6 -1,35850317 0,00127365 -1,07805977 0,516337388

Gm5458 -1,359076482 0,00667127 -1,20600983 0,110105357

2310079F09Rik -1,366039886 0,0181985 -1,21039945 0,184501598

Tmem104 -1,367829314 0,04256436 -1,00675641 0,980818898

Apln -1,368261102 0,03569819 -1,12079036 0,557636654

Zfp324 -1,368289056 0,00417631 1,022118703 0,90060486

Pdgfra -1,370571118 0,00056905 -1,12807316 0,186783017

Tecrl -1,370614091 0,03143033 -1,09923592 0,628288275

A630073K07Rik -1,372106807 0,00678507 -1,09318179 0,553798326

Csnk1g1 -1,378871176 0,01095981 -1,21181126 0,155941423

Kdm4a -1,380212517 0,00464814 1,002708298 0,98988004

Rab3a -1,380850938 0,00551041 -1,16742886 0,221428944

C430049E01Rik -1,380953365 0,00487901 -1,16695938 0,213439077

Prtg -1,381679148 0,02662702 -1,17256977 0,362026663

Tmem188 -1,383878459 0,00929357 -1,06033554 0,737192816

Mtmr12 -1,38886482 0,04356015 -1,21173849 0,305661659

Gm9468 -1,390657445 0,03333515 -1,12837039 0,549986121

Neto1 -1,39213827 0,03232703 -1,1564215 0,452405992

Mkl2 -1,404326937 0,00986907 -1,22542793 0,147898825

Rev3l -1,407976074 0,00589542 -1,11724004 0,473485571

Xkr8 -1,410555099 0,00629979 -1,13563615 0,400151903



Klf3 -1,415740991 0,00472378 -1,2148605 0,127747648

Gpr146 -1,416207486 0,00075443 1,048289519 0,723886903

Gm2008 -1,424172654 0,01828919 1,061333547 0,785697799

6030451C04Rik -1,42473786 0,01361526 -1,13422456 0,489419079

Epha5 -1,429143362 0,0073807 -1,09567293 0,601116686

Unc84b -1,429159083 0,02420174 -1,08720654 0,700804795

Ncald -1,436130422 0,00925758 -1,1885469 0,272713643

C230037E05Rik -1,445846922 0,04199107 -1,27979583 0,215538442

Impact -1,446867132 0,03775638 -1,01422656 0,963760397

A130019P10Rik -1,452230483 0,02307939 -1,05477194 0,829215375

Gm3014 -1,473778462 0,00713573 -1,12545679 0,520829549

Orai1 -1,484148921 0,00103334 -1,05774578 0,720561055

A630081D01Rik -1,489308393 0,00317605 -1,1143885 0,521656413

9130604C24Rik -1,490012204 0,04889752 -1,06439568 0,838213272

Vgll2 -1,496294586 0,0011741 -1,17741746 0,203245046

Elavl4 -1,505257418 0,00286708 -1,20412397 0,202052003

Dll1 -1,525876141 6,2739E-05 -1,14034311 0,162186028

D930030O05Rik -1,529522702 0,00166199 -1,20668081 0,178849546

5830443J22Rik -1,534876625 0,04903998 -1,37649135 0,171086763

Ecm2 -1,535728948 0,00128034 -1,18254596 0,231382921

Ppp1r12a -1,549968018 0,00417549 -1,18924568 0,320504223

2900076A13Rik -1,550176609 0,00044051 -1,07441118 0,634413025

Sox11 -1,555454533 0,01301215 -1,24939399 0,269817893

Zfp36l1 -1,567730467 0,000225 -1,17165055 0,171932738

D13Ertd787e -1,575944348 0,00667127 -1,32243882 0,107522941

Rassf3 -1,581500987 0,00098844 -1,21917295 0,15711474

Tbx18 -1,634728297 4,0974E-05 -1,16937025 0,125148548

Grasp -1,635974381 0,00076939 -1,14440904 0,418949496



5230400M03Rik -1,65411915 0,00426733 -1,18011064 0,439094459

Rcan2 -1,657753157 3,8052E-05 -1,17943096 0,110197351

Ppnr -1,66591126 0,02428835 -1,3524493 0,231972673

Tcfap4 -1,695041056 0,00015501 -1,20485955 0,149544483

A730062M13Rik -1,701412346 1,94E-05 -1,22080403 0,040780178

Gm8037 -1,723447959 0,03274678 -1,19401411 0,599024502

Mtap1a -1,731333351 0,01978011 -1,13771887 0,688216119

Tmem200a -1,733378106 0,00025016 -1,20763677 0,193953329

ENSMUST00000100344 -1,781042521 0,01101408 -1,31004934 0,301671052

Clic5 -1,827260824 4,9224E-06 -1,35127171 0,002396056

Lmo3 -1,872184828 3,6237E-05 -1,35527342 0,013661113

Tex14 -1,877023615 3,1498E-05 -1,35418507 0,012928709

Insm1 -1,88039824 9,7427E-06 -1,10391085 0,45627775

Olig2 -1,887156495 1,0928E-05 -1,36972361 0,004748763

Rin2 -1,914561999 0,00104679 -1,29652082 0,203572392

Traf4 -1,92135626 1,9408E-06 -1,40857034 0,000742012

Sostdc1 -1,956911053 3,0639E-06 -1,43124087 0,000973146

Ehd4 -2,044197024 3,8406E-08 -1,44980901 1,66471E-05

Plk2 -2,06250236 6,0496E-05 -1,54108182 0,004848416

Fbxo32 -2,085640508 2,1013E-06 -1,54282796 0,000292317

ENSMUST00000027250 -2,093719773 2,1384E-05 -1,35491877 0,026276604

Dgkg -2,111089434 1,0746E-05 -1,55823157 0,001213475

Sall3 -2,262369329 0,00022685 -1,59120993 0,018421817

Palmd -2,488963929 1,8274E-07 -1,57383083 0,000126463

Hic1 -2,528152598 1,8191E-07 -1,74839778 2,31656E-05

ENSMUST00000106648 -2,533821486 1,039E-07 -1,68120202 2,38289E-05

Wnt5a -2,559376026 3,3216E-07 -1,38819089 0,004054601

Prdm1 -3,219941967 4,339E-06 -2,3264916 0,000100919



Gas1 -3,529299004 9,7618E-09 -1,92334403 3,74091E-06

Egr4 -3,920706975 5,295E-07 -2,0325758 0,000249483

Adm -4,27884377 1,7206E-07 -2,90292016 3,32003E-06

Pou3f1 -4,459002754 4,2549E-08 -2,32178442 8,52616E-06



TABLE S2. Primers used in the manuscript

 

Primers used for ChIPs

Chick NeuroD1 Fw:TTCCGTAATCGTGTGTACTCG

Chick NeuroD1 Rw:ATTTAGTTAATGGAAAAGACATCGC

Chick TLL7  Fw: TTCTTTGTTGCTGGCTGTTA

Chick TLL7  Rw:AACATGGAGAGGCATTCATCA

Chick Hes5 Fw: AGCCAGCCTCTGACCTTGC

Chick Hes5 Rw: GGAGCATGCAGGGCAGTT

Mouse NGN2 Fw: TTAACTGGAGTGCCTTGG

Mouse NGN2 Rw: CTCGTGTGTTGTCGTTC

Mouse STX3 Fw: AAAGGGAGCAGGAACCA

Mouse STX3 Rw: CACTGTTCTTATTGTTCGGC

Mouse HBB Fw:ATCACGTCTTGGACATTGCTC

Mouse HBB Rw:CCTTCTCTGGCTCCCAAA

Mouse SLC16A6 Fw:CCTCATCCCCTCATCCG

Mouse SLC16A6 Rw:GGCTCCCCAAATCCTCA

Mouse CTGF Fw:TTACTTCTTGGTGTTGTGCT

Mouse CTGF Rw:TCCACATTCCTCCGTCTG

Mouse EOMES Fw:AGGGAGCTTGTAAAGACG

Mouse EOMES Rw:CTGAGTTCGGGTCTAGTTTG

Mouse HOXB3 Fw: GAAGGATGGGAGAGTTGC

Mouse HOXB3 Rw: AACATTACACCACAACCAAG

Mouse HOXD8 Fw: CAGTCTCTGGCAGTTCTTT

Mouse HOXD8 Rw: CCTGTCCTGTGCTTAACG

Mouse EGR4 FW: AGGATTGAGTTGCATGAGG

Mouse EGR4 Rw: AGGAACTGCTTATCTCAGAC

Mouse Gas1 Fw: ACCATCACAACCACGAC



Mous Gas1 Rw: TTACCTGCCGGAAAGGG

Mouse Prdm1 Fw: ACGTGTGAATATGTGAGGG

Mouse Prdm1 Rw: GAGCACAGAGTGGGTTG

Mouse Hic1 Fw: GAGATATCACGAGAACGGG

Mouse Hic1 Rw: CCTTGTGTGGCGTGTAG

Mouse Palmd Fw: CAAGAGCAAGGAGCGAG

Mouse Palmd Rw: GGGTTCACTGCCTTCCTTA

Mouse Olig2 Fw: CCCGAAAGGTGTGGATG

Mouse Olig2 Rw: AGATTTGAGGTGCTCGC

Mouse Sox11 Fw: GGCTCTCTCTCAACTCG

Mouse Sox11 Rw: TTGGCTGGTGGGAGTAG

Mouse IGR1 Fw: GGCCCATGCTGGTTAGAA

Mouse IGR1 Rw: AGCTCCACAGAGTCTACTAT

Mouse IGR2 Fw:GGTGGCCTGAGAGACCTA

Mouse IGR2 Rw:AGGCTCCTCTCTGCATC

Mouse IGR3 FW:AGAGTAGCCAATCGGATG

Mouse IGR3 RW:CTCTCTCAGTACCTCACAG

Mouse IGR4 Fw:TGCTAATGAAACGCTGAGAC

Mouse IGR4 Rw:CCACAACTAAGAGCCGC

Mouse IGR5 FW:TACTCCATTCACCACACAGG

Mouse IGR5 RW:CTAACCCACAATGAGAAAGC

Mouse IGR6 Fw:ATGGGGAATCAGACGTG

Mouse IGR6 Rw:GTGCTATGGGTGTAATGATG

Mouse G6pd2 Fw: ACAGTCTATGAAGCAGTCAC

Mouse G6pd2 Rw:CTCCACTATGATGCGGTTA



Primers used for cDNA amplification

Chick NeuroD1  Fw:ACTACTTGTTACCTTTCCCG

Chick NeuroD1 Rw:ATGGTTTAAAATAGGAAATCCACG

Chick GAPDH Fw:CGATCTGAACTACATGGTTTAC

Chick GAPDH Rw:ATCACAAGTTTCCCGTTCTC

Chick TUJ1 Fw: GTGGAGAACACGGATGAG

Chick TUJ1 Rw: GCGGAAGCAGATGTCGTA

Mouse JMJD3 Fw: GCTGAAGATCAGGCTCAT

Mouse JMJD3 Fw: CTCAGAGGCGATAAAGGTC

Mouse UTX Fw: CTGACCAGCAGCACAGA

Mouse UTX Rw: CTCGGACCTTTGTGAAGC

Mouse NGN2 Fw: CACAACCTAAACGCCGC

Mouse NGN2 Rw: TCTTCGTGAGCTTGGCAT

Mouse EOMES Fw: GAGCTTCAACATAAACGGAC

Mouse EOMES Rw: CAGAACCACTTCCACGAAA

Mouse SLC16A6 Fw: CCCGCAGAGAAGTTCAG

Mouse SLC16A6 Rw: CGATGGAGTCTATTGAGGTC

Mouse EDN1 Fw: CATCATCTGGGTCAACACTC

Mouse EDN1 Rw: TGACATCTAACTGCCTGGT

Mouse RDH10 Fw: CTGAAAGGGTCCGCAAG

Mouse RDH10 Rw: TGATGTCCAGAAACCACAC

Mouse STX3 Fw:GCAGACCTTCGGATACG

Mouse STX3 Rw:ACTTTGTCATCACCTCCAC

Mouse 23S Fw: CGTCAGGGTGCAGCTCATTA

Mouse 23S Rw:GGCACGAACGCTGTGATCTT

Mouse WNT5A  Fw: AGTTTAAGACAGTGCAGACC

Mouse WNT5A Rw: TTGACATAGCAGCACCAG

Gjb3 ms RNA Fw: GTAACACCAGGCAACCC



Gjb3 ms RNA Rw: AGAGTCGGATGTTGGAGA

Myo1D ms RNA  Fw: CAGATTTGAGAAAGGACGC

Myo1D ms RNA Rw: GGATTCACAGAAACAACCAC

Pou3f1 ms RNA Fw:CAACCTGGACAAGATCGC

Pou3f1 ms RNA Rw: CTTTGACACCCACCTCG

ShRNAs
Chick JMJD3 Fw:
GATCCCCCTGGGAGACCATCTCCGCCTTCAAGAGAGACCCTCTGGTAGAGGCGGTTTTTGGAAA

Chick JMJD3 Rw:
AGCTTTTCCAAAAACTGGGAGACCATCTCCGCCTCTCTTGAAGACCCTCTGGTAGAGGCGGGGG


	SUMMARY
	KEY WORDS: Histone demethylation, Epigenetic regulation, JMJD3 (Kdm6b), Smad3, TGFb
	INTRODUCTION
	MATERIALS AND METHODS
	Cell culture and CoIP assays
	Plasmids and recombinant proteins
	Antibodies and reagents
	Microarray analysis
	ChIP assays
	ChIP-Seq procedure
	Size exclusion chromatography
	Purification of recombinant proteins and GST pull down assays
	Immunoblotting
	mRNA extraction and qPCR
	Indirect immunofluorescence
	In situ hybridization
	GFP+ cell position measurement
	Lentiviral transduction
	Chick in ovo electroporation
	Statistical analysis

	RESULTS
	Phosphorylated Smad3 interacts with JMJD3 in NSCs
	TGFb-induced gene expression profile depends on JMJD3
	Smad3 and JMJD3 colocalize on gene promoters
	JMJD3 permanency at promoters is independent of Smad3
	TGFb-induced neurogenesis in the spinal cord requires JMJD3
	Smad3-JMJD3 cooperation requires JMJD3 HDM activity
	NeuroD1 is regulated by Smad3 and JMJD3 HDM activity

	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	DISCUSSION
	Supplementary material
	References

