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Ankyrin-B in lens architecture and biomechanics: Just not
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ABSTRACT. The ankyrins are a family of well-characterized metazoan adaptor proteins that play a
key role in linking various membrane-spanning proteins to the underlying spectrin-actin
cytoskeleton; a mechanistic understanding of their role in tissue architecture and mechanics,
however, remains elusive. Here we comment on a recent study demonstrating a key role for ankyrin-
B in maintaining the hexagonal shape and radial alignment of ocular lens fiber cells by regulating the
membrane organization of periaxin, dystrophins/dystroglycan, NrCAM and spectrin-actin network of
proteins, and revealing that ankyrin-B deficiency impairs fiber cell shape and mechanical properties
of the ocular lens. These observations indicate that ankyrin-B plays an important role in maintaining
tissue cytoarchitecture, cell shape and biomechanical properties via engaging in key protein: protein
interactions required for membrane anchoring and organization of the spectrin-actin skeleton,
scaffolding proteins and cell adhesive proteins.
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INTRODUCTION

Tissue and organ morphogenesis, architec-
ture and function rely on cell adhesive interac-
tions, cytoarchitectural stability, and membrane
organization, which collectively enable cells to
withstand the mechanical stresses encountered
during growth, development and functional
specialization.'"™ Various membrane scaffold-
ing and cell adhesive proteins are thought to

play a key role in linking membrane-spanning
proteins to the underlying spectrin-actin cyto-
skeleton and the actin cytoskeleton to the extra-
cellular matrix required for maintaining tissue
cytoarchitecture and mechanical stability.'”
The ankyrin family of proteins (ankyrin-R,
ankyrin-B and ankyrin-G) play a crucial role in
membrane organization and stability by tether-
ing the spectrin-actin skeleton to membrane
spanning-proteins.'® Although the ankyrins
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have been demonstrated to maintain membrane
integrity and organization in various tissues
and cell types including neuronal tissue, skele-
tal muscle, cardiomyocytes, epithelial cells and
photoreceptors,” the mechanistic bases by
which these proteins influence tissue architec-
ture, cell shape and mechanical properties is
not well understood. We recently explored this
question using the ocular lens from ankyrin-B
(AnkB) deficient mice as a model system. The
transparent and avascular ocular lens is a mar-
vel possessing an unparalleled degree of sym-
metry in tissue cytoarchitecture, given the
requirement for rapid deformability and resil-
ience this tissue fulfills during visual accommo-
dation.” The bulk of the ocular lens is
constituted by differentiated long and thin fiber
cells which progressively attain a perfect hex-
agonal shape as they mature and become termi-
nally differentiated (Fig. 1). Unlike many
organs, the lens grows throughout life and does
not shed cells. Owing to this unique character-
istic, as new lens fiber cells are formed, they
overlay on top of older fibers in a concentric
manner, and are closely packed, compressed
and arranged in perfect radial rows in the corti-
cal region (Fig. 1).” Lens shape, architecture
and deformability depend on fiber cell shape,
radial alignment, polarity and biomechanical
properties, which are supported by cytoskeletal
networks, cell-extracellular matrix and cell-cell
adhesive interactions, and membrane protein
organization.*'? However, at a mechanistic
level, it is still not completely clear how lens
fibers achieve and maintain their exquisite sym-
metry, radial alignment and hexagonal shape.
Likewise, the interrelationship between lens
fiber cell shape and biomechanical properties,
and the question of how the lens maintains
deformability and resilience characteristics dur-
ing the process of visual accommodation, are
yet to be answered.'® Given the expected role
of membrane scaffolding proteins in regulating
cell shape, cell adhesive interactions, organiza-
tion and tensile properties of the spectrin-actin
membrane skeleton, our recent study took
advantage of the AnkB haploinsufficient
(AnkB~"") mouse'* to evaluate changes in lens
fiber cell cytoarchitecture and stiffness, and
explore the role of AnkB in fiber cell shape and

mechanics.'> Importantly, our study demon-
strates that deficiency of AnkB disrupts fiber
cell hexagonal shape and alignment, and
decreases lens stiffness, indicating a compro-
mise in lens biomechanical properties. AnkB
was found to regulate the membrane anchoring
of periaxin and dystrophin (Dp71), stability of
the dystrophin-glycoprotein complex (DGC),
spectrin-actin membrane skeleton, and the cell
adhesive protein NrCAM and maintain lens
fiber cell hexagonal shape and alignment.'
These data suggest the existence of a close
structural and functional relationship between
the integrity of fiber cell shape and lens
mechanical properties, and that AnkB plays a
crucial role in integrating and regulating these
characteristics.

Ankyrin-B and maintenance of the
hexagonal geometry of lens fibers: Role of
AnkB in regulating membrane
organization of scaffolding and cell
adhesive proteins and the spectrin-actin
skeleton

As post mitotic lens fibers mature and
become terminally differentiated, they attain a
perfect hexagonal shape and undergo radial
alignment (Fig. 1). Although numerous struc-
tural and membrane anchored proteins such as
N-cadherin and NrCAM, the lens specific
beaded filament proteins, and AnkB, ezrin, rad-
ixin and moesin (ERM), tropomyosin, tropo-
modulin 1, catenins, band 4.1 and adducin,
together with the actin-spectrin membrane skel-
eton, are all considered to play important roles
in maintaining the hexagonal shape of lens fiber
cells,g’lo’16 it is still unclear how the contribu-
tions from these various inputs is integrated/
coordinated to influence lens structure and
function. While AnkB is the most abundantly
expressed ankyrin isoform in lens tissue; its
role in the adult lens has not been determined.'”
Toward this, our recent study which focused on
determining whether AnkB is required for
maintaining lens architecture and fiber cell phe-
notype revealed progressive and age-dependent
disruptions in fiber cell shape in AnkB



ANKYRIN-B IN LENS ARCHITECTURE 41

FIGURE 1. Lens fiber cell hexagonal geometry and radial alignment. Lens epithelial cells at the
equator exit from the cell cycle and elongate and differentiate into long fibers. During differentiation,
fiber cells progressively attain a hexagonal shape, and mature fibers in the inner cortical region of
the lens lose all organelles and maintain a perfect hexagonal geometry with 2 long arms and 4
short arms with a close alignment with the neighboring fiber cells. Image is from the equatorial sec-
tion of the adult mouse lens stained for g-spectrin. Scale bar: 50 pum.

haploinsufficient (AnkB~") mice."® Unlike in
postnatal day 21 animals, lenses from 5 month-
old AnkB™"" mice exhibiting a nearly 60%
reduction in AnkB levels revealed disruptions
in lens cortical fiber cell architecture, fiber cell
radial alignment and hexagonal shape, uncover-
ing the importance of AnkB in maintenance of
cell shape and adhesion in fiber cells.
Interestingly, the fiber cell morphological
changes recorded in AnkB deficient lenses were
found to phenocopy the changes we had previ-
ously observed in periaxin deficient lenses.”'
Periaxin, a PDZ domain-containing protein,
which is expressed in the ocular lens in addition to
myelinating Schwann cells, exists in a large com-
plex with desmoyokin, ezrin, spectrin, periplakin,
AnkB, NrCAM and plectin.”'® The absence of
periaxin was found to destabilize the lens fiber
cell membrane, and to disrupt the membrane spec-
trin-actin skeleton, lens fiber cell hexagonal shape
and alignment in the mouse lens.” Based on these
striking parallels between the AnkB deficient and
periaxin null lenses, we postulated an AnkB

requirement in the membrane association of peri-
axin. Interestingly, immunofluorescence analysis
revealed a complete disruption of the membrane
organization of periaxin in the lens fibers of both
P21 and 5 month-old AnkB~'" mice. These
changes in AnkB " mouse lenses were found to
be associated with accumulation of periaxin in the
soluble lens fraction with a concomitant decrease
from the membrane fraction, indicating a require-
ment for AnkB in the membrane anchoring of
periaxin.]5 In contrast, the membrane organiza-
tion of AnkB was found to be unaltered in P21
periaxin null lenses. These observations inferred
that a 50% decrease in AnkB protein levels in the
lens is associated with a significant dissociation of
periaxin from the plasma membrane, ' indicating
that AnkB is required for lens membrane targeting
of periaxin.

In addition to periaxin, we also observed
destabilization of the membrane organization
of dystrophin-glycoprotein complex (DGC)
in AnkB deficient mouse lenses. DGC is a
multimeric transmembrane assembly which
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serves to link the extracellular matrix and
actin cytoskeleton and plays a crucial role in
providing mechanical support in various tis-
sues.>!? Dystrophin deficiency is known to
be associated with development of cataract.?”
AnkB is recognized to interact with the DGC
complex through dystrophin-Dp71 and to
coordinate adhesive interactions at the costa-
meres and neuromuscular junctions.*'** Sim-
ilarly, periaxin interacts with dystrophin-
related protein 2 (Drg)—2) to maintain myelin
sheath organization.>>** These known inter-
actions among DGC, AnkB and periaxin in
non-lens tissues prompted us to explore
whether these proteins interacted functionally
in the context of lens fiber cell cytoarchitec-
ture. While pB-dystroglycan localizes dis-
cretely to the plasma membrane in a large
cluster at the center of the long arm of hex-
agonal fiber cells in normal lenses, the mem-
brane organization of B-dystroglycan in the
lens fibers of both AnkB™'" and periaxin
null mice was found to be disrupted, inform-
ing the importance of AnkB and periaxin in
membrane organization and stability of the
DGC in lens fibers."” Furthermore, in both
AnkB™" and periaxin null mouse lenses,
Dp71 protein levels were decreased signifi-
cantly in the membrane-enriched fraction
with simultaneous accumulation in the soluble
fraction. Collectively, the changes observed in
both DGC and Dp71 in AnkB~'" and periaxin
null mouse lenses uncovered the importance of
AnkB and periaxin, possibly acting both inde-
pendently and synergistically, to regulate the
stability and membrane organization of the
DGC in lens fibers, and collectively influenc-
ing fiber cell shape.

In addition to the aforementioned changes,
confocal imaging of lens inner cortical fibers
derived from the 5 month-old AnkB~"" mice in
our study revealed gross disruption in the mem-
brane organization of B-spectrin and NrCAM,
and decreased levels of B-spectrin and NrCAM in
the membrane-enriched fraction of AnkB™'"
lenses. These results demonstrated the importance
of AnkB in stabilization of the membrane skeleton
and NrCAM-based cell adhesive properties in
lens fibers. Additionally, high resolution confocal
microscopy-based colocalization analysis of

AnkB with periaxin, NrCAM and S-spectrin in
fiber cells confirmed that AnkB colocalizes with
periaxin and NrCAM (based on Pearson co-locali-
zation coefficient) at the vertices and long/short
arms of fiber cells, exhibiting a relatively much
stronger and widespread colocalization with
NrCAM. In contrast, S-spectrin colocalizes with
AnkB predominantly at fiber cell vertices. Taken
together, these observations provided a significant
insight into the membrane organization of AnkB
in lens fiber cells, suggesting that AnkB likely
exists as a multiprotein complex in association
with periaxin, B-spectrin and NrCAM and local-
izes intensely to the vertices (Fig. 2), and supports
the requirement for such a multiprotein complex
in maintaining the hexagonal shape of fiber cells.

Ankyrin-B and lens biomechanics

In addition to optical properties, the focusing
ability of the lens depends on its finely tuned ten-
sile properties.'**> The mechanical properties of
the lens fibers have therefore evolved to be per-
missive to rapid shape changes that occur during
accommodation. Although the amplitude of lens
accommodation is controlled largely by ciliary
muscle contraction and lens zonular tension, ques-
tions remain regarding how the fiber cell
cytoarchitecture and membrane skeleton remodel
during these events to maintain integrity and bio-
mechanical properties of the lens.'*?> Given the
effects of AnkB deficiency on lens fiber cell
shape, including disruption of fiber cell hexagonal
geometry and alignment, we postulated that
AnkB deficiency likely impacts the mechanical
properties of the ocular lens. Indeed, upon con-
ducting a stress/strain analysis of AnkB~"* and
periaxin null mouse lenses using a microstrain
analyzer, we found a significant decrease in
the Young’s modulus (stiffness) in both
AnkB ™" and periaxin null lenses compared to
age-matched normal lenses, implying a direct
role for AnkB and periaxin in maintenance of
tensile properties of the lens.'” These observa-
tions further support the importance of AnkB
along with other proteins such as periaxin,
beaded filament proteins (phakinin and filen-
sin), NrCAM, tropomyosin and tropomodulin
in regulating the integrity and organization of
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FIGURE 2. Schematic drawing of a hexagonal lens fiber cell and localization of AnkB, periaxin,
NrCAM and spectrin at the vertices. Lens fiber cells from the inner cortical region exhibit a perfect
hexagonal shape with 2 long arms and 4 short arms. To attain the hexagonal shape, the fiber cells
form tricellular junctions (vertices) with neighboring cells. At these fiber cell vertices, AnkB colocal-
izes with periaxin, g-spectrin and NrCAM. While AnkB has been demonstrated to interact directly
with both B-spectrin and NrCAM in different cell types, it is yet to be confirmed whether such pro-
tein-protein interactions between AnkB, g-spectrin, periaxin or NrCAM occur in lens fibers (indi-
cated with?). In the deficiency of AnkB and periaxin, fiber cells lose their hexagonal geometry and

become easily collapsible, as depicted.
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the membrane skeleton (i.e. spectrin-actin net-
work) and in maintaining lens biomechanical
properties. It is also likely that the role of
AnkB and periaxin in lens mechanics is closely
linked to the membrane organization of the
DGC complex in lens fibers, which is disrupted
in the absence of AnkB and periaxin. Defi-
ciency of phakinin and filensin, which are
components of the beaded filaments distributed
exclusively in lens fibers, and are anchored to
the lens fiber cell plasma membrane, also
impairs lens fiber cell geometry and mechani-
cal properties.”> Additionally, the beaded fila-
ment is thought to biochemically interact with
the spectrin-actin network through tropomyosin
and tropomodulin in the lens, and to synergisti-
cally maintain lens fiber cell shape and bio-
mechanical  properties.'”>  Whether ~AnkB
interacts with and regulates beaded filament
membrane organization in lens fibers is not
known and needs exploration in future studies.
Although maintenance of lens mechanical
strength is necessary for preventing stress-
induced injury during lens ac-commodation, it
is still largely unknown how transmission of

mechanical force takes place within the lens
through the tightly packed fiber mass. Intrigu-
ingly, lens fibers exhibit elaborate interdigita-
tions at their lateral surfaces including the ball
and socket processes and protrusions and these
membrane formations are reported to be
enriched with various regulatory proteins of
cytoskeleton and cell adhesive interactions.?*’
Whether these fiber cell lateral membrane pro-
cesses are comprised of AnkB and its associ-
ated proteins including periaxin, NrCAM and
ion channel proteins, and involved in transmis-
sion of signals related to the mechanical prop-
erties of lens, needs to be investigated.
However, the existence of a definitive link
between the fiber cell hexagonal geometry and
lens biomechanical properties is now becoming
increasingly evident.”'*'* It is likely that the
hexagonal geometry of the fiber cells regulated
by AnkB and its associated proteins is a criti-
cal determinant of the load bearing properties
of these cells. There are many proteins within
the lens which exhibit fiber cell specific distri-
bution with little to no influence on lens devel-
opment and differentiation including phakinin,



44 Rao and Maddala

filensin, tropomodulin, periaxin and
NrCAM."*!'"% The deficiency of these pro-
teins, however, impairs lens fiber cell shape,
alignment and mechanical properties, indicat-
ing that protein: protein interactions and mem-
brane organization of the resulting complexes
render them key determinants of lens architec-
ture and mechanics.”'*'7?> Another means by
which AnkB regulates lens biomechanics could
be related to its known involvement in mem-
brane organization of the L-type calcium chan-
nels.”® Interestingly enough, in AnkB™'"
mouse lenses we have observed decreased lev-
els of L-type calcium proteins in the lens fiber
membrane fraction, together with decreased
myosin light chain phosphorylation, suggesting
a possible compromise in calcium regulated
myosin II activity and lens mechanical proper-
ties in these lenses."”

Concluding remarks

Our recent study demonstrated that AnkB
plays a crucial role in maintaining integrity of
fiber cell hexagonal shape, membrane organiza-
tion and biomechanical characteristics, which
are key determinants of lens cytoarchitecture,
optical clarity and tensile properties through
different molecular mechanisms. Importantly,
we obtained evidence for a close association
between integrity of fiber cell hexagonal shape
and maintenance of biomechanical properties
of the ocular lens. Our study documents the
ability of AnkB to serve as an adaptor protein
that engages in key protein: protein interactions
to regulate cell shape, membrane organization
and mechanical properties. In future studies, it
is important to determine the role of AnkB in
supporting the resilience of lens cytoarchitec-
ture following compression, and in transmis-
sion of mechanical force during lens
accommodation.
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