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ADHESION, MORPHOLOGY, AND STRUCTURE OF MURINE PODOCYTES
ON VARYING SUBSTRATE STIFFNESS
PATRICIA HYUNJOO CHUN
ABSTRACT
Glomerular podocytes are epithelial cells that are attached to outer glomerular

basement memberane (GBM) by foot processes, and blood filtration occurs through
podocytes, GBM, and endothelial cells. Podocytes are under constant mechanical stress
due to their location around outside of glomerular capillaries, which can be associated
with glomerular hypertension. It is important for podocytes to maintain their mechanical
integrity, since podocyte adhesion to GBM is crucial to prevent podocyte loss,
detachment, and associated alteration in cell adhesive properties, and further progression
of glomerular disease. In this study, we examined the role of stiffness in podocyte
function with hypothesis that increasing substrate stiffness would promote development
of cell structural features that are associated with stronger adhesion. In order to test this,
polyacrylamide substrates with different stiffness ranged from 3750 Pa to 152600 Pa
were generated and immortalized mouse podocytes were cultured on these substrates.
Then we measured how substrate stiffness affects cell morphology and several structural
proteins distribution. We found that the size and the number of attached cells increased
with longer actin filaments as stiffness of substrate increased. Since proteinuria or
glomerulosclerosis can be associated with podocyte actin cytoskeleton defect, we suggest
podocytes in a "softer” environment are vulnerable to glomerular diseases, since stress

fibers were shorter and less organized as substrates decreased stiffness. Our results



relating to the presence and distribution of certain proteins in cells were somewhat
inconclusive, since intensity of synaptopodin and vinculin did not correspond to the
changes of stiffness, due to the possibility of other underway mechanisms that interfere
with podocyte adhesion. There was no clear relationship between Y AP and the changes
of substrate stiffness, and one possible explanation could be due to the optical
irregularities in the substrate. Overall, this study was able to show that increased substrate
stiffness promoted cell structural feature development in podocytes. However, further
studies are needed to better understand how changes in substrate mechanical properties

can affect structural protein distribution in these cells.
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Introduction

Podocytes are visceral epithelial cells of the renal glomerulus. They are highly
differentiated cells with cell body, major processes, and foot processes that are
structurally and functionally different (Asanuma & Mundel, 2003) (Figure 1). They are
attached to the outer glomerular basement membrane (GBM) by foot processes that are
interdigitated with neighboring cells, and the space between foot processes have a slit
diaphragm that bridges filtration slits between them (Figure 1).

Blood filtration in the kidney occurs through the glomerular filtration barrier,
which is a layered structure composed of endothelial cells, GBM, and podocytes on the
outside (Eekhoff et al., 2011). The filtered material, such as water and small solutes from
the blood, passes across this barrier through the filtration slits between podocyte foot
processes. Due to their location at the outside of the filtration barrier, podocytes play a
key role in the formation and maintenance of this barrier. In addition to their function as
part of the glomerular filtration barrier, podocytes have a role in GBM maintenance,
capillary shaping and integrity, and signal transduction (Leeuwis et al., 2010). The
interaction between podocyte-specific proteins in the slit diaphragm and the actin
cytoskeleton influences the motility and signaling of podocytes and contributes to normal
podocyte structure and function.

Podocyte injury or loss can lead to many renal diseases like chronic kidney
disease (CKD) and proteinuria. Foot process effacement is a common feature of
proteinuric diseases and is characterized by loss of filtration slits and replacement of slit

diaphragms with abnormal cell-cell junctions (Patrakka & Tryggvason, 2009). Foot



process effacement is also associated with abnormal podocyte adhesion to the basement
membrane, which is ultimately responsible for proteinuria since the detached podocytes
leave defects in the filtration barrier where plasma proteins can escape from the blood
(Brinkkoetter et al., 2013). When expression or function of slit diaphragm proteins or
associated proteins are disrupted, foot process effacement occurs (Leeuwis et al., 2010).
Since foot processes are shaped by the actin cytoskeleton, glomerular disease and renal
failure also can result if mutation or loss occurs in actin-associated proteins, or focal
adhesion proteins (Eekhoff et al., 2011). Moreover, interference with GBM proteins
including mutation or loss of glomerular extracellular matrix prteins, interference with
the interaction between the GBM and podocyte or interference with the negative charge
carried by proteoglycans on the podocyte cell surface, are all also potential causes of foot
processes effacement (Eekhoff et al., 2011, Asanuma & Mundel, 2003).

Like other types of cells, it is also important for podocytes to maintain their
mechanical integrity in order to maintain cell-matrix adhesion, since adhesion of the
podocyte to the GBM is crucial in order to prevent podocyte loss and detachment and
further progression of glomerular disease. The mechanical integrity of podocytes has also
been shown to play a role in other cell functions. One study showed that the difference in
stiffness between immortalized wild-type mouse podocytes and podocytes from an HIV-
associated nephropathy mouse model is associated with a difference in composition and
arrangement of the podocyte cytoskeleton (Tandon et al., 2006). Another study focused
on the impact of cell stiffness, fluidity, binding strength, and other mechanical parameters

upon angiotensin receptor stimulation in podocytes (Eekhoff et al., 2011).



Defects in cell adhesion are a critical feature of many diseases within and outside
the kidney, and numerous studies have been done to investigate cell-matrix adhesion.
Recently it has been speculated that increased mechanical distending and shear forces
within the glomerulus could lead to impaired podocyte GBM adhesion and cause
podocyte detachment (Kriz & Lemley, 2014). The idea is supported by recent studies
showing the role of matrix mechanical properties in cell-matrix adhesion and cell
function. Recent studies have shown that substrate physical properties including
morphology, chemical properties, and substrate-associated mechanical stimuli can affect
cell differentiation and thereby determine the fate of a cell and its behavior (Tee et al.,
2011). The stiffness of extracellular matrix in particular has been shown to be an
important mechanical effector for cell function. Culturing cells like fibroblasts and
epithelial cells on gels (substrates) with various elastic moduli (stiffness) can alter cell
spreading, extracellular matrix assembly, and cell motility (Leipzig & Schoichet, 2009).
Cells generally exhibit stronger focal adhesion and improved cytoskeletal organization
when cultured on stiff substrates rather than soft substrates (Mason et al., 2012).

In this study, we sought to investigate the role of substrate stiffness on podocyte
function, particularly cell adhesion. Our hypothesis is that increased substrate stiffness
promotes development of cell structural features that are likely to be associated with
stronger adhesion. To address this hypothesis, we studied immortalized mouse podocytes
cultured on polyacrylamide substrates ranging in stiffness from 3750 Pa to 152600 Pa,
and measured the effect of this on podocyte morphology, spreading, actin cytoskeleton

structure, and podocyte specific proteins like synaptopodin. Our results show that



substrate stiffness has a profound effect on cultured podocyte structure and function, and
suggests changes in the mechanical properties of the glomerular capillary wall.
Materials and Methods

Cell culture

Murine podocytes that were conditionally immortalized as described previously
were used for these experiments (Shankland et al., 2007). These cells express a
temperature-sensitive promoter that inhibits proliferation and promotes differentiation. In
a low temperature culture environment, this promoter expression is inhibited and the
presence of interferon gamma stimulates cell proliferation (Shankland et al., 2007). For
propagation, either frozen or subcultured cells were plated on 10cm type I collagen
coated culture dishes and cultured at 33°C in a 5% CO. environment. The cells were
given RPMI 1640 medium (Mediatech, Manassas, VA) supplemented with 1%
Antibiotic-Antimycotic (Life Technologies, Grand Island, NY), 10% heat-inactivated
fetal bovine serum (FBS, HyClone, Thermo Scientific, Rockford, IL), and interferon
gamma (IFN-y, 100 U/ml, Sigma-Aldrich, St. Louis, MO). Once the cells reached 80-
90% confluence, they were split using 0.25% Trypsin-EDTA (Life Technologies, Grand
Island, NY). To promote differentiation, replated cells were switched to 37°C in a 5%
CO2 environment and given the same culture medium as above except interferon gamma
was omitted. For substrate stiffness experiments, cells were re-plated onto substrate
assemblies after 7 days of differentiation at 37 °C. Podocytes were allowed to continue to
differentiate at 37 °C on substrate assemblies for 3 more days, were fixed with 4%

paraformaldehyde followed by permeablization with 0.3% Triton X-100 in PBS.



Polyacrylamide gel preparation

The objective of these experiments was to determine if cultured podocyte
morphology and structural protein distribution depend upon the elastic stiffness or matrix
composition of the substrate that cells are grown on. A widely used approach for creating
elastic cell culture substrates of varying thickness is to cast polyacrylamide gels and grow
cells on the polyacrylamide surface (Figure 2). Polyacrylamide is inert, and can be
reproducibly fabricated with specific mechanical properties (e.g. elastic stiffness) by
mixing specific acrylamide:bis-acrylamide concentration ratios (Table 1). Because
polyacrylamide is not in itself a surface that cells will normally adhere to, it is necessary
to chemically modify the surface of the gel to bind matrix proteins to the surface that
promotes cell adhesion.

Polyacrylamide gels for cell culture were prepared according to the method of
Damljanovic (Damljanovic, 2005). Polyacrylamide gels were cast on glass coverslips
made adherent to the polyacrylamide through silanization to create a cell culture substrate
assembly (Figure 2). Prior to acrylamide preparation, glass coverslips were silanized with
0.5% 3-aminopropyl-trimethoxysilane (100mL, Sigma-Aldrich, St. Louis, MO), washed
with distilled water, dried in the oven at 160 °C for one hour, and activated with 0.5%
glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA). To prepare
polyacrylamide, 40% acrylamide (Bio-Rad Laboratories, Inc., Hercules, CA) and 2% bis-
acrylamide (BIS) (Bio-Rad Laboratories, Inc., Hercules, CA) were mixed and titrated
with distilled water. Specific concentration ratios of these components were used

corresponding to each stiffness, as listed in Table 1. 10% Ammonium persulfate (APS)



(Sigma-Aldrich, St. Louis, MO) and Tetramethylethylenediamine (TEMED) (Bio-Rad
Laboratories, Inc., Hercules, CA) were added to initiate polymerization of the gel.
Immediately after adding TEMED, a small droplet (13 uL) of acrylamide solution was
applied to treated coverslips, and another coverslip was placed on top of each droplet to
form a "sandwich." The sandwich was inverted, and the acrylamide was allowed to
polymerize for 30 minutes. Upon polymerization, top coverslips were removed and the
new substrates assemblies were washed with HEPES (Sigma-Aldrich, St. Louis, MO).

In order to conjugate matrix proteins to the polyacrylamide gel surface, the
polyacrylamide gels were activated with hydrazine hydrate (Sigma-Aldrich, St. Louis,
MO). The substrate assemblies (coverslip/ polyacrylamide gel) were immersed in
hydrazine hydrate for 4-8 hours, followed by washing with 5% acetic acid and distilled
water one hour each. Poly-D-Lysine (BD Biosciences, Bedford, MA) was diluted with
sodium acetate buffer, and sodium periodate crystals (Sigma-Aldrich, St. Louis, MO)
were added to make the matrix protein solution. The matrix protein solution was allowed
to incubate for 30 minutes at room temperature to facilitate oxidization of matrix protein.
Subsequently, substrate assemblies were incubated in the matrix protein solution for one
hour at room temperature in a hood with no UV light. The substrate assemblies were then
washed with PBS, and stored in PBS until podocytes were ready for plating on the
polyacrylamide substrates.

Immunocytochemistry
Podocytes were incubated overnight at 4 °C with primary antibodies against

vinculin (Life Technologies, Grand Island, NY), synaptopodin (Abcam, Cambridge, MA)



and YAP (Santa Cruz Biotechnology, Inc., Dallas, TX). After incubation with primary
antibodies, cells were washed with PBS and incubated with 1:200 diluted Cy2 and Cy3
secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) for 45
minutes at room temperature. To visualize actin filaments and nuclei, cells were stained
with fluorescein or rhodamine phalloidin (Life Technologies, Grand Island, NY)
(fluophore used chosen to contrast with secondary antibody used for protein staining),
and 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA) respectively.
Coverslips with polyacrylamide gel (substrate assemblies) were then mounted to glass
slides with fluorescence mounting medium (Dako, Carpinteria, CA), and digital
photomicrographs of cells were collected under epifluorescence microscope (Olympus
BX60, Center Valley, PA). All images of a given stain were collected using identical
exposure seetings.
Image Analyses

Digital photomicrographs of cells collected from epifluorescence microscope
using 40x objective were analyzed using the publicly available software package ImageJ
(Abramoff, 2004). Using the drawing function within ImageJ, boundaries were drwan
around each cell by tracing along the edge of the cell, and around three small arbitrarily
selected regions free of cell cytoplasm immediately adjacent to the cell, to obtain
background intensity of the image in the vicinity of the cell. The area and raw integrated
density of all bounded regions were measured using the ImageJ “measure” function. The
raw integrated density of the cell and adjacent background regions was divided by the

area of each region to obtain an area-averaged intensity for each region. The mean of the



area-averaged intensity of the three background regions was then subtracted from area-
averaged intensity of the cell to get the corrected average intensity of the cell. To measure
actin stress fiber lengths in images of phalloidin-stained cells, the ImageJ drawing
function was used to trace a line along the entire visible lengths of at least five of the
longest appearing actin-stress fibers in a 40x magnification image of the cell. The ImageJ
measure feature was used to obtain the length of each drawn line. The mean of the five
longest measurements was calculated to obtain the average stress fiber length for the cell.
Result

Podocyte grown on collagen type I vs poly-D-lysine coated substrates

Initially, we investigated cell adhesion and growth on polyacrylamide substrates
coated with different matrix molecules, including collagen type | and poly-D-lysine.
Podocytes were differentiated at 37 °C for 7 days and plated onto the substrates that were
coated with either collagen I or poly-D-lysine. Overall, podocytes did not attach, spread,
and proliferate well when they were plated to the substrates coated with collagen |
(Figure 3). Compared to cells plated on the poly-D-lysine-coated substrate (Figure 4a),
cells on collagen I-coated substrates appeared to be less in number. There were few or no
countable cells observed to be attached to the substrates coated with collagen I. The few
cells that did attach to substrates coated with collagen | were smaller in size and tended to
exhibit a stellate or fusiform morphology. Those cells that were plated on glass coated
with collagen | appeared to display greater concentration of attached cells, a greater
proportion of cells of bigger cell size, and more cells tended to exhibit a round and

arborized morphology compared to cells observed on collagen I-coated substrate.



Because cells did not appear to be able to attach well to collagen I coated substrates,
substrates coated with poly-D-lysine were used subsequent experiments.
Podocyte growth on poly-D-lysine-coated substrates of stiffness

Next, we looked at cell attachment and growth on polyacrylamide substrates of
different stiffnesses. The same concentration of podocytes was plated on substrates with
different stiffness, from the softest stiffness, (elastic modulus of 3750 Pa) to the hardest
stiffness, (elastic modulus of 152600 Pa), and on two rigid surfaces (glass, and
polystyrene culture plates). Cells on the polyacrylamide substrates showed stark
differences compared to cells on the rigid surfaces. The concentration of attached cells on
the polyacrylamide substrates appeared to increase as the stiffness of the substrate
increased (Figure 4b). Further, there were more cells on the glass and polystyrene plates
compared to the number of cells on the stiffest substrate. Additionally, the morphology of
the cells varied depending on the stiffness of the substrate. First of all, although cells on a
given substrate varied considerably in size, the average cell size increased as substrate
stiffness increased, ranging from 3260 um? on the softest substrate (3750 Pa) to 7036 pm?
on the stiffest substrate (152600 Pa) (Figure 4). The average cell size on glass was 10273
um?, thus the cells on substrates tended to be smaller than cells on rigid surfaces
regardless of substrate stiffness. In addition to the variation in cell size, the cell shape
also varied (Figure 4a). On the most pliable substrate (3750 Pa), most of the attached
cells exhibited a fusiform morphology, with few simple epithelioid cells. The proportion

and complexity of epithelioid cells appeared to increase with increasing substrate



stiffness (Figure 4a). Nearly all attached podocytes on glass and polystyrene culture
plates exhibited complex or widely spread epitheliod morphology (Figure 4a).
Intensity of certain structural proteins in the cytoplasm of podocytes grown on poly-D-
lysine-coated substrates of varying stiffness

Substrate stiffness may impact the expression or distribution of certain proteins,
particularly structural and adhesion proteins, within adherent cells. To investigate this, we
used immunocytochemistry and immunofluorescence microscopy to localize key
cytoskeletal and adhesion proteins, and a related transcription factor, after culture on
substrates of different stiffness. Intensity and selected features of intracellular distribution
of several different proteins were measured, including that of rhodamine-phalloidin-
labeled actin filaments (intensity, and average length of 5 longest actin stress fibers);
vinculin (intensity), to indicate focal adhesions; synaptopodin (intensity), to indicate
podocyte-specific cytoskeleton development, and Y AP (intensity), a transcription factor
and cell survival promoter that is known to respond to substrate stiffness. We performed
these analyses on representative podocytes grown on four substrates with different
stiffnesses and on glass. Actin filament staining showed varying morphology with
substrate stiffness. On the softest substrate (3750 Pa), few actin stress fibers were seen in
the cytoplasm of attached cells and they did not appear organized (Figure 5a). Cells
grown on all other polyacrylamide substrate stiffnesses (15600 Pa or greater) showed
attached cells with stress fibers generally arranged in parallel or a radial arrangement, in
both cases radiating from an actin-rich center or band at the central part of the cell

(Figure 5b-d). On glass, attached cells showed long stress fibers that either spanned the

10



nucleus in parallel, or were arranged in a ring around the periphery of the cell, or both
(Figure 5e). Actin filament staining intensity varied among the substrate of different
stiffness, but there was no clear relationship between stiffness and actin filament intensity
(Figure 5f). Podocytes on the 49000 Pa substrate presented the strongest intensity with an
average value of 19,102 (arbitrary units), while the 3750 Pa substrate appeared to have
the lowest actin filament intensity with an average intensity value of 8,604 (Figure 5f).
While as might be expected the 15600 Pa substrate actin filament intensity fell between
these two, the stiffest substrate and the glass actually also showed low actin filament
intensity (Figure 5f), which is surprising. However, the average length of the longest
actin stress fiber in the podocytes was proportional to the substrate stiffness as substrates
got stiffer, the average length of the longest actin stress fibers increased (Figure 5g).
Average actin stress fiber length (of 5 longest stress fibers in each cell) varied from 28.9
um on the softest substrate (3750 Pa) to 38.8 um on the stiffest substrate (152600 Pa) and
40.3 um on glass (Figure 5g). A one-way analysis of variance revealed that the group
means of actin stress fiber length were significantly different (P<0.0001). These findings
corresponded to the observation that longer and more organized actin stress fibers could
be found when a cell appeared to be round and big in size, and such larger cells became
more prevalent with increasing stiffness.

Synaptopodin staining intensity did not appear to correspond to substrate stiffness
(Figure 6). Cells on the hardest polyacrylamide substrate (152600 Pa) appeared to have
the strongest synaptopodin staining intensity with average intensity of 393 (arbitrary

units), whereas glass showed the weakest synaptopodin staining intensity with average
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intensity of 99.4 (Figure 6f). The synaptopodin staining intensities seen in the substrates
of intermediate stiffness were within this range with no apparent relationship to substrate
stiffness (Figure 6f). Regardless of substrate stiffness, synaptopodin staining was
generally the strongest in the perinuclear region of podocytes, with weak staining also
seen projecting out to the periphery in a linear pattern corresponding to actin stress fibers
(Figure 6a-e).

Vinculin staining suggested a modest relationship between substrate stiffness and
vinculin staining intensity (Figure 7). For vinculin, average staining intensity ranged from
10,770 (arbitrary units) for cells on the softest substrate (3750 Pa) to 7,407.46 for cells on
the stiffest substrate (152600 Pa), and 6,046.91 for cells on glass (Figure 7f). The
vinculin staining intensity for substrates of intermediate stiffness was within this range.
Regardless of stiffness, vinculin staining in cells grown on elastic substrates appeared as
punctate or short linear patches on the order of 1 um that tended to be localized to the
periphery of the cells, associated with the ends of actin stress fibers (Figures 7a-d). In
cells grown on glass, punctate staining was also seen in the perinuclear region, in addition
to the periphery (Figure 7e). Podocyte stainings for transcription factor YAP did not
reveal a clear relationship between staining intensity and substrate stiffness (Figure 8).
Although cells on the softest substrate (3750 Pa) had the highest average intensity with
41.36 (arbitrary units), cells on the stiffest substrate (152600 Pa) showed second highest
intensity, 37.45, while cells grown on glass had the lowest intensity at 21.59 (Figure 8f).

Y AP staining tended to be relatively weak, as evidenced by the low intensity values, and

12



was concentrated in the nucleus in all samples, as expected for a transcription factor
(Figure 8a-e).
Discussion

Podocytes are an important structural and functional component of the glomerular
filtration barrier. As such, they have a critical role in maintenance of GBM, maintenance
of capillary structure and integrity, and signal transduction (Leeuwis et al., 2010). Due to
their location around the outside of glomerular capillaries, podocytes are exposed to
mechanical stress constantly, particularly in conditions associated with glomerular
hypertension, and they are likely to counterbalance the tension in glomerular capillary
wall that is generated by hydraulic pressure in glomerular capillary lumen (Kriz &
Lemley, 2014) This glomerular capillary wall tension is transmitted through the
extracellular matrix to the podocyte actin cytoskeleton, and this can lead to potentially
pathologic changes in cell structure and function through altered cell signaling (Endlich
and Endlich, 2006). Ultimately, these functional changes may cause injury and loss of
podocytes and ultimately cause glomerular damage and chronic kidney disease (Kriz &
Lemley, 2014). The mechanical properties of the extracellular matrix may potentially
play an important role in podocyte function and disease.

In this study, we examined the role of the extracellular matrix in podocyte
function. We tested the hypothesis that increased substrate stiffness promotes
development of cell structural features that are associated with stronger adhesion. To do
this, substrates spanning a range of four different stiffnesses were generated using a

polyacrylamide gel technique. Podocytes were cultured on these substrates, as well as
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glass, and we examined how substrate stiffness affected cell morphology and the
distribution of several structural proteins. We found that the size and the number of
attached cells increased as the stiffness of the substrate increased, and podocytes
displayed longer actin filaments as stiffness of the substrate increased, and podocytes
displayed longer actin filaments as stiffness of the substrates increased. It has been
speculated that decreased substrate stiffness creates "mechanical environment that is
inhospitable to normal glomerular cells, resulting in apoptosis or dedifferentiation™
(Janmey and Miller, 2011). Our results are consistent with this idea, in that in our
experiment, podocytes on the softer substrates were decreased in cell number and did not
exhibit fully differentiated shapes or organized cytoskeletal structure. Furthermore, cell
shape can be determined by orientation and organization of the actin cytoskeleton. This
has been demonstrated by experiments which show that single stress fiber removal can
result in alterations in cell shape and cytoskeletal organization (Mason et al., 2012). In
our experiment, shorter and less organized stress fibers were associated with substrates of
decreased stiffness, and in these cells, cell shape was simplified, exhibiting sharp and
trapezoidal shapes and decreased size. Kidney disease in the form of proteinuria or
glomerulosclerosis is known to be associated with podocyte actin cytoskeleton defects
(Asanuma & Mundel, 2003). Thus, it may be suggested that podocytes in a "softer"
environment in vivo are vulnerable to glomerular diseases, since stress fibers are less
likely to be elongated and cell shape may be compromised.

Cells plated on substrates coated with poly-D-lysine exhibited much better

survival than the substrates coated with collagen I. This could be because cell detachment
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is reduced in the PDL coated surfaces. It could be speculated that since collagen type 1V
is the main collagen isoform present in the glomerular basement membrane, podocytes
might not survive well on the substrates coated with collagen I. However, some studies
had shown that there is no difference in the effect of podocyte collagen type | or collagen
type 1V on primary cultured rat podocytes (Krtill et al., 2007). Further study is needed to
find the reason why immortalized mouse podocytes did not survive well on collagen type
| coated substrates, perhaps by looking at markers associated with cell adhesion.

Our results relating to the presence and distribution of certain proteins in the cells
were somewhat inconclusive, since the data relating substrate stiffness to protein intensity
was inconsistent. For instance, synaptopodin is an actin-associated protein involved in
stabilizing cell shape and controlling motility. An increase in synaptopodin intensity is
expected on stiff substrates, since stiff substrates were associated with larger cells and
abundant, longer stress fibers. However, we found no clear or easily explainable
relationship between substrate stiffness and podocyte synaptopodin intensity.
Furthermore, vinculin, a cytoskeletal protein involved in cell-cell or cell-matrix adhesion
also showed inconsistent data. We found that cells on the softest substrate had the highest
vinculin intensity overall, and the hardest substrate had the weakest vinculin intensity.
Some studies have suggested that vinculin is preferentially found in focal adhesions in
cells grown on stiff substrates (Kal Van Tan et al., 2012). Others have suggested that as
focal adhesion size increases with increasing stiffness, focal adhesion proteins, such as
vinculin, will show concomitant changes, resulting in more stable anchoring at the

attachment site (Janmey & Miller, 2011). Our results are not immediately consistent with
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this idea, suggesting that other mechanisms may be underway that interfere with
podocyte adhesion.

YAP is a transcriptional co-activator, and together with TAZ, YAP/TAZ in the
cell is thought to regulate actin cytoskeleton rearrangement. When YAP is
phosphorylated, it is inactivated. Dephosphorylated Y AP becomes active and translocates
into the nucleus and promotes transcription of Y AP target genes, such as CTGF, Gli2,
and many others (Zhao et al., 2008). Podocytes on substrates of all four stiffnesses and
glass exhibited YAP localization in the nucleus, suggesting the presence of
dephosphorylated, active YAP. Because YAP/TAZ action is believed to occur through
actin cytoskeleton rearrangement, and a recent study with corneal epithelium showed
increasing nuclear Y AP localization as substrate stiffness increased (Foster et al., 2014),
it was expected that podocytes on the stiffest substrate would have the strongest YAP
intensity, since they showed the longest actin cytoskeleton length. However, the data
regarding Y AP intensity did not show a consistent relationship with substrate stiffness. It
was observed that the YAP intensities were low, and optical irregularities in the
substrates could have a significant impact on the measurements. Further studies could be
done to find a way to get consistent optical properties in the substrates.

Overall, in this study we were able to show that increased substrate stiffness
promoted cell structural feature development in podocytes. This is an important finding,
since loss of differentiated podocyte structure and associated alteration in cell adhesive
properties contribute to many renal diseases. Further study, including studies in vivo are

needed to better understand how changes in substrate mechanical properties can affect

16



structural protein distribution in these cells, leading to the observed podocyte

morphologic changes, and ultimately, glomerular disease.
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Table 1. Concentration ratios of acrylamide and BIS for varying stiffness. Specific
concentrations listed on the table were used to make polyacrylamide substrate.

40% acrylamide 2% BIS

3750 Pa 4.0% 0.25%
15600 Pa 7.5% 0.20%
49000 Pa 12% 0.145%
152600 Pa 12% 0.575%

18
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Figure 1. Structure and mechanical environment of the glomerular capillary wall and
podocyte. (A) Schematic cross section of a renal glomerulus. The glomerulus is a
capillary corpuscle approximately 200 um in diameter. About 1 million glomeruli are
present in two human kidneys. Together, they serve as the filtration unit of the kidney
and produce the blood. The podocytes (labeled) are epithelial cells, which branch into
interdigitating processes called foot processes that wrap around the exterior of the
glomerular capillaries intermingle with each other. (B) Schematic cross section of a
glomerular capillary. Blood flows through the interior (lumen) of the capillary, and
filtered waste from the blood crosses the glomerular capillary wall (the glomerular
filtration barrier), which functions as a permeable regulator of water flow while
simultaneously supporting the structure of the capillary wall against the force generated
by blood pressure (blue arrows, "AP™) and associated wall tension ("T"). The glomerular
capillary wall is the layered structure composed of endothelial cells ("EC"), glomerular
basement membrane ("GBM™"), and podocyte foot processes ("FP") on the outside (seen
in cross section). (C) Schematic representation of the glomerular capillary wall.
Structures supporting the podocyte foot processes (seen in cross section at the top in the
diagram) include the longitudinal actin bundle and the basal condensation of cortical
actin within each foot process. The slit diaphragm protein complex connects adjacent foot
processes and the associated proteins maintain the spacing of the filtration slits. The focal
adhesions (FA) attach the foot processes to the GBM and also associate with cortical
actin.
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Figure 2. Diagram of polyacrylamide substrate assembly. A flattened polymerized
polyacrylamide gel, about 100 um thick and 10 mm diameter (pink region in the figure)
is cast on the surface of a square sheet of silanized coverglass (gray). After treatment of
the polyacrylamide to attach matrix proteins to the surface, cells are plated on the
polyacrylamide substrate surface, where some cells will adhere to the matrix protein and
spread, as shown in the diagrm. The image on the right is phase contrast image of a single
cell that has spread out on a polyacrylamide substrate.
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Figure 3. Podocytes on collagen I-coated substrates. Podocytes were plated on coallagen
I-coated polyacrylamide substrates prepared at different stiffness (indicated in figure), or
on collagen I-coated glass. Phase contrast image of live cells were collected 3 days after
plating. Images in left column are magnified 10x (print magnification) and images on the
right are magnified 20x. The images show few or no countable cells attached to the
collagen I-coated substrates.
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Figure 4. Podocytes on poly-D-lysine coated substrates. (a) Podocytes were plated on
poly-D-lysine coated polyacrylamide substrates prepared at different stiffnesses
(indicated in figure), or on poly-D-lysine-coated glass or polystyrene culture plate. Phase
contrast images of live cells were collected 3 days after plating, except for the cells on
polystyrene culture plate which are shown after 10 days of differentiation. Images in left
column are magnified 75x (print magnification), and images on the right are magnified
150x. Images show increasing number and size of attached and spread cells as substrate
stiffness increases. (b) Scatter plot column chart showing each individual cell area (as
circles) as well as mean and standard deviation (whisker plots) for each substrate stiffness
for each substrate with different stiffness coated with poly-D-lysine. Between 44 and 47,
randomly selected cells were measured for each set. Although there is a wide range in
cell size for each substrate, mean cell area increases with increasing substrate stiffness.
One-way analysis of variance reveals the mean of each set (i.e. each substrate stiffness) to

be significantly different from each other (p<0.001).
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Figure 5. Rhodamine-phalloidin staining of podocytes on varying stiffnesses and a glass.
Podocytes plated on 3750 Pa (a), 15600 Pa (b), 49000 Pa (c), and 152600 Pa (d)
polyacrylamide substrates and glass (e) coated with poly-D-lysine, cultured for 3 days,
fixed and stained with rhodamine-phalloidin (red). Digital images were taken using an
epifulorescence microscope. Top two images show representative fields at 100x (print
magnification), and bottom four images show representative fields at 200x. (a) Few actin
stress fibers can be seen in the cytoplasm of attached cells, and when present they do not
appear well-organized. (b-d) Attached cells with stress fibers generally arranged in
parallel or a radial arrangement, in both cases radiating from an actin-rich center or band
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at the central part of the cells. (e) Images show attached, widely-spread cells with long
stress fibers that either span the nucleus in parallel, and/or are arranged in a ring around
the periphery of the cell, or both. (f) Scatter plot column chart showing actin intensity (in
arbitrary units) of each individual cell measured, as well as mean and standard deviation
(whisker plots) for each substrate of different stiffness, or glass, coated with poly-D-
lysine. 14 to 15 randomly selected cells were measured for each set. Actin filament
staining intensity varies among the substrates of different stiffness, but there is no clear
relationship between stiffness and actin filament intensity. (g) Column chart showing
average stress fiber length and deviation for each substrate of different stiffness, or glass,
coated with poly-D-lysine. Five longest stress fibers were measured in each cell; 14 to 15
randomly selected cells were measured for each set. A one-way analysis of variance
reveals that the group means of actin stress fiber length are significantly different
(P<0.0001).
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Figure 6. Synaptopodin staining of podocytes on varying stiffnesses and a glass. (a-€)
Podocytes plated on 3750 Pa (a), 15600 Pa (b), 49000 Pa (c), and 152600 Pa (d)
polyacrylamide substrate and glass (e) coated with poly-D-lysine, cultured for 3 days,
fixed and immunostained for synaptopodin (green), and counterstained with rhodamine-
phalloidin (red), and DAPI. Digital images were taken using an epifluorescence
microscope. Top two images show representative fields at 75x (print magnification), and
bottom six images show representative fields at 150x. Top right and bottom two images
are merged images of synaptopodin (green), phalloidin (red), and DAPI staining. Images
show synaptopodin staining that is generally strongest in the perinuclear region of
podocytes, with weaker staining sometimes seen projecting out to the periphery in a
linear pattern corresponding to actin stress fibers. (f) Scatter plot column chart showing
synaptopodin intensity (in arbitrary units) of each individual cell measured, as well as
mean and standard deviation (whisker plots) for each substrate of different stiffness or
glass coated with poly-D-lysine. 14 to 15 randomly selected cells were measured for each
set. Synaptopodin intensity does not appear to exhibit a clear relationship with substrate
stiffness.
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Figure 7. Vinculin staining of podocytes on varying stiffnesses and a glass. (a-e)
Podocytes plated on 3750 Pa (a), 15600 Pa (b), 49000 Pa (c), and 152600 Pa (d)
polyacrylamide substrates and glass (e) coated with poly-D-lysine, cultured for 3 days,
fixed and immunostained for vinculin (red), and counterstained with phalloidin (green),
and DAPI. Digital images were taken using an epifluorescence microscope. Top two
images show representative fields at 75x (print magnification), and bottom six images
show representative fields at 150x. Top right and bottom two images are merged images
of vinculin, phalloidin (green), and DAPI staining. (a-c) Images show few scattered
punctate or short linear patches on the order of 1 um, usually localized at the periphery of
the cells, associated with the ends of actin stress fibers. (d-e) Images show many punctate
or short linear patches on the order of 1 um, primarily localized at the periphery of the
cells (d) and throughout the cytoplasm (e), associated with the ends of actin stress fibers.
(f) Scatter plot column chart showing vinculin intensity (in arbitrary units) of each
individual cell measured, as well as mean and standard deviation (whisker plots) for each
substrate of different stiffness or glass coated with poly-D-lysine. 15 randomly selected
cells were measured for each set. Vinculin intensity tended to trend downward as
substrate stiffness increased. One-way analysis of variance reveals the means of each set
(i.e. each substrate stiffness) to be significantly different from each other (p=0.0068).
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Figure 8. YAP staining of podocytes on varying stiffnesses and a glass. (a-e) Podocytes
plated on 3750 Pa (a), 15600 Pa (b), 49000 Pa (c), and 152600 Pa (d) polyacrylamide
substrates and glass (e) coated with poly-D-lysine, cultured for 3 days, fixed and
immunostained for YAP (green), and counterstained with rhodamine-phalloidin (red),
and DAPI. Digital images were taken using an epifluorescence microscope. All six
images show representative fields at 200x. Bottom two images are merged images of
YAP (green), phalloidin (red), and DAPI staining. Images show YAP immunoreactivity
to be weak and concentrated in the cell nucleus. (f) Scatter plot column chart showing

Y AP intensity (in arbitrary units) of each individual cell measured, as well as mean and
standard deviation (whisker plots) for each substrate of different stiffness or glass coated
with poly-D-lysine. 15 randomly selected cells were measured for each set. Intensity of

Y AP staining is low overall, but varies among the substrates of different stiffness; with
the exception of the data for cells grown on 152600 Pa substrates, there is a suggestion of
an inverse relationship between stiffness and actin filament intensity. A one-way analysis
of variance does reveal that the Y AP intensity means are significantly different across the
entire data set (p<0.0001).
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