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Abstract
The present study was designed to examine the regulation of crystallin genes and protein in the
mouse retina using the BXD recombinant inbred (RI) strains. Illumina Sentrix BeadChip Arrays
(MouseWG-6v2) were used to analyze mRNA levels in 75 BXD RI strains along with the parental
strains (C57Bl/6J and DBA/2J), and the reciprocal crosses in the Hamilton Eye Institute (HEI)
Retina Dataset (www.genenetwork.org). Protein levels were investigated using immunoblots to
quantify levels of proteins and indirect immunohistochemistry to define the distribution of protein.
Algorithms in the Genomatix program were used to identify transcription factor binding sites
common to the regulatory sequences in the 5′ regions of co-regulated set of crystallin and other
genes as compared to a set of control genes. As subset of genes, including many encoding lens
crystallins is part of a tightly co-regulated network that is active in the retina. Expression of this
crystallin network appears to be binary in nature, being expressed either at relatively low levels or
being highly upregulated. Relative to a control set of genes, the 5′ regulatory sequences of the
crystallin network genes show an increased frequency of a set of common transcription factor-
binding sites, the most common being those of the Maf family. Chromatin immunoprecipitation of
human lens epithelial cells (HLEC) and rat retinal ganglion cells (RGC) confirmed the
functionality of these sites, showing that MafA binds the predicted sites of CRYGA and CRYGD
in HLE and CRYAB, CRYGA, CRYBA1, and CRYBB3 in RGC cells. In the retina there is a
highly correlated group of genes containing many members of the α- β- and γ-crystallin families.
These genes can be dramatically upregulated in the retina. One transcription factor that appears to
be involved in this coordinated expression is the MAF family transcription of factors associated
with both lens and extralenticular expression of crystallin genes.
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1. Introduction
The crystallins are the major structural proteins of the eye’s lens, making up 90% of the
soluble proteins. They consist of the ubiquitous crystallins, which comprise three major
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classes: α, β, and γ, in addition to a group of taxon-specific crystallins, also called enzyme-
crystallins since they were largely recruited from genes encoding housekeeping enzymes
(Wistow and Piatigorsky, 1988). Time has blurred the distinction between the ubiquitous
and enzyme-crystallins. Initially, the ubiquitous crystallins were recognized as the primary
component of the vertebrate lens, lending the lens its optical properties of transparency and
refractive focusing of light. Although initially they were thought of as being solely lens
proteins, it is now known that the crystallins are expressed in other tissues such as the brain,
heart, kidney, lungs, and retina (Clayton et al., 1986; Head et al., 1991; Smolich et al.,
1994). The α-crystallin proteins are the most studied, and have a high degree of homology
with small heat shock proteins (HSP). Like the HSPs, the α-crystallin proteins can act as
molecular chaperones (Horwitz, 1992). Members of the α-crystallin family were first
discovered outside the lens being upregulated after damage to heart muscle (Bhat et al.,
1991) and it is now believed that the α-crystallins can be cytoprotective (Kannan et al.,
2012). Less is understood about the extralenticular function and expression of the β- and γ-
crystallins. These two classes of proteins appear to be structurally similar and form a βγ-
crystallin superfamily related to microbial spore coat proteins. Like αB-crystallin, they can
be induced by physiological stress (Jaenicke and Slings by, 2001). Members of the crystallin
families of proteins are upregulated as a cellular response mechanism against stressors, such
as osmotic stress, various types of injury, as well as bacterial infections in a number of
different tissue types (Graw, 2009; Santana and Waiswo, 2011). The current data suggest
that overexpression of crystallins, especially the α-crystallin family members, provides a
protective mechanism for blocking apoptosis in neurons (Rao et al., 2008). In the retina the
expression of crystallin proteins is altered following trauma and may play a protective role
(Ahmed et al., 2004; Templeton et al., 2009; Vazquez-Chona et al., 2004).

Recently, our group has found what appeared to be a dramatic difference in expression of
some crystallins in the retinas of different strains of mice, (Templeton et al., 2009)
consisting of high levels of crystallins in the C57BL/6 mouse and relatively low levels in the
DBA/2J mouse. Further, following optic nerve crush these members of the crystallin family
appear to respond in a coordinated manner, showing decreased expression in the C57BL/6
mouse retina and increased expression in the DBA/2J mouse retina. We hypothesized that
these crystallin proteins might be regulated by a common molecular mechanism within the
retina following injury. We use the BXD recombinant inbred (RI) strain set to examine the
genetic regulation of the crystallins in the retina. This strain set is uniquely suited for this
analysis since the two parental strains – C57BL/6 and DBA/2J – display a difference in
crystallin expression (Templeton et al., 2009). In the present paper, we demonstrate the
presence of a genetic network regulating the coordinated expression of a group of crystallin
family members. This network contains a surprising combination of crystallin and non-
crystallin genes, many of which are selectively or highly expressed in the lens, and may play
a prominent role in the response of the retina and CNS to injury. We carry out a
bioinformatic comparison of the promoter and 5′ regions of the co-regulated and control
genes to identify functional and regulatory modulators and their gene interactions.
(Bloemendal and de Jong, 1991; Hejtmancik et al., 2001) The correlation in crystallin
network expression across the BXD RI strains allows statistical analysis that identifies the
Maf family and probably MafA as a putative transcription factor that potentially co-regulate
this crystallin genes expression. The bioinformatic analysis was validated by chromatin
immunoprecipitation (CHIP) in human lens epithelial cells (HLE) and rat ganglion cells
(RGC).
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2. Materials and Methods
2.1 Animals

All animals used were in compliance with institutional guidelines and with the ARVO
statement for the Use of Animals in Ophthalmic and Vision Research. The Institutional
Animal Care and Use Committee (IACUC) at the University of Tennessee Health Science
Center approved all protocols involving the use of mice. In the present study 35 mice were
used to quantify protein and 9 were used for immunohistochemistry.

2.2 GeneNetwork Databases
In the present study we defined the crystallin network and examined the levels of crystallin
mRNA using three databases within the GeneNetwork website (genenetwork.org) and the
Hamilton Eye Institute (HEI) Retina Database. Descriptions of the dataset can be found in
the Information File attached to database on GeneNetwork.org.

2.3 Antibodies Used
The antibodies directed against members of the crystallin family are: rabbit anti-γ-Crystallin,
rabbit anti-β-crystallin, rabbit anti-βA3/A1-crystallin, and rabbit anti-α-crystallin. All of
these anti-crystallin antibodies were a gift from Dr. Sam Zigler. An additional rabbit anti-
αB-crystallin was purchased from Abcam (ab13497, Abcam, Cambridge MA). Mouse anti-
NeuN was purchased from Chemicon (Temecula, CA). The secondary antibodies were goat
anti-rabbit antibody labeled with Alexa Fluor 488 (A11034, Invitrogen, Eugene OR), goat
anti-mouse labeled with Alexa Fluor 568 (A11031, Invitrogen). TO-PRO-3 iodide was
purchased from Invitogen (T3605, Invitrogen, Eugene OR). The antibody used for
immunoblots was goat anti-rabbit IgG peroxidase conjugated (Promega, Madison, WI).

2.4 Immunoblot Analysis
For our immunoblot analysis mice were selected from a number of different BXD RI strains.
The mice were deeply anesthetized with a mixture of 13 mg/kg of Rompum and 87 mg/kg of
Ketalar and then killed by cervical dislocation. The retinas were removed and stored in
sample buffer at −20°C. Unless it is specifically stated, two retinas from each animal were
pooled and placed in sample buffer (100mM Tris-HCl (pH 7.5), 150mM NaCl, 0.5% SDS,
0.5% Triton X-100, 0.5% Sodium Deoxycholate, 0.1% 2-Mercaptoethanol, and 10%
glycerol) containing protease inhibitors (Roche) and immediately frozen. Samples were
lysed by sonication on ice. The protein concentration of each sample was determined using
the Bradford protein assay kit (Bio-Rad). Six standard BSA (0.25, 0.5, 0.75, 1, 1.5, and 2
mg/ml) were used to make a standard curve (R2=0.9). The total protein concentrations of
each sample were then measured. The concentration of each sample was then adjusted to 50
ug of protein to 100 ul of sample. The proteins (15 ug/lane) were separated on a 4–12%
SDS-polyacrylamide gel and transferred to PVDF membrane (Immobilon-P; Millipore,
Billerica, MA). After incubation with primary antibodies, the membranes were treated with
anti-rabbit peroxidase-conjugated secondary (Promega, Nashville TN) for 2 hours.
Immunoreactive bands were detected by chemiluminescence (ECL western blotting
reagents; Pierce, Rockford, IL). As loading control samples were also stained an antibody
against β-actin (SC-47778, Santa Cruz Biotechnology, Santa Cruz, CA). Bands were
quantified using a Kodak image analyzer and band intensities were analyzed by
densitometry.

2.5 Immunohistochemistry
For immunohistochemical experiments mice were deeply anesthetized with a mixture of 13
mg/kg of Rompum and 87 mg/kg of Ketalar and perfused through the heart with saline
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followed by 4% paraformaldehyde in phosphate buffer (pH 7.3). The retinas were placed in
4% paraformaldehyde overnight. The next day they were rinsed in phosphate buffer and
then embedded in 4% agarose gel. The retinas were sectioned with a Vibratome at 100um
thick. The sections were extensively rinsed in PBS, and then placed in blocking buffer
containing 2% bovine serum albumin (BSA), 0.05% DMSO and 0.05% Tween-20 for 30
min. For immunohistochemistry, sections were incubated in primary antibodies (1:500)
against γS-crystallin and αB-crystallin and incubated overnight at 4°C. After rinsing the
sections were incubated with secondary antibody conjugated to AlexaFluor-488 (A21206,
Invitrogen Molecular Probes) (1:1000) for 2 hours at room temperature. The sections were
then rinsed 3 times, flooded with Fluoromount-G, and covered with a coverslip. All images
were photographed using on Nikon Eclipse TE2000-E confocal microscope at 40x and
acquired by Nikon’s EZ-C1 Software (Bronze Version, 3.91).

2.6 Analyzing transcription factor (TF) binding sites
Fourteen test crystallin genes co-regulated with Crygs were selected for bioinformatic
analysis, including Cryaa, Cryab, Cryba1, Cryba2, Cryba4, Crybb2, Cryga, Crygb, Crygc,
Crygd, Crygd, Cryge, Crygn, and Crygs, which are highly expressed in normal retina and
are highly regulated after optic nerve crush. In addition, 14 control genes: Abcd3, Acin1,
Calb2, Calm2, Calu, Clk2, Clns1a, Dguok, Dlgap4, Nos3, Nphp1, Nr1i3, Usp7, Vav2, that
are highly expressed in the retina but not co-regulated with crystallin genes were selected as
a control group for comparison with the crystallin genes. The Genomatix program
(Genomatix, Munich, Germany) was used to identify all known transcription factor binding
sites in the promoter regions for both control and test genes. Then the average number of
binding sites and the distribution of binding sites for each group were calculated, and
Student’s t-test was used to compare occurrence of binding sites for each transcription factor
family in the two groups to identify any significant differences. A value of P < 0.05 was
considered statistically significant.

2.7 Cell Culture
Human lens epithelial cells (HLE cells, FHL124) were grown and cultured at 37°C in the
presence of 5% CO2 in DMEM-Dulbecco’s Modified Eagle Medium (Gibco, California)
with low glucose while rat retinal ganglion cells (RGC5) cells were cultured at 37°C in the
presence of 5% CO2 to 70% confluency in DMED-Dulbecco’s Modified Eagle Medium
with high glucose. Culture media for both cell lines were supplemented with 10% fetal
bovine serum (FBS, GIBCO), gentamicin (50 U/mL), penicillin-streptomycin antibiotic mix
(50 U/mL), and amphotericin B(5 μl/ml, Fungizone; all from Invitrogen, Gaithersburg,
MD). The cells were checked and the medium was changed daily.

2.8 Chromatin Immunoprecipitation (CHIP)
Human lens epithelial cells and retinal ganglion cells were plated in 10-cm plates. CHIP was
performed using CHIP-IT Express Enzymatic Magnetic Chromatin immunoprecipitation kit
(Active Motif, California). Chromatin in cultured cells was cross-linked with 1%
formaldehyde for 10 min and subsequently quenched with 125mM glycine for 5 min. Cells
were washed with cold PBS, nuclei were extracted with cell lysis buffer. Cross-linked
chromatin was sheared enzymatically by incubation with a working stock of Enzymatic
Shearing Cocktail (200u/ml) at 37°C for 5 minutes yielding c hromatin fragments of 200–
1000 base-pair DNA in length. The reaction was stopped by adding EDTA, followed by
centrifuging. The sheared chromatin in the supernatant is used as the “input DNA” for the
ChIP assay.

Immunoprecipitation reactions were set up by mixing ChIP buffer, protein G magnetic
beads, protease inhibitor cocktail, sheared chromatin and anti-MAFA antibody (Santa Cruz
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Biotechnology) and incubating overnight with rotation at 4°C. Immune-complexes were
then captured with prote in G beads. Complexes were washed and eluted with elution buffer.
Both eluates and input DNA were treated by proteinase K (215 mg/ml) and incubated at
37°C for 1 hour. Finally, the tubes were returned to room temperature and 2ul proteinase K
stop solution was added. The DNA was then analyzed by PCR to determine which promoter
DNA fragments were complexed with the protein of interest. ChiP assays were repeated 4
times. Unfortunately, a commercially available Maf antibody appropriate for ChIP analysis
could not be identified.

2.9 PCR analysis of ChIP
Primers for the test and control genes were designed using Primer3 software so that
predicted PCR products were around 200bp (Table 1). PCR reactions were carried out in 10
μl reactions containing 1 μl of 10×PCR buffer, 1 μl of MgCl2 (50 mM), 0.5 μl of dNTP (10
mM), 0.25 μl of forward primer (10μM), 0.25 μl of reverse primer (10 μM), 1 μl of Taq
polymerase, and 2 μl of template DNA. PCR of both human and rat genes was performed
using a touchdown program beginning at 94°C for 4 min., followed by eighteen touchdown
cycles decreasing by 0.5°C each cycle with annealing temperatures decreasing from 63°C to
54°C for 30 sec, each with a denaturing stage at 94°C for 30 sec, then annealing and an
elongation stage at 72°C for 45 sec, and then 20 cycles of 94°C for 30 sec, 54°C for 30 sec
and 72°C for 45 sec, followed by a final elongation cycle at 72°C for 10 min, and cooling at
4°C until analysis by electrophoresis on a 2% agarose gel.

Immunoblot and Real-Time qRT-PCR on individual retinas—The retinas from 3
C58BL/6 and 3 DBA/2J mice were removed and dissected in half. One half was prepared
for immunoblot analysis and the other half was prepared for real-time qRT-PCR. Protein
levels were measured as described above. The levels of message for Cryaa, Cryab and Actb
as a control, were validated using real-time qRT-PCR, which was done on the Roche
LightCycler 480 system (F. Hoffmann-La Roche, Switzerland). To normalize the data, Actb
was run as a housekeeping gene. Each gene was run in triplicate along with negative control,
neg-RT, as well as water for controls. Assays were designed on the Roche web site. The
primers were synthesized by Integrated DNA Technologies (Iowa City, Iowa).

3. Results
3.1 Expression analysis

The BXD RI strain set provides a unique opportunity to examine the expression of
crystallins in the retina of the mouse and using the HEI Retina dataset on GeneNetwork.org
allows us to examine the regulatory network in the retina. The HEI Retina datasets consists
of data from 80 different strains of mice sampled by a total of 346 microarrays. Using this
massive dataset we are able to examine the expression of crystallins in the retina in ways not
previously feasible. In general, crystallins have very high levels of expression in the normal
retina, with 13 crystallins in a tightly regulated genetic network in the retina (see Table 2).
These crystallin genes have a mean expression level of 12.4, 16-fold higher than the mean
expression level of all retinal transcripts, Furthermore, when we examine the expression
level of a single transcript across all of the BXD RI strains (Fig. 1), it is immediately
apparent that there is a tremendous amount of variability across the strains. For example,
mean expression of Crygs is very high in some strains (18.2, or over 1,000 fold over the
mean expression level of 8), while in others it is relatively low (7.5, below mean expression
across the retina). The variability of expression from strain to strain is consistent across all
of the different members of the crystallin network. Figure 1 illustrates the expression levels
for Crygs and Cryab. Notice that the strains with high levels of expression for one Cryab
also have high levels of expression for Crygs. If we compare the expression of Crygs and
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Cryab using a Spearman Correlation Analysis (Figure 2), then we see that the expression of
the two crystallins are highly correlated with an r = 0.934. The highly correlated expression
of the two crystallin family members suggests strongly that they might be regulated by a
common genetic mechanism across all of the BXD strains.

The high degree of correlation of Crygs and Cryab extends to a small group of genes that
form a tightly regulated network. When we searched the HEI Retina Database for correlates
of Crygs, a highly correlated group of genes with a similar expression pattern across the
BXD RI strain set was retrieved (See Table 2). This group includes: Cryaa, Cryab Cryba1,
Cryba2, Cryba4, Crybb1, Crybb2, Crybb3, Crygb, Crygc, Crygd, Crygn, and Crygs. Other
Crystallin genes, such as Cryga, Cryge, and Crygf, have a low correlation with the genes in
this network (r > 0.5). The list of correlates also includes several genes that one might not
immediately consider to be related to crystallins: Mip, Grifin, Lim2, Nid1, Wnt7b, B3gnt5
and Bfsp2. This correlated group of genes forms a network, the crystallin network, with the
average correlation of these members of the crystallin network being very high (above 0.9).
The expression of all of these genes across the BXD RI strain set varies dramatically from
strain to strain (Fig 1). Some strains have rather low expression of all members of the
network. For example, BXD55 has a relatively low crystallin expression in the retina with
an average expression of 7.5, below the mean expression level of 8.0 on the microarray data
set. In other strains, such as BXD28, the expression is high, at 18.0 (or 1024 fold above
mean expression). All of the genes in the crystallin network have a similar relative
expression across the BXD RI strain set as that illustrated for Cryab and Crygs in Figure 1.

One possible explanation is that our retinal samples were contaminated with lens tissue. To
examine this network in another tissue with minimal concerns of lens contamination, we
looked at the expression of crystallins in another CNS region, the hippocampus (BXD
Hippocampus dataset, Genenetwork.org). The expression of Crygs in the hippocampus is
illustrated in figure 3. As in the retinal dataset, expression of a similar group of genes is
highly correlated with Crygs across the BXD RI strain set. In the Hippocampus Consortium
dataset the list of correlates even includes Sag (s-antigen). The same network is also
apparent in a different RI strain set, the LXS strain set (Figure 4). In the hippocampus
database for the LXS RI strain set the group of genes highly correlated with Crygs includes
all of the genes within the network defined in the retina, including the crystallins, Mip
(major intrinsic protein of the lens), Grifin (galectin-related inner-fiber protein) and Sag
(retinal S-antigen). Taken together these data reveal that the crystallin network is present in
several different CNS structures and is not retina specific. Furthermore, the presence of the
crystallin network in the hippocampus eliminates the possibility of the correlated expression
detected in the retina being a result of contamination by the lens. These data demonstrate the
presence of a crystallin network within the CNS and suggest that there might be common
regulatory elements that control the expression of this network.

The expression profile of the crystallins across the BXD RI strains, led us to take a closer
look at the data from individual animals. Figure 1 shows that the strains with retinas
expressing the lowest levels of crystallins and the strains expression the highest levels of
crystallins have very small standard errors. When we examine the individual animals within
these strains they are consistently all low or all high. Strains showing intermediate levels of
expression have large standard errors. For example, BXD102 had a standard error of 3.5,
representing a large variation in range of expression. When we examined the expression of
individual animals within the intermediate expressing strains, it became apparent that
expression of the pathway was high in some animals and low in others, thus accounting for
the large standard errors. A clear pattern emerged after looking at the expression of
crystallins in individual animals across all of the BXD strains. The individual animals
tended to express either very high levels or relatively low levels of crystallin messages, with
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an intermediate level of expression occurring in only a few. Since the microarray dataset
was composed of pooled biological samples (both eyes from each mouse), it is possible that
the three states we were seeing represented both eyes low, both eyes high, or one eye low
and the second eye in the pooled sample high. Thus, the analysis of expression profiles from
individual animals was informative in two specific ways. The first was that the variability of
gene expression from strain to strain was very high, approximately a 1,000 fold. The second
was the high correlation of expression across all of the genes within the crystallin network,
consistent across various tissues and at different levels of expression.

3.2 Immunoblot Analysis
Our initial analysis of protein expression in the eye used samples pooled from the two eyes
of each mouse. We examined crystallin proteins expression in 15 BXD RI strains using a
total of 28 mice. Samples were separated by SDS PAGE and transferred to PVD
membranes. The protein blots were reacted with antibodies directed against α- and γ-
crystallin. The relative expression of αA-crystallin, αB-crystallin, and γS-crystallin was
determined for each sample. The same amount of total protein was added to each lane and
the balance of the loading was checked using antibodies directed against beta actin. The
results for all three members of the crystallin family were similar and we are only presenting
our findings for γS-crystallin. When we compared levels of γS-crystallin protein in a strain
to the message level in GeneNetwork, it was immediately obvious that there was not a good
correlation between protein expression level and message expression level. BXD strains
with high levels of message could have low levels of the corresponding proteins and
conversely, strains with low levels of message could have high levels of protein. When we
plotted the level of protein for each of the strains against the expression of message for the
same strains (Fig. 5), the two sets of data showed no direct association. In fact the spearman
rank correlation was very low, r = − 0.173. Thus, there appeared to be a complete disconnect
between measured protein and message expression within a strain. When examining the data
from individual animals, some animals within a strain would have high crystallin protein
levels, while others would have low crystallin protein levels. However, it remained true that
if a sample contained high levels of γS-crystallin protein, then that the same sample also
contain high levels of αA- and αB-crystallin proteins. The disconnect between protein level
and message level, led us to hypothesize that the genes in the crystallin network had two
states of expression, either high expression or low expression and that this transition
between the two states was not strictly strain dependent. However, discrepancies between
protein and mRNA levels suggested the possibility of an additional level of control, perhaps
at the level of translation. Furthermore, the fact our pooled samples from two eyes displayed
three states (low, high and intermediate) led us to speculate that the crystallin network in one
eye functioned independently from the other eye in the same mouse.

To examine the possibility that the crystallin network could be activated within a single eye
in the normal mouse, we examine the expression of crystallins in individual eyes of several
BXD RI strains. Protein samples were examined from 16 individual retinas taken from three
different BXD RI strains (BXD48, BXD 60 and BXD 102). All of the samples were probed
for γS-crystallin, αA-crystallin, and αB-crystallin. The results for all three proteins were
similar for each of the eyes. In figure 6 we present data from three different mice, mouse
396 (BXD 48) Mouse 398 (BXD60) and mouse 402 (BXD102). In some mice the levels of
crystallin γS were similar (Fig 5, Mouse 398), while in other mice one eye was high and one
eye was low (Fig 6, Mouse 396 and mouse 402). To confirm these data and to demonstrate
that the message levels were similar to the dramatic differences in protein expression, 8
retinas from 2 C57BL/6 and 2 DBA/2J mice were analyzed for both mRNA and protein.
Three of these retinas had elevated levels of crystallin protein and the same retinas
demonstrated elevated levels of crystallin mRNA. The retinas that had low levels of
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crystallin proteins also has low levels of mRNAs for the crystallins (data not shown). These
data demonstrate that there is a dramatic variation in crystallin expression that is
independent of genetic background. We see individual eyes express high levels of crystallins
and the other eyes from the same mouse, or mice of the same strain express low levels of
crystallins. The fact that the right eye can have significantly different crystallin expression
from the left eye, suggests that gross environmental factors that would affect both eyes
equally cannot solely explain the activation of the crystallin network. In essence we are
seeing 1,000 fold changes in a tightly correlated group of genes and proteins, and the trigger
for the change from low expression to high expression is not immediately obvious.

3.3 Immunohistochemistry Analysis
To examine the distribution of crystallin proteins in the normal retina we examined several
different BXD strains: BXD31, BXD44, BXD45, BXD27, BXD50 and BXD62. We
processed the retinas for indirect immunohistochemistry and stained them with antibodies
recognizing α-crystallins, β-crystallins, and γ-crystallins (Fig 7). Controls included sections
stained with secondary antibody only. In the control sections no labeling was observed,
either background or specific to a retinal cell type (Fig. 7E). In all of these sections two very
different patterns were observed for each of the antibodies. The sections were either lightly
stained or there was an intense immunoreactivity. The intense immunolabeling observed for
α-crystallin (BXD31, Fig. 7A) in the BXD retina contrasted with other sections such as the
BXD62 strain, which were lightly labeled (Fig. 7B). In both cases the α-crystallin antibody
labeled retinal cell layers including the photoreceptors, inner nuclear, and ganglion cell
layers. In the intensely labeled section immunolabeling was also observed throughout the
retina, and cells within the bipolar cell layer and the outer nuclear layer were heavily
labeled. In addition there was labeling in the inner plexiform layer and intense punctate
labeling (photoreceptor terminals) in the outer plexiform layer. The staining pattern for γ-
crystallin is slightly different from that observed for α-crystallin. There is labeling of the
ganglion cells in both sections stained for γ-crystallin (Fig 7C and D). In sections expressing
high levels of γ-crystallin (BXD 62), there is also labeling in the inner nuclear layer and
outer plexiform layer. There also appears to be increased labeling at the external limiting
membrane and along the region of the inner segments where the Muller Cell microvilli are
located (Fig 7C, BXD44). This staining pattern suggests that the Muller cells are also
expressing members of the γ-crystallin family. When the section in figure 6D (BXD 62) is
examined there is prominent labeling of the photoreceptors and ganglion cells. The
immunohistochemistry data are similar to those observed with the immunoblot analysis in
that some retinas have high expression and others low expression. The differences in
immunolabeling persist even among mice with similar genetic backgrounds. These data
provide further evidence supporting the notion that the expression of crystallins in the retina
is highly variable with some retinas displaying relatively, high levels of crystallins, while
other show relatively low expression.

3.4 Transcription Factor Binding Site Analysis of Crystallin Network Genes
As an initial step to understand the co-regulation of crystallin network genes, the crystallin
network genes (Table 2) and a selected group of control genes that were not coordinately
regulated (Table 3) were analyzed for transcription factor (TF) binding site in their 5′ UTRs.
None of the control gene set encode lens crystallins, and none of the genes had a Spearman
correlation with Crygs above r = 0.5. This subset of genes was used in the subsequent
analyses. The occurrence of TF binding sites between the 14 co-regulated (test) and 14
control genes were compared using statistical algorithms included in the Genomatix
program (Genomatix Software GmbH, Munich). Table 4 shows a list of the analyzed TF
binding sites either present in all members of the crystallin group or significantly associated
with the crystallin group (p < 0.05). Overall, an average of 158 and 182 potential TF binding
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sites for 186 transcription factor matrix families were identified for each test and control
gene, respectively, with V$AP1R and V$KLFS being the most common sites identified in
each group. Of these, 8 transcription factor matrix families have a P< 0.05 when their
occurrence is compared in test and control genes (Table 4). The NR2F family is included in
table 4 because it is present in each member of the crystallin correlated group, even though
the number of occurrences in correlated and non-correlated groups is not statistically
significant because it was also common in the control group.

Of the 9 matrix families shown in Table 4, 3 are present in every test crystallin gene: V
$AP1R, V$KLFS, and V$NR2F. Among these 3 matrix families, V$KLFS is slightly
favored in the control gene set, and V$NR2F, is not significantly enriched in either set.
However, the TF binding site family AP1R is the site most significantly increased in the test
gene set seen in the analysis, with p < 0.00036. The AP1R matrix binds MAF and AP1
related factors, including MAFA, MAFB, MAFG and others as shown in Table 4. Out of
these binding sites, MAFA is the most abundant in the test genes (occurring in 12 out of 14
of the Crystallin genes). However, while MAFA is associated with the crystallin correlated
group, the presence of a MAF or MAFA site does not necessarily imply high expression in
the retina overall. For example, genes including a MAF site are expressed at a level of 8.2
(just above the mean mRNA expression level of 8), but overall expression of the set of genes
containing MAFA sites is just 7, (2 fold below the mean expression level). Maf also appears
to be a more likely candidate for modulating the network given that its correlated expression
across the BXD RI strains is 0.78 with Cryab and 0.72 with Crygs: while, the best
correlation for MafA is 1.6 Cryab for and 0.16 for Crygs. The correlation data point to MAF
as a candidate TF; however, analysis of the binding sites suggests that MAFA, as a known
transcription factor, is also an appropriate transcription factor.

3.5 Validation of Shared TF Binding Sites by Chromatin Immunoprecipitation
While bioinformatic analysis of TF binding sites in promoter regions provides support for
the role of the MAF family of TFs in co-regulation of the test gene set, the mere presence of
a binding site does not guarantee that the site is functional. The identified TF binding sites
were confirmed to be occupied, and hence probably functional, using a chromosome
immunoprecipitation assay for the MAFA protein. The CHIP results of chromatin from
human lens cells (HLEC) are shown in Figure 8A, while those obtained with chromatin from
rat ganglion cells are shown in Figure 8B. In each figure, the PCR products of untreated
input DNA are shown as a positive control, while negative control precipitations performed
without MAFA antibody are shown in the bottom panel. Amplified promoter sequences
precipitated by specific antibody to MAFA are shown in the middle panel. All PCR products
were designed to be between 100 and 200 base pairs. Genes for which the CHIP DNA
shows the same PCR product as input DNA have bound MAFA transcription factor,
suggesting that MAFA has a regulatory role in expression of the gene. In HLE cells,
antibody to MAFA co-precipitates CRYGA and CRYGD (Figure 8A), while In RGC cells,
antibody to MAFA co-precipitates CRYAB, CRYBA1, CRYBB3, and CRYGA (Figure
8B).

4. Discussion
In the retina, one of the largest variations in gene expression across the BXD RI strain set is
a group of tightly co-regulated genes that contain members of the crystallin families along
with a small group of additional genes. This group of tightly co-regulated genes forms a
network, here termed the crystallin network. However, across the BXD RI strains expression
of crystallin network transcripts display over a 1000 fold difference in expression between
individual animals. We have also shown that these large changes are also observed in the
protein expression from animal to animal and from eye to eye. There remains a lingering
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possibility that these massive changes in retinal crystallin expression are due in part to
contamination of lens into the retinal samples. This is highly unlikely, for we have taken
extreme care in dissecting the retina and we can see similar dramatic changes in two
different hippocampal datasets within the GeneNetwork datasets (neither hippocampal
datasets were produced by our retina group). The highly correlated expression of genes in
the crystallin network, suggests that there might be a common regulatory element
controlling the expression of these genes in the retina and in the hippocampus. Given the
variability within individual BXD RI strain in the HEI Retina Dataset, it is not possible at
the present time to determine the genetic contribution to the modulation of the crystallin
network. It is clear that this is a very tightly regulated network and as such it must be under
the control of a specific set of regulatory elements.

In the present study, rather than showing a unimodal variation of expression, members of the
crystallin network appear to show bimodal expression, being in one of two states, low
expression or highly upregulated (up to 1,000 fold). At the present time we do not know the
exact trigger that is involved in the upregulation of the crystallin network. We do know that
it can be affected by optic nerve crush in the BXD RI Strains (personal observation), for
Crygs in the normal retina the mean expression is 14.0 (standard error of 0.31) and in the
ONC dataset the mean expression if 15.6 (standard error 0.40). This difference is
statistically different (p < 0.001) using a Student t test. Although the difference is
significant, it is not absolute. In many of the strains 2 days after nerve crush, there were
some animals with high crystallin expression and some with low expression. Therefore even
though ONC caused a statistically significant increase in gene expression across 176
samples not all of the mice within the dataset have upregulated crystallins. Thus, ONC
increases the likelihood that the crystallins will be upregulated but it is not an absolute
trigger for the event in all eyes.

In previous studies in the mouse (Templeton et al., 2009) and the rat (Vazquez-Chona et al.,
2004) we have observed changes in the expression of crystallins following insults to the
retina, and others also have reported (Ahmed et al., 2004; Piri et al., 2007; Sakaguchi et al.,
2003), dramatic changes in crystallin expression in response to retinal injury, both
upregulated and down regulated. In the Sprague-Dawley rat crystallins were upregulated
after photocoagulation (Sakaguchi et al., 2003). In the Wistar (Piri et al., 2007) and the
Brown Norway rat (Ahmed et al., 2004), crystallin expression goes down after IOP is
elevated. In the naturally occurring DBA/2J mouse model of glaucoma, Steele et al. (Steele
et al., 2006) found that crystallins are down-regulated in the retina. In the C57BL/6 mouse,
crystallins are upregulated after laser burns in the retina (Wilson et al., 2003). In all of these
studies, the average responses of crystallins were examined rather than the response of
individual eyes. A recent study from our laboratory revealed the response of the crystallins
could differ dramatically depending upon the strain of mouse (Templeton et al., 2009).
Following optic nerve crush, we found that a group of α, β, and γ-crystallins were
upregulated following injury in the DBA/2J mouse and down-regulated in the C57BL/6
mouse. If we just look at the individual control animals, one of the 3 C57BL/6 mice has very
high levels of crystallins while 2 have relatively low levels. This varying level of crystallin
expression in the control mice pushed the mean of this strain high (Templeton et al., 2009).
However, the strain means do not really reflect dramatic changes occurring in individual
eyes.

Expression of members of the crystallin network varied profoundly. Each member of the
network was present in one of two states either relatively low expression or approximately
1000 fold upregulated. This group of transcripts forms a tightly co-regulated genetic
network. The level of expression of members of the crystallin network is dramatically
different between strains, between animals within a single strain and even between eyes
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from a single animal. This variability makes it difficult to postulate a rational molecular
trigger that regulates the upregulation of the crystallin network. This variability in crystallin
expression observed in the present study is not unique to the present study. Xi et al.9 (Xi et
al., 2003) also observed dramatic differences in the levels of crystallin expression between
samples. They observed differences in the level of RNA and crystallin protein and
postulated that the levels of crystallins may reflect differences in metabolic status or the
level of cellular stress. They (Xi et al., 2003) suggested that differences in crystallin
expression be interpreted cautiously. The presence study confirms that the levels of
crystallins do indeed vary considerably from animal to animal and eye to eye. It is still
tempting to suggest that the differences in the level of crystallin expression is related to a
stress inducing stimulus; however, at the present time there is no definitive proof for a
molecular mechanism to support this hypothesis.

Several previous studies have shown that crystallin proteins provide a neuroprotective role
in the central nervous system. αB-Crystallin has been shown to bind to Bax and Bcl-Xs
(Mao et al., 2004) and αA-crystallin has been shown to bind to cytochrome C and caspase 3
(Yaung et al., 2007) (McGreal et al., 2012). A model has been proposed showing that by
sequestering these pro-apoptotic proteins crystallins prevent apoptotic cell death. The
crystallins can protect cells in the outer retina from apoptosis (Sreekumar et al., 2010). Even
with the variability in crystallin expression we have observed from animal to animal and eye
to eye, there is a statistically significant (p < 0.01, student t test) increase in crystallin
expression in the BXD RI strains 2 days following optic nerve crush (see ONC Retina
Database, GeneNetwork.org). Our data are consistent with the hypothesis that injury induces
upregulation of crystallin genes in an attempt to protect retinal ganglion from cell death.
Testing this hypothesis will require additional experimental data.

Both the extralenticular functions of lens crystallins and the regulation of their expression
are being delineated. While expression of crystallins is constitutive in the eye lens, they have
been shown to be stress proteins in some extralenticular tissues, and are expressed at various
levels in others (Andley, 2009). A subset of lens crystallins, along with some additional lens
and non-lens proteins, are coordinately regulated in a variety of tissues and under a variety
of different stimuli (Andley, 2007). In this project, fourteen Crystallin genes that had a high
co-expression coefficient in the retina after the optic nerve crush were analyzed for common
binding sites in and around their promoter regions. While many transcription factors
contribute to lens development and crystallin expression, binding sites for only a subset of
these are enriched in members of the co-regulated genes identified in our study. By
comparing the TF binding sites of the crystallin genes with those of fourteen control genes,
we were able to identify binding sites for the MAF transcription factor family, especially
MAFA, as a candidate to effect this co-regulation. To verify that these sites actually bind
MAFA as a further test of the hypothesis that MAFA has a regulatory role in co-expression
of the crystallins, chromatin immunoprecipitation with antibodies to MafA was carried out.
The result showed that MafA was bound to the 5′ regulatory regions of CRYGA and
CRYGD in human lens epithelial cells (HLE), and of Cryab, Cryba1, Crybb3, and two
binding sites in Cryga in rat retinal ganglion cells (RGC).

Maf proteins, basic-leucine zipper transcription factors belonging to the AP1 superfamily,
are known to play important roles in a variety of development and differentiation processes
in many tissues. Developmental studies of the MAF family members have been performed
in a variety of species, and the cross species nomenclature of the MAF family is
complicated. The historic names and similarities of the main members in the Maf family are
shown in Table 5, although it should be noted that similarities between chicken MAFA and
all human members of the MAF family are 45–50%. Previous studies have shown that MafA
is a critical regulator of crystallin gene expression in the chick lens as well as other tissues
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(Cvekl and Duncan, 2007; Kondoh et al., 2004). In the pancreas, MAF family members are
critical for islet beta cell development (Yang et al., 2004) and MAFA has been implicated in
diabetes (Butler et al., 2012).

The MAF family of transcription factors are known to regulate at least some members of the
crystallin network in the lens and other tissues. In the chick lens MafA/L-Maf has been
shown to bind to the αA-crystallin promoter (Cvekl et al., 1994; Ogino and Yasuda, 1998)
and to regulate developmental expression of other crystallins including βB1- and δ-crystallin
as well as having a central role in lens development (Cui et al., 2004; Reza and Yasuda,
2004; Shimada et al., 2003). MafA is also expressed in mouse lens epithelia and fiber cells
(Takeuchi et al., 2009), where it has been shown to increase mouse αB-crystallin
transcription 10 fold, with even greater activity when acting in concert with Pax6, RARβ/
RXR/β, c-Maf, and NRL (Yang et al., 2004). MafA/L-Maf is expressed in cone cells of the
outer nuclear layer the developing chick retina (Ochi et al., 2004), and in the quail
neuroretina (Benkhelifa et al., 1998), where it can transactivate the QR1 promoter.
Similarly, c-Maf, one of the other excellent candidates for regulation of the crystallin gene
group, is critical in both lens and retinal development and crystallin expression (Yang and
Cvekl, 2007). Mutations in c-MAF have been shown to cause cataracts in the human and
mouse (Jamieson et al., 2002). All of these findings are consistent with a role of both Maf
and MafA in crystallin and other gene expression in the lens and retina. Since they are co-
regulated with the rest of the crystallin network, one plausible mechanism is that they are
part of the transcriptional control process that carries out coordinated expression of this
group. As suggested by their presence in the same binding site matrix, the binding sites for
these factors are quite similar, differing by a few bases. It is possible that there is cross-
stimulation by these two factors, although this has not been well studied. In contrast, some
results, such as the differential stimulation of promoter activity by Maf and MafA(Yang et
al., 2004) the requirement for Maf but not MafA in mouse lens development (Takeuchi et
al., 2009), and the occurrence of cataracts in humans and mice with mutations in Maf
(Jamieson et al., 2002) would indicate at least some degree of specificity.

Differences in MAFA occupancy of promoters seen here and MAFA action in these
previous studies might relate to the requirement for additional transcription factors for
binding and activity (Cvekl et al., 1994), to differences between the RGC and HLE cells
used here and the intact lens, or perhaps to different experimental approaches. It has been
shown that MafA protein stability is regulated by phosphorylation at multiple serine and
threonine residues (Kataoka, 2007), and that the transcriptional activity of MafA is regulated
by SUMOylation (Kanai et al., 2010). The results presented here strongly suggest that the
high expression and co-regulation of crystallins is might be under the control of the Maf
family, and perhaps MafA among other transcription factors. These studies represent the
initial step in identifying transcription regulation of the gene in the crystallin network in the
retina. These interactions may be the beginning of studies to further delineate crystallin
activation pathways further. In addition, we hope to demonstrate that overexpression of
MafA in cultured cells induces expression of various members of the test gene set. In
addition to furthering our understanding of regulation of extralenticular expression of lens
crystallins, these studies might also suggest ways to interfere the process of nerve injury in a
variety of circumstances.
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Figure 1.
Variation in the expression of Crygs (A) and Cryab (B) across all of the BXD strains is
illustrated in this figure. The bars represent mean expression level of the probe along with
the standard error of the mean. The y-axis indicates expression on a log2 scale with the
mean expression of all transcripts on the array being set to 8. A illustrates the variation in
the expression of the Crygs (probe ILMN_2702266) and B shows the expression for Cryab
(probe ILMN_2840213). Notice that the strains with high levels of expression of Crygs also
have high levels of expression of Cryab and the same is true for low levels of expression.
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Figure 2.
Correlations and scatter plot for transcripts of two crystallin genes, Cryab (probe
ILMN_2840213) Crygs and (probe ILMN_2702266). Notice that the expression of the two
genes is highly correlated across the BXD strain set. The Spearman correlation is very high
(r = 0.934, along with a p value of E−16).
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Figure 3.
Variation in the expression of Crygs (across all of the BXD strains in the Hippocampal
Consortium dataset is illustrated in this figure. The bars represent mean expression level of
the probe along with the standard error of the mean. The y-axis indicates expression on a
log2 scale with the mean expression of all transcripts on the array being set to 8. Notice that
the strains with high levels of expression of Crygs also have relatively high standard errors
of the mean. The data presented represents expression data from the hippocampus of
different strains of mice – from right to left they are: B6D2F1, D2B6F1, C57BL/6J, DBA/
2J, BXD, BXD2, BXD5, BXD6, BXD8, BXD9, BXD11, BXD12, BXD13, BXD15,
BXD16, BXD19, BXD20, BXD21, BXD22, BXD23, BXD24, BXD27, BXD28, BXD29,
BXD31, BXD32, BXD33, BXD34, BXD38, BXD39, BXD40, BXD42, BXD43, BXD44,
BXD45, BXD48, BXD50, BXD51, BXD55, BXD56, BXD60, BXD61, BXD62, BXD63,
BXD64, BXD65, BXD66, BXD67, BXD68, BXD69, BXD70, BXD73, BXD75, BXD77,
BXD80, BXD83, BXD84, BXD85 BXD86, BXD87, BXD89, BXD90, BXD92, BXD93,
BXD94, BXD96, BXD97, BXD98, BXD99, 129S1/SvImJ, A/J, AKR/J, BALB/cByJ,
BALB/cJ, C3H/HeJ, C57BL/6ByJ, CAST/EiJ, CXB1, CXB10, CXB11, CXB12, CXB13,
CXB2, CXB3, CXB4, CXB5, CXB6, CXB7, CXB8, CXB9, KK/HlJ, LG/J, NOD/ShiLtJ,
NZO/HlLtJ, PWD/PhJ, PWK/PhJ, WSB/EiJ, SJL/J, and WSB/EiJ.
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Figure 4.
Variation in the expression of Crygs across all of the LXS strains for the Hippocampus. The
bars represent mean expression level of the probe along with the standard error of the mean.
The y-axis indicates expression on a log2 scale with the mean expression of all transcripts
on the array being set to 8. Notice that in general the level of Crygs is relatively low around
7; however in specific strains very high levels of Crygs are observed.
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Figure 5.
Correlations and scatter plot for relative levels of γ-crystallin protein and Crygs gene
expression (probe ILMN_2702266). Notice that the expression of the gene and protein are
not highly correlated across the BXD strains. The Spearman correlation is low (r = − 0.173).
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Figure 6.
Immunoblots of protein samples from the right (R) and left (L) eyes of 3 different mice of
different BXD RI strains. The protein samples were all loaded at the same concentration and
stained for α-crystallin, β-crystallin and γ-crystallin. Notice that there is considerable
variation from eye to eye. In the eyes from mouse 395 and mouse 402 the right eye had
higher levels of all crystallins than that observed in the left eye. For mouse 398 the levels
were approximately equal between the two eyes. These data revealed the surprising
variability of crystallin expression in the individual eyes and different strains.
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Figure 7.
This figure shows the expression of αB-crystallin and γ-crystallin for two BXD RI strains.
BXD 44 was one of the high expressing strains and BXD 62 was one of the low expressing
strains. Retinas from these strains were immunostained to demonstrate the distribution of the
proteins in the retina. Panels A and B are stained for α-crystallin and panels C and D are
stained by γ-crystallin. A and C are from the high crystallin expressing retinas and D and F
are from low expressing strain retinas. Labeling of retinal ganglion cells is indicated by
arrows in B. The arrow in panel D indicates labeled retinal ganglion cell axons. The layers
of the retina are labeled in A: outer nuclear layer (ONL), inner nuclear layer (INL) and
retinal ganglion cell layer (RGCL). D is a photograph of a control sections stained with
secondary antibody only. All photographs are taken at the same magnification and the scale
bar in E represents 25 μm.
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Figure 8.
ChIP analysis of MAFA binding to co-regulated promoters. Lanes were loaded with non-
immunoprecipitated (In-put), MAFA primary antibody immunoprecipitated (Ab+), or non-
immune IgG antibody immuno-precipitated (Ab−) samples. In the human lens cell line
FHL124 CRYAA, CRYBA1, CRYBA2, CRYBA4, CRYBB3, CRYGA, CRYGB,
CRYGC,CRYGD and CRYGN promoter are shown, (panel A). In the rat retinal ganglion
cell line RGC5 Cryaa_1, Cryaa_2, Cryab, Cryba1, Crybb2, Crybb3, Cryga_1, Cryga_2,
Crygb, Crygc, Crygd, Cryge and Crygn are shown. Specific bands were detected in
CRYGA, CRYGD, Cryab, Cryba1, Crybb3 and Cryga, (panel B).
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Table 1

Primer Sequences for identifying crystallin message.

Primer Name Forward Sequence Reverse Sequence

HCry -αA GCCTCCTTGGGTTGTCTG ATTTCTCTGGAAAGGCGTGA

-βA1 CTCTGGGGATCATGAGGAAC TTACTCACCCAGCTCCTGCT

-βA2 GCCTCAGCACTTTCTGTTGTC GCTTTATACCTGGGCCTTGTC

-βA4 GTCCTTTCCCTCCCTGCTAA GAGATAGGCCCAGGGAACAT

-βB3 GACCCGCTATTGGAGTGAAG CCCAGAATGAACCTGTTGCT

-γA ACTGCCCCATGATCTCAAAT TGGTTGTTGACAGAGGGTGA

-γB GCAAATCCCCTTACTCACCA CATCCGGTACCCAGGACTTA

-γC TGCATAAAATCCCCTTACCG ATGCGAGTTCAGTGTGATGG

-γD AGAACACGAAAATGCCCTTG CAGGCTGGGCTCACCTTC

-γN ACGCCCGACAGCACTAAC GAGGGACGCACTCACCTTC

RCry -αA1 TTCTTGGCGACCTCTGTTCT TAGCACTCTGGCCCTCCTTA

-αA2 TAATGCACCAACCACATGCT GTCAGAAAGCCCCTCCTCTC

-αB TACTGAGCGACTGTGCCAAC AGTCCCAGGCTCTGACTTTG

-βA1 CTGGGGATCAGGAGAAACAA GTCTCCATCTGGTGCAGCTT

-βA4 AGGTCACCTCGACACCAGAG GGAATTGGTCTGTGGAGGAA

-βB1 CAACCCGAACCTACCAGAAA GGCCCATTCCAGTGAGTAAG

-βB3 GTCAGGTACACTGGGGCATC TCCTGGACATCGGTGTGAG

-γA CACCCTCCACTCAGCAGTTT GGTAGGGGGCTCTCATTCTC

-γA2 CTACCCCATGATCCCAAATG CTCACCTTTCCCATCGTTGT

-γB TCTACAGTCACCGCCACTGA AGTTTGCGTTCTGCTCACCT

-γC ATCCCGTGGTCTATGACAGC CGGATGGGAGGTTTCAGTT

-γD CACCTCCCCCACAGTCATTA GATGGTGCTGTTGGTTGTGT

-γE ATACCCCTGTCCCCAAAGAG CCACCTCTGGACCTCAACAT
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Table 5

Comparison of nomenclature of MAF family members in various species and their homologies.

Human Mouse(Percent Identity to Human) Rat (Percent Identity to Human)
Chicken (Percent

Identity to Human)

MAF MAF, c-MAF, CCA4 Maf, v-maf, c-maf (89.5) Maf, C-Maf, Maf2 (90.4) maf, c-maf (45)

MAFA MAFA, hMafA, RIPE3b1 Mafa, RIPE3b1 (92) Mafa, RGD1562627 (90.9) L-MAF (45.6)

MAFB MAFB, KRML, MCTO
Mafb, Kreisler, Krml, Krml1, kr

(83.5) Mafb, Krml, b-maf (89.3) maf-B (63.4)
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