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ABSTRACT

Gene regulation by enhancers is important for precise temporal and
spatial gene expression. Enhancers can drive gene expression
regardless of their location, orientation or distance from the promoter.
Changes in chromatin conformation and chromatin looping occur to
bring the promoter and enhancers into close proximity. aA-crystallin
ranks among one of the most abundantly expressed genes and
proteins in the mammalian lens. The aA-crystallin locus is characterized
by a 16 kb chromatin domain marked by two distal enhancers, 5’ DCR1
and 3’ DCR3. Here we used chromatin conformation capture (3C)
analysis and transgenic approaches to analyze temporal control of the
mouse oA-crystallin gene. We find that DCR1 is necessary, but not
sufficient alone to drive expression at E10.5 in the mouse lens pit.
Chromatin looping revealed interaction between the promoter and the
region 3’ to DCR1, identifying a novel enhancer region in the aA-crystallin
locus. We determined that this novel enhancer region, DCR1S,
recapitulates the temporal control by DCR1. Acting as shadow
enhancers, DCR1 and DCR1S are able to control expression in the
lens vesicle at E11.5. It remains to be elucidated however, which region of
the aA-crystallin locus is responsible for expression in the lens pitat E10.5.

KEY WORDS: Chromatin looping, aA-crystallin, Enhancer, Shadow
enhancer, Lens, Development

INTRODUCTION

Precise regulation of gene transcription during tissue development
lays the foundation for cellular identity, with levels of gene expression
varying greatly between cell types as well as developmental time
points (Regev et al., 2017). Important regulatory elements for tissue-
and developmental-specific transcription are the enhancers: cis-
regulatory elements comprised of clustered arrays of transcription
factor binding sites (see Barolo and Posakony, 2002; Catarino and
Stark, 2018; Long et al., 2016). These ‘classical’ enhancers can drive
transcription regardless of their location, orientation or distance from
the gene promoter (reviewed in Schaffner, 2015). In recent years, a
number of transcriptional units have been found to originate from
within many enhancers, and their corresponding transcripts are called
eRNAs (Lam et al., 2014). Although prediction of enhancer regions is
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becoming a routine process by way of genome-wide chromatin
profiling methods to identify ‘open’ chromatin regions as well as
enhancer associated histone marks (Andrey and Mundlos, 2017),
elucidation of the precise cell-specificity and temporal/spatial
activities of individual candidate enhancers requires experimentation.

Recent studies of genome organization and evolution coupled
with systemic analysis of predicted enhancers in model loci revealed
apparent redundancy amongst two or more ‘shadow enhancers’
(Lagha et al.,, 2012). This term was coined by Levine and co-
workers following discovery of multiple enhancers with similar
activities (Hong et al., 2008). Shadow enhancers seem to be
pervasive, at least in the Drosophila genome (Cannavo et al., 2016)
and are excellent sources of evolutionary novelty (Hong et al.,
2008). In mammalian systems, shadow enhancers were established
in Hox genes (Nolte et al., 2013) and Pax6 locus (Antosova et al.,
2016). Enhancers involved in limb development have also been
shown to act as shadow enhancers and it has been suggested that
they are imperative for phenotypic robustness (Osterwalder et al.,
2018). For example, shadow enhancers under normal conditions may
exhibit redundancy, each being able to induce similar gene expression,
however under stress conditions, both enhancers may be required to
maintain vigorous regulation (Frankel et al., 2010; Perry et al., 2010).
Thus, the area of transcriptional control is poised for novel discoveries
underlying complexity of gene control in vivo, including enhancer
syntax and regulatory genome evolution (Farley et al., 2016).

A hallmark feature of enhancers is physical tethering between the
promoter and distal enhancer(s) and formation of DNA loops (Long
et al., 2016) that are further integrated into a 3D organization of
chromatin that is thought to be important for tissue specific gene
regulation (Rao et al., 2014). It has been shown that chromatin is
organized into defined functional units to mediate the effects of
cis-regulatory elements by both long and short-range interactions
(Rao et al., 2014). Although chromatin looping has been shown to
be important for tissue specific gene regulation, little work has been
performed to elucidate the changes that occur in chromatin structure
and subsequent effects on gene regulation and expression during
cellular differentiation.

An advantageous tissue to study transcription, chromatin
dynamics and subnuclear organization and compartmentalization
during mammalian development is the ocular lens. The mature
lens consists of an anterior layer of epithelial cells that overlies
the bulk of the lens, made up of differentiated fiber cells. This
compartmentalization of the lens into epithelium and fibers initiates
from an early transitional structure termed the lens vesicle (Lovicu
etal.,2011). Differentiating cells elongate towards the anterior of the
vesicle and fill the void to become the primary fiber cells. The cells at
the anterior of the lens vesicle differentiate into a sheet of single-
layered cuboidal epithelial cells, and those close to the lens equator
will divide continually, eventually exiting cell cycle and becoming
secondary lens fiber cells. The fiber cells in the center of the lens are
required to lose their organelles, including the nuclei, in order to
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prevent light scattering and maintain the transparency of the lens (see
Bassnett, 2009).

Crystallins are the most abundant proteins in terminally
differentiated lens fiber cells (Bassnett et al., 2011). Their high
level of expression, along with their distinct spatial distribution is
essential for the transparency and refractive function of the lens.
Together with globin genes in erythrocytes and calcium channel
subunit Cacna2d in neurons, the crystallins rank amongst the most
highly expressed genes in mammalian tissues (Sun et al., 2015a)
and serve as an advantageous model to study fundamental
principles of transcription during cellular differentiation (Limi
et al., 2018). The most abundant oA-crystallin is a small heat shock
chaperone protein and represents up to 17% of all newborn mouse
lens water-soluble proteins. The aA-crystallin (Cryaa) gene evolved
from gene duplication of the oB-crystallin (Cryab) that evolved
from Hspbl-like ancestral gene (Cvekl et al., 2017). Loss of oA-
crystallin leads to lens opacification and cataract (Andley, 2007;
Bloemendal et al., 2004; Rivier et al., 1999). In lens, olA-crystallin
gene expression initiates in the invaginating lens placode followed
by uniform expression in the lens vesicle and subsequent primary
lens fiber cell differentiation is associated with dramatic upregulation
of aA-crystallin expression (Robinson and Overbeek, 1996). Thus,
studies of transcriptional regulation of aA-crystallin gene are critical
to understand lens morphogenesis.

The current model of aA-crystallin transcriptional control
includes lens-fiber cell specific promoter fragment (—366/+46)
(Overbeek et al., 1985) and a pair of evolutionarily conserved distal
enhancers, 5'-DCR1 and 3'-DCR3 (Fig. 1). It was found that the
—8 kb DCRI region directs early expression beginning in the lens
vesicle at E11.5 and DCR3’s weaker activity is delayed by 24 h
(Yang et al., 2006). The 1.9 kb promoter, including DCR2 at its 5'-
end, supports a weak expression at even later stages of lens formation
and is highly prone to positional effects while the presence of both
DCRI1 and DCR3 nearly eliminates this effect (Yang et al., 2006).
However, endogenous aA-crystallin expression is first apparent at
E10.5 (Robinson and Overbeek, 1996). To resolve insufficiency of
DCR1/3, transgenic mice were generated using BAC constructs and
a 15 kb aA-crystallin locus lacking DCR3 (Wolfet al., 2008). It was
found thata 15 kb aA-crystallin fragment is sufficient for the earliest
expression in the lens pit at E10.5. In this study, we use chromatin
conformation analysis as well as transgenic mouse models to dissect
further the transcriptional regulation of the otA-crystallin locus. Our
central goal was to probe promoter-enhancer looping in lens and
non-lens cells and take this conformational information to predict
additional candidate enhancers.

RESULTS

DCR1 is required, but not sufficient, for early expression of
oA-crystallin

Previous studies of the temporal regulation of atA-crystallin did not
identify the DNA region necessary for its earliest expression in the
lens pit (Yang et al., 2006). Exogenous expression of EGFP driven
by a 15 kb aA-crystallin locus (Fig. 2A), allowed for recapitulation

—

of'the endogenous aA-crystallin expression (Wolfet al., 2008), with
expression beginning in the lens pit at E10.5 (Fig. 2C-F). It remains
to be elucidated, however, the exact region of the oA-crystallin
locus responsible for earliest expression of oA-crystallin at this
stage. The DCR1 regulatory region of the oA-crystallin locus alone
has previously been demonstrated to be insufficient to drive
expression at E10.5 in transgenic mice (Yang et al., 2006), we
therefore generated a mouse line that used EGFP driven by the 15 kb
genomic region of the aA-crystallin locus with the DCR1 region
deleted (Fig. 2B). Unexpectedly, even when the entire locus is
present, the absence of DCRI1 delayed the expression of EGFP
(Fig. 2G-J), with no EGFP expression being seen at E10.5 in the
lens pit (Fig. 2G). These results suggest that both DCR1 as well as
another region of this 15 kb genomic region is required for
expression of alA-crystallin in the lens pit.

Identification of an additional control region (DCR1S) in the
mouse oA-crystallin locus

Recent work has demonstrated the importance of chromatin
conformation on gene expression with significant progress being
made in determining looping that occurs within gene loci to allow
for interactions between enhancer and promoter regions required for
gene transcription (Frost et al., 2018; Jiang and Peterlin, 2008;
Miele and Dekker, 2008; Vakoc et al., 2005). To determine other
regions of the aA-crystallin locus important for gene expression we
used the chromatin conformation capture (3C) assay (Dekker et al.,
2002) to examine looping that occurs at the oA-crystallin locus
during lens development. Interactions between the oA-crystallin
promoter (anchor, Fig. 3A) and the rest of the locus were measured
and relative interaction frequency determined using chromatin
derived from mouse lenses at three stages, including E14.5, E15.5
and P1 (n=3). It was observed that a significant interaction occurs
between the promoter and a large portion of the chromatin 3’
adjacent to DCR1 (Fig. 3B). This interaction was significantly lower
in the earlier stage observed at E14.5. There were also smaller
interactions observed 5’ adjacent to the DCR2 region (Fig. 3C) as
well as at the DCR3 region and the distal 3’ end of the locus which
was much more prominent in the P1 lens. We also analyzed
chromatin from mouse lenses at stages E16.5 and E17.5 (n=2) and
found a similar broadened peak at the DCR1 region as well as the 3’
distal peak (Fig. S1). We extended the region examined by 10 kb 3’
beyond this distal peak and observed no further interaction peaks
(data not shown). Based on this data we hypothesized that the region
3’ to DCR1 (—=7492 to —6039 from transcription start site; called
here DCR1S) could be important for regulation of oA-crystallin
expression, possibly at the earlier stages of E10.5.

To determine if there are any differences between two lens cell
types, we next examined looping in chromatin from microdissected
newborn (P1) lens epithelium and fiber cells (Fig. 4). As with other
crystallins, the expression of aA-crystallin is much higher in lens
fiber cells compared to lens epithelium (Sun et al., 2015a; Zhao et al.,
2018a), therefore we hypothesized that we would see differences in
the looping pattern of the chromatin. We found that the interaction
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Fig. 1. Schematic representation of the mouse aA-crystallin locus. Genomic organization of the aA-crystallin gene identifying the locations of the
evolutionarily conserved DCR1 (—7706 to —7492), DCR2 (—1900 to —1670) and DCR3 (+3650 to +3656). Three exons (Ex1, Ex2 and Ex3) as well as a

rodent specific exon (Ins) are also shown.
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profile of the aA-crystallin locus was not significantly different
between lens epithelium and lens fibers (Fig. 4B), despite the
differences in expression levels. To extend these studies, we
performed the 3C assay on mouse embryonic stem (ES) cell line to
determine whether this looping was present when the cells were in a
completely undifferentiated state. Very limited DNA looping was
observed at the aA-crystallin locus in chromatin isolated from ES
cells (Fig. 5B). Finally, we performed the 3C assay on chromatin from
non-lens tissues, including heart, liver and forebrain of P1 mice,
where aA-crystallin expression is absent (Fig. 5D). Interestingly,
albeit at a much lower frequency, the major interaction peak that
occurs in lens around the DCRI region also exists in these
differentiated non-lens tissues (Fig. 5C).

DCR1 and DCR1S act as shadow enhancers, conferring
similar temporal and spatial expression in lens vesicle, lens
epithelium and primary lens fibers

Prior analysis of mice expressing EGFP under control of the oA-
crystallin 1.9 kb genomic region containing the promoter and its 5’'-
adjacent DCR2 show modest expression in lens fiber cells from
E13.5 (Yang et al., 2006). To determine the role of DCRI1S in lens
development we generated transgenic mice lines expressing EGFP
under the control of DCR1 and/or DCR1S in combination with the
1.9 kb extended promoter (Fig. 6). As described previously (Yang
et al., 2006), the construct containing DCR1 (Fig. 6A) allows for
expression of EGFP beginning at stage E11.5 (Fig. 6D—G). Earlier
studies show that in the absence of DCRI1, expression is delayed
even more severely with onset of EGFP beginning at E13.5 (Yang
et al., 2006). Interestingly, in the presence of DCR1S (Fig. 6B), the
onset of expression of EGFP is similar to that of DCR1 alone
(Fig. 6A), with expression beginning at E11.5 (Fig. 6H-K). We then
examined the effect of the presence of both DCR1 and DCRI1S
(~2 kb; Fig. 6C) to determine whether these combined regions are

the lens epithelium (E). Strong
expression continues in the fiber
cells at newborn stage P1 (F).
Expression of EGFP from the 15 kb
ADCR1 construct is absent in the
lens pit at E10.5 (G) with expression
initiating in the lens vesicle at E11.5
(H). Increased expression continues
in the fiber cells at E14.5 but is not
observed in the epithelium (1).
Expression continues further in
E16.5 fiber cells (J). Lens
epithelium, e; lens fiber cells, f; lens
pit, Ip; lens vesicle, Iv.

sufficient to recapitulate endogenous expression of alA-crystallin in
the lens pit. We found however that the converse was true: even in
the presence of this 2 kb region comprising DCR1 and DCRI1S,
expression was still absent in the lens pit (Fig. 6L-O) with
expression of EGFP observed from E11.5. These studies were
performed with three independent lines obtained for each construct
and the results are summarized in Table 1. We conclude that DCR1
and DCRIS function as shadow enhancers required for
oA-crystallin  gene expression in the lens vesicle (E11.5);

however, even together they are insufficient to elicit transgene
expression in the lens pit (E10.5).

DISCUSSION

In this study we present evidence for DNA looping at the oA-
crystallin locus in mouse. Based on this chromatin conformation we
subsequently identified a novel enhancer region, which, determined
by transgenic mouse studies, is thought to act as a shadow enhancer
eliciting expression patterns similar to that of DCR1. Although
expression of aA-crystallin is highly tissue-restricted, looping was
also found in terminally differentiated non-otA-crystallin expressing
tissues, albeit at a lower frequency. In contrast, the pluripotent ES
cells do not exhibit any significant physical interactions of distal
regions within the alA-crystallin locus.

Due to the short window of time in which it has to produce all
proteins required for the life of the organism, lens is an
advantageous model tissue in which to study transcriptional
control. olA-crystallin in particular, with its extraordinarily high
relative expression levels must be highly regulated to generate such
massive quantities before fiber cell organelles are degraded
(Brennan et al., 2018; Limi et al., 2018). Previous work has
identified an a.A-crystallin promoter fragment (—364 to +45) that
can support expression of a linked CAT gene, but only in fiber cells
of the lens beginning after E12.5 (Overbeek et al., 1985), 2 days
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Fig. 3. 3C mapping of chromatin interactions in the aA-crystallin locus of E14.5, E15.5 and P1 mouse lens. (A) Genomic organization of the
oA-crystallin locus, spanning 16 kb. Dark boxes represent locations of the evolutionarily conserved DCR1, DCR1S, DCR2, the promoter with adjacent exon
1, the rodent specific exon (Ins), exon 2 and exon 3 with adjacent DCR3. Vertical markers represent locations and numbers of BstY| restriction sites analyzed
in this study, with the fragments assayed for variable interaction with the promoter fragment (anchor). Graphical representation is not to scale. (B) Relative
cross-linking frequency of regions interacting with the oA-crystallin promoter with relative interaction plotted on the y-axis and restriction digest fragment
number on the x-axis. (C) Magnification of panel (B) with reduced y-axis scale to identify less frequent interactions. Dashed line shows position of anchor
fragment. Each value is derived from three biological samples (n=3) and the standard errors are indicated. Values are normalized to P1=1.0.

following endogenous «aA-crystallin  expression initiates
(Robinson and Overbeek, 1996). Three regulatory regions,
DCR1, DCR2 and DCR3, have more recently been identified
within the oA-crystallin locus using the VISTA algorithm for
comparative genomics to determine evolutionarily conserved non-
coding regions and studied in transgenic mice (Yang et al., 2006).
Using DCR1/1.9 kb promoter/EGFP reporter system, EGFP was
detected in the lens vesicle at E11.5, but did not recapitulate
endogenous expression at E10.5 in the lens pit. A modified 14 kb
region of the oA-crystallin locus (15 kb transgene containing
14 kb of the oA-crystallin genomic locus with a 1 kb insert of

EGFP/polyA, DCR3 absent; Fig. 2A) however, can support strong
EGFP expression in the lens pit of the E10.5 mouse embryo
[Fig. 2C; (Wolf et al., 2008)], suggesting that the enhancer region
responsible for the earliest expression of aA-crystallin lies within
this genomic region. Here, using the previously described 15 kb
transgene [Fig. 2A; (Wolf et al., 2008)], with the DCR1 region
removed (Fig. 2B), we determined that DCR1 is required for the
expression at E10.5, however another portion of this 14 kb
genomic region must also be required, as presence of DCR1 alone
in the previous studies (Yang et al., 2006) did not allow for
expression in the lens pit.
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Fig. 4. 3C mapping of chromatin interactions in the aA-crystallin locus of micro dissected mouse lens epithelial and fiber tissue. (A) Genomic
organization of the aA-crystallin locus, spanning 16 kb. Dark boxes represent locations of the evolutionarily conserved DCR1, DCR1S, DCR2, the promoter
with adjacent exon 1, the rodent specific exon (Ins), exon 2 and exon 3 with adjacent DCR3. Vertical markers represent locations and numbers of BstY|
restriction sites analyzed in this study, with the fragments assayed for variable interaction with the promoter fragment (anchor). Graphical representation is
not to scale. (B) Relative cross-linking frequency of regions interacting with the aA-crystallin promoter with relative interaction plotted on the y-axis and
restriction digest fragment number on the x-axis. Dashed line shows position of anchor fragment. Each value is derived from three biological samples (n=3)

and the standard errors are indicated. Values are normalized to P1=1.0.

Previous methods to determine possible enhancer regions in the
aA-crystallin locus relied upon identification of evolutionarily
conserved non-coding regions (Yang et al., 2006). Here we used
analysis of chromatin looping to identify novel potential regulatory
regions. Our reasoning was that local chromatin looping should
point to interacting DNA regions that are less evolutionarily
conserved and these studies will be also used to aid in our ongoing
4C/HiC studies of chromatin during lens differentiation. 3C analysis
was used here to determine that looping occurs at high levels,
indicated by higher interaction frequency peaks, between the
oA-crystallin promoter and the region 3’ adjacent to the DCR1
enhancer in lens (Figs 3, 4 and S1), suggesting the existence of a
novel 1.5 kb regulatory region, from here on referred to as ‘DCR1S’.
Interaction frequency between the promoter and DCR1S was much
higher at the later developmental stages of E15.5 and P1 compared
to E14.5 (Fig. 3B). This increased interaction frequency could be
responsible for the increase in ctA-crystallin expression in lens fiber
cell compartment by RNA-seq from E14.5 to P0.5 (Zhao et al.,
2018b). Interestingly, the interaction frequency between the
promoter and DCRIS in fiber cells and epithelium (Fig. 4B) is
not significantly different, despite the higher levels of a:A-crystallin
found in fiber cells compared to epithelium. A known marker of
active enhancers is the presence of RNA polymerase II as well as the
epigenetic marker H3K27ac. Indeed, we found and reported earlier
on these features in the DCR1S region of the oA-crystallin gene
(Sun et al., 2015a,b). In addition, previous work from our lab has
also shown the particular presence of several transcription factors
in vivo in the DCR1S region including c-Jun and Etv5 (Xie et al.,
2016) as well as ATP-dependent chromatin remodeling enzymes
Brgl and Snf2h (Yang et al., 2006). Coincidentally, conservation is
also seen within this 1.5 kb DCRIS region in our previous VISTA

alignment studies, albeit not as highly conserved as the DCR1
region. Taken together, these data demonstrate that this DCR1S
region physically interacts with the promoter and identify a novel in
vivo enhancer region of the Cryaa locus. Due to difficulty of sample
collection, we did not analyze looping at stages prior to E14.4,
however we predict a sharp increase in looping at the onset of
oA-crystallin expression at E10.5 in the mouse lens.

To further analyze looping at the a:A-crystallin locus we performed
the 3C assay on mouse ES cells to determine whether looping would
occur in cells in which chromatin exists in a ‘ground state’. Looping in
embryonic stem cells has been identified between enhancers and core
promoters of ES cell-specific genes (Kagey et al., 2010). To be
maintained in a pluripotent state, ES cells are required to express their
pluripotency factors at high levels whilst repressing lineage specific
genes to prevent differentiation. As expected, our data show very little
looping occurring at the aA-crystallin locus (Fig. 5B), correlating
with the lack of expression in these undifferentiated cells.
To determine whether this absence of looping was a feature of
aA-crystallin expression or the undifferentiated state of the ES cells,
we performed 3C in terminally differentiated tissues (Fig. 5C) that
also do not express aA-crystallin (Fig. 5D). Surprisingly however,
albeit at very low interaction frequencies, a peak was observed at the
DCRI1/DCRIS region in all three tissues, including liver, forebrain
and heart (Fig. 5C). A possibility exists that transcription across this
2 kb region exists in non-lens cells; however, our attempts to detect
any significant ncRNA expression using bioinformatics analyses and
cDNAs from these tissues were negative. It is thus possible that
in terminally differentiated tissues, less-frequent tethering non-
productive interactions may still occur in the absence of ongoing
transcription whereby the chromatin is in a ‘poised’ state, but absence
of lens associated transcription factors prevents gene expression.
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Fig. 5. 3C mapping of chromatin interactions in the aA-crystallin locus
of mouse embryonic stem cells and other non-aA-crystallin expressing
tissues. (A) Genomic organization of the aA-crystallin locus, spanning

16 kb. Dark boxes represent locations of the evolutionarily conserved DCR1,
DCR1S, DCR2, the promoter with adjacent exon 1, the rodent specific exon
(Ins), exon 2 and exon 3 with adjacent DCR3. Vertical markers represent
locations and numbers of BstY| restriction sites analyzed in this study, with
the fragments assayed for variable interaction with the promoter fragment
(anchor). Graphical representation is not to scale. (B—C) Relative cross-
linking frequency of regions interacting with the aA-crystallin promoter of

(B) mouse embryonic stem cells and (C) P1 mouse liver, forebrain and heart
tissue. Relative interaction plotted on the y-axis and restriction digest
fragment number on the x-axis. Dashed line shows position of anchor
fragment. Each value is derived from three biological samples (n=3) and the
standard errors are indicated. Values are normalized to P1=1.0. (D) Bar
chart exhibiting relative levels of adA-crystallin expression in P1 mouse
tissues and mouse embryonic stem cells (n=3; error bars=tstandard
deviation).

Our initial aim for this project was to find the region of the
oA-crystallin locus required for the earliest expression of the gene in
the lens pit at E10.5 (Robinson and Overbeek, 1996). To determine
whether DCRI1S is responsible for this expression we generated
transgenic mice with EGFP under the control of DCR1 and/or DCR1S
and the 1.9 kb promoter region (Fig. 6A—C). It was found that,
although DCRI1S could not drive expression of EGFP at E10.5 alone
(Fig. 6H) or in combination of DCRI1 (Fig. 6L), DCRIS was able to
recapitulate expression patterns of DCR1 and drive expression at
E11.5 (compare Fig. 6E.I). Alternatively, both DCR1 and DCR1S
enhancers are required on their own for the expression of Cryaa gene
as independent elements. The availability of CRISPR-EZ method
(Chen et al., 2016) allows a rigorous analysis to determine both
necessity and sufficiency of DCR1, DCR1S and the entire 2 kb region.

The phenomenon of two or more enhancer regions that are able to
perform similar functions is known as ‘enhancer redundancy’
(Osterwalder et al., 2018). Studies of other mammalian gene loci
have identified enhancers of extremely similar functions and
spatiotemporal patterns of activity (Attanasio et al., 2013; Lam
etal., 2015; Marinic et al., 2013; Osterwalder et al., 2018). This type
of enhancer is also referred to as ‘shadow enhancer’, a term first
coined to describe enhancers of similar functions found in
Drosophila (Cannavo et al., 2016; Frankel et al., 2010; Hong et al.,
2008; Perry et al., 2010). The evolutionary purpose of these
redundant shadow enhancers still remains to be completely defined.
Many enhancers that appear to be redundant for some overlapping
functions are actually not complete shadow enhancers. For example,
apparent shadow enhancers in the shavenbaby (svb) (Frankel et al.,
2010) and snail (Perry et al., 2010) genes appear redundant under
normal environmental conditions, however are essential under more
stressful conditions. In addition, other enhancers that seem to overlap
in activity have been demonstrated to be essential to for precise spatial
(Dunipace et al., 2011) or temporal (Dunipace et al., 2013) pattern of
expression. Therefore, although DCR1 and DCRIS fulfill minimal
criteria to be called shadow enhancers for the temporal expression of
oA-crystallin at E11.5, it remains to be elucidated whether they have
alternative functions as separate elements.

In addition, in the human a.A-crystallin locus, active transcription
has been detected at the location corresponding to mouse DCR1
(AP001631.10: hg38 chr21:43,159,066-43,162,227) in non-lens
tissues. This suggests the presence of an enhancer RNA (eRNA)
transcribed from DCRI1. However, our attempts to detect this
transcript in mouse tissues based on RNA-seq data and RT-PCR did
not reveal the presence of an eRNA (data not shown). Evolutionary
differences acting on DCR1 and DCR1S enhancers in mouse and

human are likely to explain presence or absence of eRNAs and can
be further experimentally tested, including studies of cis-regulatory
syntax of DCR1 and DCR1S (Farley et al., 2016; Long et al., 2016)
and examination of proteins involved in the mediating promoter-
enhancer interactions (Cvekl and Paces, 1992).

In summary, here we identify a novel enhancer region that acts as
a shadow enhancer along with DCRI1 in the mouse Cryaa locus.
These enhancers are both capable of inducing expression in the lens
vesicle at mouse stage E11.5, however it remains to be elucidated
which region of the ol A-crystallin locus is responsible for expression
in the lens pit at E10.5. Possible candidates include the 3’ distal
region for which we see looping with the promoter as well as other
evolutionarily conserved noncoding regions identified in introns 1
and 2 (Wolf et al., 2008). Ongoing experiments to map ‘open’
chromatin dynamics during lens differentiation by ATAC-seq are
aimed to provide new insights into the unexpected complexity of the
in vivo Cryaa locus transcriptional control.

MATERIALS AND METHODS

Transgenic mice production

Animal husbandry and experiments were conducted in accordance with the
approved protocol of the Institutional Animal Care and Use Committee at
Albert Einstein College of Medicine and the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. The o A-BAC constructs were
generated as described previously (Wolf et al., 2008). Briefly, the BAC
clone RP-23-465G4 was modified using the shuttle vector pLD53.SCAEB
to insert EGFP into the third exon of oA-crystallin to generate
aA-BAC(ADCR3). The 15 kb aA-ADCR3-GFP construct (Fig. 2A) was
generated by digesting aA-BAC(ADCR3) with Xmal and Spel. The digests
were run on a 0.8% agarose gel overnight and stained with SYBR Gold
(Molecular Probes). The 15 kb band was excised from the gel and melted in
TAE buffer. The DNA was precipitated in 100% ethanol and sodium acetate
(pH 5.2; 300 mM), then washed with 70% ethanol. The 15 kb fragment
was cloned into pBluescript SKII vector sites, Xmal and Spel. 15 kb
aA-ADCR1 ADCR3-GFP construct (Fig. 2B) was synthesized by
GenScript (Piscataway) in a pUCS57 vector and subcloned into
pBluescript SKII vector sites, Xmal and Spel as previously described.

For DCR1/DCRIS reporter lines, three reporter plasmids were generated in
peGFP-1 (Clontech) as diagrammatically shown in Fig. 6A—C. The reporter
cassettes were released from the plasmids by digestion with M/ul and AfI1I and
transgenic mice generated by pronuclear injection of FVB/N fertilized eggs at
the AECOM Transgenic Core Facility. Founders were genotyped by
visualization of GFP expression in the lens using the NightSea Blue Star
flashlight (Electron Microscopy Sciences). Embryos were genotyped by PCR
using primers against EGFP (F 5-ACCCTCGTGACCACCCTGACCTAC-
3’; R 5-GACCATGTGATCGCGCTTCTCGTT-3"). Three lines of each
mouse were analyzed and demonstrated similar expression patterns (Table 1).

Immunofluorescence

Embryos were fixed in 4% paraformaldehyde, cryoprotected with 15%
sucrose in PBS, and embedded in Optimal Cutting Temperature (OCT)
tissue freezing medium (Triangle Biomedical Sciences). Transverse cryostat
sections (10 um) were collected, washed with PBS containing 0.1% triton-
X, blocked for 1 hin PBS containing 1% BSA, and then incubated overnight
at 4°C with the primary antibody, rabbit anti-GFP (1:1000, Molecular
Probes, A-11122), diluted in PBS containing 1% BSA. Sections were
washed twice for 10 min in PBS containing 0.1% triton-X and incubated
for 45 min with the secondary antibody, goat anti-rabbit Alexa Fluor® 488
(1:500) (Molecular Probes). Slides were washed and mounted with
Vectashield containing DAPI (Vector). Images were taken with a Leica
AOBS laser scanning confocal microscope.

Quantitation of EGFP in transgenic mice

RNA was isolated from dissected tissues using miRNesay mini kit (Qiagen)
according to manufacturer’s instructions. cDNA was generated with
Superscript™ III Reverse Transcriptase (Thermo Fisher), and the template
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A — DCR1 [~ DCR2 Promoter EGFP PolyA |—
B — DCR1S [— DCR2 Promoter EGFP PolyA f——
C — DCR1 DCR1S = DCR2 Promoter EGFP PolyA f—

E105 E11 5

DCR1

DCR1S

DCR1-DCR1S

E14.5

E125

Fig. 6. Expression of EGFP driven by three transgenic constructs in the developing mouse eye. (A—C) Schematic diagram of constructs used to
analyze the function of DCR1 and/or DCR1S in vivo. Each contained the 1.9 kb DCR2-promoter fragment and an EGFP reporter as well as (A) DCR1,
(B) DCR1S and (C) DCR1 and DCR1S. For all three transgenic lines, EGFP was absent in the lens pit at E10.5 (D,H,L). Expression was first observed at
E12.5 for all three lines (E,I,M) and increased in lens fiber cells at E14.5 (F,J,N) and P1 (G,K,0). EGFP could not be seen in the lens epithelium. Lens

epithelium, e; lens fiber cells, f; lens pit, Ip; lens vesicle, Iv.

was diluted 1:10. Quantitative PCR was performed using SYBR Green
(Thermo Fisher) and primers: aA-crystallin (5'-GAGATTCACGGCAAA-
CACAA-3" and 5'-ACATTGGAAGGCAGACGGTA-3") and EGFP (5'-
ACGACGGCAACTACAAGACC-3’ and 5-GTCCTCCTTGAAGTCGA-
TGC-3'; 5'-CACATGAAGCAGCACGACTT-3" and 5'-GGTCTTGTAG-
TTGCCGTCGT-3’). Primers for aA-crystallin recognize both endogenous
and the fusion aA-crystallin-EGFP cDNA. The relative expression level of

aA-crystallin was normalized by the EGFP fusion protein average versus
endogenous aA-crystallin. Three lines of each mouse were analyzed and
EGFP expression values can be seen in Table 1.

Transgenic copy number analysis
Genomic DNA was isolated by digesting tissue with lysis buffer (100 mM
Tris HCL, pH 8.0, 5 mM EDTA, 0.2% SDS, 200 mM NaCl) containing
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Table 1. Summary of transgenic mice used to study aA-crystallin DCR1
and DCR1S in the lens

Copy
Number of  number Onset of EGFP/
Constructs lines range expression Cryaa RNA
DCR1-0A 3 1.5-3 E11.5 0.22-0.24
promoter*
DCR1S-0A 3 1-2 E11.5 0.004-0.02
promoter
DCR1-DCR1S- 3 1.5-4 E11.5 0.02-0.1
oA promoter

*Previously reported (Yang et al., 2006).

Proteinase K (100 pg/ml) at 55°C. Phenol/chloroform/isoamyl alcohol
(Thermo Fisher) extractions were performed and DNA was precipitated with
isopropanol. Quantitative PCR was conducted using SYBR Green (Thermo
Fisher) to determine the number of copies of the transgene, using the foll-
owing primers: aA-crystallin (5'-GAGAGGGCCATTCCTGTGT-3" and 5'-
AGGGGACAACCAAGGTGAG-3"); (5'-GGGTGCTGGTCTACTTCCAG-
3" and 5-AACCACGACATCCGAAAAAG-3’); and CCNI (5'-TCTTCTC-
CCTCCTCAGACG-3" and 5-CCGTTACCACCTCATGATCC-3"); B2M
(5’-CCCTGGCTGGCTCTCATT-3" and 5-ACTGAAGCGACCGCGACT-
3") for normalization. Three lines of each mouse were analyzed and copy
number ranges can be seen in Table 1.

3C assay

3C assays were carried out as previously described (Dekker et al., 2002),
with some modifications. Approximately 10 mg of tissue was cross-linked
in freshly prepared 1% formaldehyde and 10% FBS (vol/vol) in phosphate-
buffered saline (PBS) at RT for precisely 10 min with gentle shaking on
horizontal shaker. Fixation was stopped by adding 0.125M final
concentration of glycine and incubating for 5 min at RT with gentle
shaking on a horizontal shaker. Cells were then pelleted and washed in 1 ml
PBS containing 10% (vol/vol) serum at RT. Cells were pelleted once again
and lysed in 1 ml lysis buffer [NaCl (100 mM), 50 mM Tris-Cl (pH 8.1),
S mM EDTA and 1% (w/v) SDS] with freshly added protease inhibitors for
90 min at 4°C with rotation. The nuclei were collected and incubated in
250 ul of restriction buffer 3 (NEB) containing 0.3% SDS at 37°C for 1 h
with shaking. The SDS was then sequestered by adding Triton X-100 to
1.8% and incubating at 37°C for another hour with shaking. 100 U of
restriction enzyme BstY] were added and incubated overnight at 37°C with
shaking. The reaction was stopped by adding SDS to 1.6% and incubating at
65°C for 20 min. The extent of digestion was verified by PCR. 100 ul 10x
ligation buffer (NEB), 900 ul dH,O and 100 pl 20% Triron X-100 (final vol.
1%) was added and incubated at 37°C for 1 h with shaking. The reaction
mixture was then cooled to 16°C and 50 U of T4 DNA ligase (NEB) was
added. After 4 h of ligation, the chromatin mixture was incubated with
100 pg/ml proteinase K at 65°C overnight to reverse cross-links. RNA was
removed by RNase A (0.5 ug/ml) treatment for 30 min at 37°C and DNA
was purified by phenol extraction. Quantitative real-time PCRs were
performed, in the presence of SYBR Green (Thermo Fisher), with
appropriate primers (sequences available upon request) from purified
DNA as well as the control template. The control template was generated by
digestion and ligation of aA-Crystallin BAC clone (RP-23-465G4) to
generate each ligation product in equal molar amounts. The relative cross-
linking frequency between two fragments was calculated by normalizing to
the control library. This calculation corrects for differences in cross-linking
and ligation efficiencies, PCR amplification efficiency, the amount of the
initial template used and the sizes of the PCR products.

Quantitation of cA-crystallin in mouse tissues

RNA was isolated from P1 mouse lens, liver, forebrain, heart and mouse
embryonic stem (mES) cells using miRNesay mini kit (Qiagen) according to
manufacturer’s instructions. cDNA was generated with Superscript™ 111
Reverse Transcriptase (Thermo Fisher). Quantitative PCR using SYBR
Green (Thermo Fisher) was performed to determine the levels of
oA-crystallin and normalized to Gapdh and B2m using the following

primers: oA-crystallin (Cryaa: 5'-GAGATTCACGGCAAACACAA-3’ and
5'-ACATTGGAAGGCAGACGGTA-3"); Gapdh (5'-CCAATGTGTCCG-
TCGTGGATCT-3'; 5'-GTTGAAGTCGCAGGAGACAACC-3"); B2m (5'-
CATACGCCTGCAGAGTTAAGC-3"; 5'-GATGCTTGATCACATGTCT-
CG-3").

Acknowledgements

We would like to thank the Albert Einstein College of Medicine Core Genomics
facility for sequencing and quantitative PCR, as well as Ken Chen and the
Transgenic Mouse Facility for generating the transgenic mouse lines. We would also
like to thank Jie Zhao for all of her help and expertise with mouse breeding and
maintenance.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: A.C., R.S.M.-E.; Methodology: A.C., R.S.M.-E., LV.W,;
Validation: R.S.M.-E.; Formal analysis: A.C., R.S.M.-E., L.V.W.,; Investigation:
R.S.M.-E.; Resources: A.C.; Data curation: R.S.M.-E., L.V.W.; Writing - original draft:
A.C.,R.S.M.-E.; Writing - review & editing: A.C., R.S.M.-E; Visualization: R.S.M.-E ;
Supervision: A.C.; Funding acquisition: A.C.

Funding
This research is supported by National Institutes of Health grant EY014237 to A.C.

Supplementary information
Supplementary information available online at
http:/bio.biologists.org/lookup/doi/10.1242/bio.036897.supplemental

References

Andley, U. P. (2007). Crystallins in the eye: function and pathology. Prog. Retin. Eye
Res. 26, 78-98.

Andrey, G. and Mundlos, S. (2017). The three-dimensional genome: regulating
gene expression during pluripotency and development. Development 144,
3646-3658.

Antosova, B., Smolikova, J., Klimova, L., Lachova, J., Bendova, M., Kozmikova,
l., Machon, O. and Kozmik, Z. (2016). The gene regulatory network of lens
induction is wired through Meis-dependent shadow enhancers of Pax6. PLoS
Genet. 12, e1006441.

Attanasio, C., Nord, A. S, Zhu, Y., Blow, M. J., Li, Z., Liberton, D. K., Morrison,
H., Plajzer-Frick, I., Holt, A., Hosseini, R. et al. (2013). Fine tuning of craniofacial
morphology by distant-acting enhancers. Science 342, 1241006.

Barolo, S. and Posakony, J. W. (2002). Three habits of highly effective signaling
pathways: principles of transcriptional control by developmental cell signaling.
Genes Dev. 16, 1167-1181.

Bassnett, S. (2009). On the mechanism of organelle degradation in the vertebrate
lens. Exp. Eye Res. 88, 133-139.

Bassnett, S., Shi, Y. and Vrensen, G. F. J. M. (2011). Biological glass: structural
determinants of eye lens transparency. Philos. Trans. R. Soc. Lond. B Biol. Sci.
366, 1250-1264.

Bloemendal, H., de Jong, W., Jaenicke, R., Lubsen, N. H., Slingsby, C. and
Tardieu, A. (2004). Ageing and vision: structure, stability and function of lens
crystallins. Prog. Biophys. Mol. Biol. 86, 407-485.

Brennan, L. A., McGreal-Estrada, R., Logan, C. M., Cvekl, A., Menko, A. S. and
Kantorow, M. (2018). BNIP3L/NIX is required for elimination of mitochondria,
endoplasmic reticulum and Golgi apparatus during eye lens organelle-free zone
formation. Exp. Eye Res. 174, 173-184.

Cannavo, E., Khoueiry, P., Garfield, D. A., Geeleher, P., Zichner, T., Gustafson,
E. H,, Ciglar, L., Korbel, J. O. and Furlong, E. E. M. (2016). Shadow enhancers
are pervasive features of developmental regulatory networks. Curr. Biol. 26, 38-51.

Catarino, R. R. and Stark, A. (2018). Assessing sufficiency and necessity of
enhancer activities for gene expression and the mechanisms of transcription
activation. Genes Dev. 32, 202-223.

Chen, S,, Lee, B., Lee, A. Y., Modzelewski, A. J., He, L. (2016). Highly Efficient
Mouse Genome Editing by CRISPR Ribonucleoprotein Electroporation of
Zygotes. J Biol Chem. 291, 14457-14467.

Cvekl, A. and Paces, V. (1992). Interactions between proteins bound to the duck
beta A-globin gene promoter and enhancer detected by the DNasel footprinting.
Gene 110, 225-228.

Cvekl, A., Zhao, Y., McGreal, R., Xie, Q., Gu, X. and Zheng, D. (2017).
Evolutionary origins of Pax6 control of crystallin genes. Genome Biol. Evol. 9,
2075-2092.

Dekker, J., Rippe, K., Dekker, M. and Kleckner, N. (2002). Capturing chromosome
conformation. Science 295, 1306-1311.

Biology Open


http://bio.biologists.org/lookup/doi/10.1242/bio.036897.supplemental
http://bio.biologists.org/lookup/doi/10.1242/bio.036897.supplemental
http://dx.doi.org/10.1016/j.preteyeres.2006.10.003
http://dx.doi.org/10.1016/j.preteyeres.2006.10.003
http://dx.doi.org/10.1242/dev.148304
http://dx.doi.org/10.1242/dev.148304
http://dx.doi.org/10.1242/dev.148304
http://dx.doi.org/10.1371/journal.pgen.1006441
http://dx.doi.org/10.1371/journal.pgen.1006441
http://dx.doi.org/10.1371/journal.pgen.1006441
http://dx.doi.org/10.1371/journal.pgen.1006441
http://dx.doi.org/10.1126/science.1241006
http://dx.doi.org/10.1126/science.1241006
http://dx.doi.org/10.1126/science.1241006
http://dx.doi.org/10.1101/gad.976502
http://dx.doi.org/10.1101/gad.976502
http://dx.doi.org/10.1101/gad.976502
http://dx.doi.org/10.1016/j.exer.2008.08.017
http://dx.doi.org/10.1016/j.exer.2008.08.017
http://dx.doi.org/10.1098/rstb.2010.0302
http://dx.doi.org/10.1098/rstb.2010.0302
http://dx.doi.org/10.1098/rstb.2010.0302
http://dx.doi.org/10.1016/j.pbiomolbio.2003.11.012
http://dx.doi.org/10.1016/j.pbiomolbio.2003.11.012
http://dx.doi.org/10.1016/j.pbiomolbio.2003.11.012
http://dx.doi.org/10.1016/j.exer.2018.06.003
http://dx.doi.org/10.1016/j.exer.2018.06.003
http://dx.doi.org/10.1016/j.exer.2018.06.003
http://dx.doi.org/10.1016/j.exer.2018.06.003
http://dx.doi.org/10.1016/j.cub.2015.11.034
http://dx.doi.org/10.1016/j.cub.2015.11.034
http://dx.doi.org/10.1016/j.cub.2015.11.034
http://dx.doi.org/10.1101/gad.310367.117
http://dx.doi.org/10.1101/gad.310367.117
http://dx.doi.org/10.1101/gad.310367.117
http://dx.doi.org/10.1074/jbc.M116.733154
http://dx.doi.org/10.1074/jbc.M116.733154
http://dx.doi.org/10.1074/jbc.M116.733154
http://dx.doi.org/10.1016/0378-1119(92)90652-6
http://dx.doi.org/10.1016/0378-1119(92)90652-6
http://dx.doi.org/10.1016/0378-1119(92)90652-6
http://dx.doi.org/10.1093/gbe/evx153
http://dx.doi.org/10.1093/gbe/evx153
http://dx.doi.org/10.1093/gbe/evx153
http://dx.doi.org/10.1126/science.1067799
http://dx.doi.org/10.1126/science.1067799

RESEARCH ARTICLE

Biology Open (2018) 7, bio036897. doi:10.1242/bio.036897

Dunipace, L., Ozdemir, A. and Stathopoulos, A. (2011). Complex interactions
between cis-regulatory modules in native conformation are critical for Drosophila
snail expression. Development 138, 4075-4084.

Dunipace, L., Saunders, A., Ashe, H. L. and Stathopoulos, A. (2013).
Autoregulatory feedback controls sequential action of cis-regulatory modules at
the brinker locus. Dev. Cell 26, 536-543.

Farley, E. K., Olson, K. M., Zhang, W., Rokhsar, D. S. and Levine, M. S. (2016).
Syntax compensates for poor binding sites to encode tissue specificity of
developmental enhancers. Proc. Natl. Acad. Sci. USA 113, 6508-6513.

Frankel, N., Davis, G. K., Vargas, D., Wang, S., Payre, F. and Stern, D. L. (2010).
Phenotypic robustness conferred by apparently redundant transcriptional
enhancers. Nature 466, 490-493.

Frost, S. L., Liu, K., Li, I. M. H., Poulet, B., Comerford, E., De Val, S. and Bou-
Gharios, G. (2018). Multiple enhancer regions govern the transcription of CCN2
during embryonic development. J. Cell Commun. Signal. 12, 231-243.

Hong, J.-W., Hendrix, D. A. and Levine, M. S. (2008). Shadow enhancers as a
source of evolutionary novelty. Science 321, 1314.

Jiang, H. and Peterlin, B. M. (2008). Differential chromatin looping regulates CD4
expression in immature thymocytes. Mol. Cell. Biol. 28, 907-912.

Kagey, M. H., Newman, J. J., Bilodeau, S., Zhan, Y., Orlando, D. A., van Berkum,
N. L., Ebmeier, C. C., Goossens, J., Rahl, P. B., Levine, S. S. et al. (2010).
Mediator and cohesin connect gene expression and chromatin architecture.
Nature 467, 430-435.

Lagha, M., Bothma, J. P. and Levine, M. (2012). Mechanisms of transcriptional
precision in animal development. Trends Genet. 28, 409-416.

Lam, M. T. Y., Li, W., Rosenfeld, M. G. and Glass, C. K. (2014). Enhancer RNAs
and regulated transcriptional programs. Trends Biochem. Sci. 39, 170-182.

Lam, D. D., de Souza, F. S. J., Nasif, S., Yamashita, M., Lépez-Leal, R., Otero-
Corchon, V., Meece, K., Sampath, H., Mercer, A. J., Wardlaw, S. L. et al.
(2015). Partially redundant enhancers cooperatively maintain Mammalian pomc
expression above a critical functional threshold. PLoS Genet. 11, e1004935.

Limi, S., Senecal, A., Coleman, R. A., Lopez-Jones, M., Guo, P., Polumbo, C.,
Singer, R. H., Skoultchi, A. I. and Cvekl, A. (2018). Transcriptional burst fraction
and size dynamics during lens fiber cell differentiation and detailed insights into
the denucleation process. J. Biol. Chem. 293, 13176-13190.

Long, H. K., Prescott, S. L. and Wysocka, J. (2016). Ever-changing landscapes:
transcriptional enhancers in development and evolution. Cell 167, 1170-1187.
Lovicu, F. J., McAvoy, J. W. and de longh, R. U. (2011). Understanding the role of
growth factors in embryonic development: insights from the lens. Philos.

Trans. R. Soc. Lond. Ser B Biol. Sci. 366, 1204-1218.

Marini¢, M., Aktas, T., Ruf, S. and Spitz, F. (2013). An integrated holo-enhancer
unit defines tissue and gene specificity of the Fgf8 regulatory landscape. Dev. Cell
24, 530-542.

Miele, A. and Dekker, J. (2008). Long-range chromosomal interactions and gene
regulation. Mol. Biosyst. 4, 1046-1057.

Nolte, C., Jinks, T., Wang, X., Martinez Pastor, M. T. and Krumlauf, R. (2013).
Shadow enhancers flanking the HoxB cluster direct dynamic Hox expression in
early heart and endoderm development. Dev. Biol. 383, 158-173.

Osterwalder, M., Barozzi, |., Tissiéres, V., Fukuda-Yuzawa, Y., Mannion, B. J.,
Afzal, S. Y., Lee, E. A., Zhu, Y., Plajzer-Frick, I., Pickle, C. S. et al. (2018).
Enhancer redundancy provides phenotypic robustness in mammalian
development. Nature 554, 239-243.

Overbeek, P. A., Chepelinsky, A. B., Khillan, J. S., Piatigorsky, J. and Westphal,
H. (1985). Lens-specific expression and developmental regulation of the
bacterial chloramphenicol acetyltransferase gene driven by the murine alpha
A-crystallin promoter in transgenic mice. Proc. Natl. Acad. Sci. USA 82,
7815-7819.

Perry, M. W., Boettiger, A. N., Bothma, J. P. and Levine, M. (2010).
Shadow enhancers foster robustness of Drosophila gastrulation. Curr. Biol. 20,
1562-1567.

Rao, S. S. P., Huntley, M. H., Durand, N. C., Stamenova, E. K., Bochkov, I. D.,
Robinson, J. T., Sanborn, A. L., Machol, ., Omer, A. D., Lander, E. S. et al.
(2014). A 3D map of the human genome at kilobase resolution reveals principles
of chromatin looping. Cell 159, 1665-1680.

Regev, A., Teichmann, S. A,, Lander, E. S., Amit, |., Benoist, C., Birney, E.,
Bodenmiller, B., Campbell, P., Carninci, P., Clatworthy, M. et al. (2017). The
human cell atlas. eLife 6, e27041.

Rivier, D., Bovay, P., Shah, R., Didisheim, S. and Mauel, J. (1999). Vaccination
against Leishmania major in a CBA mouse model of infection: role of adjuvants
and mechanism of protection. Parasite Immunol. 21, 461-473.

Robinson, M. L. and Overbeek, P. A. (1996). Differential expression of alpha
A- and alpha B-crystallin during murine ocular development. Invest. Ophthalmol.
Vis. Sci. 37, 2276-2284.

Schaffner, W. (2015). Enhancers, enhancers - from their discovery to today’'s
universe of transcription enhancers. Biol. Chem. 396, 311-327.

Sun, J., Rockowitz, S., Chauss, D., Wang, P., Kantorow, M., Zheng, D. and
Cvekl, A. (2015a). Chromatin features, RNA polymerase Il and the comparative
expression of lens genes encoding crystallins, transcription factors, and
autophagy mediators. Mol. Vis. 21, 955-973.

Sun, J., Rockowitz, S., Xie, Q., Ashery-Padan, R., Zheng, D. and Cvekl, A.
(2015b). Identification of in vivo DNA-binding mechanisms of Pax6 and
reconstruction of Pax6-dependent gene regulatory networks during forebrain
and lens development. Nucleic Acids Res. 43, 6827-6846.

Vakoc, C. R,, Letting, D. L., Gheldof, N., Sawado, T., Bender, M. A., Groudine,
M., Weiss, M. J., Dekker, J. and Blobel, G. A. (2005). Proximity among distant
regulatory elements at the beta-globin locus requires GATA-1 and FOG-1. Mol.
Cell 17, 453-462.

Wolf, L., Yang, Y., Wawrousek, E. and Cvekl, A. (2008). Transcriptional regulation
of mouse alpha A-crystallin gene in a 148kb Cryaa BAC and its derivates. BMC
Dev. Biol. 8, 88.

Xie, Q., McGreal, R., Harris, R., Gao, C. Y., Liu, W., Reneker, L. W., Musil, L. S.
and Cvekl, A. (2016). Regulation of c-Maf and alphaA-crystallin in ocular lens by
fibroblast growth factor signaling. J. Biol. Chem. 291, 3947-3958.

Yang, Y., Stopka, T., Golestaneh, N., Wang, Y., Wu, K., Li, A., Chauhan, B. K.,
Gao, C. Y., Cveklova, K., Duncan, M. K. et al. (2006). Regulation of alphaA-
crystallin via Pax6, c-Maf, CREB and a broad domain of lens-specific chromatin.
EMBO J. 25, 2107-2118.

Zhao, Y., Wilmarth, P. A., Cheng, C., Limi, S., Fowler, V. M., Zheng, D., David,
L. L. and Cvekl, A. (2018a). Proteome-transcriptome analysis and proteome
remodeling in mouse lens epithelium and fibers. Exp. Eye Res. 179, 32-46. (in
revisions).

Zhao, Y., Zheng, D. and Cvekl, A. (2018b). A comprehensive spatial-temporal
transcriptomic analysis of differentiating nascent mouse lens epithelial and fiber
cells. Exp. Eye Res. 175, 56-72.

10

c
@
o

o)
>
(o)

i

§e

@



http://dx.doi.org/10.1242/dev.069146
http://dx.doi.org/10.1242/dev.069146
http://dx.doi.org/10.1242/dev.069146
http://dx.doi.org/10.1016/j.devcel.2013.08.010
http://dx.doi.org/10.1016/j.devcel.2013.08.010
http://dx.doi.org/10.1016/j.devcel.2013.08.010
http://dx.doi.org/10.1073/pnas.1605085113
http://dx.doi.org/10.1073/pnas.1605085113
http://dx.doi.org/10.1073/pnas.1605085113
http://dx.doi.org/10.1038/nature09158
http://dx.doi.org/10.1038/nature09158
http://dx.doi.org/10.1038/nature09158
http://dx.doi.org/10.1007/s12079-017-0440-4
http://dx.doi.org/10.1007/s12079-017-0440-4
http://dx.doi.org/10.1007/s12079-017-0440-4
http://dx.doi.org/10.1126/science.1160631
http://dx.doi.org/10.1126/science.1160631
http://dx.doi.org/10.1128/MCB.00909-07
http://dx.doi.org/10.1128/MCB.00909-07
http://dx.doi.org/10.1038/nature09380
http://dx.doi.org/10.1038/nature09380
http://dx.doi.org/10.1038/nature09380
http://dx.doi.org/10.1038/nature09380
http://dx.doi.org/10.1016/j.tig.2012.03.006
http://dx.doi.org/10.1016/j.tig.2012.03.006
http://dx.doi.org/10.1016/j.tibs.2014.02.007
http://dx.doi.org/10.1016/j.tibs.2014.02.007
http://dx.doi.org/10.1371/journal.pgen.1004935
http://dx.doi.org/10.1371/journal.pgen.1004935
http://dx.doi.org/10.1371/journal.pgen.1004935
http://dx.doi.org/10.1371/journal.pgen.1004935
http://dx.doi.org/10.1074/jbc.RA118.001927
http://dx.doi.org/10.1074/jbc.RA118.001927
http://dx.doi.org/10.1074/jbc.RA118.001927
http://dx.doi.org/10.1074/jbc.RA118.001927
http://dx.doi.org/10.1016/j.cell.2016.09.018
http://dx.doi.org/10.1016/j.cell.2016.09.018
http://dx.doi.org/10.1098/rstb.2010.0339
http://dx.doi.org/10.1098/rstb.2010.0339
http://dx.doi.org/10.1098/rstb.2010.0339
http://dx.doi.org/10.1016/j.devcel.2013.01.025
http://dx.doi.org/10.1016/j.devcel.2013.01.025
http://dx.doi.org/10.1016/j.devcel.2013.01.025
http://dx.doi.org/10.1039/b803580f
http://dx.doi.org/10.1039/b803580f
http://dx.doi.org/10.1016/j.ydbio.2013.09.016
http://dx.doi.org/10.1016/j.ydbio.2013.09.016
http://dx.doi.org/10.1016/j.ydbio.2013.09.016
http://dx.doi.org/10.1038/nature25461
http://dx.doi.org/10.1038/nature25461
http://dx.doi.org/10.1038/nature25461
http://dx.doi.org/10.1038/nature25461
http://dx.doi.org/10.1073/pnas.82.23.7815
http://dx.doi.org/10.1073/pnas.82.23.7815
http://dx.doi.org/10.1073/pnas.82.23.7815
http://dx.doi.org/10.1073/pnas.82.23.7815
http://dx.doi.org/10.1073/pnas.82.23.7815
http://dx.doi.org/10.1016/j.cub.2010.07.043
http://dx.doi.org/10.1016/j.cub.2010.07.043
http://dx.doi.org/10.1016/j.cub.2010.07.043
http://dx.doi.org/10.1016/j.cell.2014.11.021
http://dx.doi.org/10.1016/j.cell.2014.11.021
http://dx.doi.org/10.1016/j.cell.2014.11.021
http://dx.doi.org/10.1016/j.cell.2014.11.021
http://dx.doi.org/10.7554/eLife.27041
http://dx.doi.org/10.7554/eLife.27041
http://dx.doi.org/10.7554/eLife.27041
http://dx.doi.org/10.1046/j.1365-3024.1999.00244.x
http://dx.doi.org/10.1046/j.1365-3024.1999.00244.x
http://dx.doi.org/10.1046/j.1365-3024.1999.00244.x
http://dx.doi.org/10.1515/hsz-2014-0303
http://dx.doi.org/10.1515/hsz-2014-0303
http://dx.doi.org/10.1093/nar/gkv589
http://dx.doi.org/10.1093/nar/gkv589
http://dx.doi.org/10.1093/nar/gkv589
http://dx.doi.org/10.1093/nar/gkv589
http://dx.doi.org/10.1016/j.molcel.2004.12.028
http://dx.doi.org/10.1016/j.molcel.2004.12.028
http://dx.doi.org/10.1016/j.molcel.2004.12.028
http://dx.doi.org/10.1016/j.molcel.2004.12.028
http://dx.doi.org/10.1186/1471-213X-8-88
http://dx.doi.org/10.1186/1471-213X-8-88
http://dx.doi.org/10.1186/1471-213X-8-88
http://dx.doi.org/10.1074/jbc.M115.705103
http://dx.doi.org/10.1074/jbc.M115.705103
http://dx.doi.org/10.1074/jbc.M115.705103
http://dx.doi.org/10.1038/sj.emboj.7601114
http://dx.doi.org/10.1038/sj.emboj.7601114
http://dx.doi.org/10.1038/sj.emboj.7601114
http://dx.doi.org/10.1038/sj.emboj.7601114
http://dx.doi.org/10.1016/j.exer.2018.06.004
http://dx.doi.org/10.1016/j.exer.2018.06.004
http://dx.doi.org/10.1016/j.exer.2018.06.004

