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Long-range comparison of human and mouse Sprr
loci to identify conserved noncoding sequences
involved in coordinate regulation
Natalia Martin, Satyakam Patel, and Julia A. Segre1

National Human Genome Research Institute, National Institutes of Health, Bethesda, Maryland 20892, USA

Mammalian epidermis provides a permeability barrier between an organism and its environment. Under homeostatic
conditions, epidermal cells produce structural proteins, which are cross-linked in an orderly fashion to form a
cornified envelope (CE). However, under genetic or environmental stress, specific genes are induced to rapidly build
a temporary barrier. Small proline-rich (SPRR) proteins are the primary constituents of the CE. Under stress the
entire family of 14 Sprr genes is upregulated. The Sprr genes are clustered within the larger epidermal differentiation
complex on mouse chromosome 3, human chromosome 1q21. The clustering of the Sprr genes and their upregulation
under stress suggest that these genes may be coordinately regulated. To identify enhancer elements that regulate this
stress response activation of the Sprr locus, we utilized bioinformatic tools and classical biochemical dissection.
Long-range comparative sequence analysis identified conserved noncoding sequences (CNSs). Clusters of
epidermal-specific DNaseI-hypersensitive sites (HSs) mapped to specific CNSs. Increased prevalence of these HSs in
barrier-deficient epidermis provides in vivo evidence of the regulation of the Sprr locus by these conserved sequences.
Individual components of these HSs were cloned, and one was shown to have strong enhancer activity specific to
conditions when the Sprr genes are coordinately upregulated.

[Supplemental material is available online at www.genome.org.]

The complete sequencing of genomes has opened new avenues
of research into the full interpretation of these codes. Not only
will this information facilitate a comprehensive recognition of
transcribed sequences, but it also enables the prediction of regu-
latory sequences responsible for the correct spatial and temporal
gene expression. The identification of evolutionarily conserved
noncoding sequences (CNSs) among orthologous genomic re-
gions of different species has proven to be a powerful guide for
the localization of cis-acting transcriptional regulatory elements.
The elucidation of cis-regulatory elements in a genome is an im-
portant starting point for the identification of the specific bind-
ing factors and therefore for the subsequent discovery of the
molecular pathways that control the mechanisms of cellular dif-
ferentiation and physiology (for review, see Pennacchio and Ru-
bin 2001; Frazer et al. 2003; Ureta-Vidal et al. 2003). With the
release of the initial mouse and human sequences, there has been
much interest in the use of comparative sequence analysis to
identify gene regulatory elements. Between these two genomes,
∼5% of the sequence is under positive selection. As this is much
higher than the percent of the genomes predicted to be protein-
coding sequences, the other regions are postulated to encode
untranslated regions of genes, RNA genes, or regulatory elements
under selection for biological function (Waterston et al. 2002).

A handful of studies in mammals have tested the hypothesis
that CNSs are cis-regulatory modules that control the expression
of nearby genes (Göttgens et al. 2001, 2002; Loots et al. 2000;
Santagati et al. 2003; Santini et al. 2003; Fraser et al. 2004). A
priori, noncoding sequences may be conserved because the se-

quences have not diverged in the evolutionary time between the
organisms or because of strong selection to maintain cis-
regulatory elements. After determining the local rate of sequence
conservation, analysis focuses on regions with statistically lower
rates of substitution. The full regulatory potential of sequences
may not be appreciated since analysis is constrained by the assays
to query functional significance.

The identification of long-range regulatory elements has
been essential to understand the coordinate gene regulation of
tandemly arrayed genes such as the �-globin, interleukins 4, 13,
and 5, or Hox clusters (Grosveld et al. 1987; Loots et al. 2000;
Santini et al. 2003). Still under investigation is how the sharing of
common cis-regulatory elements is a selective force to maintain
the physical proximity of genes tandemly arrayed. An open ques-
tion is whether the mechanisms of coordinate regulation identi-
fied for these well studied gene clusters extend to other regions of
the genome. The epidermal differentiation complex (EDC), a 2.2-
Mb region of mouse chromosome 3 and human chromosome
1q21, consists of multiple genes that are expressed during kera-
tinocyte differentiation (Cabral et al. 2001; Elder and Zhao 2002).
Within the EDC are two distinct classes of genes. The central 1.2
Mb contains genes encoding structural proteins such as involu-
crin, loricrin, profilaggrin, the families of small proline-rich
(SPRR) proteins, and the late envelope proteins. In response to
the increased calcium levels of differentiating epidermal cells,
transglutaminase cross-links these proteins. Flanking the genes
encoding these structural proteins are genes of the S100 family,
which encode small calcium-binding proteins that mediate cal-
cium signaling during epithelial cell differentiation (Fig. 1A;
South et al. 1999).

Here we focus on the regulation of the family of Sprr genes,
tandemly arrayed in 220 kb of the EDC. The SPRR proteins have
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Figure 1. Physical map of comparative sequence analysis of the Sprr locus. (A) Representation of genes and families of genes found in the epidermal
differentiation complex (EDC) on human chromosome 1q21. Sizes are in megabases from centromere. Gene order of Sprr locus are relative to flanking
genes Loricrin and Involucrin. (B) Representation of genes and families of genes found in the EDC on mouse chromosome 3. Sizes are in megabases from
centromere. (C) Percent identity plots (PIPs) comparing the mouse and human sequences of the Sprr locus. Analysis of the PipMaker program with the “all
matches” option and the mouse sequence as the reference. The mouse genomic sequences is shown on the x-axis. Sizes are in kilobases relative to Loricrin.
Percent sequence identity (50%–100%) is shown on the y-axis. In addition to the Sprr genes (introns, orange boxes; exons, blue boxes), predicted transcripts
determined by BLAST are also shown (introns, yellow boxes; exons, blue boxes). The repeats of mouse sequence are depicted as follows: black pointed boxes,
LINE2s; light gray pointed boxes, LINE1s; dark gray pointed boxes, LTRs; black triangles, MIRs; light gray triangles, SINEs other than MIRs; dark gray triangles,
other repeats; white boxes, simple repeats. CpG islands are represented by short boxes. DNaseI HS results are also depicted in the figure: probes (P) are
represented by colored boxes. Restriction enzymes used for each probe are indicated in the same color to the left and to the right of each probe below the
plot (Ap, ApaI; HII, HpaII; HI, HpaI; Ps, PstI; B, BamHI; Ah, AhdI; Af, AflII; Pf, PflFI; Ss, SspI; X, XmaI; S, StuI; E, EcoRV). The DNaseI Hs are represented by arrows
above the plot. To improve clarity of the figure, probes that did not reveal an HS are not displayed. (D) Dot matrix comparisons of human and mouse sequence
in the Sprr region. Conservation in the dot blot is represented by black dots. The x-axis has a graphical representation of the mouse sequence in which
exons are represented by coloration as in Figure 1C.
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diversified their amino acid sequence and expression pattern,
enabling the body to construct slightly different types of perme-
ability barriers as needed for backskin, mouth, tongue, etc. Al-
though the genes have unique expression patterns in normal
tissues, under stressed conditions the entire family of genes can
be upregulated. This upregulation has been documented in UV-
irradiated cells and papilloma tissue (Song et al. 1999; Cabral et
al. 2001) and in a genetic model of epidermal barrier dysfunc-
tion, the targeted ablation of the transcription factor Klf4, inves-
tigated in our laboratory (Patel et al. 2003). The clustering of the
Sprr genes and their misregulation suggest that these genes may
be coordinately regulated. Using a combination of comparative
sequence analysis and classical biochemical approaches, we char-
acterized an enhancer specific to the coordinate upregulation of
the Sprr locus.

Results

Identification of candidates for cis-regulatory elements
by comparative sequencing analysis

As stated above, the EDC consists of multiple genes that are ex-
pressed during keratinocyte differentiation. In the mouse and
human, 14 and nine genes, respectively, encode SPRR proteins,
which are tandemly arrayed within the EDC (Fig. 1A,B).

To identify regulatory elements of the Sprr locus, we first
identified conserved sequence within this locus and the flanking
sequences. We established Loricrin and Involucrin as the bound-
aries of our analysis because they are the closest known genes on
either side of the Sprr locus and their expression is not affected in
the epidermis of barrier-deficient mice that upregulate the entire
Sprr locus (∼426 kb in mouse and ∼352 kb in human) (Patel et al.
2003). A priori, the larger size of the mouse interval compared to
the human interval is unusual, since on average the mouse ge-
nome is 14% smaller than the human genome. However, lineage-
specific expansion of gene families was noted with the initial
sequencing and comparative analysis of the mouse and human
genomes (Waterston et al. 2002). Our previously published
analysis of the SPRR coding sequences suggested that this expan-
sion occurred independently in mouse and human (Patel et al.
2003).

A comparison between the human and mouse sequences in
the Sprr locus by PipMaker analysis revealed conservation of cod-
ing sequences, introns, and putative gene-specific regulatory re-
gions, located within 2 kb of an exon. The 180-kb intergenic
region from Sprr2a to Sprr3 contained only a few sparse bits of
sequence conservation. The 40 kb between Sprr3 and Sprr4 con-
tained large tracts of sequence conservation, similar to the se-
quences flanking the Sprr locus, which displayed a significant
degree of similarity (Fig. 1C, Supplemental Fig. 1). These stretches
of conserved sequence are conserved not only in sequence but
also in relative position between mouse and human (Fig. 1D,
Supplemental Fig. 2). (Note that due to the large size of the figure,
only the region of extensive analysis from Sprr3 to Inv is pre-
sented in Fig. 1C,D. The other panels are presented in Supple-
mental material.) Underscoring the significance of these align-
ments is the UCSC Mouse/Human Evolutionary Conservation
Score, which predicts with high probability that these sequences
are under selection rather than neutral evolution. We observed
that 30.2% of the 352-kb human sequence aligns with the mouse
sequence, significantly lower than the average of ∼40%.

In contrast, the percent identity plot for the mouse-on-

mouse sequence demonstrates multiple hits in the intergenic
Sprr2 region with little conservation elsewhere (Supplemental
Figs. 3,4). This analysis aided us in designing unique primers and
probes. Two regions (at 116 kb and 253 kb) had high sequence
conservation with the coding exons of the other Sprr genes. The
sequence at 116 kb contains a long open reading frame with the
5� half of the gene corresponding to an Sprr-like coding sequence
and the 3� portion to non-Sprr-related sequence. The gene at 253
kb is an Sprr-pseudogene. These two blocks correspond to new
Sprr-related sequences. However, as no spliced ESTs were found
corresponding to these sequences for any tissue, they are not
annotated as genes. Rather, the sequences at 116 and 253 kb
along with Sprr2c are identified as pseudogenes.

A BLAST search was performed for all the putative mouse–
human CNSs against genomic and EST sequences to determine
whether they represent unique noncoding sequences. Three
novel spliced genes were identified and are annotated in Supple-
mental Figure 1 with blue boxes representing the exons and yel-
low the intronic sequence. The genomic DNA corresponding to
spliced ESTs was considered real exons and excluded from further
investigations.

Two previous studies focused on CNSs of >100 bp >70%
identity to identify regulatory elements (Loots et al. 2000; San-
tagati et al. 2003). Using BLASTZ and AVID programs to align the
mouse and human DNA sequences in the noncoding regions, we
identified 18 CNSs with >100 bp >70% identity, (allowing for
gaps and mapping more than 2 kb from an exon): six blocks in
the Loricrin to Sprr2a interval and 12 in the Sprr3 to Involucrin
interval. However, for certain gene clusters, for example the
�-globin cluster, this criterion is too stringent to identify known
regulatory elements (Flint et al. 2001). Instead of ranking regions
solely on sequence identity and ungapped alignment length, our
strategy was to prioritize aligned sequences (both ungapped and
gapped) that contain keratinocyte-specific DNaseI-hypersensi-
tive sites for further experimental analysis.

Keratinocyte-specific DNaseI-hypersensitive mapping
of the Sprr locus

Based on the prediction that conserved noncoding sequences
may represent regulatory elements, we searched for keratinocyte-
specific chromatin alterations in these regions. Proteins typically
bind DNA in open chromatin, which is preferentially cleaved by
DNaseI. Mapping cell type-specific sites sensitive to digestion
with this enzyme is a standard method to localize putative regu-
latory regions (Hardison et al. 1997; Sinha and Fuchs 2001). To
identify keratinocyte-specific HSs in the Sprr locus, we utilized
SP-1 cells, initiated mouse keratinocytes, which express all of the
Sprr genes (Strickland et al. 1988). These cells were also selected
because under differentiation conditions, they coordinately up-
regulate the entire Sprr locus, which will be important for experi-
ments described below. As a control, we queried erythroid MEL
cells, which do not express any Sprr gene (data not shown).

Nuclei from SP-1 and MEL cells were treated with increasing
concentrations of DNaseI to visualize all possible HSs. To query
the chromatin status of the regions with high sequence conser-
vation, we used overlapping probes and restriction enzyme frag-
ments encompassing the regions between Loricrin and Sprr2a and
between Sprr3 and Involucrin. Southern blot analysis of the DNA
fragments hybridized with appropriate radiolabeled probes re-
vealed the keratinocyte-specific DNaseI HSs (arrows in Fig. 1C).
The Southern blot mapping of the HSs is shown in Figure 2. The
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locations of the probes (P), enzymes, and HSs are given in Figure
1C. In two cases, probes on both 5� and 3� sides of the restriction
fragment were used to map the HSs: AflII with P357 and P370

and SspI with P365 and P370. The results generated with the two
probes were identical, and thus only one is shown. Note that all
of the data is color-coded so that a unique color is used for each
enzyme, probe, and restriction site; for example, PstI in green
cuts at 318.7 and 324.5 with a probe at 324.1 and HSs at 321.8,
322.7, and 323.1. The same colors are used consistently through-
out the figures. The exact locations of each probe and restriction
enzyme sites are given in Supplemental Table I. Since no HS
mapped in the Loricrin to Sprr2a interval to a predicted CNS, we
focused on the Sprr3 to Involucrin interval.

Intriguingly, we detected two clusters of three HSs each in
regions that overlapped with blocks of strong sequence identity
that were more than 8 kb from any exon. We focused our efforts
on these dense HSs from 322 to 324 and from 367 to 370 kb since
clusters of HSs have traditionally been associated with control
regions. The clusters of HSs contain alignments of 123 nucleo-
tides (nt) with 77% identity (at 324.1), 155 nt at 71% identity (at
366.9), and 101 nt at 72% identity (at 369.3). Although no other
HS mapped within 1 kb of a block of CNS with >70% identity
over 100 bp, nine additional HSs, including the other HSs in
these clusters at 324 and 370, mapped to regions of alignable
sequence with lower conservation.

DNaseI-hypersensitive mapping of the Sprr locus in epidermis

To determine the biological significance of these two clustered
HSs, we mapped these regions in neonatal epidermal cells, iso-
lated from wild-type and barrier-deficient Klf4�/� epidermis,
which we previously showed has a strong upregulation of the
entire Sprr locus (Patel et al. 2003). To our knowledge, this type of
in vivo verification has not previously been demonstrated for a
keratinocyte-specific HS. We combined the method for isolating
single cells from newborn epidermis with the method for isolat-
ing nuclei and mapped the HSs. Importantly, we discovered the
identical pattern of HSs in the epidermis as the SP-1 cells; that is,
no additional or missing HSs. Moreover, across all concentrations
of DNaseI enzyme, the cluster of HSs from 322 to 324 is dramati-
cally more prevalent in the Klf4-deficient than in the wild-type
epidermal DNA. Normalizing the HSs to the undigested DNA,
these HSs are ∼three times more prevalent. Similarly, the clus-
tered HSs from 367 to 370 are two- to sixfold more prevalent in
the Klf4-deficient than in the wild-type epidermal DNA (Fig. 3).

Fine mapping and sequence analysis of individual
hypersensitive sites

To enable testing of the HSs as enhancer elements, we need to
fine-map the sites. Since the HS site may be generated anywhere
within the nucleosome, we localized the HSs to 200–320 bp. For
example, the HS at ∼322 kb maps between the BglII and AciI sites,
marking it to a 322-bp region. Each of the HSs was similarly
localized (Fig. 4). Based on the fine mapping of the HSs, we now
refer to them as 324HS1,2,3 and 370HS1,2,3 as shown on Figure
1C and Figure 4. With the fine localization of each HS, we re-
turned to the concise alignment between the mouse and human
sequences. We determined that the greatest block of sequence
identity for 324 HS1,2,3 was 81 bp at 63%, 206 bp at 64%, and
201 bp at 63%, respectively. Similarly for 370HS1,2,3, the great-
est block of sequence identity for HS1,2,3 was 300 bp at 69%, 293
bp at 60%, and 298 bp at 66%, respectively. These sequences are
unique in the genome, and their localization relative to the Sprr
genes is conserved in mouse and human.

Figure 2. DNaseI HS mapping of the Sprr locus. Keratinocyte-specific
patterns of DNaseI HSs at the conserved regions of the Sprr locus. Nuclei
from SP-1 cells and MEL cells were treated with increasing amounts of
DNaseI (closed rectangles), and isolated DNAs were digested with restric-
tion enzymes and subjected to Southern blotting with a probe as indi-
cated. The HSs bands are indicated on the right by colored arrows, and
their localization in the mouse sequence is shown in Figure 1C. The exact
locations of probes and restriction enzyme sites are given in Supplemen-
tal Table I.
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A PipMaker analysis between mouse and rat sequences in
this region (Rat chr2: 184,984,342–185,508,416) revealed, as ex-
pected based on the shorter evolutionary distance between two
rodents, longer blocks of conserved sequence with higher percent
similarity. For the cluster of HSs at 370, we found that all three
sites were conserved with 85.0%, 89.3%, and 87.3% identity over
the 300 bp identified by fine mapping. In rat, these blocks of
conserved sequence extended further than the mouse/human
comparisons to 718, 339, and 1308 base pairs. Two surprising
differences came with the PipMaker analysis of the 324 HS clus-
ter. First, 324HS2 and 324HS3 are not conserved in sequence
between mouse and rat. Second, 324HS1 is conserved at 85.6%
identity over the 250 bp cloned. Between mouse and rat, this
conserved sequence extends for 792 bp, including a gapless block
of 386 bp.

Enhancer activity of individual
hypersensitive sites

Our goal is to identify enhancer elements
that are specific to the coordinate upregula-
tion of the Sprr locus. First, we needed to
design an in vitro system in which we could
model the coordinate upregulation of the
Sprr genes that is observed in vivo. The tra-
ditional way to differentiate epidermal cells
is to shift the media from 0.05 to 1.3 mM
Ca2+. SP-1 cells were selected for the HS
mapping because they express the Sprr
genes, albeit at low levels, under growth
conditions. Now, we queried the expression
of the Sprr gene locus with the switch to
high calcium. With gene-specific RT-PCR
primers, we quantified the level of each
transcript in the locus during growth and
differentiation. Figure 5A shows the profile
of Sprr2g as a typical example of the changes
in Sprr gene expression when SP-1 cells are
switched from growth to differentiation.
Under low-calcium growth conditions, 32.9
cycles are required before the amplification

of Sprr2g crosses the threshold. After 72 h in
high Calcium, only 23.0 cycles are required
to cross the threshold, indicating a signifi-
cant upregulation (Fig. 5A). What is impor-
tant, however, is not the expression level of
any one gene in the family, but rather with
high-calcium differentiation, SP-1 cells up-
regulate the entire family of Sprr genes (Fig.
5B). Only Sprr2a showed a modest increase
with differentiation (∼1 cycle increase in
crossing the threshold with differentiation),
and that may be due to the already high
levels of Sprr2a that are expressed in the
SP-1 cells during growth conditions. During
differentiation, the levels of �-actin, loricrin,
involucrin, and Klf4 did not change substan-
tially; that is, less than a 1-cycle difference
in when they cross the threshold. The
strength of this culture system is that in re-
sponse to differentiation, SP-1 cells coordi-
nately upregulate the entire Sprr locus.

To identify element(s) that coordinate the upregulation of
the entire Sprr locus, we analyzed the enhancer activity of the
three clustered HSs together (324HS1–3 and 370HS1–3) and each
individual HS under both growth and differentiation conditions.
The general design of the experiment was to clone the HS(s)
upstream of a minimal Sprr1a promoter and query expression
under the low-calcium (growth) conditions and the high-calcium
(differentiation) conditions. The Sprr1a minimal promoter was
selected because expression is unchanged under growth and dif-
ferentiation conditions in the SP-1 cells.

When analyzed under growth conditions, none of the HSs
showed any enhancer activity (data not shown). Since the SP-1
cells express the Sprr genes under these conditions, this suggests
that these HSs are not functional in steady-state gene activation.
Under differentiation conditions, both the cluster 324HS1–3 and
324HS1 showed increasing levels of activation: 4.0- and 4.9-fold

Figure 4. Fine mapping of clusters of HS. To more precisely localize the clusters of HSs, we
mapped them with respect to other restriction sites in the genome. The restriction enzymes
indicated on the figure were used to perform double digestions with either PstI (HS324) or SspI
(P365) of SP-1 DNA, followed by Southern blotting and hybridization with the probe indicated.

Figure 3. DNaseI HS mapping in skin epidermis. Nuclei were obtained from the epidermis of
Klf4�/� and wild-type newborn mice and treated with increasing amounts of DNaseI. The puri-
fied DNA was used for Southern blot analysis. The HSs detected by probe P324 on PstI-restricted
DNaseI-treated DNA and probe P370 on SspI-restricted DNaseI-treated DNA in epidermis are the
same as in the SP-1 cell line. Quantifying the intensity of the HSs bands in DNA digested to
comparative levels indicates that the HSs are more prevalent in Klf4�/� than in the wild-type DNA.
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after 72 h, respectively. Each individual HS showed the same
level of activation in either orientation relative to the promoter,
and thus only one is shown (Fig. 5C). Since 324HS2 and 324HS3
did not show any enhancer activity and the activation of
324HS1–3 was either similar or slightly less than 324HS1, we
focused on this individual HS. To test the specificity of this en-
hancer activity, we multimerized 324HS1 as four copies
(4�324HS1). Due to the high sequence conservation (66% over
298 bp) and strong prevalence in the Klf4�/� epidermis, we
simultaneously multimerized 370-HS3 (4�370-HS3). Multimer-
ized 4�370HS3 showed ∼1.6-fold increase in activity after 24 h

in high calcium with no increased activity at 48 or 72 h (data not
shown). 4�324HS1 did not show any activity under growth.
However with terminal differentiation, 4�324HS1 conferred
13.9-fold increased enhancer activity at 72 h, indicating that this
enhancer gives a dose-dependent activation (Fig. 5D).

To dissect the regulation of this sequence, we returned to
the mouse–human identity in this region. 324HS1 is the hyper-
sensitive site with the lowest conservation between these two
species, with 63% conservation over 81 bp and a highly con-
served core of 38 bp. Most transcription factors (TFs) have a small
invariant core sequence (∼4–6 bp), which generates a large num-
ber of false positives when a sequence is queried for multiple
factor binding sites. Therefore, we utilized our local alignments
in conjunction with known TF binding sites from the TRANSFAC
database to predict binding sites only in the sequences that are
conserved (Wingender et al. 2000). This search located binding
sites for some TFs expressed in keratinocytes but no TFs specific
to epidermal differentiation, such as Klf4. Because only a fraction
of mammalian TFs and their binding sites are known and avail-
able for comparison, a large number of binding sites can be
missed in such a TF database search.

Discussion
The current model suggests that a cornified envelope (CE) is as-
sembled in a stepwise orderly process with tissue-specific Sprr
genes forming the initial scaffold (Kalinin et al. 2002). However,
under genetic or environmentally stressed circumstances, it has
been hypothesized that substrates will be indiscriminately cross-
linked to re-establish a temporary barrier (Michel et al. 1987;
Robinson et al. 1997). Under stress, there is a specific upregula-
tion of all 14 Sprr genes (Patel et al. 2003), encoding the initial CE
scaffold proteins. Here, we explored the hypothesis that the Sprr
genes are tandemly arrayed to enable coordinate regulation un-
der stress.

For the sequence encompassing the Sprr locus, from Loricrin
to Involucrin, we identified CNSs between mouse and human.
Comparative analysis of mouse and human sequences is widely
utilized because they are the first mammalian whole-genome se-
quences to be publicly available. As more genomes are selectively
sequenced, multispecies DNA comparisons should be used to pri-
oritize the CNS under the assumption that sequences conserved
in multiple species are more likely to be functional. Powerful
algorithms for identifying multispecies conserved sequences are
being developed in anticipation of additional complete genome
sequences (Margulies et al. 2003; Schwartz et al. 2003; Chapman
et al. 2004). We were unable to compare with the chicken ge-
nome because the Sprr genes remain in small, unmapped contigs.
We were unable to locate the Sprr genes or the flanking genes
(Loricrin and Involucrin) in the zebrafish and pufferfish genome
sequences. As expected, based on the shorter evolutionary dis-
tance between two rodents, comparing the mouse Sprr locus se-
quence with rat produced long blocks of conserved sequence
with high percent similarity for the cluster of HSs at 370. How-
ever, for the cluster of HSs at 324, 324HS2 and 324HS3 are not
conserved. In contrast, the functional enhancer 324HS1 is 85.6%
identical with a block extending 792 bp between mouse and rat.
In the future, analysis of additional vertebrate sequences may aid
in understanding the conservation of 324HS1,2,3 sequences.

To identify potential enhancer regions, we mapped 15 ke-
ratinocyte-specific DNaseI-hypersensitive sites in the Sprr3 to In-

Figure 5. 324HS1 exhibits strong enhancer activity specific to coordi-
nate upregulation of Sprr genes. (A) Expression of Sprr2g in SP-1 cells
increases with differentiation conditions. Relative levels of mRNA tran-
script are determined by when the amplicon crosses the threshold. (B)
Expression of the Sprr genes, involucrin (Inv), Loricrin (Lor), and Klf4 in SP-1
cells under growth and differentiation conditions. Primer sequences and
amplicon sizes are given in Supplemental Table III. (C) 324HS1–3 and
324HS1 have enhancer activity under differentiation conditions of SP-1
cells. All values are expressed relative to the activity of the minimal pro-
moter. Activities represent the mean �SEM of three experiments. (D)
Multimerized 324HS1 (4�324HS1) has strong enhancer activity under
differentiation conditions of SP-1 cells. The culture conditions are indi-
cated on the x-axis. Activities represent the mean �SEM of three experi-
ments.
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volucrin interval. Of the 12 CNSs with >100 bp aligned at >70%,
(allowing for gaps and mapping more than 2 kb from an exon) in
this region, three map within 0.5 kb of an HS (resolution of the
initial HS site mapping): CNSs at 324.1, 366.9, and 369.3. Two
other CNSs (347.5 and 352.8) map within 2 kb of an HS, but
precise overlap can be ruled out. Fine mapping of the HSs at
322–324 and 366–370 indicates a precise overlap between
370HS1=CNS366.9 and 370HS3=CNS369.3, but 324HS1,2,3
mapped more proximal than the strongest hit at 324.1. Under
less stringent criteria, 12 of the 15 HSs map to regions of align-
able sequence, albeit with lower percent conservation.

Under both growth and differentiation conditions, our as-
says were unable to detect any function for the cluster of HSs/
CNSs at 370. Conversely, 324HS1 has strong enhancer activity
specific to the upregulation of the Sprr locus. Ironically, this is the
HS with the smallest alignable sequence of the HSs tested. This
present analysis is constrained by the functional assays utilized.
It is possible that these HSs could be enhancers for other promot-
ers, cell types, or conditions than the ones queried in this analy-
sis. Future studies will investigate the role of these HSs in the
nucleosomal context.

The in vivo significance of the HSs is underscored by the
analysis of epidermal nuclei from barrier-deficient Klf4�/�
mice, which upregulate the Sprr locus. Not only are the same HSs
identified in epidermis as in SP-1 cells, but also these HSs have
increased prevalence in the Klf4�/� nuclei. To our knowledge,
keratinocyte DNaseI HSs have not previously been verified in
epidermal nuclei.

We sought here to query whether the Sprr genes are held
tandemly arrayed to coordinate gene regulation under stressed
conditions. With both in vitro and in vivo mapping, we identi-
fied clusters of hypersensitive sites in the distal region of the Sprr
locus and identified one of these HSs as an enhancer specific to
upregulation of the locus. Although our goal was to identify en-
hancer elements that regulate this stress response activation, fu-
ture studies will address the role of these and other HSs as si-
lencer, insulator, or boundary elements, the other properties of
locus control regions. These studies demonstrate the power of
using full-genome comparative sequence analysis to direct
searches for regulatory regions.

Methods

Genomic sequence comparison
Complete murine (February 2003 freeze: chr3: 92963116–
93389747 ) and human (April 2003 freeze: chr1: 149657368–
150009693) sequences for the region from Involucrin to Loricrin
were retrieved from the UCSC genome Web site (http://
www.genome.ucsc.edu). All gaps were filled by long-range PCR
with primers from the end sequences on bacterial artificial chro-
mosome (BAC) DNA from this region. Alignment and search for
homologous sequences between large genomic sequences were
carried out with the PipMaker program with the “all matches”
option of PipMaker (http://bio.cse.psu.edu/pipmaker) (Schwartz
et al. 2000; Elnitski et al. 2002). The reference mouse sequence
was masked of repetitive DNA with RepeatMasker (http://ftp.
genome.washington.edu/RM/RepeatMasker.html).

Cell culture
The SP-1 cell line was obtained from Luowei Li and Stuart Yuspa
(NCI, NIH) and cultured under the standard conditions of S-
MEM media (GIBCO) with 8% Chelex-treated fetal bovine serum

(Gemini) at 0.05 mM Ca2+. The cells were maintained at 36°C in
the presence of 7% CO2 (Hennings et al. 1980; Strickland et al.
1988). For the switch to high calcium, CaCl2 was added to the
media to a final concentration of 1.3 mM. MEL cells were ob-
tained from David Bodine (NHGRI, NIH) and cultured under the
standard conditions of IMEM with 10% fetal calf serum (GIBCO).

Isolation of nuclei and DNaseI digestion
Approximately 108 SP-1 cells were scraped gently from the flask
and washed in ice-cold PBS. The cells were centrifuged at 2100g at
4°C for 5 min. The cell pellet was resuspended in 14 mL of RSB
buffer (10 mM Tris HCl, pH 7.5, 10 mM NaCl, 3 mM MgCl). The
cell membrane was disrupted by adding 375 µL of 10% NP-40
drop-wise. Cell lysis was surveyed under the microscope by mix-
ing 10 µL of cell suspension with 10 µL of Trypan blue. When
∼50% of the cells had disrupted membranes (∼10 min for SP-1
cells), the suspension was centrifuged at 1200g for 4 min at 4°C.
Nuclei were resuspended in 1.5 mL RSB buffer. DNaseI (Amer-
sham) was diluted in dilution buffer (10 mM Tris HCl, pH 7.5, 50
mM NaCl, 10 mM CaCl2, 62.5 mM MgCl2) to a final concentra-
tion range of 0, 0.5, 1, 2, 4, 6, 10 U/µL. Twenty µL of these DNaseI
solutions were added to 200 µL of the resuspended nuclei. After
incubation at 37°C for 10 min, reactions were quenched by add-
ing 200 µL of stop buffer (50 mM Tris HCl, pH 7.5, 20 mM EDTA
pH 8, 100 mM NaCl, 1% SDS). Forty µL of proteinase K (20 mg/
mL) was added to each reaction, and nuclei were incubated over-
night at 55°C to digest proteins. The DNA was isolated by phe-
nol-chloroform extraction and ethanol precipitation. The final
purified DNA pellet was dissolved in TE (pH 7.5).

Separation of newborn mouse skin epidermis by dispase and
isolation of primary keratinocytes was done as described (Wang
et al. 1997) . From this cell suspension (∼106 cells per newborn
mouse epidermis), nuclei were obtained by the same protocol
described above for cultured cells, except that the initial amounts
of RSB buffer (5 mL) and 10% NP-40 (80 µL) were modified.

Southern blot analysis
DNA (10 µg or 15 µg per sample) was digested with restriction
enzymes; the DNA fragments were separated in 1% agarose gels
by electrophoresis and transferred to nylon membranes (Zeta-
Probe, Bio-Rad). The membranes were prehybridized at 65°C for
at least 1 h in 7% SDS, 0.25 M NaPhosphate pH 7.5, and hybrid-
ized overnight at 65°C in a solution containing 7% SDS, 0.25 M
NaPhosphate pH 7.5, 10 % dextran sulfate. The membranes were
washed at 65°C with 2 � SSC, 0.1% SDS and with 0.4 � SSC,
0.1% SDS.

To generate the probes in targeted regions, unique se-
quences with no similarity in the Sprr locus or the mouse genome
were selected. The probes were amplified by PCR from BACs in
the region with primers given in Suppl. Table I, and amplicon
sequences were confirmed by automated sequencing. The loca-
tion of the probe is denoted by the sequence position shown on
Figure 1C. The probes were radiolabeled by PCR with the primers
used to amplify the original fragment.

DNA constructs and transfections
Recombinant plasmids for expression studies were constructed in
the pGL3 firefly luciferase reporter vector (Promega). The Sprr
promoter (�708 to +42 relative to the transcription start site of
mouse Sprr1a) was cloned into pGL3 promoter vector with BglII
and HindIII, which removes the endogenous SV40 promoter. In-
dividual HSs were amplified by PCR from BAC DNA with primers
containing XhoI sites at the 5� ends and cloned 5� of the Sprr1a
promoter at the XhoI site. The sequence and size of the ampli-
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cons are given in Supplemental Table II. Multimerized HS con-
structs were generated from PCR-amplified segments with KpnI
and BamHI restriction sites at the 5� end of the forward primer
and BglII and NheI restriction sites at the 5� end of the reverse
primer. The amplicons were first cloned into the KpnI and NheI
restriction sites of modified pBS (Stratagene and gift from Satrajit
Sinha, SUNY, Buffalo), and a direct repeat was generated by re-
inserting a BamHI/NheI fragment into the vector cut with BglII
and NheI. The BamHI/BglII hybrid site is destroyed, and the pro-
cess is repeated to generate four direct repeats. The multimerized
enhancer was then cloned into a modified pGL3 containing the
Sprr1a promoter at the KpnI and NheI restriction sites. All con-
structs were sequence verified.

Plasmid DNA was isolated using Maxiprep kits (QIAGEN).
SP-1 cells were transfected with Lipofectamine Plus (Invitrogen)
using conditions that were optimized according to the recom-
mendations provided by the manufacturer. All transfections in-
cluded a control Renilla luciferase plasmid (pRL-SV40) and were
normalized to Renilla luciferase activity. Firefly and Renilla ac-
tivities were measured using the dual-luciferase reporter assay
system (Promega) on a Turner Designs 20/20 luminometer.

Quantitative real-time RT–PCR
RNA was prepared from SP-1 cells grown under low- or high-
calcium conditions with Trizol (Invitrogen). RNA was treated
with DNAse and first-strand cDNA was prepared according to the
manufacturer’s instructions (Invitrogen). Samples were queried
with control primers to ensure that there was undetectable ge-
nomic DNA contamination. Quantification of cDNA synthesis
was normalized to amplification of �-actin. Unique primers span-
ning intron boundaries specific to each Sprr gene were generated,
and each resulting product was sequenced. All primer sequences
are deposited as Supplemental Table III. Reactions were carried
out with SyberGreen labeling using the Q-PCR mix (Invitrogen)
and run on an ABI Prism 7700 sequence detector (PE Applied
Biosystems). Each SyberGreen PCR reaction was run on an aga-
rose gel to ensure that the correct-size product was generated.
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