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ABSTRACT
Chromatin structural states and their remodelling, including higher-
order chromatin folding and three-dimensional (3D) genome
organisation, play an important role in the control of gene expression.
The role of 3D genome organisation in the control and execution of
lineage-specific transcription programmes during the development
and differentiation of multipotent stem cells into specialised cell types
remains poorly understood. Here, we show that substantial
remodelling of the higher-order chromatin structure of the epidermal
differentiation complex (EDC), a keratinocyte lineage-specific gene
locus on mouse chromosome 3, occurs during epidermal
morphogenesis. During epidermal development, the locus relocates
away from the nuclear periphery towards the nuclear interior into a
compartment enriched in SC35-positive nuclear speckles. Relocation
of the EDC locus occurs prior to the full activation of EDC genes
involved in controlling terminal keratinocyte differentiation and is a
lineage-specific, developmentally regulated event controlled by
transcription factor p63, a master regulator of epidermal
development. We also show that, in epidermal progenitor cells, p63
directly regulates the expression of the ATP-dependent chromatin
remodeller Brg1, which binds to distinct domains within the EDC and
is required for relocation of the EDC towards the nuclear interior.
Furthermore, Brg1 also regulates gene expression within the EDC
locus during epidermal morphogenesis. Thus, p63 and its direct
target Brg1 play an essential role in remodelling the higher-order
chromatin structure of the EDC and in the specific positioning of this
locus within the landscape of the 3D nuclear space, as required for
the efficient expression of EDC genes in epidermal progenitor cells
during skin development.

KEY WORDS: Brg1, Smarca4, Chromatin, Epidermis, Epigenetics,
Keratinocyte, p63, Trp63, Mouse

INTRODUCTION
Tissue development and homeostasis are governed via the
establishment of lineage-specific programmes of gene expression in
defined populations of multipotent progenitor cells and their
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differentiating progeny. Lineage-specific programmes of gene
expression are characterised by distinct patterns of gene activation
and silencing and are regulated at several levels, including the
epigenetic control of chromatin structural states (Rando and Chang,
2009; Wang et al., 2009). Epigenetic regulatory mechanisms control
covalent DNA and histone modifications, ATP-dependent chromatin
remodelling, higher-order chromatin folding and the specific
arrangement of genes and distinct chromatin domains within three-
dimensional (3D) nuclear space (Hubner et al., 2012; Naumova and
Dekker, 2010; Rando and Chang, 2009; Wang et al., 2009).

Within the interphase nucleus, genes and genomic loci are non-
randomly distributed relative to the nuclear periphery, the nuclear
interior and nuclear landmarks, including chromosomal territories
(CTs) and other genes or distinct nuclear bodies (Bickmore and van
Steensel, 2013; Cremer and Cremer, 2010; Hubner et al., 2012). A
number of studies have found that inactive genes and gene loci are
often situated close to the nuclear membrane, whereas active genes
have been observed largely to occupy a more internal nuclear
position (Kosak et al., 2002; Takizawa et al., 2008; Williams et al.,
2006). However, for many genes transcriptional activity does not
always correlate with radial distribution. Rather, the positioning of
these genes is determined by the gene density of the corresponding
genomic loci or by other factors, such as the proximity to distinct
nuclear bodies, that facilitate or inhibit transcription (Brown et al.,
2008; Goetze et al., 2007; Küpper et al., 2007; Mao et al., 2011;
Yang et al., 2011).

The development and application of chromatin conformation
capture (3C, 4C, 5C and Hi-C) technologies to the study of nuclear
architecture have shown that actively transcribed genes in the
nucleus tend to associate closely with one another and form active
domains within CTs, whereas inactive genes form silenced
chromosomal domains (Lieberman-Aiden et al., 2009). Furthermore,
data obtained using super-resolution confocal microscopy have
revealed a network of channels and lacunas within both euchromatin
and heterochromatin, implicating a large degree of flexibility in the
positioning of genes and chromosomal domains relative to each
other in the interphase nucleus (Markaki et al., 2010). Three-
dimensional fluorescent in situ hybridisation (3D-FISH) data show
that some genes and gene loci ‘loop out’ from the major body of the
CT after activation or when in a highly active state (Chambeyron
and Bickmore, 2004; Chambeyron et al., 2005; Ferrai et al., 2010;
Williams et al., 2004). However, many actively transcribed genes
are also found on the surface of CTs or within them (Boyle et al.,
2011; Küpper et al., 2007), supporting the view that gene positioning
and transcriptional activity are determined by many, as yet
unknown, factors and conditions that vary in different cell types
(Bickmore and van Steensel, 2013).
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Skin epithelium (the epidermis) is a self-renewing tissue that
contains discrete populations of multipotent progenitor cells
(Blanpain and Fuchs, 2009). Differentiation of epithelial progenitor
cells, which reside in the basal epidermal layer, into keratinocytes
of the suprabasal layer is accompanied by a significant increase in
the expression of multiple genes residing within the epidermal
differentiation complex (EDC) locus. Located in the gene-rich
region of mouse chromosome 3, the EDC encodes components of
the cornified cell envelope essential for epidermal barrier formation
(de Guzman Strong et al., 2010; Fessing et al., 2011; Martin et al.,
2004; Segre, 2006) (Fig. 1A). The programme of epidermal
morphogenesis in mice begins at approximately embryonic day (E)
9.5 and is followed by the onset of epidermal stratification at E14.5,
resulting in the formation of a functional epidermal barrier at E18.5
(Blanpain and Fuchs, 2009; Gierman et al., 2007).

The programme of epidermal differentiation is maintained
throughout the lifespan of an organism and is regulated at several
levels by numerous signalling pathways and transcription factors, as
well as epigenetically (reviewed by Blanpain and Fuchs, 2009;
Botchkarev et al., 2012; Eckert et al., 2011; Frye and Benitah, 2012;
Koster et al., 2007b; Truong and Khavari, 2007; Zhang et al., 2012).
In particular, the involvement of the DNA methyltransferase
DNMT1, histone demethylase JMJD3 (also known as Kdm6b),
histone methyltransferase Setd8, histone deacetylases 1/2, ATP-
dependent chromatin modifying enzymes Brg1 (also known as
Smarca4) and Mi-2β (also known as Chd4), polycomb group
proteins Bmi1, Cbx4, Ezh2 and Jarid2, and the genome organiser
Satb1 in establishing tissue-specific differentiation programmes in
the epidermis has been demonstrated (Aarenstrup et al., 2008;
Driskell et al., 2012; Eckert et al., 2011; Ezhkova et al., 2011;
Ezhkova et al., 2009; Fessing et al., 2011; Indra et al., 2005;
Kashiwagi et al., 2007; Lien et al., 2011; Luis et al., 2011; Mejetta
et al., 2011; Sen et al., 2010).

Several indications suggest that epigenetic mechanisms
controlling epidermal development and differentiation are guided by
transcription factors. Transcription factor p63 (also known as
Trp63), a master regulator of epidermal development, directly
regulates expression of the genome organiser and AT-rich binding
protein Satb1, which is essential for proper higher-order chromatin
folding and transcriptional regulation of the EDC locus in
keratinocytes (Fessing et al., 2011). Deficiency in p63 leads to
significant changes in the expression of many other genes involved
in chromatin organisation and remodelling, including Brg1 (Fessing
et al., 2011). Brg1 ablation is associated with alterations in
epidermal barrier formation in embryonic skin, as well as with
defects in hair follicle stem cell activity and hair loss in adult mice
(Indra et al., 2005; Xiong et al., 2013). However, many aspects of
the 3D genome organisation in epidermal progenitor cells, including
the regulatory mechanisms that control higher-order chromatin
remodelling during distinct stages of epidermal development, remain
to be elucidated.

Here, we demonstrate that, during epidermal development,
increased transcriptional activity within the EDC locus is associated
with marked reorganisation of the higher-order chromatin
architecture of the locus and its relocation from the nuclear
periphery towards the nuclear interior into a compartment enriched
in SC35 (Srsf2)-positive nuclear speckles. Furthermore, we show
that profound changes in the gene expression profile of the EDC,
caused by loss of p63, are associated with changes in the
developmentally regulated relocation of the EDC within the nucleus.
Finally, we show that the ATP-dependent chromatin remodeller
Brg1 is a direct p63 target and that Brg1 contributes to the

developmentally regulated relocation of the EDC towards the
nuclear interior in epidermal progenitor cells.

RESULTS
A developmentally regulated increase in transcriptional
activity within the EDC locus is accompanied by its
relocation towards the nuclear interior in epidermal
progenitor cells
The EDC locus occupies ~3.1 Mb in the gene-rich region of mouse
chromosome 3. Its central domain contains a large number of genes
involved in epidermal stratification and barrier acquisition, including
loricrin (Lor), the Sprr gene family, Ivl, the Lce gene family and Flg
(de Guzman Strong et al., 2010) (Fig. 1A). Several genes that are
also expressed in tissues other than the epidermis flank the EDC,
including members of the S100 gene family and the Rps27 and
Gabpb2 genes, which encode ribosomal protein S27 and GA repeat
binding protein beta 2, respectively (Fig. 1A).

To define the dynamics of gene expression within the EDC and
neighbouring regions of mouse chromosome 3 in epidermal
keratinocytes and dermal cells (used as a control), we utilised laser-
capture micro-dissection (LCM) followed by microarray and
quantitative (q) RT-PCR analyses. In epidermal keratinocytes at
E11.5 (prior to epidermal stratification), the expression of
keratinocyte-specific genes that comprise the central EDC domain,
such as Lor and genes of the Lce family, was low or moderate.
Between E14.5 and E16.5, however, the transcriptional activity of
these genes was seen to steadily increase, reaching the maximum
level of expression in the adult epidermis (Fig. 1B; supplementary
material Table S1). Genes of the S100 family, which occupy the 5′
and 3′ EDC flanking regions, however, showed only moderate
changes in expression between E11.5, E16.5 and adult epidermis
(Fig. 1B; supplementary material Table S1). In contrast to
keratinocytes, developmentally regulated changes in the
transcriptional activity of genes within the central EDC domain did
not occur in dermal cells, in which only low-level expression of
these genes was observed (Fig. 1B; supplementary material Table
S1).

During development of the epidermis, distinct differences in the
expression pattern of two genes neighbouring the EDC, Rps27 and
Gabpb2 (supplementary material Fig. S1A), were observed. Located
within the 5′ flanking region of the EDC at a distance of 0.3 Mb
from the locus, the expression level of the Rps27 housekeeping gene
remained very high during all stages of development (supplementary
material Table S2). However, the transcriptional activity of Gabpb2,
which is located in the 3′ flanking region of the EDC at a distance
of 1.5 Mb from the locus, was low during all stages of epidermal
development (supplementary material Table S2).

We examined whether developmentally regulated increases in the
activity of the EDC locus and the Lor gene located within the locus
are associated with any changes in their position within the nucleus
and their position in relation to chromosomal territory 3 (CT3 or
MMU3). To address this question, 3D-FISH experiments were
performed on mouse skin at distinct time points of embryonic and
postnatal development [E11.5, E16.5, postnatal day (P) 10.5, 6 months
old] using distinct DNA probes generated from BAC clones covering
either the entire EDC or specifically the Lor locus together with
MMU3 paint (Fig. 1A; supplementary material Table S3). The
positioning of the EDC and of Lor in keratinocyte nuclei was
compared with that of neighbouring control genes Rps27 and Gabpb2
relative to distinct parts (peripheral and internal) of MMU3, which in
keratinocytes is located within the outer nuclear region in the vicinity
of the nuclear membrane (Fig. 1C,E). The peripheral part of the CT
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Fig. 1. Dynamics of transcriptional activity within the EDC locus and its relocation within the 3D nuclear space in developing skin. (A) Schematic
structure of the 5 Mb domain on mouse chromosome 3 containing the EDC locus, Rps27 and Gabpb2. 3D-FISH DNA probes detecting the corresponding
domains are shown in green (EDC) and yellow (Rps27, Gabpb2). Tel, telomere. (B) Microarray analysis of RNA from laser-captured epidermis and dermis of
mice at distinct stages of development. Means are shown for relative transcriptional activity normalised to the reference RNA levels for the indicated genes and
gene families in the EDC. Three samples were used for each stage. (C,D) Multicolour 3D-FISH with BACs containing the EDC, Lor, Rps27, Gabpb2 or mouse
chromosome territory 3 (MMU3) in epidermal (C) and dermal (D) cells at E11.5 and E16.5. Localisation of the EDC and Lor (arrows) and localisation of Rps27
and Gabpb2 (arrowheads) in distinct parts of MMU3 [peripheral (P) versus internal (i)] are shown in representative single z-sections. Scale bar: 2 μm.
(E,F) Frequencies of the intra-MMU3 distribution of EDC, Lor, Rps27 and Gabpb2 (peripheral versus the internal parts of the MMU3) in basal and suprabasal
keratinocytes (E) and dermal cells (F). The percentage of alleles of the EDC and Lor occupying the internal portion of the MMU3 increased at E16.5 in
comparison with that at E11.5, whereas the positioning of Rps27 and Gabpb2 in the epidermis or of EDC/Gabpb2 in dermal cells remained mostly unchanged.
n=100; P-values calculated for pairwise comparisons (Chi-square test) are as follows. Epidermis: EDC E11.5 versus E16.5 basal, P=2.73×10−8; EDC E11.5
versus E16.5 suprabasal, P=1.83×10−3; EDC E16.5 basal versus E16.5 suprabasal, P=0.024; EDC E16.5 versus P10.5, P=0.51; Lor E11.5 versus E16.5,
P=4.11×10−5; Lor E16.5 versus P10.5, P=1.0; Rps27 E11.5 versus E16.5, P=0.021; Gabpb2 E11.5 versus E16.5, P=0.64. Dermis: EDC versus Gabpb2,
P=5.5×10−14. (G) Relative radial position of Lor in basal epidermal keratinocytes normalised to the average radius of the nuclei at E11.5 and E16.5. Mean +
s.e.m. and data distribution; n=60. In pairwise comparisons, differences between E11.5 versus E16.5 are significant (P<0.01, Newman-Keuls test after one-way
ANOVA test). (H) Distances between Lor and Rps27 in basal epidermal keratinocytes at E11.5 and E16.5. Mean + s.e.m.; n=60. In pairwise comparisons,
differences between E11.5 versus E16.5 are significant (P<0.01, Newman-Keuls test after one-way ANOVA test). D
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was defined as that located furthest from the nuclear centre relative to
the CT centre; the internal part of the CT was defined by its proximity
to the nuclear centre relative to the CT centre.

At E11.5, prior to epidermal stratification, Lor and the entire EDC
were located close to the nuclear membrane, mostly occupying the
peripheral part of MMU3 (Fig. 1C,E). In contrast to the EDC, both
neighbouring genes (the highly transcribed Rps27 and lesser
transcribed Gabpb2) were predominantly located in the inner part of
MMU3 at E11.5. At later developmental stages, the position of
Gabpb2 within the territory remained unchanged, whereas Rps27
was observed to have moved slightly towards the internal part of the
territory (Fig. 1C,E). At E16.5, after the onset of epidermal
stratification, Lor and the EDC were found to predominantly occupy
a position within the internal region of MMU3, comparable to that
of Rps27 and Gabpb2, in contrast to their position within the
peripheral part of MMU3 at E11.5 (Fig. 1C,E).

In comparison to E16.5 basal epidermal cells, the EDC in
suprabasal keratinocytes showed only a slight shift towards the
external part of the MMU3 (Fig. 1E). In postnatal epidermis,
positioning of the EDC and of Lor in the internal part of the MMU3
was maintained (P10.5, 6-month-old mice) (Fig. 1E; data not
shown). Importantly, in dermal cells, Lor and the EDC retained their
peripheral position within MMU3 at all stages of embryonic and
postnatal development, suggesting that their relocation towards the
nuclear interior is indeed keratinocyte specific (Fig. 1D,E; data not
shown).

Changes in the nuclear localisation of Lor seen in epidermal
progenitor cells between E11.5 and E16.5 were consistent with
changes in its radial position relative to the nuclear centre
(normalised to the average nuclear radius) and with a significant
decrease in the distance between Lor and Rps27 (Fig. 1G,H;
supplementary material Fig. S1B). Furthermore, the distance of the
EDC from the nuclear membrane significantly increased at E16.5
compared with E11.5, whereas the nuclear position of MMU3
remained largely unchanged (supplementary material Fig. S1C).

The EDC locus becomes increasingly associated with SC35-
positive nuclear speckles during epidermal development
and stratification
SC35-positive nuclear speckles are nuclear repositories for RNA
processing factors that facilitate efficient gene expression (Brown et
al., 2008; Mao et al., 2011). In different cell lineages, many,
although not all, highly expressed genes are associated with SC35-
positive nuclear speckles (Brown et al., 2008; Spector and Lamond,
2011) and/or Pol II transcription factories (Morey et al., 2009:

Schoenefelder et al., 2010). Because epidermal keratinocyte nuclei
have a high density of transcription factories within the nucleus at
all development stages analysed (data not shown), we examined the
distribution of SC35-positive nuclear speckles within the vicinity of
the EDC by combining 3D-FISH with immunofluorescence staining
using anti-SC35 antibodies (supplementary material Table S8).

The number of SC35-positive speckles in epidermal progenitor
cells did not change significantly during transition of the epidermis
from a single layer (E11.5) to the multilayered stage (E16.5) (Fig.
2A). However, a significantly higher number of speckles were found
within the vicinity of the EDC locus and of Lor in basal and
suprabasal epidermal keratinocytes at E16.5 than at E11.5 (Fig. 2B;
data not shown). These data demonstrate that the relocation of the
EDC and Lor towards the nuclear interior and a developmentally
regulated increase in transcriptional activity are associated with an
increase in the number of nuclear speckles present within the
vicinity of the EDC, suggesting that the speckles play a role in
facilitating high levels of gene expression in the EDC locus during
epidermal development and stratification.

Developmentally regulated nuclear internalisation of the
EDC locus is markedly altered in the skin epithelium of
p63−/− mice
The group of transcription factors encoded by the p63 gene serve as
master regulators of epidermal development. p63−/− mice fail to
form a stratified epithelium and fail to express a number of
epidermis-specific genes (Fessing et al., 2011; Koster et al., 2007a;
Koster et al., 2004; Mills et al., 1999; Nguyen et al., 2006; Yang et
al., 1999). Lor and the EDC in epithelial cell nuclei in the skin of
p63−/− mice, as characterised by the expression of keratin 18 (Koster
et al., 2004), occupied a significantly (P<0.01) more peripheral
position within MMU3 at E16.5 compared with wild-type (WT)
mice (Fig. 3A). Consistent with these observations, the radial
position of Lor (normalised for the average nuclear radius) was
significantly (P<0.05) increased in nuclei in the skin epithelium of
p63−/− mice compared with WT mice (Fig. 3B,C). However, in
comparison with WT mice, the position of Rps27 in p63−/− mice
changed only slightly relative to MMU3 and the position of Gabpb2
remained unchanged (Fig. 3A). Furthermore, the number of SC35-
positive nuclear speckles within the vicinity of the EDC was
significantly (P<0.05) reduced in the epidermis of p63−/− mice in
comparison with WT mice (Fig. 3D). These data were consistent
with our previous results showing alterations in the 3D conformation
of the EDC locus in p63−/− mice (Fessing et al., 2011). They suggest
that p63 also contributes to the developmentally regulated relocation

RESEARCH ARTICLE Development (2014) doi:10.1242/dev.103200

Fig. 2. Developmentally associated changes in the nuclear environment around the EDC locus. (A) Number of SC35-positive nuclear speckles in the
middle section of the basal keratinocyte nucleus at E11.5 and E16.5. Mean + s.e.m.; n=30. The difference is insignificant (P=0.18, two-tailed t-test).
(B) Multicolour 3D-FISH with BACs containing the EDC combined with immunostaining for SC35-positive speckles. In representative single optical z-sections,
localisation of the EDC in the nuclear interior in physical proximity with an increased number of speckles is indicated by arrows. Scale bar: 2 μm. The boxed
region is magnified in the inset. The number of SC35-positive speckle domains in close vicinity to the EDC was increased in epidermal cells at E16.5 compared
with E11.5. n=80; mean + s.e.m.; *P<0.01 (Dunn’s test after Kruskal-Wallis test). D
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of the EDC and Lor towards the nuclear interior and to their
association with nuclear speckles within epidermal progenitor cell
nuclei.

Brg1 is a direct p63 target and controls gene expression
and nuclear positioning of the EDC in epidermal progenitor
cells
Microarray analysis of the embryonic epidermis of p63−/− mice
revealed the downregulation of a number of genes involved in the
control of chromatin structural organisation and remodelling,
including Brg1, relative to WT mice (Fessing et al., 2011). Bgr1 is
normally expressed in epidermal progenitor cells from E10.5
onward, and deficiency in Brg1 leads to defects in epidermal
development and barrier formation (Indra et al., 2005). Furthermore,
Brg1 and nuclear actin have been shown to form a complex that is
involved in the relocation of the MHC locus relative to its CT in
response to INFγ (Christova et al., 2007). We hypothesized that
Brg1 could be involved in mediating the relocation of the EDC
towards the nuclear interior and in establishing the 3D organisation
of the genome and lineage-specific programme of differentiation in
epidermal progenitor cells.

qRT-PCR and immunofluorescence analysis showed that Brg1
mRNA and protein levels are significantly decreased in the
epidermis of E16.5 p63−/− mice in comparison to WT mice (Fig.
4A,B). Furthermore, a chromatin immunoprecipitation (ChIP) assay
and subsequent qPCR showed, in mouse epidermal keratinocytes, a
significant enrichment of anti-p63 antibody binding to the intron 1
region of Brg1, a region that contains the consensus DNA-binding
site of transcription factor p63 (Fig. 4C,D). In short, these data
identified Brg1 as a direct transcriptional target of p63.

To gain mechanistic insights into the role of Brg1 in the regulation
of EDC positioning within the nucleus and of gene expression
within this region, K14-CreERT2/Brg1fl/fl mice [hereafter Brg1(i)ep]

were used as a model (Indra et al., 2005). The epidermis of E16.5
Brg1(i)ep−/− foetuses showed a marked decrease in Brg1 protein and
transcript levels (Fig. 5A,C). E16.5 Brg1(i)ep−/− mice showed a
reduction in epidermal thickness compared with WT controls
(supplementary material Fig. S2A,B). However, levels of
proliferation and apoptosis among basal epidermal cells in E16.5
Brg1(i)ep−/− and WT mice were not significantly different
(supplementary material Fig. S2C; data not shown), a finding
consistent with previously published data (Indra et al., 2005).

Microarray, qRT-PCR and immunohistochemical analyses of
E16.5 Brg1(i)ep−/− laser-captured epidermis showed a marked
downregulation of genes that comprise the central EDC domain,
including Lor and several members of the Lce family, compared
with age-matched WT epidermis (Fig. 5B-D; supplementary
material Table S4). In addition, sequencing of DNA isolated from
formaldehyde cross-linked chromatin fragments immunoprecipitated
with anti-Brg1 antibody from primary epidermal keratinocytes
showed Brg1 binding in the vicinity of the regulatory
regions/transcription start sites of numerous genes within the EDC
central domain and flanking regions (Fig. 5E).

To check whether Brg1 contributes to the relocation of Lor
within MMU3 during epidermal development, we analysed the
position of the entire EDC locus, Lor and Rps27 relative to either
one another or to MMU3 in E16.5 Brg1(i)ep−/− and E16.5 WT
basal epidermal cells. 3D-FISH analyses showed a significant
increase in the proportion of EDC and Lor loci located at the
periphery of MMU3, and an increase in the distance between Lor
and Rps27 loci in the basal epidermal layer of Brg1(i)ep−/− mice
compared with WT basal keratinocytes (Fig. 5F-I). Furthermore,
the number of SC35-positive nuclear speckles within the vicinity
of the EDC was significantly (P<0.05) reduced in the epidermis of
Brg1(i)ep−/− mice compared with WT mice (Fig. 5J;
supplementary material Fig. S2D).
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Fig. 3. Alterations in EDC localisation in the epidermis of p63 knockout mice. (A) Results of image analysis after multicolour 3D-FISH with BACs
containing the EDC, Lor, Rps27, Gabpb2 and MMU3. Frequencies of intra-MMU3 distribution (peripheral versus the internal parts of the MMU3) of EDC, Lor,
Rps27 and Gabpb2 in basal epidermal cells of p63−/− compared with control mice at E16.5. For each sample, n=100. P-values calculated for pairwise
comparison (Chi-square test) are: EDC, P=2.07×10−4; Lor, P=1.81×10−3; Rps27, P=0.057; Gabpb2, P=0.64. (B,C) Relative radial position of Lor normalised to
the average radius of the nuclei in basal epidermal keratinocytes of WT and p63−/− mice at E16.5. (B,C) Mean + s.e.m. (B) and data distribution (C); n=60;
P<0.01, Newman-Keuls test after one-way ANOVA test. (D) Multicolour 3D-FISH with BACs containing the EDC combined with immunostaining for SC35 in the
epidermis of WT and p63−/− mice. Positions of the EDC in epidermal cell nuclei are shown by arrows in representative single z-sections. Scale bar: 2 μm. The
number of speckles in proximity to the EDC in p63−/− mice was decreased compared with WT mice. Mean + s.e.m.; n=80; *P<0.01, Dunn’s test/Kruskal-Wallis
test.
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These data are consistent with results obtained from the analysis
of E12.5 WT embryos treated for 2 days ex vivo with Brg1 or
control siRNA; an increase in the incidence of Lor loci located at
the periphery of MMU3 was observed after treatment with Brg1
siRNA compared with control siRNA-treated epidermis
(supplementary material Fig. S3). Likewise, the intrachromosomal
localisation of Rps27 was not notably affected by treatment with
Brg1 siRNA and predominantly occupied the internal part of MMU3
in both Brg1(i)ep−/− and WT mice (supplementary material Fig. S3).
Taken together, these data suggest that Brg1 serves as a direct
transcriptional target of p63 that contributes to the developmentally
regulated relocation of the EDC and Lor towards the nuclear interior
in epidermal progenitor cells.

DISCUSSION
Here we show that, during epidermal morphogenesis and
differentiation of multipotent progenitor cells residing in the basal
epidermal layer, the lineage-specific EDC locus shows marked
remodelling of its higher-order chromatin structure and relocates
away from the nuclear periphery into the nuclear interior. This shift
in the radial position of the EDC is associated with an increase in
the transcriptional activity of genes involved in the control of
terminal keratinocyte differentiation and epidermal barrier
formation. We demonstrate that developmentally regulated
relocation of the EDC towards the nuclear interior is a keratinocyte-
specific event that does not involve the neighbouring Rps27 and
Gabpb2 genes, does not occur in dermal cells, and is regulated, at
least in part, by the lineage-specific transcription factor p63 and its
direct target the ATP-dependent chromatin remodeller Brg1.

Our data are generally consistent with previous observations
showing the looping out from CT1 of the EDC locus in cultured
human keratinocytes, which suggests that the positioning of this
genomic domain within the nucleus is flexible (Williams et al.,
2002). Here, we provide the first compelling evidence that
positioning of the EDC locus within the nucleus of epidermal
progenitor cells is developmentally regulated in situ, and that, once
established, it is maintained during adulthood despite the many
cycles of cell division that occur in this rapidly proliferating and
self-renewing epithelial tissue (Blanpain and Fuchs, 2009).
Importantly, keratinocyte-specific positioning of the EDC within the

nuclear interior is established prior to full activation of the EDC,
making it likely that such changes occur not as a consequence of
transcriptional activation but rather as a prerequisite for the efficient
maintenance of high expression levels among genes encoded within
the EDC that are associated with terminal keratinocyte
differentiation.

Our data suggest that, together with the regulation of specific
patterns of histone methylation and acetylation at EDC gene
promoters (Ezhkova et al., 2009; Frye et al., 2007), the distinct 3D
organisation and nuclear positioning of the EDC locus represent an
important mechanism in the hierarchy of events underlying a
programme of concerted gene expression within this locus during
lineage-specific differentiation. This is also evident from the fact
that neither Rps27 nor Gabpb2, which both neighbour the EDC,
shows a substantial developmentally regulated change in nuclear
position in either epidermal progenitor or dermal cells. Thus, higher-
order chromatin remodelling within this 5 Mb gene-rich domain on
mouse chromosome 3 is apparently regulated by mechanisms
operating at the level of the individual gene or gene locus.

The location of the EDC locus at the nuclear periphery in
epidermal keratinocytes at E11.5 and in dermal fibroblasts during all
stages of development suggests that the EDC could interact with the
nuclear lamina via lamina-associated domains (LADs) (Guelen et
al., 2008; Peric-Hupkes et al., 2010). Recent data show that selected
regions of the EDC are incorporated into LADs in murine ES cells,
and in murine embryonic fibroblasts the whole locus lies within the
LAD (Peric-Hupkes et al., 2010). Our data suggest that movement
of the EDC towards the nuclear interior during epidermal
development might be due to the release of the genes within the
locus from a repressive environment associated with the nuclear
lamina. Mechanisms regulating this process need to be investigated
further.

Because many actively transcribed genes demonstrate a more
flexible chromatin structure in comparison with inactive genes,
active genes may loop outside of the CTs or concentrate within their
outermost parts (Morey et al., 2009). Our data show that relocation
of the EDC locus into the nuclear interior is associated with an
increase in the number of SC35-positive nuclear speckles present
within the vicinity of the EDC, suggesting that this nuclear
compartment might provide a ‘permissive environment’ for the
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Fig. 4. Brg1 is a direct transcriptional target of p63 in
epidermal keratinocytes. Expression of Brg1 mRNA (A)
and protein (B) is substantially reduced in the epidermis of
E16.5 p63−/− mice compared with the WT control. Dotted
line indicates position of basement membrane (EP). Scale
bar: 25 μm. (C,D) qPCR analysis of DNA purified from
cross-linked mouse primary epidermal keratinocyte
chromatin after immunoprecipitation with antibodies against
p63 protein or purified rabbit IgGs identified binding of p63
to the high-affinity site in the first intron of the Brg1 gene
(C,D) but not to the negative control site. The promoter
region of Cldn1 was used as a positive control (D). Error
bars indicate s.d.
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Fig. 5. Brg1 is involved in the control of gene expression and EDC intranuclear localisation in the epidermis. (A) Lack of Brg1 protein expression in the
epidermis of Brg1(i)ep−/− mice at E16.5 in comparison to the control. Dashed line indicates position of basement membrane. (B) Microarray data demonstrating
differences in gene expression in the EDC in the epidermis of E16.5 Brg1(i)ep−/− versus control mice. Asterisks indicate that the fold change in gene expression
levels was validated by qRT-PCR. (C) qRT-PCR analysis of gene expression in the EDC in the epidermis of E16.5 Brg1(i)ep−/− mice normalised to the
expression level in the control mice. (D) The reduction in Lor expression in the epidermis of E16.5 Brg1(i)ep−/− versus control mice. (E) Brg1 ChIP-Seq profiles
in the EDC in mouse epidermal keratinocytes. (F) Multicolour 3D-FISH with BACs containing Lor (arrows), Rps27 (arrowheads) and MMU3 in the epidermis of
Brg1(i)ep−/− and control mice at E16.5. (G) Frequencies of intra-MMU3 distribution (peripheral versus internal parts of the MMU3) of EDC, Lor and Rps27 in
basal epidermal cells of Brg1(i)ep−/− compared with control mice at E16.5. For each sample, n=100. P-values calculated for pairwise comparison (Chi-square
test) are: Lor, P=5.97×10−6; EDC, P=1.34×10−8; Rps27, P=0.09. (H) Relative radial position of Lor normalised to the average radius of the nuclei in basal
epidermal keratinocytes of WT and p63−/− mice at E16.5. Mean + s.e.m.; *P<0.05 (two-tailed Student’s t-test). (I) Distances between Lor and Rps27 in basal
epidermal keratinocytes in Brg1(i)ep−/− and control mice at E16.5. Mean + s.e.m.; n=66; *P<0.01 (two-tailed Student’s t-test). (J) The number of speckles in
proximity to the EDC in Brg1(i)ep−/− mice was decreased compared with WT mice. Mean + s.e.m.; n=80; *P<0.01 (Dunn’s test/Kruskal-Wallis test). (K) Model
describing p63-mediated higher-order chromatin remodelling within the EDC locus during epidermal development (see text for further details). KCs,
keratinocytes. Scale bars: 25 μm in A; 2 μm in F; 2 μm in D. D
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efficient transcription and maintenance of high expression levels
among genes activated during keratinocyte differentiation. SC35-
positive speckles enriched in RNA metabolic factors facilitate
efficient gene expression and are considered to be sites of
association between active genes within the nucleus (Brown et al.,
2008; Mao et al., 2011; Spector and Lamond, 2011; Yang et al.,
2011). The impact that distinct speckle components have on the
control of gene expression within the EDC in epidermal progenitor
cells remains to be determined. Present within active chromatin
domains identified within interphase nuclei using the pan-genomic
Hi-C approach (Lieberman-Aiden et al., 2009), the influence that
distinct sets of transcriptional and chromatin regulators and/or
lineage-specific promoter-enhancer interactions exert on gene
expression within the EDC also remains to elucidated (Lieberman-
Aiden et al., 2009).

In accordance with the prior designation of the transcription factor
p63 as a master regulator of epidermal development (Koster et al.,
2007a; Truong and Khavari, 2007), our data demonstrate that
developmentally regulated relocation of the EDC locus towards the
nuclear interior in epidermal progenitor cells is regulated by p63.
Recent ChIP-Seq data demonstrate that p63 binds to, and directly
regulates, the expression of many of the genes that comprise the
EDC (McDade et al., 2012). Demonstrable at both E14.5 and E16.5
in p63 knockout mice, ablation of p63 results in failure to activate a
large cohort of genes involved in epidermal stratification during
epidermal development (Fessing et al., 2011; Shalom-Feuerstein et
al., 2011).

As we have shown previously, in addition to directly controlling
gene expression, p63 controls the genome organiser Satb1 in
epidermal progenitor cells, which, in turn, regulates the
conformation of the central domain of the EDC and the genes within
this region that are activated during terminal keratinocyte
differentiation (Fessing et al., 2011). We show here that, in addition
to Satb1, p63 also directly regulates the expression of the ATP-
dependent chromatin remodeller Brg1, which contributes to the
developmentally regulated relocation of the EDC locus towards the
nuclear interior. In turn, Brg1 binds to many regions within the EDC
locus in keratinocytes and the genetic ablation of Brg1 in the
epidermis results in marked alterations in the expression pattern of
terminal differentiation-associated genes.

It was shown previously that the ATP-dependent chromatin
remodellers Brg1 and Mi-2β  are involved in the control of
keratinocyte differentiation and epidermal barrier formation.
Ablation of the genes encoding Brg1 and Mi-2β results in altered
epidermal development and barrier function in mice (Indra et al.,
2005; Kashiwagi et al., 2007). Both Brg1 and Mi-2β are essential
co-regulators of transcription and they might also control local
remodelling of the chromatin fibre within the EDC at the
nucleosome level in an ATP-dependent manner (Cai et al., 2006;
Kwon and Wagner, 2007). Brg1 binds to the promoters and distal
regulatory elements of many active genes (De et al., 2011;
Euskirchen et al., 2011) and is also implicated in the relocation of
the human MHC locus relative to its CT in response to INFγ
treatment (Christova et al., 2007). Brg1 has also been shown to form
a complex with nuclear actin and to promote the formation of cell
type-specific chromatin loops between the beta-globin locus control
region and downstream promoters (Clapier and Cairns, 2009). Most
likely, Brg1 contributes to the formation of topologically flexible
chromatin structure within the EDC locus in keratinocytes during its
developmentally regulated relocation to the nuclear interior, as
shown previously for other cell types (Christova et al., 2007; Clapier
and Cairns, 2009). However, the mechanisms underlying the

targeting of Brg1 to distinct regions of the EDC and its potential
interaction with the assorted transcription factors (including p63,
AP-1, Klf4) known to regulate EDC gene expression in epidermal
progenitor cells remain to be further clarified.

In conjunction with data published previously (Fessing et al.,
2011), we conclude that, in epidermal progenitor cells during skin
development, a p63-regulated programme of chromatin remodelling
within the EDC locus includes at least two interconnected steps: (1)
the Brg1-dependent relocation of the EDC away from the nuclear
periphery into the nuclear interior and proximity with speckles; (2)
the final, Satb1-mediated arrangement of the chromatin
conformation within the central domain of the locus, which contains
a large number of genes activated during terminal keratinocyte
differentiation (Fig. 5K). An involvement of Satb1 in the control of
the developmentally regulated relocation of the EDC towards the
nuclear interior seems rather unlikely (Fessing et al., 2011), but the
participation of Brg1 and its potential cooperation with Satb1 in the
establishment of a specific EDC conformation in differentiating
epidermal keratinocytes needs to be investigated further. Additional
analysis using 3C-based technologies will help elucidate the
principles of organisation within the genomic neighbourhood of the
EDC locus in epidermal progenitor cells and help to identify the
mechanisms that control chromatin folding within this locus during
its activation in terminally differentiated keratinocytes.

MATERIALS AND METHODS
Experimental animals and tissue collection
Animal studies were performed in accordance with protocols approved by
Boston University (USA) and the UK Home Office Project License.
C57Bl/6 mice were purchased from Charles River Laboratories. p63 null
and WT embryos were obtained by breeding p63+/− animals from Jackson
Laboratories. Brg1(i)ep−/− foetuses were obtained by breeding K14-
CreERT2/Brg1L2/L2 mice with Brg1L2/L2 mice and administering
tamoxifen to pregnant females from E10.5 onwards, as described previously
(Indra et al., 2005). Tissue samples were processed for immunofluorescent
or microarray analysis as described (Botchkarev et al., 1999a; Botchkarev
et al., 1999b; Fessing et al., 2006; Sharov et al., 2006; Siebenhaar et al.,
2007). For FISH and immunofluorescence analysis of 3D preserved nuclei,
skin samples were prepared as described (Fessing et al., 2011; Solovei et al.,
2009).

LCM, microarray, qRT-PCR and immunohistochemistry
LCM of the murine basal epidermal layer at selected stages of development
and subsequent RNA isolation, amplification and microarray analyses were
performed as previously described (Sharov et al., 2006). Microarrays were
performed by Mogene (St Louis, MO, USA) using a 41K Whole Mouse
Genome 60-mer oligo microarray (Agilent Technologies). Gene expression
microarray data were normalised to corresponding reference RNA data. Two
independent datasets were generated for each stage of epidermal
morphogenesis. P-values were calculated by Student’s t-test using the
distribution of background intensity and signal intensity values (Agilent
Feature Extraction software version 7.5). The microarray expression data
were deposited in Gene Expression Omnibus under accession number
GSE50847. The function and ontology of genes listed were identified using
Entrez Gene (http://www.ncbi.nlm.nih.gov/gene) (Fessing et al., 2010).
Primers for qRT-PCR analyses (supplementary material Table S6) were
designed using Beacon Designer (Premier Biosoft, Palo Alto, CA, USA).
qRT-PCR was performed using iQ SYBR Green Supermix and the MyiQ
Single-Colour Real-Time PCR Detection System (Bio-Rad) as described
previously (Fessing et al., 2011). Immunohistochemical analyses were
performed with the primary antibodies listed in supplementary material
Table S8, as described previously (Müller-Rover et al., 1998; Peters et al.,
2002). Analysis of apoptosis was performed using the TUNEL assay
(Sharov et al., 2003).
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3D-FISH, confocal microscopy and image analysis
Labelled DNA probes were prepared and 3D-FISH analysis performed on
20 μm tissue sections, as described previously (Fessing et al., 2011; Solovei
et al., 2009). Probes were synthesized by nick translation using Bio-dUTP,
FITC-dUTP or Cy3-dUTP [synthesized in house according to Muller et al.
(Muller et al., 2011)] using individual or pooled BAC spanning target loci
(supplementary material Table S3). Whole chromosome paints were labelled
with Bio-dUTP by degenerate oligonucleotide-primed (DOP)-PCR. DNA
was stained with DAPI (Sigma). Immunostaining was performed on 10-20
μm quick-frozen or 3D preserved tissue with antibodies (supplementary
material Table S8) using standard protocols (Fessing et al., 2006; Sharov et
al., 2005). 3D immuno-FISH experiments were conducted by
immunostaining tissue sections with antibodies after probe hybridisation.

Two-dimensional and 3D images were collected using a Zeiss LSM510
confocal microscope. Nuclei were scanned with a z-axial distance of 200
nm, yielding separate stacks of 8-bit greyscale images, with pixel size 100-
200 nm, for each fluorescent channel. For each optical section, images were
collected sequentially for all fluorophores and the axial chromatic shift
corrected for in each channel (Ronneberger et al., 2008). Images were
processed and analysed using ImageJ (NIH). The radial position of loci
relative to the nuclear centre was calculated after correction for chromatic
aberration by normalising locus distance from the nuclear centre to average
nuclear radius, as previously described (Fessing et al., 2011). The
intrachromosomal positions of loci were analysed as follows: a locus was
recorded as being situated in either an internal or peripheral part of the CT
according to whether the signal centre was closer to the nuclear interior or
to the nuclear membrane relative to the CT centre. SC35-positive nuclear
speckles were considered to be within the vicinity of gene loci when the
corresponding fluorescent signals were found to at least partially overlap.

ChIP assay
ChIP was performed using epidermal keratinocytes isolated from newborn
mouse skin and anti-p63 or anti-Brg1 antibodies (supplementary material
Table S5), as previously described (Fessing et al., 2011). After ChIP, PCR
analysis of Brg1 enrichment in precipitated DNA within the Cldn1 promoter
(used as a positive control) (Lopardo et al., 2008) and the Brg1 intronic
region (used as a negative control) was performed using the primers listed
in supplementary material Table S7. Indexed ChIP-Seq libraries were
generated using NEBNext reagents (New England BioLabs) and ChIP
libraries were sequenced on the HiSeq 2500 platform (Illumina), producing
30-70 million reads per library. Sequencing reads were aligned to the mm9
mouse genome assembly (Langmead et al., 2009). Specific areas of Brg1
binding were identified with Sicer (Zang et al., 2009) using default settings.
The ChIP-Seq results have been deposited in Gene Expression Omnibus
with accession number GSE50921.

Embryonic tissue culture and inhibition of Brg1 expression
using siRNA
Whole embryo cultures from E12.5 WT embryos were prepared and
maintained as previously described (Andl et al., 2002; Botchkarev et al.,
1999). Within 2 hours of culture preparation, tissue samples were transfected
with Brg1 siRNA or negative control scrambled siRNA
(Dhermacon/Thermo Fisher Scientific) at a final concentration of 100 nM
using RNAiMax reagent (Invitrogen) as described (Fessing et al., 2011).
Forty-eight hours post-transfection, tissue was prepared to preserve the
spatial structure of nuclei for 3D-FISH analysis (see above). siRNA
penetration into the tissue under the experimental conditions employed was
demonstrated using Block-IT fluorescent oligo (Invitrogen) in parallel
experiments.

Statistical analysis
Intrachromosomal locus position frequencies were analysed by Chi-square
test (significance level, α=0.05). Where more than two samples were
compared, Bonferroni adjustment was applied to avoid inflated type I error
rates. Histogram plots of radial position and intergene distance data were
generated to evaluate the normality of the distribution of these datasets.
Equality of variances was assessed using Levene’s test. For pairwise
comparisons, a two-tailed t-test (α=0.05) was employed. Where multiple

samples were compared, one-way analysis of variances (ANOVA) was used,
followed by the Newman-Keuls test (α=0.05). Statistical comparison
between SC35-positive speckle count datasets was made using the Mann-
Whitney U-test.
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Figure S1.  Dynamics of Rps27 and Gabpb2 gene expression during epidermal and dermal 
development.  Changes in distances between Rps27 and Lor and between nuclear border and EDC or 
MMU3 in the developing epidermis.
(A) Microarray analysis of RNA from laser-captured epidermis and dermis of mice at distinct stages of 
expression. Means are shown for relative transcription activity normalized to the reference RNA levels for 
the indicated genes. Three samples were used for each stage. (B) Distances between Lor and Rps27 in basal 
epidermal keratinocytes normalized to the average nuclear radius at E11.5 and E16.5. Mean+S.E.M, n=60. 
Pair-wise comparisons – differences between the E11.5 versus E16.5 are significant (p<0.01, Newman-
Keuls test after one way ANOVA test) (C) Distances between the EDC or centre of MMU3 and nuclear 
border in basal epidermal keratinocytes of WT mice (E11.5, E16.5). Mean+S.E.M, n=60, difference in the 
distances for EDC is significant (p<0.001, two- tailed t-test).





Figure S3.  Brg1 is involved in the relocation of Lor gene within MMU3 in developing epidermis.
(A) Reduction in the expression of Brg1 protein in the epidermis of E12.5 embryos treated with Brg1 
siRNA for two days ex vivo in comparison with embryos treated with control siRNA.  Notice the 
appearance of Brg1 negative cells in the epidermis of Brg1 siRNA treated embryos that are absent in the 
control epidermis (arrows) and reduction in  protein expression level in the majority of the epidermal 
cells after Brg1 siRNA treatment. Scale bar is 25 um. (B) Multi-color 3D-FISH with BACs containing the 
Lor and Rps27 together with the whole mouse chromosome territory 3 (MMU3) paint in the epidermal 
cells of the E12.5 embryos treated ex vivo with Brg1 or control siRNA. Localization of Lor (shown by 
arrows) and localization of Rps27 (shown by arrowheads) in distinct regions within the MMU3 (p- 
peripheral versus i – internal) are shown in representative single Z-sections. Scale bar is 2 um. (C) Results 
of image analysis after Multi-color 3D-FISH with BACs containing the Lor and Rps27, and mouse 
chromosome territory 3 (MMU3). Frequencies of intra-MMU3 distribution (peripheral versus the 
internal parts of the MMU3) of Lor and Rps27 in basal epidermal cells in E12.5 embryos treated with 
Brg1 or control siRNA. For Brg1 siRNA n=88, for control siRNA n=110. P-values calculated for pair-wise 
comparison are: Lor (p=0.035), Rps27 (p=0.45), Chi-square test.



Table S1. Dynamics of gene expression in the EDC locus during skin development 

Gene 
start 

Gene end Gene name Gene symbol E11.5 
epidermis 

E14.5 
epidermis 

E16.5 
epidermis 

Adult 
epidermis 

E11.5 
dermis 

E16.5 
dermis 

Adult 
dermis 

90314956 90318252 S100 calcium binding 
protein A1 

S100a1 0.42 0.52 0.42 0.48 0.39 0.42 0.41 

90318682 90328503 S100 calcium binding 
protein A13 

S100a13 0.48 0.47 0.74 0.27 0.45 0.73 0.52 

90330792 90332755 S100 calcium binding 
protein A14 

S100a14 3.47 36.31 54.57 18.46 1.46 3.90 1.29 

90345145 90347073 S100 calcium binding 
protein A16 

S100a16 1.52 6.61 1.49 5.78 1.27 4.51 1.70 

90394169 90395430 predicted gene, 
EG628324 

EG628324 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

90404137 90406624 S100 calcium binding 
protein A3 

S100a3 1.08 1.67 1.04 2.08 1.17 1.79 1.13 

90407692 90409963 S100 calcium binding 
protein A4 

S100a4 0.06 0.15 0.09 0.19 0.06 0.24 0.07 

90412444 90415702 S100 calcium binding 
protein A5 

S100a5 0.82 0.70 0.92 0.56 0.84 0.52 0.80 

90416816 90418336 S100 calcium binding 
protein A6 (calcyclin) 

S100a6 0.05 0.17 0.05 0.16 0.03 0.14 0.04 

90458224 90462052 S100 calcium binding 
protein A7A 

S100a7a 0.87 1.25 1.23 0.85 1.18 1.00 0.97 

90472993 90473956 S100 calcium binding 
protein A8 (calgranulin 

A) 

S100a8 1.95 0.39 0.08 0.17 2.40 0.39 2.35 

90496555 90499613 S100 calcium binding 
protein A9 (calgranulin 

B) 

S100a9 20.39 6.55 2.83 2.03 10.40 2.78 2.06 

90512767 90514887 similar to 40S ribosomal 
protein S2 

LOC668165 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

90526554 90527441 similar to 
Serine/threonine-protein 

phosphatase alpha-3 

LOC383949 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 



isoform 

90530874 90544432 Peptidoglycan recognition 
protein 4 

Pglyrp4 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

90562587 90565233 apoptosis inhibitor 5 
pseudogene 

LOC329706 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

90579741 90581802 predicted gene, 
EG545541 

EG545541 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

90682671 90692628 similar to Calgranulin B 
(Migration inhibitory 

factor-related protein 14) 

LOC635737 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

90718795 90720856 predicted gene, 
EG668174 

EG668174 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

90813317 90821107 similar to nischarin LOC668179 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
90841248 90844152 similar to 60S acidic 

ribosomal protein P1 
LOC635756 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

90875369 90880395 RIKEN cDNA 
4930529C04 gene 

4930529C04Rik N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

90892059 90894727 RIKEN cDNA 
9130204L05 gene 

9130204L05Rik N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

91542275 91544416 similar to S100 calcium-
binding protein; 

S100RVP 

LOC100042463 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

91818534 91835506 Peptidoglycan recognition 
protein 3 

Pglyrp3 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

91828410 91828989 predicted gene, 
EG619750 

EG619750 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

91884193 91887064 Loricrin Lor 1.71 34.11 32.76 102.86 1.24 2.20 1.41 
91926126 91927869 proline rich 9 Prr9 0.67 3.24 0.45 1.14 0.77 1.58 0.95 

92019757 92026413 small proline-rich protein 
2A1 

Sprr2a1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92054569 92061226 small proline-rich protein 
2A2 

Sprr2a2 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92120627 92122007 small proline-rich protein Sprr2b 0.47 0.45 0.50 0.77 0.42 0.37 0.49 



2B 
92130521 92130751 small proline-rich protein 

2C 
Sprr2c N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92143080 92144793 small proline-rich protein 
2D 

Sprr2d 1.12 1.07 1.41 5.44 1.13 1.19 0.99 

92156065 92157371 small proline-rich protein 
2E 

Sprr2e 0.64 0.44 0.62 0.63 0.59 0.43 0.61 

92169109 92170364 small proline-rich protein 
2F 

Sprr2f 1.23 1.82 1.17 2.78 1.29 2.21 1.32 

92177837 92179151 small proline-rich protein 
2G 

Sprr2g 0.95 1.25 0.94 1.36 0.95 1.16 1.02 

92189607 92191246 small proline-rich protein 
2H 

Sprr2h 0.74 1.04 1.54 21.68 0.71 0.95 0.87 

92211913 92213193 small proline-rich protein 
2I 

Sprr2i N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92222009 92223318 small proline-rich protein 
2J 

Sprr2j 0.64 0.79 0.62 0.78 0.60 0.64 0.61 

92231960 92233348 similar to Adhesion 
regulating molecule 1 

LOC100043022 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92236504 92237849 small proline-rich protein 
2K 

Sprr2k 0.54 0.70 0.63 0.76 0.40 0.32 0.53 

92240731 92242701 small proline-rich protein 
1B 

Sprr1b 0.95 2.55 1.27 2.82 1.02 1.42 1.01 

92260741 92261457 small proline-rich protein 
3 

Sprr3 0.82 0.90 0.80 1.57 0.81 1.19 0.94 

92277107 92277467 similar to hCG1782414 LOC100042575 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
92287876 92289803 small proline-rich protein 

1A 
Sprr1a 0.53 1.13 0.71 2.84 0.66 0.56 0.76 

92304185 92304415 small proline-rich protein 
4 

Sprr4 1.06 1.81 0.88 2.81 1.03 1.77 1.14 

92336432 92338490 similar to CG4877-PA LOC100042581 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
92374824 92377637 Involucrin Ivl 1.08 2.48 1.77 27.33 1.03 2.45 1.47 
92387788 92392946 sperm mitochondria-

associated cysteine-rich 
Smcp 1.34 2.44 0.91 3.44 1.11 2.23 1.55 



protein 

92424007 92425582 late cornified envelope 
6A 

Lce 6a N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92450454 92452229 late cornified envelope 
1A1 

Lce1a1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92459572 92460848 late cornified envelope 
1B 

Lce1b 3.27 0.63 11.47 14.42 3.05 6.48 0.83 

92468155 92468766 similar to 60S ribosomal 
protein L13 (A52) 

LOC620325 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92472535 92474237 late cornified envelope 
1A2 

Lce1a2 1.41 0.78 12.83 209.28 1.30 1.88 1.30 

92483169 92484840 late cornified envelope 
1C 

Lce1c 0.94 0.71 12.03 90.22 0.92 0.84 0.96 

92489421 92491132 late cornified envelope 
1D 

Lce1d 1.22 0.47 8.84 111.73 1.16 3.31 1.29 

92492476 92495109 similar to 14-3-3 zeta LOC100043062 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
92511322 92512996 late cornified envelope 1E Lce1e 1.28 2.05 9.99 48.11 1.08 2.03 1.21 
92522607 92524272 late cornified envelope 1F Lce1f N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
92541767 92542251 similar to small proline 

rich-like 9 
LOC668264 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92554073 92556260 late cornified envelope 
1G 

Lce1g 0.96 0.97 0.89 1.58 1.03 1.00 1.00 

92567137 92568987 late cornified envelope 
1H 

Lce1h N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92581132 92582821 late cornified envelope 1I Lce1i 0.60 0.59 9.71 69.20 0.85 1.02 0.88 
92593074 92594529 Hypothetical LOC545547 LOC545547 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
92610213 92616300 Hypothetical protein 

LOC631101 
LOC631101 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92626996 92631169 Keratinocyte expressed, 
proline-rich 

Kprp N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92653871 92655208 late cornified envelope 1L Lce1l 1.88 6.37 2.55 6.11 1.77 4.07 2.27 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 



92672281 92673296 RIKEN cDNA 
2310050C09 gene 

2310050C09Rik 1.24 4.18 2.69 24.88 1.09 2.22 1.37 

92729209 92730152 late cornified envelope 
3A 

Lce3a N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92736901 92738020 late cornified envelope 
3B 

Lce3b N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92748408 92749652 late cornified envelope 
3C 

Lce3c 1.08 1.02 1.12 2.37 1.18 2.95 1.65 

92761249 92762495 similar to late cornified 
envelope protein 

LOC630994 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92770705 92772203 RIKEN cDNA 
2310001H18 gene 

2310001H18Rik N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92796148 92797348 late cornified envelope 3F Lce3f 1.23 1.97 0.89 2.97 1.03 0.95 1.30 
92818129 92819608 cysteine-rich C-terminal 1 Crct1 1.36 11.23 13.65 195.88 1.38 2.19 1.11 
92821729 92822982 late cornified envelope 

1M 
Lce1m 2.19 7.04 3.57 26.77 1.24 3.16 1.69 

92872745 92879427 predicted gene, 
EG229571 

EG229571 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

92948709 92953393 Cornulin Crnn N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
93001195 93025299 filaggrin family member 

2  
Flg2 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

93081986 93083004 predicted gene, 
EG668300 

EG668300 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

93086391 93097616 Filaggrin Flg 0.92 0.56 41.84 137.00 0.88 2.23 1.03 
93102884 93109394 Hypothetical protein 

LOC100042701 
LOC100042701 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

93124477 93137494 Hornerin Hrnr 0.65 1.19 1.60 2.68 0.84 0.84 0.96 
93197621 93203364 Repetin Rptn N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
93237137 93237688 predicted gene, 

EG383891 
EG383891 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

93246252 93252999 Trichohyalin Tchh N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
93272676 93275902 trichohyalin-like 1 Tchhl1 3.57 13.58 4.46 10.41 3.05 9.96 3.85 
93324418 93330210 S100 calcium binding 

protein A11 (calgizzarin) 
S100a11 0.27 0.32 0.35 0.30 0.22 0.27 0.17 



93359039 93368567 S100 calcium binding 
protein A10 (calpactin) 

S100a10 0.30 0.52 0.61 0.37 0.22 0.58 0.15 

 

N.D.  Not determined 

 

Table S2.  Dynamics of expression of Rps27 and Gabpb2 genes during skin development 

Dynamics of expression of Rps27 and Gabpb2 genes in developing epidermis 

Gene name Gene 
symbol 

E11.5  
epidermis  

fluorescent 
signal 

E11.5 
epirmis 
signal vs 
reference 

RNA signal 

E14.5  
epidermis  

fluorescent 
signal 

E14.5 
epidermis 
signal vs 

reference RNA 
signal 

E16.5  
epidermis  

fluorescent 
signal 

E16.5 
epidermis 
signal vs 
reference 

RNA signal 

Adult 
epidermis  

fluorescent 
signal 

ribosomal protein S27 Rps27 183427.9 0.81 490939.00 1.88 184131.60 1.3 204156.10 

GA repeat binding 
protein, beta 2 

Gabpb2 259 1.25 462.22 2.78 292.59 0.52 669.10 

 

Dynamics of expression of Rps27 and Gabpb2 genes in developing dermis 

Gene name Gene 
symbol 

E11.5 
dermis  

fluorescent 
signal 

E11.5 
dermis 

signal vs 
reference 

RNA 
signal 

E16.5 dermis  
fluorescent 

signal 

E16.5 
dermis 

signal vs 
reference 

RNA signal 

Adult 
dermis  

fluorescent 
signal 

Adult dermis 
signal vs reference 

RNA signal 

ribosomal protein S27 Rps27 155916.4 0.57 90937.4 0.62 167709.20 0.99 
GA repeat binding 

protein, beta 2 
Gabpb2 631.5 1.67 659.0 2.51 407.25 1.55 

 



Table S3. 3D-FISH BAC probes generated to the distinct regions of mouse chromosome 3 

Probe BAC name Featured 
Gene 

BAC 
start 

BAC end gene 
start 

gene end 

Rps27 RP23-480F10 Rps27 89997746 90169775 90016591 90017569 
       

EDC RP24-318N12 S100a6 90284072 90451873 90416816 90418336 
 RP24-61G19 Lor 91716002 91899804 91884193 91887064 
 RP24-248L10 Ivl 92215201 92392463 91887064 92377637 
 RP24-341I21 Lce3c 92634255 92806759 92748408 92749652 
 RP23-425P7 S100a10 93215624 93411886 93359039 93368567 
       

Gabpb2 RP24-363H12 Gabpb2 94926338 95086569 94985688 95021864 
 

Table S4. Gene expression in the EDC locus in the Brg1(i)ep-/- epidermis in comparison to the control at E16.5 

Gene start Gene end Gene name Gene symbol Control vs 
Brg1(i)ep-/- 

Brg1(i)ep-/- vs 
Control 

90314956 90318252 S100 calcium binding protein A1 S100a1 5 0.2 
90318682 90328503 S100 calcium binding protein A13 S100a13 0.55 1.82 
90330792 90332755 S100 calcium binding protein A14 S100a14 1.63 0.61 
90345145 90347073 S100 calcium binding protein A16 S100a16 2.68 0.37 
90394169 90395430 predicted gene, EG628324 EG628324 N.D. N.D. 
90404137 90406624 S100 calcium binding protein A3 S100a3 1.05 0.95 
90407692 90409963 S100 calcium binding protein A4 S100a4 2.48 0.4 
90412444 90415702 S100 calcium binding protein A5 S100a5 0.76 1.31 
90416816 90418336 S100 calcium binding protein A6 (calcyclin) S100a6 1.13 0.89 
90458224 90462052 S100 calcium binding protein A7A S100a7a 0.07 13.81 



90472993 90473956 S100 calcium binding protein A8 
(calgranulin A) 

S100a8 0.07 13.81 

90496555 90499613 S100 calcium binding protein A9 
(calgranulin B) 

S100a9 0.02 55.18 

90512767 90514887 similar to 40S ribosomal protein S2 LOC668165 N.D. N.D. 
90526554 90527441 similar to Serine/threonine-protein 

phosphatase alpha-3 isoform 
LOC383949 N.D. N.D. 

90530874 90544432 Peptidoglycan recognition protein 4 Pglyrp4 0.94 1.06 
90562587 90565233 apoptosis inhibitor 5 pseudogene LOC329706 N.D. N.D. 
90579741 90581802 predicted gene, EG545541 EG545541 N.D. N.D. 
90682671 90692628 similar to Calgranulin B (Migration 

inhibitory factor-related protein 14) 
LOC635737 N.D. N.D. 

90718795 90720856 predicted gene, EG668174 EG668174 N.D. N.D. 
90813317 90821107 similar to nischarin LOC668179 N.D. N.D. 
90841248 90844152 similar to 60S acidic ribosomal protein P1 LOC635756 N.D. N.D. 
90875369 90880395 RIKEN cDNA 4930529C04 gene 4930529C04Rik N.D. N.D. 
90892059 90894727 RIKEN cDNA 9130204L05 gene 9130204L05Rik N.D. N.D. 
91542275 91544416 similar to S100 calcium-binding protein; 

S100RVP 
LOC100042463 N.D. N.D. 

91818534 91835506 Peptidoglycan recognition protein 3 Pglyrp3 1.02 0.98 
91828410 91828989 predicted gene, EG619750 EG619750 N.D. N.D. 
91884193 91887064 Loricrin Lor 61.63 0.02 
91926126 91927869 proline rich 9 Prr9 0.81 1.24 
92019757 92026413 small proline-rich protein 2A1 Sprr2a1 1.06 0.95 
92054569 92061226 small proline-rich protein 2A2 Sprr2a2 23.57 0.04 
92120627 92122007 small proline-rich protein 2B Sprr2b 1.09 0.92 
92130521 92130751 small proline-rich protein 2C Sprr2c N.D. N.D. 
92143080 92144793 small proline-rich protein 2D Sprr2d 0.13 7.73 
92156065 92157371 small proline-rich protein 2E Sprr2e 1.06 0.95 



92169109 92170364 small proline-rich protein 2F Sprr2f 0.27 3.67 
92177837 92179151 small proline-rich protein 2G Sprr2g 0.09 10.83 

92189607 92191246 small proline-rich protein 2H Sprr2h 0.15 6.82 
92211913 92213193 small proline-rich protein 2I Sprr2i 0.48 2.09 
92222009 92223318 small proline-rich protein 2J Sprr2j 1.83 0.55 
92231960 92233348 similar to Adhesion regulating molecule 1 LOC100043022 N.D. N.D. 
92236504 92237849 small proline-rich protein 2K Sprr2k 3.25 0.31 
92240731 92242701 small proline-rich protein 1B Sprr1b 2.56 0.39 
92260741 92261457 small proline-rich protein 3 Sprr3 1.06 0.94 
92277107 92277467 similar to hCG1782414 LOC100042575 N.D. N.D. 
92287876 92289803 small proline-rich protein 1A Sprr1a 2.24 0.45 
92304185 92304415 small proline-rich protein 4 Sprr4 0.98 1.02 
92336432 92338490 similar to CG4877-PA LOC100042581 N.D. N.D. 
92374824 92377637 Involucrin Ivl 1.84 0.54 
92387788 92392946 sperm mitochondria-associated cysteine-rich 

protein 
Smcp 1 1 

92424007 92425582 late cornified envelope 6A Lce 6a N.D. N.D. 
92450454 92452229 late cornified envelope 1A1 Lce1a1 32.89 0.03 
92459572 92460848 late cornified envelope 1B Lce1b 8.66 0.12 
92468155 92468766 similar to 60S ribosomal protein L13 (A52) LOC620325 N.D. N.D. 
92472535 92474237 late cornified envelope 1A2 Lce1a2 32.59 0.03 
92483169 92484840 late cornified envelope 1C Lce1c N.D. N.D. 
92489421 92491132 late cornified envelope 1D Lce1d 10.44 0.1 
92492476 92495109 similar to 14-3-3 zeta LOC100043062 N.D. N.D. 
92511322 92512996 late cornified envelope 1E Lce1e 4.09 0.24 
92522607 92524272 late cornified envelope 1F Lce1f 3.1 0.32 
92541767 92542251 similar to small proline rich-like 9 LOC668264 N.D. N.D. 
92554073 92556260 late cornified envelope 1G Lce1g 4.06 0.25 
92567137 92568987 late cornified envelope 1H Lce1h 2.72 0.37 



92581132 92582821 late cornified envelope 1I Lce1i 19.42 0.05 
92593074 92594529 Hypothetical LOC545547 LOC545547 N.D. N.D. 
92610213 92616300 Hypothetical protein LOC631101 LOC631101 N.D. N.D. 
92626996 92631169 Keratinocyte expressed, proline-rich Kprp 7.13 0.14 
92653871 92655208 late cornified envelope 1L Lce1l 8.76 0.11 
92672281 92673296 RIKEN cDNA 2310050C09 gene 2310050C09Rik 3.29 0.3 
92729209 92730152 late cornified envelope 3A Lce3a 1.55 0.65 
92736901 92738020 late cornified envelope 3B Lce3b 6.98 0.14 
92748408 92749652 late cornified envelope 3C Lce3c 2.79 0.36 
92761249 92762495 similar to late cornified envelope protein LOC630994 N.D. N.D. 
92770705 92772203 RIKEN cDNA 2310001H18 gene 2310001H18Rik N.D. N.D. 
92796148 92797348 late cornified envelope 3F Lce3f 4.9 0.2 
92818129 92819608 cysteine-rich C-terminal 1 Crct1 3.21 0.31 
92821729 92822982 late cornified envelope 1M Lce1m 16.23 0.06 
92872745 92879427 predicted gene, EG229571 EG229571 1.51 0.66 
92948709 92953393 Cornulin Crnn 0.98 1.02 
93001195 93025299 filaggrin family member 2 Flg2 1.6 0.63 
93081986 93083004 predicted gene, EG668300 EG668300 N.D. N.D. 
93086391 93097616 Filaggrin Flg N.D. N.D. 
93102884 93109394 Hypothetical protein LOC100042701 LOC100042701 N.D. N.D. 
93124477 93137494 Hornerin Hrnr 2.24 0.45 
93197621 93203364 Repetin Rptn 1.03 0.97 
93237137 93237688 predicted gene, EG383891 EG383891 N.D. N.D. 
93246252 93252999 Trichohyalin Tchh 0.63 1.59 
93272676 93275902 trichohyalin-like 1 Tchhl1 1.09 0.91 
93324418 93330210 S100 calcium binding protein A11 

(calgizzarin) 
S100a11 1.6 0.62 

93359039 93368567 S100 calcium binding protein A10 
(calpactin) 

S100a10 2.27 0.44 



N.D.  Not determined 

 

Table S5. Sites within the 5 Mb EDC containing region bound by Brg1 

Peak start Peak finish Peak start Peak finish Peak start Peak finish 

89009600 89011000 90362400 90364000 94195000 94198400 

89053600 89058400 90365800 90369800 94286200 94287800 

89071600 89077600 90388200 90394600 94389000 94392400 

89078600 89087600 90401000 90402800 94411800 94418400 

89088400 89090600 90406400 90408600 94432200 94434600 

89100800 89110400 90412400 90415800 94452400 94455200 

89134000 89140400 90433200 90434800 94460600 94464000 

89191200 89201000 90528000 90530800 94468000 94470200 

89202000 89204000 90773000 90774000 94480800 94488800 

89218000 89224000 91837000 91840800 94560200 94563800 

89260000 89261800 91908200 91909400 94586600 94595600 

89271600 89275000 91973800 91975000 94601800 94603400 

89285200 89287400 91990400 91991800 94614400 94616400 



89302200 89306200 92049600 92050800 94623000 94625200 

89318600 89324400 92084600 92085600 94734200 94737800 

89451200 89453000 92289800 92290800 94748400 94750200 

89602200 89603600 92383000 92383800 94800000 94801800 

89616400 89617800 92412800 92414000 94831000 94836600 

89633600 89636400 92698000 92700000 94928400 94939000 

89663800 89665400 92814600 92818800 95003800 95005400 

89668800 89671000 92829400 92831400 95040400 95045000 

89671800 89673600 92927000 92928600 95066000 95068000 

89698000 89704000 92931600 92934000 95083600 95091200 

89709000 89711400 93084000 93097200 95092800 95100400 

89713600 89718000 93098000 93102000 95110000 95113000 

89718800 89722200 93159200 93161600 95113800 95125200 

89868600 89870800 93169400 93170200 95207800 95211000 

89891200 89893000 93171000 93172000 95321400 95323200 

90045200 90049200 93323800 93327200 95448600 95450600 

90207000 90208800 93415600 93417800 95453400 95456600 



90215000 90217000 93563800 93566000 95466200 95471600 

90279200 90281200 94115600 94119200 95478800 95481600 

90292600 90302200 94132600 94135600 95494600 95500600 

90340200 90344000 94147600 94149400   

 

 

Table S6.  List of PCR primers used for quantitative RT-PCR 

Gene Accession 
number 

Forward/reverse primers 

Smarca/Brg1 NM_009351 F:CGTAAGCGTAAGCGAGAC  
R:CATCTTCTTGGTGAGGTTAGG 

Flg2 NM_001013804 F:GGAACAGAAGGACAGGAG 
R:TATGTATATAGCGGAGTATTGC 

Gabpb2 NM_026493 F:TTCCACTTAGTTTCTGACATCTTG 
R:GTACATAAAGCTGCCAGACAAC 

Ivl NM_008412 F:GCAGGAGAAGTAGATAGAG 
R:TTAAGGAAGTGTGGATGG 

Lce1a1 NM_025984 F:TTCACCAGCAGAGATGTC 
R:CCAGACTACAGCAGGAAG 

Lce1a2 NM_028625 F:TTCACCAGCAGAGATGTC  
R:TACAGCAGGAAGACACAG 

Lce3 NM_033175 F:CCAGTTCCTGCCGAGATG 
R:ACTTTGGAGAGGGACACTTG 

Lor NM_175656 F:TTCCAAACCCTTCACATTTTAAG 
R:GGGAGGTAGTCATTCAGAAAC 

Rps27 NM_033596 F:CTGCTCCACTGTCCTCTG 
R:GGTTCCCACTCATCTTCAATC 



 

 

 

Table S7. List of PCR primers used for quantitative PCR after Chromatin Immuno-Precipitation 

Genomic Region Forwar/reverse primers 
Brg1 893/1050 F: GCCCTTCCCAGTTTTTAAGATAG  

R:ACTCAAAGGCTGTCTGTCAGTTC 
Brg1 1181/1440 F: GCAAATCGTTCCTACATCATCA  

R:AAGGAGAAACGTCCCCATATTT 
Cld1 promoter F: TGGAAGCATCCCTTGTTTTC  

R:TTGCTGTCCTCTCTGGGTCT 
  

Table S8. List of primary antibodies 

Antigen Host Dilution Manufacturer 
p63a Rabbit 1:200 Santa Cruz Biotechnology, Santa Cruz, CA, 

USA 
Satb1 Rabbit 1:100 Cell Signaling, Denvers, MA, USA 

Loricrin Rabbit 1:1000 Covance, Emeryville, CA 
Ki-67 Rabbit 1:200 Abcam, Cambridge, UK 
SC-35 Mouse 1:20 Sigma, St Louis, MO 

Smarca4/Brg1 Rabbit 1:200 Santa Cruz Biotechnology, Santa Cruz, CA, 
USA 
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