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α-Actinin-4 (ACTN4) bundles and cross-links actin filaments to confer
mechanical resilience to the reconstituted actin network. How this
resilience is built and dynamically regulated in the podocyte, and the
cause of its failure in ACTN4 mutation-associated focal segmental
glomerulosclerosis (FSGS), remains poorly defined. Using primary
podocytes isolated from wild-type (WT) and FSGS-causing point mu-
tant Actn4 knockin mice, we report responses to periodic stretch.
While WT cells largely maintained their F-actin cytoskeleton and
contraction, mutant cells developed extensive and irrecoverable re-
ductions in these same properties. This difference was attributable
to both actin material changes and a more spatially correlated in-
tracellular stress in mutant cells. When stretched cells were further
challenged using a cell adhesion assay, mutant cells were more likely
to detach. Together, these data suggest a mechanism for mutant
podocyte dysfunction and loss in FSGS—it is a direct consequence
of mechanical responses of a cytoskeleton that is brittle.
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Podocytes are an essential component of the kidney glomer-
ular filtration barrier, maintaining its structural integrity and

regulating the slit diaphragm through cellular contractile forces
(1–3). Podocyte contraction is mediated by the actin cytoskeleton
connected by cross-linking proteins, including α-actinin-4
[ACTN4 (human gene or protein); Actn4 (mouse gene or pro-
tein)]. Mutations in the actin-binding domain of ACTN4 cause
podocyte dysfunction and progressive kidney disease in humans
(4). All of the disease-causing mutations localize to the actin-
binding domain of ACTN4 and increase the binding affinity
between ACTN4 and actin filaments in vitro (4–7). The bio-
physical properties of this actin network are sensitive to changes
in the binding affinity of ACTN4 to F-actin (8). Studies using
reconstituted actin filaments show that mutant ACTN4 stiffens
and solidifies the actin network (8, 9). Mutant ACTN4 makes the
actin network more brittle with a lower breaking strength (9).
While these biophysical measurements provide insight into how
mutant ACTN4 affects the actin cytoskeleton in vitro, how they
contribute to podocyte dysfunction and in vivo biophysical
changes remains unclear.
Podocytes in vivo are routinely stretched due to expansion–

retraction of glomerular capillaries (10, 11). In response to
stretch, podocytes reorganize their cytoskeleton (12–14).
Studies have shown complex intrapodocyte signaling cascades,
including calcium influx, induced by stretch (13, 15). Cells
across a wide range of organs including lung, bladder, and
blood vessels, respond by promptly ablating and then slowly
restoring their contraction consistent with the physical mecha-
nisms of fluidization and resolidification (16–20). This fluidiza-
tion–resolidification process appears to be mediated by actin
disruption and repair (16, 19).

We studied primary podocytes isolated from wild-type (WT)
and homozygous mutant Actn4 knockin (Actn4K256E/K256E) mice.
We used cell-mapping rheometry to impose periodic stretch (16,
17, 19) and traction force microscopy (21) to map the spatio-
temporal changes in contraction, manifested as traction on the
substrate. These tractions must be balanced by intracellular
stress (22–27) that we quantified using stress microscopy (25, 28).
Under stretch, mutant podocytes showed impaired recovery of
contraction and irreparable breakages in their actin cytoskele-
tons, akin to breaking of a brittle cytoskeleton. This failure was
directly attributable to the ability of the Actn4 mutation to in-
duce a stiffer and more spatially aligned cytoskeleton as well as
to enhance spatial correlation of intracellular stress. Taken to-
gether, our findings suggest a mechanism by which mutant
Actn4 disrupts the internal biomechanics of the podocyte, leav-
ing it vulnerable to detachment when faced with the mechanical
challenges of its environment.

Results
Mutant Podocytes Fail to Recover Their Contraction After Periodic
Stretch. We used CRISPR/Cas9 technology to generate a point
mutant Actn4 K256E mouse model. This model was developed
to avoid potential confounding issues with earlier models, in-
cluding an impure genetic background, and the presence of an
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intronic LoxP site (29, 30). These homozygous Actn4 knockin
(Actn4K256E/K256E) mice developed both albuminuria and
podocyte loss (Fig. S1) at 4–7 wk of age. These cells allow (i) the
study of mutant and WT Actn4 under the control of the en-
dogenous regulatory machinery rather than an overexpression
system and (ii) the study of Actn4 in primary podocytes freshly
isolated from glomeruli.
We subjected individual WT and Actn4K256E/K256E podocytes

to equibiaxial stretches (10% in magnitude and 4 s in duration,
spaced 3 min apart) using previously described methods (16, 17,
19, 20). Contractile moment (a scalar measure of overall cell
contraction) was measured before (Fig. 1A and Fig. S5) and after
stretch across several time points and normalized by each cell’s
baseline value (Fig. 1B). Immediately after the first stretch,
podocytes in both groups acutely ablated their contraction to a
similar extent [WT median (interquartile range), 41% (35–47%),
vs. Actn4K256E/K256E, 43% (40–53%)], consistent with cytoskeletal
fluidization. However, during the recovery period, Actn4K256E/K256E

podocytes were only able to recover 63% of their baseline con-
traction [63% (2–82%)], whereas WT podocytes recovered

greater than 84% of their baseline value [84% (80–90%)],
consistent with cytoskeletal resolidification. After the second
and third transient stretches, Actn4K256E/K256E podocytes failed
to recover their contraction to the same extent as the WT [WT,
75% (66–80%), vs. Actn4K256E/K256E, 20% (0–65%) after the
second stretch, and 78% (68–83%) vs. Actn4K256E/K256E, 26%
(0–57%) after the third stretch]. The spreading area of both
WT and Actn4K256E/K256E podocytes remained relatively con-
stant throughout the periodic stretches (Fig. S2). These findings
show that the response of WT podocytes to periodic stretch is
consistent with fluidization–resolidification (16), whereby WT
podocytes ablated their contraction with each stretch but were
able to restore the majority of their baseline value. In contrast,
Actn4K256E/K256E podocytes on average deviated from this ho-
meostasis, particularly in the ability to restore their baseline
contraction in between stretches.
We next examined structural changes in the actin cytoskeleton

that might correspond to the contraction changes reported
above. We transfected podocytes with a fluorescent actin marker
(LifeAct) (Materials and Methods) to observe differences in actin

Fig. 1. In response to repeated stretch, the Actn4K256E/K256E podocytes failed to recover their contraction, developed irreparable disruptions in their actin
cytoskeleton, and detached at a higher rate. (A) Representative traction force maps for WT and Actn4K256E/K256E podocytes. Different colors correspond with
different magnitudes of traction, with red corresponding to the highest magnitude. Arrows indicate direction of traction. (Scale bar: 50 μm.) (B) Single-
podocyte contraction dynamics in response to three transient stretches over time. A custom-designed stretch device was used to superimpose a 4-s, 10%
transient stretch (followed by release) onto individual WT and Actn4K256E/K256E podocytes adherent to a 26-kPa substrate. The y axis plots individual podocyte
contractile forces, assessed by the contractile moment, normalized by their baseline value before stretch, while the x axis plots serial time points relative to
the three transient stretches. Graphed values represent the median (lines) and interquartile ranges (shaded areas). Black triangles along the x axis indicate
time points where there is a significant difference between WT and mutant (P < 0.01). Compared with WT podocytes (n = 13), Actn4K256E/K256E podocytes (n =
13) showed decreasing contraction after three stretches, with a median recovery of only 26% of their initial contraction, whereas WT podocytes maintained
over 78% of their baseline contraction at 9 min (final time point). Data were pooled from five separate independent experiments. (C) In response to stretch,
Actn4K256E/K256E podocytes showed breakages in their actin structure after stretch that failed to recover. Representative 20× images of actin filaments of actin
of WT (Upper) and Actn4K256E/K256E (Lower) podocytes before and after one stretch cycle. Actn4K256E/K256E podocytes demonstrated visible cytoskeletal
breakages after stretch that did not repair during the 3-min recovery period (red arrow), whereas WT podocytes demonstrated small areas of actin breakages
that were largely repaired. (Scale bar: 20 μm.) Time-lapse images are shown for WT in Movie S1 and Actn4K256E/K256E in Movie S2. (D) After repeated stretches,
Actn4K256E/K256E podocytes were more likely to detach from their substrates than WT when subjected to a spinning-disk detachment assay. Blue indicates the
number of cells that remain adherent to their substrate after three stretches, and red indicates the number of cells that detached from their substrate after
three stretches. The cell count was pooled from four separate independent experiments. Only 2 of 19 (11%) WT podocytes detached from their substrate after
three stretches, whereas 11 of 23 (48%) mutant podocytes detached (odds ratio, 7.42; 95% CI, 1.27, 80.75; P = 0.017).
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cytoskeleton structural integrity between WT and Actn4K256E/K256E

podocytes in response to periodic stretch under identical experi-
mental conditions as in the case of traction force measurements
(Fig. 1C). In response to the first stretch cycle, both WT and mutant
podocytes displayed clear evidence of actin disruption (Movies S1
and S2). While these disrupted regions largely recovered in
WT cells, they persisted in mutant cells.

Mutant Podocytes Are More Likely to Detach After Periodic Stretch.
Since contractile forces are required for cell adhesion (31), the
failure of mutant podocytes to recover their contraction after
stretch may have a direct consequence on podocyte attachment.
A separate group of WT and Actn4K256E/K256E podocytes were
subjected to three 10% stretches of 4-s duration. After the 3-min
recovery period following the third and final stretch, both groups
of cells underwent a spinning-disk detachment assay (Materials
and Methods). We used nuclear staining to quantify cells before
and after spin, and used the difference between these values to
determine the number of cells that detached after spin. As shown
(Fig. 1D), among all cells studied (pooled from four independent
experiments), mutant podocytes (11/23) had a higher probability
of detachment than WT (2/19) (odds ratio, 7.42; 95% CI, 1.27,
80.75; P = 0.017).

Mutant Podocytes Bear More Spatially Correlated Intracellular Stress.
What makes the mutant podocyte more vulnerable to periodic
stretch? To determine whether there were changes in the mutant
podocytes that predisposed them to failure, we compared their
baseline physical characteristics with WT cells. Given that we
observed actin disruption to correspond with Actn4K256E/K256E

podocytes’ impaired recovery after stretch, we first looked at
changes in the actin filaments that resulted from mutant
Actn4 using phalloidin to stain the actin within both groups of
cells seeded on a collagen-coated coverslip (Fig. S3). We found
that Actn4K256E/K256E podocytes exhibited more elongated and
well-developed stress fibers than WT (Fig. 2A), consistent with
previous reports (19). Additionally, we observed that the stress
fibers in Actn4K256E/K256E podocytes appeared to be aligned
more parallel to each other than the actin filaments distributed
in WT. We used previously described methods to measure the
relative alignment of actin filaments using the autocorrelation
function (Materials and Methods) (32). The autocorrelation
function [C(r)] measures the orientation of actin filaments and
correlates these orientations over space. More alignment across
the cell yields higher autocorrelation [C(r) closer to 1] than
random orientation. As shown in Fig. 2B, the actin filaments
across Actn4K256E/K256E cells were more aligned than the actin
filaments in WT consistent with our visual impression. Finally, these
structural differences in Actn4K256E/K256E cells were accompanied
by a significantly enhanced cytoskeletal stiffness (Fig. S4).
Because a prominent role of actin filaments is to bear intra-

cellular stress (33), we compared baseline intracellular
stress between WT and Actn4K256E/K256E podocytes (25,
28, 34). We computed the intracellular stress from the traction
measurements (Fig. S5). We separated intracellular stress into
two constituent components: we report the magnitude of mean
principal stress as tension (σ), and the orientation of first prin-
cipal stress as principal orientation (θ) (25, 28, 34). We first
looked at the mean intracellular tension of the entire cell σ (Fig.
S5). We found that for cells seeded on 26-kPa gel, the mean
tension σ was not statistically different between WT and
Actn4K256E/K256E podocytes [WT median (interquartile range),
1,147 ± (880–1,577) Pa, vs. Actn4K256E/K256E, 1,675 ± (946–
2,240) Pa]. To determine how intracellular stress varies across
the cell, we calculated the spatial distribution of both σ and θ
using an autocorrelation function (similar to that used for the
orientation of actin filaments above). The more spatially aligned
the intracellular tension and its principal orientation, the higher the

Fig. 2. Podocytes of Actn4K256E/K256E mice exhibit more correlated actin
filament orientation and intracellular stress. (A) Representative 63× images
of actin filaments in a WT (Upper) and an Actn4K256E/K256E (Lower) podocyte
grown on a collagen-coated coverslip. (Scale bar: 20 μm.) Light yellow lines
indicate the average of the angles of actin filament vectors within a region
of 10 × 10 pixels (1 px = 0.19 μm). (B) Quantification of the distribution of
actin filament orientation across WT and Actn4K256E/K256E podocytes. This
quantification was calculated by the autocorrelation function C(r) (y axis),
which is a measure of the correlation, or uniformity, of actin filament ori-
entation over increasing distances across the cell (x axis). The closer to a
value of 1, the more correlated, or uniform, the actin filament orientation
between any two given regions of 10 × 10 pixels. Data were obtained from
nine WT and nine Actn4K256E/K256E podocytes grown on a collagen-coated
coverslip and plotted as median (lines) and interquartile ranges (shaded
areas). At increasing distances across the cell, Actn4K256E/K256E podocytes
maintain more spatially correlated actin filament orientation than WT. The
black triangles along the x axis indicate distances where the median auto-
correlation between Actn4K256E/K256E podocytes and WT are significantly
different (P < 0.05). (C) Representative intracellular stress maps of WT (Up-
per) and Actn4K256E/K256E (Upper) podocytes grown on 26-kPa substrates. For
the intracellular stress maps, red indicates the greatest magnitude of mean
principal stress. The black lines represent the local intracellular stress both in
terms of tension (σ, corresponding to length of the line) and orientation (θ,
corresponding to orientation of the line). (Scale bar: 50 μm.) (D) Quantifi-
cation of the distribution of σ across WT and Actn4K256E/K256E podocytes. As
above, y axis plots the autocorrelation function C(r) of σ, and the x axis plots
distance across the cell. At increasing distances across the cell, Actn4K256E/K256E

podocytes maintain more spatially correlated, or more uniformly distrib-
uted, σ than WT. The black asterisk (*) along the x axis indicate distances
where the median C(r) of σ between Actn4K256E/K256E podocytes and WT are
significantly different (P < 0.05). (E) Quantification of the distribution of σ
across WT and Actn4K256E/K256E podocytes. As above, y axis plots the auto-
correlation function C(r) of θ, and the x axis plots distance across the cell. At
increasing distances across the cell, Actn4K256E/K256E podocytes maintain
more spatially correlated θ than WT. The black asterisk (*) along the x axis
indicate distances where the median C(r) of θ between Actn4K256E/K256E

podocytes and WT are significantly different (P < 0.05). For both D and E, the
distance over which the C(r) decays to a value of 0.5 was extrapolated as a
singular value from the autocorrelation curves of each individual cell; this
value is termed correlation length r1/2 σ and r1/2 θ. The greater the r1/2 value,
the greater the distance over which intracellular stress maintains uniformity
in its tension (r1/2 σ) and its orientation (r1/2 θ).
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autocorrelation, that is, C(r) is closer to 1. Just as Actn4K256E/K256E

podocytes demonstrated more aligned actin filaments, Actn4K256E/K256E

podocytes demonstrated more aligned σ (Fig. 2D) and θ (Fig. 2E)
across the cell than WT.
Does the extent of spatial correlation in σ and θ explain cell-

to-cell variability in mutant stretch responsiveness (Fig. 1B)? We
examined the autocorrelation curves of σ and θ on a cell-by-cell
basis as the correlation distance, or r1/2. We found that the more
spatially correlated the σ (Fig. 3A) and the θ (Fig. 3B) across the
cell at baseline, the more impaired the recovery of baseline con-
traction 3 min after the final stretch (R2 = 0.58, P < 0.001; R2 =
0.43, P < 0.001, respectively). Notably, there were a minority of
mutant podocytes that resolidified similar to WT in response to
stretch. In these mutants, both σ and θ were less correlated (Fig. 3
A and B). We next stratified Actn4K256E/K256E podocytes into those
that recovered greater than 50% of their baseline contraction after
three periodic stretches (Actn4K256E/K256E group 1, n = 5) and

those that did not (Actn4K256E/K256E group 2, n = 8), assessing
whether there were differences in the baseline distribution of in-
tracellular stress between these two groups alongside WT podo-
cytes (n = 13, all of which recovered the majority of their
baseline contraction). We found that the Actn4K256E/K256E group
2 podocytes demonstrated a significantly more correlated σ and θ at
baseline than both Actn4K256E/K256E group 1 and WT (Fig. 3). In-
terestingly, Actn4K256E/K256E group 2 podocytes showed progressive
reduction in the correlation of σ and θ after repeated stretches,
whereas Actn4K256E/K256E group 1 and WT maintained their base-
line values (Fig. 3).

Discussion
ACTN4 mutations cause kidney disease in humans. Although
these mutations have been found to increase the binding affinity
of ACTN4 to actin and create a stiffer, more brittle protein
network in vitro, it remains unclear how they impair podocytes in
the pathogenesis of kidney disease. Here, we show that WT
podocytes ablate and recover their contraction in response to
periodic stretch, consistent with the universal response of fluid-
ization–resolidification observed in living adherent cells (16).
Actn4K256E/K256E podocytes showed an impaired response, spe-
cifically the recovery of contraction, which corresponded with
irreparable disruptions in the actin cytoskeleton. Additionally,
mutant ACTN4 podocytes were at higher risk of detachment
after periodic stretch than WT. Our analysis of baseline physical
differences between WT and mutant podocytes indicates that
mutant ACTN4 leads to stiffer actin network as well as a more
correlated distribution of actin filament orientation and in-
tracellular stress in the podocyte. These alterations may con-
tribute to the podocyte’s vulnerability to stretch and propensity
for detachment.
What is the specific contribution of (i) actin material prop-

erties and (ii) the tension it bears, in mediating mutant stretch
responsiveness? Common pharmacological interventions such as
Rho kinase inhibition are not ideal for answering this question
because they simultaneously target both properties. Therefore,
we used a computational model of a disordered network of
semiflexible fibers to simulate the mechanics of the actin cyto-
skeleton (35). Using this model, we independently varied either
the fiber bending stiffness or the network tension and, in each
case, performed a simple shear test (Fig. 4). While increasing
fiber stiffness predominantly favors irrecoverable bond breaking,
increasing network tension, both in magnitude and correlation,
predominantly favors earlier bond breaking, that is, bonds breaks
at a smaller magnitude of imposed strain. In the context of the
podocyte, these model results suggest that actin fiber stiffening
promotes a more catastrophic brittle failure, and more spatially
correlated intracellular tension can further lower the yield strain
and therefore promote an earlier brittle failure.
Stretch is an important external mechanical challenge

thought to contribute to podocytes detachment and progression
of kidney disease (11). Glomerular hyperfiltration and expan-
sion constantly subject in vivo podocytes to stretch (36). Fur-
thermore, expansion of the glomerular basement membrane
(GBM) stretches adherent podocyte cell bodies and foot pro-
cesses. Multiphoton microscopy has allowed visualization of
this GBM expansion: in the five-sixths nephrectomy podocyte
injury mouse model (used to study the compensatory effect of
hyperfiltration secondary to a reduction in functioning neph-
rons), the diameter of glomeruli capillary vessels was measured
to increase by 15% (10).
Although previous work has observed changes in protein

networks with mutant ACTN4, how the mutations change the
podocyte’s response to stretch is important in understanding the
pathogenesis of ACTN4-mediated kidney disease. Yao et al. (9)
applied stress to reconstituted actin networks cross-linked by

Fig. 3. More spatially correlated intracellular stress is associated with im-
paired contractile recovery after stretch. (A) Baseline r1/2 σ (derivation de-
scribed at end of Fig. 2) and (B) baseline r1/2 θ were inversely correlated with
the final percentage of baseline contraction after the third stretch at the
final time point, that is, at 9 min (R2 = 0.58 and 0.43, respectively). Red points
indicate the mutant podocytes that failed to recover greater than 50% of
their baseline contraction (Actn4K256E/K256E-2, n = 8). Red crosses indicate the
mutant podocytes that were able to recover more than 50% of their base-
line forces (Actn4K256E/K256E-1 n = 5). Blue points indicate the WT podocytes
(WT, n = 13, all of which recovered the majority of their baseline contrac-
tion). (C and D) Mutant podocytes that failed to recover greater than 50% of
their baseline contraction (Actn4K256E/K256E-2, n = 8, red bar) had higher
average r1/2 σ and r1/2 θ than mutant podocytes that were able to recover
more than 50% of their baseline contraction (Actn4K256E/K256E-1, n = 5, green
bar) and WT podocytes (WT, n = 13). (E and F) Actn4K256E/K256E-2 (red line)
showed reductions in both baseline r1/2 σ and r1/2 θ over time compared with
the Actn4K256E/K256E-1 (green line) and WT (blue line) podocytes, which
maintained values similar to their baseline. The black triangles along the
x-axis indicate the time points where there is a significant difference be-
tween WT and Actn4K256E/K256E-2 (P < 0.05). Graphed values represent the
mean (lines) and SE (shaded areas).
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mutant ACTN4, showing that these networks were more brittle,
with a lower breaking strength. Our findings in mutant podocytes
are consistent with their findings in mutant protein networks:
whereas WT cells appeared more able to deform and adapt to
the stretch imposed upon them, mutant podocytes failed to re-
cover their baseline structure and function, analogous to a brittle
cell. Additionally, Ward et al. (8) demonstrated that actin cross-
linked with mutant K255E ACTN4 created a more solid-like
cytoskeletal network. Ehrlicher et al. (37) suggested that this
solid-like cytoskeletal network translated into a more solid-like
cell, showing that fibroblasts expressing mutant ACTN4 were
less motile and more contractile than fibroblasts expressing WT
ACTN4. Similarly, we found that Actn4K256E/K256E podocytes
were stiffer and more contractile at baseline. Furthermore, the
mutant ACTN4 led to a more correlated distribution of actin
filament orientation and intracellular stress across the cell. More
correlated intracellular stress in association with the mutation
correlated with a lower recovery of baseline contraction after
repeated stretch. Our findings suggest that it is not only the in-
creased magnitude of baseline stiffness and contractile moment
that is of importance but also how mutant ACTN4 redistributes
intracellular stress across the podocyte.
Podocytes detach at variable rates in human and animal

models of glomerular kidney disease (38–41). We found the

same in Actn4K256E/K256E mice. We also observed variability
across Actn4K256E/K256E podocytes in their distribution of in-
tracellular stress and degree of impaired recovery, with a mi-
nority of mutant podocytes recovering and resisting detachment
similar to WT. These findings imply that the mutation impairs
podocytes in varying degrees rather than in a universal fashion.
This variability in cellular phenotype in vitro may underlie the
variability in podocyte detachment across glomeruli in vivo, with
mutant podocytes that are less able to recover their structure and
function in response to periodic stretch at risk for detaching
earlier than the more resilient mutant podocytes. We note that it
was not merely the distribution of intracellular stress or other
physical vulnerabilities associated with the mutation that cause
podocyte failure, but that these vulnerabilities required exposure
to stretch to bring about dysfunction. In this light, stretch itself
became pathogenic for mutant podocytes. Future studies could
evaluate whether varying degrees of stretch correspond with
varying degrees of failure. The varying vulnerability for impaired
recovery conferred by mutant Actn4 and the varying degrees
of stretch experienced within and across glomeruli could
both independently contribute to an individual cell’s likelihood
of detachment.
We show that mutant podocytes detached at a higher rate than

WT podocytes after repeated stretch. Given that a normal

Fig. 4. Numerical simulations of model networks of semiflexible fibers subjected to a shear deformation. We have normalized by the total shear stress τ, by
total shear stress τref, the initial (small) stress of the softer material, and γ is the strain accumulated during the test. Broken bonds and newly formed bonds are
shown as a function of γ in solid and dotted lines, respectively. (A) Increasing fiber bending stiffness lowers the yield strain. More dramatically, it lowers the
capability to reform bonds as the material starts to yield. This implies a more catastrophic and brittle failure of the networks. (B) Increasing prestrain (as a
means to increase network tension) drastically lowers the strain at which yield starts. (C) A simulation snapshot of the softer material used in A and B at γ = 0 (no
tensile stress). (D) A simulation snapshot of the model material subjected to tension by applying a prestrain before the mechanical test shown in B. This material
bears more aligned and spatially correlated tension. The thickness of the fibers is proportional to the value of the local tension in the network.
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contractile system within a podocyte (including actin, α-actinin,
and myosin) is necessary for the podocyte to maintain adhesion
to its underlying substrate (3), we speculate that the disruption of
actin and the loss of baseline contraction that we observed in
mutant podocytes after stretch may mediate their propensity for
detachment. However, our present study was limited to bio-
physical (contraction and intracellular stress) and actin imaging
analyses. Other approaches, such as RNA sequencing or pro-
teomics assays, could elucidate intracellular pathways within
stretched Actn4K256E/K256E podocytes that correspond with their
biomechanical failure. Furthermore, the present model of peri-
odic stretch (4 s of stretch followed by 3 min of recovery) is based
on prior studies investigating the response to stretch of living
adherent cells (16). However, podocytes in vivo experience more
cyclic stretch at higher frequency with varying degrees of stretch.
Brähler et al. (42) showed that podocyte oscillations were seen at
the rate of the heartbeat. Finally, our study only examines stretch
responsiveness in mutant podocytes cultured on flat 2D sub-
strates. In vivo, the podocyte experiences fluid shear stress in
addition to stretch as well as resides in complex 3D geometries
(11). It would be important to incorporate these more realistic
physical cues in future investigation.
Altogether, this study shows that the Actn4 mutation leads to a

brittle podocyte whose structure and function fail under stretch.
The presence of a K255E mutation in the actin-binding domain
increases the affinity of the ACTN4 dimer to actin filaments. We
now know that this not only alters the ACTN4–actin interaction

and the behavior of cross-linked actin filaments in vitro but also
alters the biomechanical behavior of glomerular podocytes in a
well-defined manner. Podocytes expressing these mutant forms
of Actn4 are brittle and demonstrate cytoskeletal failure after
exposure to repeated stretch. The use of a point mutant mouse
model confirms that these observations reflect the biology of
native Actn4 rather than the effect of overexpression this pro-
tein. Thus, we can now make a direct connection from DNA
mutation, to altered protein behavior, to a corresponding change
in the podocyte’s response to a mechanical challenge.

Materials and Methods
Please refer to SI Materials and Methods for detailed information regarding
animal studies, cell isolation and imaging, biophysical measurements, and
modeling. All animal procedures were approved by the Beth Israel Dea-
coness Medical Center (BIDMC) Animal Care and Use Committee.
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