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Abstract
The lens of the eye is a transparent structure responsible for focusing light onto the retina. It is
composed of two morphologically different cell types, epithelial cells found on the anterior surface
and the fiber cells that are continuously formed by the differentiation of epithelial cells at the lens
equator. The differentiation of an epithelial precursor cell into a fiber cell is associated with a
dramatic increase in membrane protein synthesis. How the terminally differentiating fiber cells
cope with the increased demand on the endoplasmic reticulum for this membrane protein synthesis
is not known. In the present study, we have found evidence of Unfolded Protein Response (UPR)
activation during normal lens development and differentiation in the mouse. The ER-resident
chaperones, immunoglobulin heavy chain binding protein (BiP) and protein disulfide isomerase
(PDI), were expressed at high levels in the newly forming fiber cells of embryonic lenses. These
fiber cells also expressed the UPR-associated molecules; XBP1, ATF6, phospho-PERK and ATF4
during embryogenesis. Moreover, spliced XBP1, cleaved ATF6, and phospho-eIF2 were detected
in embryonic mouse lenses suggesting that UPR pathways are active in this tissue. These results
propose a role for UPR activation in lens fiber cell differentiation during embryogenesis.

1. Results and Discussion
The lens of the eye is a transparent structure responsible for focusing light onto the retina. It
is composed of two morphologically different cell types, epithelial cells and fiber cells,
surrounded by a thickened basement membrane called the lens capsule (Danysh and
Duncan, 2009; Fukushi and Spiro, 1969). The lens epithelium forms a monolayer of
cuboidal cells beneath the anterior capsule. The remainder of the lens is composed of
concentric layers of elongated fiber cells that are derived from differentiation of epithelial
cells at the lens equator (Bloemendal, 1977; Piatigorsky, 1981). The differentiation of an
epithelial precursor cell into a fiber cell is morphologically manifested by an increase in cell
length accompanied by a dramatic increase in membrane surface area and membrane
elaborations (Bassnett, 2005; Lim et al., 2009). Since the lens is an avascular tissue (Beebe,
2008), the membranes of fiber cells are highly equipped with proteins that aid in establishing
communication with neighboring cells. For instance, in some species, more than 50% of the
fiber cell plasma membrane is composed of gap junctions (Bassnett et al., 2009; Lo and
Harding, 1986). Since these proteins are very different than those found in the epithelial cell
precursor (Bassnett et al., 2009), there is a significant increase in the production of
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membrane proteins during fiber cell differentiation. It is not known how terminally
differentiating fiber cells cope with the increased demand of this high level of membrane
protein synthesis.

Normal differentiation and development of secretory cell types, such as plasma cells and
pancreatic beta cells, leads to a high protein load in the ER/Golgi secretory pathway. Under
this developmental ER stress, these cells rely on the activation of UPR, a stress-induced
signaling pathway emanating from the ER, to enhance their protein folding capacity
(Iwakoshi et al., 2003; Zhang et al., 2002). UPR pathways are activated upon unfolded
protein accumulation in the ER and try to relieve the stress by 1) upregulating the ER
folding capacity through increasing the levels of ER-resident molecular chaperones and
expansion of the ER, 2) reducing the demand on the ER through attenuation of protein
synthesis, and 3) increasing the clearance of unfolded proteins from the ER through
upregulation of ER associated degradation (ERAD). However if these mechanisms cannot
relieve the stress, the UPR pathway activates apoptosis (Kaufman, 1999; Ron and Walter,
2007; Rutkowski and Kaufman, 2004).

It has been previously proposed that UPR can be induced in lens epithelial cells by osmotic
and oxidative insults and this UPR activation could influence cataractogenesis (Ikesugi et
al., 2006; Mulhern et al., 2006). We have previously reported that UPR is highly activated in
the lenses of mice expressing misfolded collagen chains and this activation is associated
with diverse lens pathologies (Firtina et al., 2009). While conducting these studies, we also
noted that these pathways were activated at moderate levels during normal lens development
as well (Firtina et al., 2009). Here we delineate this physiological UPR activation during
lens development.

1.1. The expression of ER chaperones in embryonic and adult lens
During differentiation, newly forming fiber cells elongate bidirectionally and move deeper
into the lens as their basal ends migrate along the posterior capsule and their apical ends
migrate along the apical surface of the anterior lens epithelium (Kuszak et al., 2004; Rao,
2008). Endoplasmic reticulum and nuclei are present in the newly forming fiber cells;
however as fiber cells mature, they undergo denucleation and degrade their cytoplasmic
organelles as a feature of terminal differentiation. Thus, the center of the adult lens is
composed of mature fiber cells that are devoid of nuclei and any membrane-bound
organelles (Bassnett, 1995; Bassnett, 2009). In this study, we followed the expression of two
ER-resident chaperones, immunoglobulin heavy chain binding protein (BiP) and protein
disulfide isomerase (PDI), during normal lens development. By embryonic day 11.5, cells of
the posterior lens vesicle exit the cell cycle and elongate to form primary fiber cells which
eventually fill the lens vesicle and make apical-apical contacts with the lens epithelium. By
immunostaining, we showed that both ER chaperones are expressed in lens epithelium and
fiber cells at E12.5. (Figure 1A, top panels). Later, the expression of both ER-chaperones in
lens fiber cells becomes relatively higher at the transition zone (Figure 1A, middle and
bottom panels). Right before birth at E18.5, BiP and PDI expressions are still high in the
lens epithelium and newly forming lens fiber cells, while only diffuse staining is seen in
central lens fiber cells that are in the process of losing their nuclei and organelles. (Figure
1B, top panels). In 3 month old lenses, the expression of BiP and PDI almost disappears in
early fiber cells, whereas epithelial cells are strongly stained. Interestingly, both BiP and
PDI expression are also associated with nuclei that are being degraded during fiber cell
maturation. This could suggest the aggregation of endoplasmic reticulum against the nuclear
envelope during degradation (Figure 1B, middle panels). The bottom panels of Figure 1B
show higher magnifications highlighting the two patterns of PDI staining observed in
maturing fiber cells: perinuclear staining in lens fiber cells that are preparing to undergo
degradation of nuclei and organelles and a more concentrated dot-like staining at the tips of
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the degrading nuclei. Western blotting analysis confirmed that BiP levels are high in the lens
during embryogenesis (Figure 2). The relatively low amounts of BiP detected by western
blotting in postnatal lenses in comparison to total actin levels likely reflects both the
relatively low percentage of nucleated lens fiber cells containing ER present in adult lenses
and the relatively lower levels of expression in nucleated fibers detected by
immunofluorescence (Figure 1B). Relative PDI levels as measured by western blot did not
change dramatically in the lens during development but did decrease by about one half of
those detected in E 14.5 lens. Overall, these data suggested that newly forming fiber cells of
the embryonic lens are enriched in ER. We then proceeded to determine if the increased
expression of ER chaperones in embryonic lens fibers is correlated with activation of UPR
pathways in lens fiber cells.

1.2. The activation of the IRE1/XBP1 pathway in embryonic and adult lenses
The UPR pathway that has been conserved from yeast to mammals is transduced by
Inositol-requiring enzyme 1 (IRE1), an atypical type I transmembrane protein consisting of
an ER luminal dimerization domain, as well as cytosolic kinase and endoribonuclease
domains (Patil and Walter, 2001; Shamu and Walter, 1996). Activated IRE1 removes a 26-
base intron from the Xbp1 mRNA, introducing a frameshift and an alternative C-terminus to
create a potent transcription factor (Back et al., 2005; Lee et al., 2002). We performed
immunostaining in mouse lenses using an XBP1 antibody that detects both XBP1(S) and
XBP1 (U) which are produced from spliced and unspliced Xbp1 mRNAs, respectively.
During the initial stages of mouse eye formation (E9.5 to E11.5), there is little to no XBP1
immunoreactivity detected in the lens (Figure 3A, top panels). However, by E12.5, XBP1
immunoreactivity becomes detectable in primary fiber cells, localized mostly at the apical
and basal tips. At this age, there is little XBP1 expression in the lens epithelium. (Figure 3A,
bottom panels). The expression of XBP1 in lens fiber cells is maintained at E13.5 (Figure
3B, top panels). However by E14.5, XBP1 levels downregulate in lens fiber cells while
epithelial XBP1 expression increases (Figure 3B, bottom panels). At E17.5, along with the
cornea, the lens epithelium shows high XBP1 expression (Figure 3C, top panels) while in
lens fiber cells, XBP1 expression is lower and only observed in peripheral fiber cells (Figure
3B, bottom panels). In adult lenses, epithelial XBP1 expression remain elevated (Figure 3C,
top panels) while XBP1 expression in lens fibers is now only confined to a small area
consisting of a few newly formed lens fiber cells (Figure 3C, bottom panels).

To determine if IRE1-mediated splicing of Xbp1 mRNA occurs in the lens during
development, we performed RT-PCR analysis using primers designed to differentiate
between spliced and unspliced forms of Xbp1 mRNA. Figure 4A demonstrates that there is a
basal level of Xbp1 splicing throughout lens development (Figure 4A). To quantify the
amount of Xbp1 splicing, we performed real-time RT-PCR analysis as described in Back et.
al (Back et al., 2005). Two set of primers were used to amplify total (both spliced and
unspliced) or specifically spliced forms of Xbp1 transcripts. Our results suggest that the
spliced form of Xbp1 transcript is produced in the lens throughout development (Figure 4B)
and represents about 17% of total Xbp1 transcripts at E14.5 and about 32% of total Xbp1
transcripts at 2.5 months (Figure 4C). However, when the protein products of these
transcripts were analyzed by western blotting (Figure 5), embryonic lenses had higher levels
of the protein generated from the spliced Xbp1 mRNA (54 kDa) whereas postnatal lenses
had higher relative levels of the protein generated from unspliced Xbp1 mRNA (33 kDa). It
can be speculated that XBP1(U) protein functions to downregulate XBP1(S) in postnatal
lenses, consistent with the proposed function of XBP1(U) as a negative regulator of
XBP1(S) through direct binding and directing it for proteasomal degradation (Yoshida et al.,
2006). However other functions of this protein in mammals are still unclear and its role in
normal lens development and differentiation needs to be investigated. Prolonged or strong
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activation of the IRE1 pathway is linked to activation of the proapoptotic c-jun N-terminal
kinase (JNK) pathway and/or activation of caspase 12 and can lead to apoptosis (Szegezdi et
al., 2003; Urano et al., 2000). Thus this pathway might be tightly regulated during lens
development to prevent the induction of apoptosis. XBP(S) is a basic leucine zipper (bZIP)
transcription factor that can regulate ER chaperones, ER-associated degradation (ERAD),
and ER biogenesis (Friedlander et al., 2000; Lee et al., 2003; Sriburi et al., 2004). Recently,
XBP1(S) has been identified as the transcription factor that is specifically required for the
terminal differentiation of B lymphocytes into plasma cells (Iwakoshi et al., 2003; Reimold
et al., 2001). When introduced into a B-cell line, XBP1(S) can initiate plasma cell
differentiation and is sufficient to induce the proliferation of ER, Golgi, mitochondria and
lysosomes (Shaffer et al., 2004). Since differentiation involves synthesis of high amounts of
membrane proteins, XBP1(S)’s function in the lens might also involve upregulating ER
folding capacity through induction of ER chaperones, ER-folding enzymes and ER
biogenesis in differentiating fiber cells.

1.3. The activation of the ATF6 pathway in embryonic and adult lens
Another sensor activated in mammalian UPR is activating transcription factor 6 (ATF6).
There are two ATF6 genes in mammals, ATF6 and ATF6 that appear to be regulated by the
same mechanism. Upon ER stress, ATF6 proteins progress to the Golgi where they are
cleaved by S1P and S2P proteases; liberating their cytosolic domain as soluble transcription
factors (Haze et al., 1999; Shen et al., 2002; Ye et al., 2000). We used an ATF6 / antibody
that detects both the intact and cleaved (nuclear) forms. At E11.5, there is a low level of
ATF6 / expression detected in the retina and in posterior lens vesicle cells (Figure 6A, top
panels). However once the lens vesicle fills with elongating fiber cells to form the early lens
at E12.5, ATF6 / is highly expressed by the nuclei of lens fiber cells (Figure 6A, bottom
panels). At E14.5, ATF6 / expression is maintained in the fiber cell nuclei (Figure 6B,
bottom panels) while lens epithelium is also diffusely stained. Right before birth, at E18.5,
the expression of ATF6 / is detected highest at the transition zone where youngest lens fiber
cells are forming (Figure 6C). In 3 months old adult lenses, ATF6 / expression is still
detectable in peripheral young lens fiber cells and in the lens epithelium although the levels
appear reduced (Figure 6D).

Since ATF6 is cleaved into a shorter protein upon activation, we performed western blotting
to assess if ATF6 / cleavage is induced during normal lens development. We have
demonstrated that both in embryonic and newborn lenses, pro-ATF6 / is cleaved into a ~50
kDa protein suggesting that the ATF6 pathway is active both pre and postnatally (Figure 7).
The cleaved forms of ATF6, termed ATF6 (N) are basic leucine zipper (bZIP) transcription
factors that bind to cis-acting promoter sequences called ER-stress response elements
(ERSE) to induce target genes which are mostly ER-resident molecular chaperones and
folding enzymes (Thuerauf et al., 2004;Wu et al., 2007). Thus, the ATF6 pathway is
believed to be predominately required for the adaptive signaling needed to induce the full
induction of ER-folding capacity. ATF6 can also induce transcription of ERAD components
through heterodimerization with XBP(S) (Yamamoto et al., 2007). Moreover, Bommiasamy
et. al recently showed that forced expression of ATF6 is capable of driving ER expansion in
the absence of XBP1(S) (Bommiasamy et al., 2009). This suggests that ATF6 and XBP1(S)
can both collectively and distinctly regulate ER folding capacity through the upregulation of
ER-folding machinery and ER biogenesis. Thus, these two proteins may cooperate to drive
the expansion of the protein folding apparatus by upregulating the expression of ER-
chaperones, ER-folding enzymes and ERAD components in differentiating fiber cells that
need to synthesize high amounts of membrane proteins.
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1.4. The activation of the PERK-peIF2 pathway in embryonic and adult lenses
The third UPR pathway is mediated by PKR-like ER kinase (PERK), an ER transmembrane
protein, whose luminal domain senses ER stress, and cytoplasmic domain directly
phosphorylates eukaryotic initiation factor 2 (eIF2) on serine 51 leading to its inactivation.
This results in the inhibition of translational initiation for most cellular mRNAs and
decreased folding demand on the ER (Brostrom and Brostrom, 1998; Harding et al., 2000b).
To be activated, PERK undergoes oligomerization and subsequent autophosphorylation at
multiple sites. We used an antibody specific to a form of PERK phosphorylated at Thr980 to
detect active PERK expression in the lens. p-PERK immunoreactivity is first observed at
E12.5 and is localized to the apical tips of lens fiber cells (Figure 8A, bottom panels). In
later embryos, p-PERK expression is maintained at high levels predominately at the apical
tips of the newly forming lens fiber cells while it is reduced in central fiber cells (Figure
8B). By 18.5, p-PERK expression is now mostly confined to the newly forming lens fiber
cell apical tips (Figure 8C). It has been demonstrated previously that elements of the
endoplasmic reticulum are particularly concentrated at the posterior and apical tips of
elongating lens fiber cells (Bassnett, 1995). However it has also been argued that individual
ER-resident protein expression patterns might vary due to functional compartmentalization
of ER proteins in different types of ER (Bassnett, 1995). To date, there has not been a study
showing the localization of different types of ER (e.g., smooth vs. rough) in the lens fiber
cells. The specific localization of p-PERK at the apical tips of lens fiber cells might suggest
that rough endoplasmic reticulum is enhanced at these tips. It is known that, in pancreas, the
regulation of translation rate by PERK is necessary to adjust the rate of insulin synthesis
according to the blood glucose levels (Scheuner et al., 2001). In the lens, since epithelial to
fiber transformation involves a drastic increase in membrane protein production, PERK
might be necessary to prevent the ER-folding machinery from being overwhelmed during
this transformation. Alternatively, PERK might also have a more specific role in the lens. It
has recently been shown that in mammary gland, PERK promotes lipid synthesis by
promoting SREBP1 activation via depletion of its inhibitory protein, Insig1. Since Insig1 is
a short-lived protein, eIF2 -mediated translational inhibition quickly depletes this protein. In
the absence of Insig1, SREBP1 can translocate to the Golgi where it is cleaved by S1/S2P
proteases to produce a transcription factor that can induce lipogenic enzymes
(Bobrovnikova-Marjon et al., 2008). It can be speculated that PERK functions similarly in
the lens. Lens plasma membranes are extremely rich in cholesterol and phospholipid
(Borchman and Yappert, 2010). The activation of the PERK at the apical tips of lens fiber
cells might suggest that PERK regulates the production of membrane lipids that are needed
to be integrated into the rapidly elongating membrane tips of these fiber cells. However,
further research is needed to identify the significance of PERK-mediated translational
control in lens physiology.

Interestingly, in three month old lenses, p-PERK expression is no longer seen at the apical
tips of lens fiber cells. Instead, p-PERK expression becomes associated with the degrading
nuclei in mature fiber cells. The association of p-PERK expression with these nuclei might
suggest that p-PERK is involved in this degradation process. It is known that the
disappearance of nuclei, endoplasmic reticulum and mitochondria coincides during terminal
differentiation suggesting that this is a coordinated process (Bassnett, 1995). It can be
speculated that PERK signaling might be involved in coordinating the degradation of
organelles with denucleation. Interestingly, our previous data have suggested that the
persistent activation of UPR in central fiber cells results in the retention of nuclei and
organelles (Firtina et al., 2009). Thus, even though PERK signaling could be needed to
regulate this process, eventually, the shutdown of the UPR in central fiber cells might be
required for proper denucleation.
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We also analyzed whether the downstream target of active PERK, e-IF2 is phosphorylated
during lens development. Western blotting demonstrated that phosphorylation of e-IF2 starts
to increase around E14.5 and remains elevated at E15.5 and E16.5; however its levels
downregulate postnatally suggesting that this pathway is mostly active during
embryogenesis (Figure 9A). Since prolonged or strong activation of the PERK pathway is
linked to apoptosis, this pathway might be selectively suppressed or kept at low activation
levels during lens development to prevent the induction of apoptosis. The deleterious effect
of the PERK pathway has been shown to involve upregulation of CHOP and its pro
apoptotic targets in other systems. Consistently, we did not detect any CHOP expression
during normal lens development (our unpublished observation).

PERK-mediated phosphorylation of eIF2 also results in the enhanced translation of ATF4, a
b-ZIP transcription factor of the cyclic-AMP response element-binding (CREB) family
(Harding et al., 2000a; Harding et al., 2000b). Immunostaining and western blotting analysis
of ATF4 suggests that ATF4 levels increase in lens fiber cells at E12.5 (Figure 9B) and stay
up through E14.5; however downregulate after that (Figure 9A,B). Previously, ATF4 null
lenses have been shown to undergo p53-mediated cell death demonstrating the importance
of ATF4 in lens homeostasis (Tanaka et al., 1998). Thus, PERK mediated eIF2
phosphorylation might be required to induce ATF4 expression in the lens. ATF4 is known to
regulate genes involved in the synthesis and transport of amino acids. ATF4 also protects
cells against oxidative stress, by modulating a number of genes involved in mitochondrial
function (e.g., mitochondrial stress-HSP70 chaperone), redox chemistry (e.g., NADH-
cytochrome B5 reductase homologue), and reduced glutathione (GSH) metabolism (e.g.,
system Xc

− light chain (xCT)) (Harding et al., 2003; Lewerenz and Maher, 2009). Besides
ER stress, hypoxia also can activate PERK and induce ATF4 translation. Cells with
compromised PERK-eIF2 -ATF4 signaling have shown to be more sensitive to hypoxic
stress in vitro indicating that the PERK-eIF2 -ATF4 pathway confers a survival advantage
under hypoxia (Koumenis et al., 2002). Interestingly, the avascular lens exists in a hypoxic
environment (Beebe, 2008; Shui and Beebe, 2008) and this hypoxic environment is required
for lens transparency since increased exposure to oxygen has been shown to be a risk factor
for age-related cataract (Giblin et al., 2009; McNulty et al., 2004; Shui et al., 2009). Thus,
the role of ATF4 in the lens might involve maintaining lens cell survival under hypoxic
conditions. Alternatively, ATF4 might be involved in a function unrelated to stress in the
lens. ATF4 regulates osteoblast differentiation through binding to osteoblast-specific
element 1(OSE1), found in the osteocalcin gene (Yang and Karsenty, 2004). Similarly, in
chondrocytes, ATF4 regulates proliferation and differentiation through transcriptional
activation of Indian Hedgehog (Ihh) (Wang et al., 2009). Thus, ATF4 in the lens might
function to upregulate genes that encode proteins involved in lens differentiation.
Nevertheless, further research is needed to determine the role of ATF4 in lens development
and physiology.

Previously we reported that UPR is highly activated in lenses expressing misfolded collagen
chains and correlated this activation with diverse lens pathologies resulting in cataract
(Firtina et al., 2009). In the present study, we show that the expression/activation of a variety
of UPR markers is developmentally regulated in the lens suggesting that the UPR pathway is
activated, albeit at a relatively low level, during normal lens differentiation. The functional
consequences of this activation are currently unknown but should be a topic of future
research.
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2. Experimental Procedures
Animals

FVB/N-Har breeders were obtained from Harlan Laboratories and all mice in this study
were bred and maintained in the University of Delaware Transgenic Animal Facility.

Embryos used in the study are staged by designating the day that the vaginal plug was
observed in the dam as 0.5 days post coitum (dpc). Postnatal mice were staged by designated
the day of birth as 0 day postnatal.

Immunofluorescence
All immunofluorescence experiments were performed as previously described (Reed et al.,
2001). Briefly, lenses were isolated and immediately embedded in Optimum Cutting
Temperature media (OCT, Tissue Tek, Torrance California). Sixteen μm thick sections were
cut with a cryostat and mounted on ColorFrost plus slides (Fisher Scientific, Hampton, New
Hampshire). For staining with most antibodies, sections were fixed in ice cold 1:1 acetone–
methanol for 20 min at −20 °C, blocked in 1% BSA for 1 h at room temperature, followed
by the incubation with the appropriate dilution of primary antibody (see Table 1) for an
additional hour. Sections were then washed two times for 10-minutes each and detected with
the appropriate AlexaFluor 568 labeled secondary antibody (Molecular Probes, Eugene
Oregon) prepared in 1% BSA containing 1:2000 diluted Draq-5 as the nuclear stain
(Biostatus Limited, Leicestershire, United Kingdom). Slides were then visualized using a
Zeiss LSM 510 confocal microscope (Carl Zeiss Inc, Göttingen, Germany). Identical
conditions were used to do the imaging of each antibody at different ages to ensure the
validity of comparisons.

Phospho-PERK staining was performed by the standard method above, however, the
primary antibody was instead incubated overnight at 4 °C.

RNA Preparation and conventional RT-PCR—Total RNA from lenses was extracted
using the SV Total RNA Isolation Kit (Promega, Madison, Wisconsin). For RT-PCR, 20 ng
of total RNAs were used for each sample. The primers used are Xbp1 Fwd 5′ GAA CCA
GGA GTT AAG AAC ACG 3′and Xbp1 Rev 5′ AGG CAA CAG TGT CAG AGT CC 3′ for
Xbp1 splicing. The identities of the spliced and unspliced XPB-1 bands were confirmed by
sequence analysis.

Synthesis of cDNA and Real-time RT-PCR—300ng of total RNAs were used to
synthesize cDNA using RT2 First Strand Kit (SABiosciences, Frederick, MD) for each age
examined. Briefly, each RNA sample was incubated in gDNA elimination buffer (provided
in the kit) at 42°C for 5 minutes and then chilled on ice immediately for at least one minute.
For cDNA synthesis reactions, the RT Cocktail was prepared using the RT buffer, primer
mix and enzyme mix provided in the kit. 10 l of this RT Cocktail was added on 10 l of RNA
in gDNA elimination buffer and this mixture was incubated at 42°C for 15 minutes. The
reaction was then stopped by heating at 95°C for 5 minutes and diluted by adding 91 l of
H2O. 1 l of this cDNA was used to perform real-time RT-PCR using the RT2 SYBR Green
qPCR Master Mix (SABiosciences, Frederick, MD).

Western Blotting—For each age point examined, several wild type FVB/N lenses were
isolated and collected in a test tube on dry ice. These lenses were then immediately
homogenized with 0.1 ml of ice-cold lysis buffer (50mM Tris-HCl, pH 8.0, 150 mM NaCl,
1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS) supplemented with Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Scientific, Rockford, IL). The insoluble material
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was removed by centrifugation at 12,000g for 30 minutes. Final protein concentrations were
determined using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA) according to the
manufacturer’s specifications. Forty micrograms of total protein were resolved by SDS-
polyacrylamide gel and transferred onto supported nitrocellulose membranes (Bio-Rad,
Hercules, CA). The protein blots were blocked with SuperBlock T20 Blocking Buffer
(Thermo Scientific, Rockford, IL) overnight at 4°C and incubated with the primary antibody
in the same blocking buffer for 2 hours. After incubation with secondary antibodies
conjugated with horseradish peroxidase (Calbiochem, San Diego, CA) for 1 hour at room
temperature, the signals were detected using an enhanced chemiluminescence detection kit.
(Amersham Biosciences, Piscataway, NY). All western blot experiments were repeated at
least three times. The intensity of the signal for molecules of interest was quantified using
Photoshop Histogram Analysis.

Note that the same antibodies were used in western blotting experiments as described in
Firtina et. al (Firtina et al., 2009). However, in the present study the exposure times of the
membranes were considerably increased compared to our prior study due to the relatively
low abundance of UPR molecules in wild type lenses.
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Figure 1. Expression of ER chaperones BiP and PDI in embryonic and adult mouse lenses
Expression of BiP and PDI in WT lenses detected by immunofluorescence. A) At E12.5,
both ER chaperones are expressed throughout primary lens fiber cells and lens epithelium
(top panels). At E14.5, the expression of BiP and PDI is elevated at the transition zone
compared to the central fibers (middle panels) and by E16.5 it becomes mostly confined to
the newly forming fiber cells (bottom panels). B) At E18.5, while the expression of both ER
chaperones is still high in the newly forming lens fiber cells and lens epithelium, there is
only a diffuse staining in central lens fiber cells (top panels). In 3 month old lenses, BiP and
PDI expressions are now associated with fiber cells that are getting ready to undergo
degradation of nuclei and organelles (middle panels). Bottom panels show higher
magnification images of PDI expression in fiber cells. Perinuclear staining in fiber cells that
are getting ready to undergo denucleation (white arrow heads) and a dot-like staining at the
tips of degrading nuclei (white arrows). Bars, 100 m; e, epithelium; f, fiber cells; tz,
transition zone. In all panels blue labels DNA, red labels BiP (left panels) or PDI (right
panels).
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Figure 2. Immunoblot analysis of BiP and PDI expression
A) The major ER chaperone BiP is highly expressed in embryonic lenses. B) Another ER
chaperone PDI is also expressed in the lens throughout development; although at lower
amounts compared to BiP. Actin was used as a loading control. C) The intensity of the
signal on the blots was calculated using Photoshop Histogram Analysis. Relative expression
of BiP and PDI normalized to actin is plotted as bar graphs.
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Figure 3. Expression of XBP1 in embryonic and adult lenses
Expression of XBP1 (both spliced and unspliced) in WT lenses detected by
immunofluorescence. A) At E11.5, there is no XBP1 expression detected in the lens vesicle
(top panels). At E12.5, XBP1 expression becomes apparent throughout lens fiber cells,
specifically at the apical and basal tips (bottom panels). B) At E13.5, XBP1 expression is
still high throughout lens fiber cell cytoplasm and apical and basal tips (top panels). At
E14.5, XBP1 downregulates in lens fiber cells while epithelial XBP1 expression increases
(bottom panels). Arrowheads indicate the apical and basal tips of lens fiber cells. C) At
E17.5, along with the cornea, lens epithelium shows high XBP1 expression (top panels)
while in lens fiber cells, XBP1 expression is observed only in peripheral fiber cells (bottom
panels). D) At 3 months, while lens epithelial XBP1 expression stays up (top panels), the
expression of XBP1 in fibers is restricted only to the newly forming lens fiber cells (bottom
panels). Arrowheads point the newly forming lens fiber cells that express XBP1. Bars, 100
m; c, cornea; e, epithelium; f, fiber cells; lv, lens vesicle; pne, proliferative retinal
neuroepithelium; tz, transition zone. In all panels blue labels DNA, red labels XBP1.
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Figure 4. Conventional and real-time RT-PCR analysis of XBP1 splicing
A) Conventional RT-PCR analysis was performed to detect IRE1-induced Xbp1 splicing.
There is a basal level of Xbp1 splicing throughout lens development. 2mg was used as a
loading control. B) Real-time RT-PCR analysis was performed to quantify Xbp1 expression.
The relative expression of total and spliced Xbp1 transcripts normalized to 2mg is plotted as
bar graphs. The expression of total Xbp1 at E14.5 is set to 1. C) The bar graph represents the
ratio of spliced Xbp1 transcripts to total Xbp1 transcripts during lens development. The
spliced Xbp1 transcript represents about %17 of total Xbp1 transcripts at E14.5 and about
%32 of total Xbp1 transcripts at 2.5 months.
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Figure 5. Immunoblot analysis of XBP1 expression
XBP1(S) protein translated from spliced Xbp1 transcript is found at high levels in embryonic
lenses, whereas in postnatal lenses, this protein is not at detectable levels. XBP1(U) protein
produced from the unspliced Xbp1 transcript is found at high levels throughout lens
development and upregulates postnatally. Actin was used as a loading control. The intensity
of the signal on the blots was calculated using Photoshop Histogram Analysis. Relative
expression of XBP1(S) and XBP1(U) normalized to actin is plotted as bar graphs.
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Figure 6. ATF6 expression in embryonic and adult mouse lenses
Expression of ATF6 (both full length and cleaved) in WT lenses detected by
immunofluorescence. A) At E11.5, there are low amounts of ATF6 expression in the
posterior lens vesicle cells and the retina (top panels). At E12.5, ATF6 expression is
detected at high levels in the fiber cell nuclei (bottom panels). B) At E14.5, there are low
amounts of ATF6 expression in the lens epithelium (top panels), while ATF6 is highly
expressed by lens fiber cells (bottom panels). Arrowheads indicate the nuclei of lens fiber
cells that express ATF6. C) At E18.5, the expression of ATF6 is highest at the transition
zone where the newly forming fiber cells are found. D) In 3 month old lenses, ATF6
expression is still detectable in lens epithelium and fiber cells. Bars, 100 m; c, cornea; e,
epithelium; f, fiber cells; lv, lens vesicle; pne, proliferative retinal neuroepithelium; tz,
transition zone. In all panels blue labels DNA, red labels ATF6.
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Figure 7. Immunoblot analysis of ATF6 cleavage
ATF6 protein is cleaved into its nuclear form (ATF6(N)) upon activation. In both embryonic
and postnatal normal lenses, ATF6(N) is present. Actin was used as a loading control. The
intensity of the signal on the blots was calculated using Photoshop Histogram Analysis.
Relative expression of ATF6 and ATF6(N) normalized to actin is plotted as bar graphs.
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Figure 8. Expression of p-PERK in embryonic and adult lenses
Expression of p-PERK in WT lenses detected by immunofluorescence. A) At E11.5, there is
no p-PERK expression detected in the lens vesicle (top panels). At E12.5, p-PERK
expression becomes apparent at the apical tips of lens fiber cells (bottom panels). B) In
E14.5 and E16.5 lenses, p-PERK expression is still high at the apical tips of lens fiber cells,
specifically at the apical tips of newly forming lens fiber cells. C) At E18.5, p-PERK
expression is confined to the peripheral fiber cells. Arrowheads indicate the apical tips of
lens fiber cells. D) In 3 months old lenses, p-PERK is expressed by lens fiber cells that are
degrading their nuclei. The boxed area indicates the region where p-PERK is expressed.
Bars, 100 m; c, cornea; e, epithelium; f, fiber cells; lv, lens vesicle; pne, proliferative retinal
neuroepithelium; tz, transition zone. In all panels blue labels DNA, red labels p-PERK.
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Figure 9. Expression of ATF4 and p-eIF2 during lens development
A) Western blotting analysis was performed to detect phospho eIF2 (p-eIF2) and ATF4
levels. The levels of p-eIF2 increase around E15.5–E16.5 and downregulate postnatally.
Similarly, ATF4 levels are high in embryonic lenses (E14.5–E16.5); however downregulate
in postnatal lenses. Actin was used as a loading control. The intensity of the signal on the
blots was calculated using Photoshop Histogram Analysis. Relative expression of XBP1(S)
and XBP1(U) normalized to actin is plotted as bar graphs. B) Expression of ATF4 in WT
lenses detected by immunofluorescence. ATF4 expression is high at E12.5 lens fiber cells
but downregulate after E14.5. Bars, 77 m; c, cornea; e, epithelium; f, fiber cells; lv, lens
vesicle; tz, transition zone. In all panels blue labels DNA, red labels ATF4.
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Table 1

Antibodies used in this study

Antibody IF WB

Rabbit polyclonal to BiP Abcam (Cambridge, MA) 1:400 1:1000

Rabbit polyclonal to PDI Abcam (Cambridge, MA) 1:200 1:1000

Rabbit polyclonal to total-Xbp1 Santa Cruz Biotechnolog Inc., (Santa Cruz, CA) 1:200 1:1000

Rabbit polyclonal to ATF6 ProSci Inc. (Poway, CA) 1:200 1:1000

Rabbit polyclonal to phospho-PERK Cell Signaling Technology Inc. (Danvers, MA) 1:200 -

Rabbit polyclonal to phospho-eIF2 Invitrogen (Carlsbad, CA) - 1:1000

Rabbit polyclonal to ATF4/CREB2 Santa Cruz Biotechnology Inc., (Santa Cruz, CA) 1:200 1:1000

Rabbit polyclonal to actin Sigma-Aldrich, St. Louis, MO - 1:3000
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