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During tissue development, transcription factors bind regula-
tory DNA regions called enhancers, often located at great dis-
tances from the genes they regulate, to control gene expression.
The enhancer landscape during embryonic stem cell differenti-
ation has been well characterized. By contrast, little is known
about the shared and unique enhancer regulatory mechanisms
in different ectodermally derived epithelial cells. Here we use
ChIP sequencing (ChIP-seq) to identify domains enriched for
the histone marks histone H3 lysine 4 trimethylation, histone
H3 lysine 4 monomethylation, and histone H3 lysine 27 acetyla-
tion (H3K4me3, H3K4mel, and H3K27ac) and define, for the
first time, the super enhancers and typical enhancers active in
primary human corneal epithelial cells. We show that regulatory
regions are often shared between cell types of the ectodermal
lineage and that corneal epithelial super enhancers are already
marked as potential regulatory domains in embryonic stem
cells. Kruppel-like factor (KLF) motifs were enriched in corneal
epithelial enhancers, consistent with the important roles of
KLF4 and KLF5 in promoting corneal epithelial differentiation.
We now show that the Kruppel family member KLF7 promotes
the corneal progenitor cell state; on many genes, KLF7 antago-
nized the corneal differentiation—promoting KLF4. Further-
more, we found that two SNPs linked previously to corneal dis-
eases, astigmatism, and Stevens-Johnson syndrome fall within
corneal epithelial enhancers and alter their activity by disrupt-
ing transcription factor motifs that overlap these SNPs. Taken
together, our work defines regulatory enhancers in corneal epi-
thelial cells, highlights global gene-regulatory relationships
shared among different epithelial cells, identifies a role for KLF7
as a KLF4 antagonist in corneal epithelial cell differentiation,
and explains how two SNPs may contribute to corneal diseases.
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During tissue development, transcription factors bind distal
regulatory regions called enhancers to control and coordinate
gene expression in a temporally and spatially specific manner.
Unlike gene regulation by transcription factors binding at prox-
imal promoters, enhancer-binding transcription factors regu-
late genes at long distances through chromatin looping that
brings together distal enhancers and target promoters (1, 2).

Enhancers and promoters can be identified through post-
translational histone modification signatures created by the
histone-modifying enzymes that control enhancer and pro-
moter function. Enhancers have high levels of H3K4mel and
lower levels of H3K4me3 (3); when active, they are additionally
marked by high levels of H3K27ac, and when repressed, they
are marked by H3K27me3 (4). By contrast, promoters are
marked by H3K4me3, H3K9ac, and H3K27ac.

Contained within the library of enhancers of each cell type is
asmaller group of enhancers that are unusually long (more than
12.5 kb), with an unusually high density of transcription factor
binding and with unusually active enhancer histone signature
marks (5—-8). These enhancers, termed super enhancers (SEs)?
to distinguish them from typical enhancers (TEs), are fre-
quently tissue-specific; they are thought to preferentially regu-
late the unique gene expression programs in each cell type.

The chromatin regulatory landscape in embryonic stem cells,
including during their commitment to distinct embryonic cell
lineages, has been well defined (9-11). By contrast, the loca-
tions and roles of TEs and SEs in corneal epithelial cells remain
to be defined. Furthermore, the extent of shared TEs and SEs in
different cell types of the ectodermal embryonic lineage
remains poorly understood.

The corneal epithelium is an excellent tissue to study how
enhancers regulate genes during development and homeosta-
sis. This stratified squamous epithelium undergoes constant

2 The abbreviations used are: SE, super enhancer; TE, typical enhancer; HCE,
human corneal epithelial; GO, gene ontology; KLF, Kruppel-like factor;
HMEC, human mammary epithelial cell; E,embryonic day; P, postnatal day;
hESC, human embryonic stem cell; H3K4me3, histone H3 lysine 4 trimeth-
ylation; H3K4me1, histone H3 lysine 4 monomethylation; H3K27ac, his-
tone H3 lysine 27 acetylation; H3K27me3, histone H3 lysine 27 trimethyla-
tion; H3K9ac, histone H3 lysine 9 acetylation; GWAS, genome-wide
association; ETS, E-twenty-six; NHEK, neonatal human epidermal keratino-
cytes; NHLF, normal human lung fibroblasts; EHF, ETS homologous factor;
ChlIA-PET, Chromatin Interaction Analysis by Paired-End Tag Sequencing;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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cell turnover: cells that slough off from the corneal surface are
replenished by proliferating, limbally located progenitor cells
(12, 13). As the progenitor cells divide and move toward the
center and surface of the corneal epithelium, they repress pro-
genitor genes and activate differentiation genes. Hence, precise
and dynamic gene expression that balances proliferation,
migration, and differentiation is required to maintain a func-
tioning corneal epithelium. The underlying gene-regulatory
program is not well understood (14).

To gain better understanding of gene regulation in corneal
epithelial cells and to provide insights into how their gene-reg-
ulatory mechanisms relate to other epithelial cell types, we
identified enhancers in primary human corneal epithelial cells
through ChIP-seq, using antibodies detecting characteristic
histone modifications. These data reveal a complex enhancer
relationship between distinct epithelial cell types. We identified
shared regulatory regions among different epithelial cell types,
but we also found cell type—specific regulatory regions that
control unique corneal epithelial functions. In addition, our
data provide insight into corneal diseases as we find that two
GWAS-discovered SNPs lie within and alter the function of
corneal enhancers. Motif analysis for enriched transcription
factor binding sites within these enhancers led to the discovery
of a previously undescribed role for KLF7 in corneal epithelial
progenitor cells. KLF7 acts to prevent corneal epithelial differ-
entiation, functioning in part antagonistically to the related
pro-differentiation factor KLF4. We propose that the compet-
ing functions of KLF7 and KLF4 balance proliferation and dif-
ferentiation during corneal epithelial development.

Results

Both typical enhancers and super enhancers associate with
corneal epithelial identity genes

To gain insights into the gene-regulatory landscape in cor-
neal epithelial cells, we performed ChIP-seq with antibodies to
the histone marks H3K4me3, H3K4mel, and H3K27ac in pri-
mary human corneal epithelial (HCE) cells. We identified active
enhancers as having high levels of H3K27ac and H3K4mel and
relatively low levels of H3K4me3 (4). Because of their impor-
tance in controlling cell type—specific gene expression, we also
defined SEs, using the strength of the H3K27ac mark as
described previously (5, 6). We identified 1154 SEs and 12,424
TEs in corneal epithelial cells as well as 76,205 distal regulatory
regions, marked by H3K4mel alone (Fig. 14).

As expected, the majority of enhancers was found at distal
sites in the genome rather than in proximal promoters (Fig. 1B).
Although TEs showed a trend toward being localized near
genes, SEs were even more strongly enriched near genes; most
SEs were found within 50 kb of a transcriptional start site.

Both TEs and SEs were located near key corneal epithelial
identity genes, including the gene encoding the transcription
factor PAX6, a master regulator of eye development (15, 16). An
SE is located directly over the PAX6 gene body, and three TEs
are found upstream and downstream of the gene, in regions
that have been linked to the regulation of PAX6 mRNA expres-
sion (17), suggesting that both TEs and an SE regulate this gene

(Fig. 10).
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Gene Ontology (GO) analysis showed that corneal epithelial
SE-linked genes were involved in the regulation of apoptosis,
epidermal development (encompassing many epithelial fac-
tors), hemidesmosome assembly, and regulation of fibroblast
proliferation (Fig. 1D). TE-linked genes were enriched for sim-
ilar categories (Fig. 1D). Highly ranked SEs were linked to genes
with crucial roles in corneal epithelial identity, including PAX6,
WNT7A, and MIR205HG (Fig. 1E). Although both TEs and SEs
fell near highly expressed corneal epithelial genes, SE-associ-
ated genes are expressed at a significantly higher level than TE-
associated genes (Fig. 1F). Although TEs may be general regu-
lators of genes expressed in numerous tissues, the genes linked
to TEs in HCE cells are still important to corneal and epithelial
function, as evidenced by mouse phenotypes linked to these
genes: abnormal corneal morphology, corneal opacity, fused
cornea and lens, and numerous epidermal abnormalities
(Fig. 1G).

The two types of enhancers were enriched for similar tran-
scription factor motifs, with only subtle differences between the
two. Motifs enriched in both SEs and TEs included those for
AP1, KLF, and ETS factor family members (Fig. 1H), all known
to have important roles in corneal epithelial differentiation
(18-21). Interestingly, TEs showed a low but significant enrich-
ment for forkhead box (FOX) family motifs that was not found
in SEs (Fig. 1H). Together, these data suggest that both TEs and
SEs are important in driving corneal epithelial cell identity.

Ectodermally derived epithelial cells use a common set of
regulatory regions marked by H3K4me1; cell type specificity is
conferred by enhancer activation and SE formation

We next compared our enhancer data for corneal epithelial
cells with the publicly available Encyclopedia of DNA Elements
(ENCODE) data for histone modifications in four additional
primary human cell types: human mammary epithelial cells
(HMEC:s), epidermal keratinocytes (NHEK), lung fibroblasts
(NHLF), and human skeletal muscle myoblasts (HSMM) (22).
Clustering these datasets based on overlap of the TEs, we found
that the epithelial cell types clustered together, indicative of
their related functions and gene expression. Among the epithe-
lial cells, NHEK cells and HMECs were more similar to each
other than each of them was to HCE cells (Fig. 24).

Analysis of SEs revealed similar relationships among the cell
types, with NHEK cells and HMECs having the most overlap in
the SE landscape. There was less similarity overall between cell
types based on SEs than TEs, indicative of the unique locations
and roles of SEs associated with tissue-specific functions in
each cell type (Fig. 24). Unexpectedly, HCE cells no longer clus-
tered with HMEC and NHEK cells based on SE overlap, sug-
gesting that, in the three epithelial cell types, SEs in corneal
epithelial cells are most distinct (Fig. 24). Considering the
number of overlapping SEs between the different epithelial cell
types, HMEC and NHEK cells also share more overlapping SEs
than either one does with HCE cells (Fig. 2B).

We next examined the overlap between SEs and TEs among
the different epithelial cell types (Fig. 2C), finding that,
although only about a third of SEs were shared between two or
more epithelial cell types, SEs in one epithelial cell type were
frequently TEs in another, and all SEs in one epithelial cell type
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Figure 1. TEs and SEs in primary HCE cells are linked to epithelial identity genes. A, quantification of chromatin regulatory domains in HCE cells. FDR, false
discovery rate. B, distribution of TEs and SEs around transcription start sites. C, TEs and an SE near the corneal identity regulator PAX6. D, GO for genes linked to
SEs (top panel) and TEs (bottom panel). E, plot of the H3K27ac signal, highlighting selective genes linked to top-ranked SEs. F, comparison of the expression
levels of the nearest gene to TEs and SEs in HCE cells (t test). G, mouse phenotype analysis for the nearest genes to HCE TEs. H, top enriched motifs in HCE TEs
and SEs.
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were marked by H3K4mel in the other epithelial cell types. In
contrast, there was less overlap between HCE SEs and regions
marked as TEs or SEs in the mesenchymal cell type NHLF;
some HCE SEs did not even bear any active marks in NHLF
cells.

We saw more dramatic differences when we compared HCE
SEs with chromatin regions in hESCs: there was very little over-
lap between HCE SEs and hESC SEs. The majority of HCE SEs,
however, were marked with H3K4mel alone in hESCs, indica-
tive of the potential of these regions to become active enhancers
in the future corneal epithelial cell lineage. Together, these data
indicate that most epithelial distal regulatory regions are com-
mon to multiple epithelial cell types, differing only in the type of
enhancer and/or the level of enhancer activity, as indicated by
the activation mark H3K27Ac (Fig. 2C).

Enhancers unique to epithelial cell types are close to genes
that confer cell type-specific functions

To explore the active epithelial enhancers further, we defined
unique TEs for each epithelial cell type. GO analysis for the
genes near the TEs unique to each epithelial cell type revealed
potential functional differences.

Although GO categories related to epithelial or ectodermal
development appeared in many cases, genes involved in the
cellular response to hypoxia were only enriched around unique
corneal epithelial TEs, perhaps reflecting the importance of
coping with hypoxia in this avascular tissue (Fig. 2D). GO anal-
ysis for genes found near NHEK-specific TEs revealed enrich-
ment in categories related to the actin cytoskeleton, perhaps
reflecting the importance of cell shape changes and migration
in the function of the epidermis (Fig. 2E). The genes near
HMEC-specific TEs were enriched for the GO category steroid
metabolic process, perhaps reflecting mammary gland hor-
mone signaling (Fig. 2F).

Because SEs are thought to be more important for cell iden-
tity than TEs, we next studied the function of genes linked to
the unique SEs for each cell type: SEs that did not overlap SEs
or TEs in the other epithelial cell types. We found that SEs
unique to HCE cells were located near genes involved in sen-
sory organ development and cell signaling (Fig. 2G). SEs unique
to NHEK cells were found near clusters of histone genes as well
as near homeobox cluster A (HOXA) and homeobox cluster B
(HOXB) (Fig. 2H), suggesting that these SEs act as sites for
coordinated regulation of genes within clusters. SEs unique to
HMECs were found near cell adhesion genes and histone clus-
ter genes (Fig. 21).

De novo motif analysis of the unique corneal epithelial SEs
and TEs revealed that the motif for the ETS family member
EHF was enriched in both unique SEs and TEs (Fig. 3, A and
B). TEs unique to HCE cells were also enriched for the reti-
noic acid receptor @ (RXRA) motif, whereas SEs unique to
HCE cells were enriched in AP1 and KLF motifs. These
results indicate that ETS and KLF family members, impor-
tant regulators of corneal epithelial differentiation, carry out
their functions in part by binding to and activating cell type—
specific enhancers.

SASBMB
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Figure 3. A, enriched motifs in cornea-specific TEs. B, enriched motifs in cor-
nea-specific SEs.

KLF7 and KLF4 exhibit reciprocal expression patterns during
corneal epithelial development

The enrichment of KLF motifs in both TEs and SEs in corneal
epithelial cells is unsurprising given the well-defined cornea
roles of KLF4 and KLF5 (20, 21, 23, 25). KLFs, however, are a
large family of transcription factors, many of which are highly
expressed in both the mouse and the human corneal epithe-
lium. Hence, we wanted to explore the functions of other KLF
family members and determine whether multiple KLFs collab-
orate to regulate gene expression within corneal epithelial cells.

Using our previously published cornea transcriptome data
showing global gene expression changes over the lifetime of the
mouse (18), we identified two distinct time course patterns of
KLF family member expression in the cornea. Although the
majority, including KLF4 (Fig. 44), KLF5, and KLF6, increased
in expression as the cornea developed, correlating positively
with differentiation, KLF7 (Fig. 4B) and KLF12 were highly
expressed initially but decreased in expression as the cornea
developed, correlating negatively with differentiation.

Based on these expression patterns, we hypothesized that,
during corneal development, KLF7 and KLF12 maintain the
progenitor state, acting antagonistically to the pro-differentia-
tion factor KLF4. We chose to focus on KLF7, as KLF12 is not
detectably expressed in primary human corneal epithelial cells.

By immunofluorescent staining, we observed KLF7 staining
in the cornea epithelium at both embryonic (E18.5) and early
postnatal (P5) time points (Fig. 4, Cand D) but not at P50, when
the corneal epithelium is fully differentiated (Fig. 4E). In the
same sections, we also observed KLF7 staining primarily in the
basal layer of the epidermis, a related epithelial tissue. In con-
trast, KLF4 staining was not detected in the cornea epithelium
at E18.5 or P5 but was easily detected at P50 (Fig. 4, C-E).
Consistent with its role in epidermal differentiation, KLF4 was
expressed in the suprabasal layers of the epidermis.

For KLF7 and KLF4, we then established that they are
expressed similarly vis 4 vis differentiation in cultured primary
human corneal epithelial cells. KLF7 was more highly expressed
in proliferating than in differentiating cells; conversely, KLF4
was more highly expressed in differentiating than in proliferat-
ing cells (Fig. 4, F and G).

J. Biol. Chem. (2017) 292(46) 18937-18950 18941
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Figure 4. KLF7 and KLF4 have opposing expression patterns in corneal epithelial development. A, gPCR analysis of KLF4 expression in the cornea across
the mouse lifespan: E14.5 to 2 years. B, qPCR analysis of KLF7 expression in the cornea across the mouse lifespan. C, immunofluorescence staining of KLF4
(green) on E18.5 embryonic cornea (top left panel) compared with expression in the adjacent eyelid skin (bottom left panel) and immunofluorescence staining
of KLF7 (green) on E18.5 embryonic cornea (top right panel) compared with expression in the adjacent skin (bottom right panel). D,immunofluorescence staining
of KLF4 in a P5 mouse eye section compared with the adjacent skin (left panels) and immunofluorescence staining of KLF7 (green) in a P5 mouse eye section
compared with the adjacent skin (right panels). E,immunofluorescence staining of KLF4 (green) on an adult mouse eye section compared with adjacent skin (left
panel) and immunofluorescence staining of KLF7 (green) on adult mouse eye section (right panel). F, expression of KLF7 in undifferentiated (U) or differentiated
(D) primary human corneal epithelial cells. G, expression of KLF4 in undifferentiated or differentiated primary human corneal epithelial cells. C, corneal

epithelia; S, stroma; E, epidermis; D, dermis.

KLF7 antagonizes KLF4 in the control of corneal epithelial cell
differentiation

To test the role of KLF7 and KLF4 in corneal epithelia cells,
we performed loss-of-function experiments in proliferating
HCE cells with siKLF7 or siKLF4, assessing global gene expres-
sion changes by microarray analysis. Genes up-regulated by
knockdown of KLF7 include the key corneal differentiation
genes Pax6 and Aldh3al (Fig. 5A), supporting the role of KLF7
as a progenitor factor that represses the differentiation pro-

18942 J Biol Chem. (2017) 292(46) 18937-18950

gram in corneal epithelial cells. We also identified many cell
cycle regulators that are aberrantly expressed in siKLF7 cells
(Fig. 5A), indicating that KLF7 may also modulate the prolifer-
ation of corneal epithelial progenitor cells.

We also found a difference in the proportion of up-regulated
and down-regulated genes between siKLF7 and siKLF4. A sig-
nificantly larger proportion of genes is up-regulated by
siKLF7, indicating that KLF7 represses a large number of
genes in proliferating HCE cells; in contrast, a significantly

SASBMB
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Figure 5. KLF7 and KLF4 regulate corneal epithelial genes antagonistically. A, examples of KLF7-regulated genes involved in corneal epithelial differen-
tiation or the cell cycle. B, proportion of up-regulated and down-regulated genes by siKLF4 or siKLF7 in undifferentiated (U) or differentiated (D) HCE cells. C,
enriched GO categories for genes up-regulated (blue bars, left panel) or down-regulated (red bars, right panel) by knockdown of KLF7 (siKLF7). D, enriched GO
categories for genes up-regulated (red bars, left panel) or down-regulated (blue bars, right panel) by knockdown of KLF4 (siKLF4). E, overlap between genes
down-regulated by siKLF7 and genes up-regulated by siKLF4 (hypergeometric test). F, overlap between genes up-regulated by siKLF7 and genes down-
regulated by siKLF4 (hypergeometric test). EF, enrichment factor. *, p < 0.05; **, p < 0.01.

larger proportion of genes is down-regulated by siKLF4,
indicating that KLF4 activates a large number of genes in
proliferating HCE cells (Fig. 5B).

When comparing the two knockdown experiments, we
found that KLF7 and KLF4 regulate similar functional catego-
ries of genes but in the opposite direction. Genes that are down-
regulated by siKLF7 fall into categories that contain genes up-
regulated by siKLF4 and vice versa (Fig. 5, C and D). Genes
up-regulated by siKLF7 and down-regulated by siKLF4 include
those encoding many epithelial differentiation factors, further
supporting a progenitor-promoting function for KLF7. Genes
down-regulated by siKLF7 and up-regulated by siKLF4 include
those conferring immune function and wounding response.
Consistent with the overlap in functional categories, we also
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found a significant overlap in specific genes regulated in oppo-
site directions by KLF7 and KLF4 (Fig. 5, E and F).

We next performed similar loss-of-function experiments in
corneal epithelial cells that had been induced to differentiate. In
contrast to the results from undifferentiated cells, KLF7 and
KLF4 did not regulate a high number of genes in an opposing
manner. Such a relationship, however, existed between prolif-
erating and differentiating corneal epithelial cells. Thus, there
was a significant overlap in genes down-regulated by siKLF4 in
differentiation and those that were up-regulated by siKLF7 in
proliferating cells (Fig. 6A, left panel). There was, however, not
a significant overlap in genes up-regulated by siKLF4 in differ-
entiation and those down-regulated by siKLF7 in proliferating
cells (Fig. 6A, right panel).
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Figure 6. KLF7 and KLF4 regulate corneal epithelial differentiation antagonistically, and KLF7 suppresses proliferation. A, overlap between genes
up-regulated by siKLF7 in undifferentiated HCE cells and genes down-regulated by siKLF4 in differentiated HCE cells (left panel) and overlap between genes
down-regulated by siKLF7 in undifferentiated HCE cells and up-regulated by siKLF4 in differentiated HCE cells (right panel) (hypergeometric test). B, MTT cell
proliferation assays on HCE cells, comparing siRNA control and siKLF7 treated cells (n = 6, t test). C, model for KLF7- and KLF4-mediated regulation of corneal

epithelial differentiation. *, p < 0.05; **, p < 0.01.

In differentiating corneal epithelial cells, we also observed a
difference in the proportion of up-regulated and down-regu-
lated genes in each siRNA experiment. In contrast to undiffer-
entiated cells, knockdown of KLF7 repressed a large number
of genes, and knockdown of KLF4 up-regulated many genes
in differentiated cells, suggesting a differentiation-dependent
switch in activation-repression regulatory mechanisms for the
two factors (Fig. 5B).

Because of the strong enrichment for cell cycle genes upon
KLF7 knockdown in proliferating cells, we next wanted to test
whether KLF7 regulates corneal epithelial cell proliferation.
MTT assays revealed a significant increase in proliferation in
undifferentiated HCE cells when KLF7 was knocked down (Fig.
6B), suggesting that, in addition to suppressing differentiation
gene expression, KLF7 tempers proliferation, perhaps main-
taining progenitor cell quiescence (Fig. 6C). In this instance,
then, KLF7 has a similar effect on corneal epithelial cell pro-
liferation as KLF4 (21, 25). Together, these results indicate
that, like KLF4, KLF7 tempers cornea epithelial cell prolifer-
ation, but unlike KLF4, KFL7 suppresses cornea epithelial
cell differentiation.

Single nucleotide polymorphisms linked to corneal diseases
map to corneal epithelial enhancers

To investigate the functional role of enhancers in corneal
diseases, we overlapped our corneal epithelial cell enhancer
coordinates with SNPs linked to corneal diseases in GWAS.
Two cornea-specific TEs overlapped SNPs associated with dis-
ease phenotypes in the cornea: rs3815087, a SNP on chromo-
some 6 associated with Stevens-Johnson syndrome (26), an
immune-mediated condition that affects both the skin and cor-
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nea, and rs6758183, a SNP on chromosome 2 associated with
corneal astigmatism (27) (Fig. 7A).

SNP rs3815087 is located in an exon of PSORSIC (Fig. 7A), a
gene identified as a psoriasis susceptibility locus, although evi-
dence points to this SNP being non-coding, as the exon in
which it is located is not translated in any of the known isoforms
of PSORS1C. Additionally, the enhancer histone modification
pattern supports that this SNP may affect disease risk through
non-coding mechanisms; even though enhancers are often
thought of as distal regulatory regions, many have been found
to directly overlap gene exons. SNP rs6758183 is located in a
gene desert, ~500 kb from the nearest coding gene (Fig. 7, A
and B).

Single nucleotide polymorphisms linked to corneal diseases
affect the function of corneal epithelial enhancers

We cloned the genomic regions containing SNPs rs3815087
and rs6758183 upstream of a neutral promoter in luciferase
reporter vectors. When transfected into HCE cells, the genomic
region of rs3815087 showed enhancer activity, and rs6758183
showed a trend toward increased activity compared with the
negative control (Fig. 7C). We next mutated the SNP nucleotide
to the disease-linked variant in each enhancer construct and
transfected it into HCE cells. The region containing the disease-
linked allele of rs3815087 showed significantly reduced
enhancer activity compared with the WT allele. In contrast, the
region containing the disease-linked variant of rs6758183
showed significantly increased enhancer activity compared
with the WT allele and significantly increased enhancer activity
above the negative control (Fig. 7C). These results show that
alterations in cornea enhancer function caused by the SNP vari-
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enhancer data. C, luciferase reporter assays for WT and mutant (disease-associated allele) SNPs (n = 6, t test). D, analysis of motif disruption by SNP
rs6758183. Scores were calculated by TRAP (24): differential score = mutant score — WT score. E, motif disruption analysis for rs3815087. Scores were
calculated by TRAP. F, EHF ChIP in HCE cells at the rs6758183 (astigmatism) region compared with a negative control region. G, IRS1 expression in siRNA
control and siEHF-treated HCE cells, detected by microarray as in Ref.18 (n = 3; *, p < 0.05; **, p < 0.01.

SASBMB

J. Biol. Chem. (2017) 292(46) 18937-18950 18945



Enhancers, KLF4, and KLF7 regulate corneal epithelium

ants could contribute to the risk of disease by affecting the reg-
ulatory ability of these loci.

SNP rs6758183 decreases predicted Ets factor EHF enhancer
binding affinity

We hypothesized that these SNP variants could disrupt tran-
scription factor binding, altering enhancer activity for each
allele. To study this possibility, we identified transcription fac-
tor binding motifs that overlap the SNPs and show significant
differences in motif scores between WT and the disease-linked
alleles. At rs6758183, the disease-associated A allele increased
the strength of a SMAD motif and decreased the strength of an
ETS motif (Fig. 7D). The disease-associated allele of rs3815087
strengthened a CCAAT/enhancer-binding protein 3 (CEBPB)
motif, among others (Fig. 7E).

The Ets factor EHF is highly expressed in the corneal epithe-
lium and has been shown to be an important regulator of cor-
neal epithelial cell identity (18), making it a candidate for bind-
ing to the disrupted Ets motif. Using ChIP, we found that EHF
bound to the WT allele of rs6758183, suggesting that disruption
of EHF binding by the SNP could result in the observed differ-
ences in enhancer activity (Fig. 7F). Intriguingly, the WT ver-
sion of the SNP showed less enhancer activity than the mutant,
suggesting that EHF binding acts to repress the enhancer
region. When this binding is lost, the enhancer becomes over-
active, a change that could result in growth imbalances that
cause alterations in the curvature and refractive power of the
cornea.

Because rs6758183 is located in a gene desert, we looked for
studies of the surrounding area of this SNP. We found that a
number of SNPs in the vicinity of rs6758183 have been linked to
type II diabetes (28, 29). Additionally, ChIA-PET studies in
MCEF?7 cells found that this region (and the diabetes-linked
SNPs) looped to make contact with the IRS1 promoter, 500 kb
away (30). As insulin signaling is important for the growth and
development of both the corneal epithelium and the stroma,
IRS1 is a candidate target for the enhancer containing
rs6758183. Consistent with this possibility, in previously pub-
lished siRNA data for EHF in corneal epithelial cells, we found
that knockdown of EHF caused a small but significant increase
in IRSI gene expression (Fig. 7G) (18). Together, these data
suggest that EHF regulates IRS1 through binding to the
rs6758183 enhancer and that disruption of the EHF motif
causes reduced affinity of EHF for this site, resulting in aberrant
IRS1 expression during corneal development.

Discussion

The identification of enhancers in corneal epithelial cells
provides insights into the mechanisms and factors regulating
corneal development and homeostasis. We have identified
potential roles for SEs and TEs in corneal epithelial cell differ-
entiation and characterized the differences in enhancer land-
scapes in different epithelial cell types, thus defining the regu-
latory regions important for cell identity. In combination with
publicly available data, we have characterized disease-associ-
ated SNPs that lie within corneal enhancers, identifying regu-
latory regions with a potential role in disease risk. We have also
defined a novel role for KLF7 in corneal epithelial cells, where it
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acts antagonistically to the pro-differentiation factor KLF4.
Our work highlights the potential importance of KLF4 and
KLF7 in regulating the balance between proliferation and dif-
ferentiation required for proper corneal epithelial development
and homeostasis.

Identification and characterization of SEs and TEs in human
corneal epithelial cells

Consistent with results for SEs in other cell types, we found
that SE-associated genes are more highly expressed than TE-
associated genes. Our data, however, also provide evidence for
the importance of TEs for gene regulation in the corneal epi-
thelium; genes near TEs are strongly linked to corneal pheno-
types in mouse mutants. We also found both an SE and several
TEs in the vicinity of the PAX6 gene; these enhancers are pre-
sumed to be important for the proper expression of this key
corneal epithelial regulator.

Although SEs confer cell type—specific regulation, the vast
majority of SEs in HCE cells are either TEs or marked by
H3K4mel, a histone mark of regulatory potential, in other epi-
thelial cell types. As epithelial tissues express a number of com-
mon genes, it is unsurprising that different epithelial cells share
similar regulatory landscapes. The main differences between
different epithelial cell types lie in the type of enhancers and the
strength of the H3K27Ac mark, suggesting that, rather than a
binary on— off determination, these regulatory regions can be
TEs or SEs, depending on the epithelial cell type, perhaps to
provide the right level of gene activation for a given epithelial
tissue.

SNPs linked to corneal diseases affect the activity of corneal
epithelial enhancers

A challenge to understanding the disease-promoting mech-
anism for noncoding SNPs that map to enhancers, as rs3815087
and rs6758183 do, is that enhancers can be located great dis-
tances from the genes they regulate, making the link between
SNP variants and gene expression difficult to decipher. This
challenge was particularly apparent with SNP rs6758183, which
was linked to corneal astigmatism, although extensive studies
on the mechanism behind this SNP and the cellular alterations
within the tissue that can lead to disease are lacking. In addition,
this SNP is more than 500 kb away from the nearest gene, mak-
ing the link to astigmatism difficult to study. Using a combina-
tion of data, from studies on corneal development and disease,
published ChIA-PET studies, motif analysis, and siRNA exper-
iments, we have provided insights into the potential molecular
mechanisms for the contribution of rs6758183 of SNP to cor-
neal astigmatism.

Based on our motif analysis, SNP rs6758183 is predicted to
disrupt an ETS family binding motif. This finding is consistent
with the known importance of ETS transcription factors in epi-
thelial development and, specifically, of the ETS family member
EHF in the corneal epithelium. Indeed, we were able to show
with ChIP assays in corneal epithelial cells that EHF binds to the
region of the enhancer containing SNP rs6758183.

Publicly available ChIA-PET data from MCEF7 epithelial
cells provided additional information, demonstrating that the
enhancer region containing SNP rs6758183 contacts the pro-
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moter of IRS1, an important insulin and IGF1 signaling compo-
nent, located 500 kb away from the SNP. This is also consistent
with the finding that many SNPs in the vicinity of rs6758183 are
associated with increased risk of metabolic syndrome and type
2 diabetes, suggesting that the entire region has regulatory
potential toward IRS1.

We also find that SNP rs6758183 increases enhancer activity
and that knockdown of EHF increases IRSI gene expression,
consistent with EHF binding to the SNP-containing enhancer
torepress IRS1 in corneal epithelial cells. In agreement with this
mechanism, a number of Ets family members, including EHF,
have been shown previously to be able to repress gene expres-
sion (18, 31, 32).

To our knowledge, there are no studies directly linking ETS
family members to astigmatism. However, Ets family members
are known to regulate insulin and other growth factor signaling
pathways (33-35), and there is a strong and well documented
link between growth factor signaling and astigmatism (27).
Additionally, insulin signaling has been implicated in two other
ocular diseases related to the curvature of the cornea: myopia
(36) and keratoconus (37), suggesting a general theme that the
curvature of the eye is affected by growth factor signaling
pathways.

Previous work has shown that both corneal epithelium and
stroma contribute to the refractive power of the eye (21, 38),
with the stroma being primarily implicated in the refractive
errors in corneal astigmatism. Although our studies were
carried out in epithelial cells, the enhancer containing SNP
rs6758183 could also be active in stromal keratocytes, leading
to alterations in insulin signaling in both cell types (27). Addi-
tionally, as extensive signaling occurs between the epithelium
and the stroma, alterations in IRS1 expression in one cell type
could lead to downstream growth effects in both. In summary,
we have established a role for the ETS factor EHF in binding to
the enhancer containing SNP rs6758183 and in regulating the
nearby gene IRSI in corneal epithelial cells, a mechanism that
could underlie corneal astigmatism risk.

KLF7 antagonizes KLF4 in corneal epithelial cells

Motif analysis of corneal epithelial cell enhancers highlighted
the important role of KLF transcriptional regulators in corneal
epithelium and led to the discovery of a previously undescribed
role for KLF7 in corneal epithelial progenitor cells. KLF7 regu-
lates neuronal and olfactory development (39) and has been
characterized as an inhibitor of adipocyte differentiation (39—
41). Its potential role in corneal epithelial cells, however, has
not been investigated before.

We found that KLF7 represses the differentiation gene
expression program and reduces proliferation in undifferenti-
ated corneal epithelial cells, potentially acting to maintain pro-
genitor cells in a quiescent and undifferentiated state. We also
found that KLF7 maintains the corneal epithelial progenitor
state in part through antagonistic regulation of KLF4 gene tar-
gets. Thus, the relative expression level of each KLF may deter-
mine the transcriptional state of shared target genes; as KLF7
levels drop and KLF4 expression increases during differentia-
tion, KLF4 may be able to outcompete KLF7 and change the
response of shared targets (Fig. 6C). The complementary
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expression and antagonistic functions of KLF7 and KLF4 may
be crucial for the balancing of proliferation and differentiation
during corneal epithelial development and homeostasis. It is
also possible that other mechanisms are at play in the dynamic
chromatin landscape of corneal epithelial cell differentiation. A
recently published study on chromatin regulatory domains in
epidermal keratinocytes demonstrated that the SE and TE land-
scape changes substantially between undifferentiated keratino-
cytes and differentiated keratinocytes (42). Based on this, it is
likely that the SE and TE landscape in corneal epithelial cells
also changes with differentiation, and this may create new bind-
ing opportunities for transcription factors. Another possible
mechanism for the regulation of KLF binding under the chang-
ing conditions of differentiation is the multiprotein complexes
in which it participates, which may change based on changing
expression patterns of different members during differentia-
tion, potentially influencing binding site selection.

In conclusion, we have defined the chromatin and regulatory
landscape in human corneal epithelial cells, advanced mecha-
nistic insights into disease by showing that two SNPs associated
with corneal diseases disrupt the activity of corneal epithelial
enhancers, and identified the transcription factor KLF7 as an
antagonist of its pro-differentiating family member KLF4 and a
promoter of the progenitor state of corneal epithelial cells.

Experimental procedures
Cell culture

Normal HCE cells were purchased from LifeLine Technolo-
gies and grown according to the instructions of the manufac-
turer in Oculife medium (LifeLine Technologies) supple-
mented with OcuLife growth factors (LifeLine Technologies).
To induce differentiation, cells were transferred into CNT-
Prime 2D Diff medium (Cell-n-Tech, CNT-PR-D). hTERT
immortalized human corneal epithelial (hTCEpi) (43) were
grown in KBM medium (Lonza) supplemented with Single-
Quots (Lonza).

Chromatin immunoprecipitation assays

ChIP assays were performed as described previously (44, 45)
with the following changes: 24 ug of sonicated chromatin
was used for each immunoprecipitation, magnetic Dynabeads
(Invitrogen) were used for immunoprecipitation, and, for
ChIP-qPCR analysis, enrichment was calculated over IgG and
normalized to an intergenic negative control region. The fol-
lowing antibodies were used: IgG (Sigma), Ehf (Santa Cruz Bio-
technology, Inc.), H3K4mel (Abcam), H3K27ac (Millipore),
and H3K4me3 (Millipore). Primer sequences are listed in sup-
plemental Table S1.

ChiIP-Seq

Sequencing libraries were generated for the H3K4mel,
H3K4me3, H3K27ac, and input samples using NEB Next re-
agents and Illumina adaptors and oligos according to the Illu-
mina protocol for ChIP-seq library preparations, with some
modification of the protocol by Schmidt et al. (46): after adap-
tor ligation, PCR amplification was performed prior to size
selection of the library. Clustering and 50-cycle single end

J. Biol. Chem. (2017) 292(46) 18937-18950 18947


http://www.jbc.org/cgi/content/full/M117.793117/DC1
http://www.jbc.org/cgi/content/full/M117.793117/DC1

Enhancers, KLF4, and KLF7 regulate corneal epithelium

sequencing were performed on the Illumina Hi-Seq 2000
genome analyzer.

ChIP-Seq analysis

The resulting ChIP-Seq reads were aligned using Bowtie (47),
and only uniquely aligning reads were retained. Peaks were
called using spatial clustering for identification of ChIP-en-
riched regions (SICER) (48), and Galaxy (49 —51) software was
used for further analysis. Super enhancers were identified using
ROSE (5, 52).

Quantitative real-time PCR

For mRNA expression analysis, cDNA was prepared using
the iScript cDNA kit. RT-PCR was performed using SsoFast for
Probes and SsoFast EvaGreen (Bio-Rad) master mixes in the
CFX384 real-time PCR detection system (Bio-Rad). GAPDH or
ribosomal protein lateral stalk subunit PO (RPLPO) were used
as endogenous controls. Primer sequences are listed in supple-
mental Table S1.

RNA extraction

Cells and tissues were collected and lysed in TRIzol, followed
by chloroform extraction. RNA was extracted from the aqueous
phase as described previously (53). RNA concentration and
quality were quantified on a NanoDrop instrument.

Luciferase assays

Approximately 1-kb regions surrounding each SNP were
cloned into PGL3 reporter vectors. Site-directed mutagenesis
was performed following the specifications of the manufacturer
(Agilent QuikChange II site-directed mutagenesis kit). Suc-
cessful mutagenesis was verified by DNA sequencing. Cells
were transfected with each plasmid and a Renilla control plas-
mid and collected after 72 h. Luciferase was quantified using the
Promega luciferase assay system.

MTT assays

Cells were plated to a density of 10,000 cells/well in 96-well
plates and transfected with siRNA to KLF7 or scramble control
the following day. Proliferation was assayed after 72 h using the
Cell Titer proliferation assay (Promega).

Immunofluorescent staining of corneal cryosections

Cryosections (6 —8 um thick) from optimal cutting temper-
ature compound—embedded embryo heads and adult mouse
eyes were fixed in acetone for 13 min, followed by two PBS
washes. Slides were then fixed with 4% paraformaldehyde for 10
min and washed twice with PBS. For permeabilization, slides
were incubated for 15 min in permeabilization buffer (0.3% Tri-
ton X-100 in 1 X PBS). Slides were then blocked for 1 h at room
temperature with 0.1%Triton X-100 and 2% BSA in 1X PBS.
Primary antibodies were incubated overnight at 4 °C with
1:200 dilution of rabbit anti-mouse KLF4 primary antibody
(ab129473, Abcam) and 1:50 dilution of rabbit anti-mouse
KLF7 antibody (ab197690, Abcam), washed three times with
PBS for 5 min each, incubated with secondary antibody (Alexa
Fluor 488-coupled goat anti-rabbit IgG, Life Technologies) at a
1:1000 dilution for 1 h at room temperature in the dark, rinsed
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with PBS, and mounted with mounting medium with DAPI
(Vector Laboratories). Images were collected with a Keyence
BZ-X710 All-In-One fluorescence microscope. All images pre-
sented within each figure were acquired under identical set-
tings and processed in a similar manner using Image].

Microarray analysis

Gene expression analysis for undifferentiated HCE cells was
performed with biological duplicates as described previously
(54), except Affymetrix Human Gene 1.0 ST arrays (26,869
probe sets) were used and washed according to the recommen-
dations of the manufacturer (Affymetrix, Santa Clara, CA).
Gene expression analysis for differentiated HCE cells used
Human Gene 2.0 ST arrays. Plier analysis was performed, and
the data were then filtered for expression levels. Probes with
raw expression values below 200 were considered not expressed
for subsequent analysis. CyberT was used to define statistically
significant differentially expressed genes (53). Gene ontology
analysis was performed using DAVID (55).

Author contributions—R. H. K. and B. A. conceived and coordinated
the study and wrote the paper.R. H. K., W. H,, G. K., Z. L., T. N, and
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