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Mouse embryonic stem cells (mESCs) display unique me-
chanical properties, including low cellular stiffness in contrast
to differentiated cells, which are stiffer. We have previously
shown that mESCs lacking the clathrin heavy chain (Cltc), an
essential component for clathrin-mediated endocytosis (CME),
display a loss of pluripotency and an enhanced expression of dif-
ferentiationmarkers. However, it is not knownwhether physical
properties such as cellular stiffness also change upon loss of
Cltc, similar to what is seen in differentiated cells, and if so, how
these altered properties specifically impact pluripotency. Using
atomic force microscopy (AFM), we demonstrate that mESCs
lacking Cltc display higher Young’s modulus, indicative of
greater cellular stiffness, compared with WT mESCs. The
increase in stiffness was accompanied by the presence of actin
stress fibers and accumulation of the inactive, phosphorylated,
actin-binding protein cofilin. Treatment of Cltc knockdown
mESCs with actin polymerization inhibitors resulted in a
decrease in the Young’s modulus to values similar to those
obtained with WT mESCs. However, a rescue in the expression
profile of pluripotency factors was not obtained. Additionally,
whereas WT mouse embryonic fibroblasts could be reprog-
rammed to a state of pluripotency, this was inhibited in the ab-
sence of Cltc. This indicates that the presence of active CME is
essential for the pluripotency of embryonic stem cells. Addi-
tionally, whereas physical properties may serve as a simple read-
out of the cellular state, they may not always faithfully
recapitulate the underlyingmolecular fate.

Early mammalian development is a complex process where
different molecular mechanisms and signaling pathways regu-
late the choice of cell fate. Embryonic stem cells (ESCs) derived
from the 3.5-day postcoitum blastocyst serve as a fantastic
model system to study early cell fate decisions, as they have the
ability to differentiate into all cell lineages (1). This property of
ESCs is governed by numerous factors, including transcrip-
tional networks involving molecules such as Oct4, Sox2,
Nanog, etc. (2, 3), chromatin modifiers such as DNA methyl-

transferases and histone methyltransferases (4–7), endocytic
pathways (8, 9), andmechanical properties (10–12).
A growing body of work also implicates the process of intra-

cellular trafficking and endocytosis in regulating the fate of em-
bryonic stem cells (8, 9, 13, 14). Specific pathways, such as the
clathrin-mediated endocytosis (CME) pathway (8), and endo-
cytic proteins such as Asrij (13) are essential for maintaining
the pluripotent state of ESCs, whereas other pathways, such as
those involving caveolin, are largely absent in mouse ESCs
(mESCs) (9). Furthermore, it has been demonstrated that the
expression of endocytic genes is altered during human somatic
cell reprogramming (14). Endocytosis itself is also affected by
mechanical properties of the cell, such as membrane stiffness,
with increasing stiffness resulting in an inhibition of vesicular
trafficking (15–17). The effect of stiffness on endocytosis can
be countered by an active involvement of actin at endocytic
sites (18, 19).
Mechanical properties have also been shown to regulate the

pluripotency of ESCs, with cell stiffness or elasticity being one
of themajormechanical parameters governing cell fate. Atomic
force microscopy (AFM) analysis carried out on pluripotent
mESCs and early differentiating mESCs showed a 2–3-fold
increase in the elastic modulus of early differentiating mESCs
compared with naive mESCs (11), with modulation of the actin
cytoskeleton resulting in a change in stiffness (20, 21).
Study of the actin cytoskeleton in mESCs has revealed it to

be a low-density meshwork, possessing larger pore size and in-
dependent of myosin, compared with differentiated cells (21).
Inhibition of actin polymerization in mESCs has also been
shown to result in a decrease in differentiation toward the mes-
odermal lineage coupled with an increase in differentiation to-
ward the endodermal lineage (22). Naive mESCs had few radial
actin structures, whereas primed mESCs showed an increase in
stiffness with more actin bundles near the cell periphery (23).
Signaling molecules such as b-catenin have also been shown to
be involved in regulating a change in cytoskeletal organization,
membrane tension, and subsequently endocytosis during ESC
differentiation (24). Whereas these studies reveal that the dif-
ferentiation of ESCs is a tightly regulated process requiring an
intricate interplay between mechanical, cytoskeletal, and tran-
scriptional factors, a clear hierarchy in the role of these factors
has yet to emerge.
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Previous work from our laboratory has demonstrated an im-
portant role for the clathrin heavy chain (Cltc) in maintaining
the pluripotent state of mESCs. CLTC is an integral part of the
clathrin coat in CME. Knockdown (KD) of Cltc in mESCs
resulted in a loss of CME and reduction in the pluripotency of
mESCs, resulting in an initiation of differentiation (8). Previous
studies have demonstrated that differentiating mESCs have a
high stiffness and higher Young’s modulus compared with plu-
ripotent mESCs (11). Additionally, a transition from the naive
state to the primed state is also accompanied by a reorganiza-
tion of the actin cytoskeleton and an alteration in viscoelastic
properties (23). As a follow-up to our previous study (8), we
asked whether the loss of CME was also accompanied by
changes in the stiffness of these cells, similar to other differenti-
ating cells, and whether the actin cytoskeleton played a role
under these conditions.
Using AFM, wemeasure for the first time the Young’s modu-

lus of live mESCs lackingCltc plated onMatrigel using a spheri-
cal bead attached to a cantilever. We show that cells lacking
Cltc have a higher Young’s modulus compared with WT
mESCs. We further demonstrate that mESCs lacking Cltc dis-
play an enhancement in the presence of actin stress fibers in
cells, which are largely absent in WT mESCs. This is also
accompanied by an elevated expression of the inactive, phos-
phorylated form of the actin-depolymerizing protein, cofilin,
resulting in the presence of stable actin filaments. Treatment of
Cltc KD mESCs with the actin polymerization inhibitors,
latrunculin A and cytochalasinD, resulted in a rescue of cellular
stiffness, with cells reverting to a state closer to WT mESCs
with respect tomechanical properties. However, the expression
profile of pluripotency factors was not rescued, and continued
to resemble that of a differentiating cell, indicating that altera-
tions in the actin cytoskeleton may not be able to rescue pluri-
potency in the absence of Cltc and hinting at a role for active
CME in this process. Reprogramming of somatic cells was also
inhibited in the absence of Cltc. Together, these results suggest
that the pluripotent state is an amalgamation of both mechani-
cal and molecular properties, which function together to influ-
ence the state of a cell. Additionally, a change in a single read-
outmay not be sufficient to completely predict or alter the state
of a cell and may be dependent on the co-existence or coordi-
nated function of other factors.

Results

Cltc KD results in increased cell stiffness and reorganization
of the actin cytoskeleton in mESCs

CME is a type of vesicular transport in which receptors are
internalized into intracellular structures called endosomes with
the help of the coat protein, clathrin (25). We have previously
shown that KD ofCltc inmESCs resulted in a decreased expres-
sion of pluripotency markers and an increased expression of
differentiation markers of all three germ layers (8). However,
the mechanical properties of mESCs under these conditions
remained to be interrogated. Cltc was knocked down in mESCs
using two shRNAs (shCltc1 and shCltc3) (Table S1), resulting
in a significant decrease in protein levels of CLTC compared
with cells infected with the lentivirus expressing the scrambled

shRNA (Fig. S1, A and B) (Table S3), and was used for all fur-
ther experiments.
A tipless cantilever with stiffness of;0.07 newton/m, with a

spherical glass bead of diameter 5 mm attached to the end, was
used for all AFMmeasurements (Figs. S1C and S2) (see “Mate-
rials and methods”). In AFM investigations, the spatial resolu-
tion depends on sharpness of the tip. Sharp pyramidal tips are
generally used for measurements of mechanical response at a
subcellular level on components such as the cytoplasm and nu-
cleus, combined with high-resolution imaging. Tipless cantile-
vers with a spherical bead attached to one end (Fig. S1C) are
used to measure deformations and resulting stress of inhomo-
geneous surfaces and are used to investigate the response of the
cell as a whole (26). The spherical tips also provide more con-
tact area for measurement and prevent cell damage by avoiding
membrane rupture.
The inherent approximation in all of these studies is that the

glass-tip contact is nondeformable and hence has infinite stiff-
ness. As a result, all of the reported values of stiffness using
AFM may have a systematic error in their absolute values.
However, this assumption is largely valid for measurements on
cells and tissues for which the Young’s modulus is on the order
of few kPa. The supporting material shows representative force
curves on cells with respect to glass andMatrigel (Fig. S2).
To measure the Young’s modulus of Matrigel, a 3 3 3-mm

area was selected, and measurements were taken over a (10 3
10) grid. The Young’s modulus of Matrigel was found to be in
the range of 2–3 kPa. These values are higher than those
reported earlier (10, 27), and can be attributed to differences in
protocols adopted for preparing the gel and also the size of the
microspheres used in the AFMmeasurement.
Young's modulus (E) for mESCs expressing scrambled

shRNA was 0.2786 0.029 kPa, whereas E for cells expressing
shCltc1 was 0.6256 0.037 kPa, and E for cells expressing
shCltc3 was 0.4656 0.025 kPa, indicating higher stiffness in
Cltc KDmESCs (Fig. 1, A and B). The raw data clearly revealed
a variation in relative stiffness of cells under different knock-
down conditions (Fig. S2). The stiffness difference between
shCltc1 and shCltc3 was also statistically significant with a con-
fidence level of 95% (p = 0.02) and correlated with the degree of
Cltc KD in these two conditions (Fig. S1, A and B). Measure-
ments were also made from mESCs treated with retinoic acid
(RA) for 48 h to induce differentiation (Young’s modulus
0.7736 0.071 kPa), indicating greater stiffness (Fig. 1, A and B).
Our results demonstrate that the Young’s modulus increased
by 2.2-fold in shCltc1, 1.7-fold in shCltc3, and 2.8-fold in RA-
treated mESCs compared with shScrambled mESCs, indicating
an increase in cellular stiffness upon loss of CME and/or subse-
quent differentiation.
The actin cytoskeleton is one of themajor regulators of cellu-

lar stiffness, as it provides mechanical stability to adherent cells
(21, 28). Phalloidin staining revealed that actin stress fibers
were predominantly present in Cltc KDmESCs compared with
shScrambled-treated cells (Fig. 1C). Actin filaments are
dynamic structures and are involved in multiple cellular proc-
esses such as cell migration, cell division, endocytosis, etc. (19,
29). Actin filament dynamics are regulated by a number of
actin-binding proteins. Among the actin-binding proteins,
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actin-depolymerizing factors or destrin and cofilin family pro-
teins are involved in the depolymerization of actin filaments
(29–31). LIM kinases (LIMK1 and LIMK2) and related testicu-

lar protein kinases (TESK1 and TESK2 inmammals) are known
to inhibit the activity of cofilin. These kinases phosphorylate
cofilin at Ser-3 resulting in an inhibition of cofilin’s actin-
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depolymerizing activity (29, 30). Hence, we investigated the sta-
tus of cofilin phosphorylation in Cltc KDmESCs. Phosphoryla-
tion of cofilin at the Ser-3 residue was higher inCltcKDmESCs
compared with scrambled shRNA-treated mESCs (Fig. 1, D
and E), indicating a high degree of inactivation and consistent
with an increase of actin stress fibers in Cltc KD mESCs (Fig.
1C). Together, these results indicate that the loss of Cltc results
in an altered organization of the actin cytoskeleton.

F-actin–depolymerizing agents reduce the stiffness of Cltc-
deficient mESCs

Treatment of Cltc KDmESCs with an inhibitor of actin poly-
merization, latrunculin A (LatA) or KD of the actin polymeriz-
ing protein, Profilin1 (Pfn1), resulted in a discernible loss of
actin fibers (Fig. 2, A and B), indicating that the reorganization
of the actin cytoskeleton in Cltc KD can be reversed by the
action of LatA or KD of Pfn1. To further validate whether the
actin cytoskeleton was indeed the major regulator of cellular
stiffness and differentiation observed in Cltc-deficient mESCs,
we treated shScrambled and shCltc mESCs with inhibitors of
actin polymerization, LatA and cytochalasin D (CytoD). Upon
treatment with LatA, the Young's modulus for shScrambled
mESCs was 0.2066 0.014 kPa (Fig. 2, C and D), indicating a
decrease in stiffness compared with untreated shScrambled
mESCs (Fig. 1, A and B) and similar to what has been reported
previously (21). A reduction in the Young’s modulus was also
observed for shCltc1 (0.2186 0.017 kPa) and for shCltc3
(0.2186 0.024 kPa) mESCs upon LatA treatment (Fig. 2, C and
D), consistent with our observation of a decrease in stress fibers
(Fig. 2, A and B). Similarly, upon treatment with CytoD, the
Young’s modulus for shCltc1 and shCltc3 reduced to
0.1976 0.019 and 0.2586 0.017 kPa, respectively, and was
comparable with that of shScrambled mESCs (0.1956 0.018
kPa) (Fig. 2,C andD).

Treatment of Cltc KD mESCs with F-actin–depolymerizing
agents does not rescue the expression of pluripotency and
differentiation markers

Because treatment of Cltc KD mESCs with LatA or CytoD
resulted in a decrease in stress fibers and cellular stiffness to
levels similar to those of pluripotentWTmESCs, we next asked
whether the expression of pluripotency and differentiation
markers were also restored to levels seen in WT mESCs. Cltc
KD mESCs showed decreased expression of pluripotency
markers and increased expression of differentiation markers
irrespective of plating on either gelatin or Matrigel (Fig. 3 (A
and B) and Fig. S1 (D–G)) (Table S2) and as reported previously
(8). However, treatment with LatA or CytoD over different con-
centrations and time periods did not result in any significant
change or rescue in the expression of pluripotency and differ-

entiation markers (Fig. 3 (A and B) and Figs. S1G, S3, and S4),
suggesting that this may not be possible in the absence of active
CME. To determine whether the temporal order of actin mod-
ulation relative to Cltc KD could rescue the differentiation of
mESCs, KD of Profilin1 (Pfn1), an actin monomer–binding
protein involved in actin filament elongation (31), was com-
bined with Cltc KD. Cltc KDmESCs maintained a loss of pluri-
potency marker expression irrespective of the sequence of actin
modulation (Fig. S5).
To further determine whether CLTC and actin-modulating

proteins also influenced the acquisition of pluripotency, we
reprogrammed somatic cells to iPSCs. Reprogramming of so-
matic cells to iPSCs is a complex process involving extensive
cytoskeletal remodeling (14, 32, 33). ESCC microRNAs such as
miR-302b or miR-294 are known to significantly enhance the
reprogramming of somatic cells and provide a better experi-
mental condition to assess the influence of enhancers or inhibi-
tors of reprogramming (14, 34). However, KD of Cltc signifi-
cantly decreased the reprogramming efficiency in mouse
embryo fibroblasts (MEFs) infected with retroviruses encoding
Oct4, Sox, and Klf4 and transfected with miR-302b or miR-294
(Fig. 3C). Sakurai et al. (33) have previously reported that the
knockdown of TESK1, a regulator of cofilin, enhanced reprog-
ramming of somatic cells. Analysis of the role of actin-binding
proteins (ABPs) cofilin and Profilin1 in our assay revealed that
the KD of these proteins individually did not influence reprog-
ramming (Fig. 3C). In fact, knockdown of these proteins also
resulted in a decrease in reprogramming efficiency in the con-
text of enhancers such as miR-294, hinting at a complex inter-
play between actin reorganization and CME to achieve a pluri-
potent state (Fig. 3C). Reprogramming involves a temporal
progression from a mesenchymal to an epithelial state (35, 36),
and it is possible that the involvement of actin-reorganizing
proteins may be required in a stage-specific manner. Together
these results indicate that whereas the actin cytoskeleton is
largely involved in the regulation of cellular stiffness, its modu-
lation may not result in an alteration of the pluripotency net-
work under conditions where CME is not functional.

Discussion

We have recently demonstrated that the loss of CME results
in decreased expression of pluripotency factors in mESCs,
accompanied by an increase in the expression of differentiation
markers (8). Here, we show that mESCs lacking CME display
greater stiffness or Young’s modulus (E), as determined by
AFM measurements (Fig. 1). Previous studies have also
reported that the stiffness of early differentiating ESCs is
higher, compared with undifferentiated ESCs, as determined
by AFM (11). Our data also demonstrate that mESCs lacking
Cltc display a reorganized cytoskeleton, which is largely

Figure 1. Cltc KD results in increased cell stiffness and reorganization of the actin cytoskeleton in mESCs. A, Young’s modulus (E) of shScrambled-,
shCltc1-, shCltc3-, and RA-treated mESCs. ***, p, 0.0001 by Student’s t test. Error bars, S.E. over 22–25 cells with 100 measurements on each cell with a 33 3-
mm grid.;2000 force curves were collected for each condition. B, the table shows the apparent Young’s modulus (E) of cells under the mentioned conditions
(n denotes the number of cells analyzed). C, representative confocal micrographs showing actin filaments stained with phalloidin in shScrambled, shCltc1, and
shCltc3 mESCs. Scale bar, 10 mm (n = 15). D, Western blotting showing expression of pCOFILIN, COFILIN, and GAPDH in shScrambled-, shCltc1-, shCltc3-, and
RA-treated mESCs. E, quantitation of pCOFILIN/COFILIN levels fromWestern blots. Error bars, S.D. for experiments (n = 3). *, p, 0.05; **, p, 0.01 by Student’s t
test.
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responsible for the higher mechanical stiffness compared with
WT cells. However, a rescue in stiffness of the Cltc KD ESCs
throughmodulation of the actin cytoskeleton did not result in a
rescue of expression of pluripotency markers (Figs. 1–3).

ESCs are a potential source of cells for regenerativemedicine,
which have applications for therapeutic purposes in a variety of
diseases. Treatment for these diseases requires efficient proto-
cols for terminal differentiation and ultimately purification of

Figure 2. F-actin–depolymerizing agents reduce the stiffness of Cltc KDmESCs. A and B, representative confocal micrographs showing actin filaments in
shScrambled, shCltc1, and shCltc3 mESCs treated with LatA (0.1 mM) for 12 h (A) and under Pfn1 KD (Pfn1i) conditions and stained using phalloidin (B). Scale
bar, 10 mm (n = 15). C–E, bar graph (C) and table (D) showing Young’s modulus (E) of shScrambled-, shCltc1-, and shCltc3-treatedmESCs under thementioned
conditions. Significance was calculated with respect to the corresponding untreated samples. *, p , 0.05; ***, p , 0.0001 by Student’s t test. Error bars, S.E.
over 17–20 cells with 100measurements on each cell (n denotes the number of cells analyzed).

Figure 3. CLTC is essential for restoration of pluripotency in the context of actin modulation in mESCs. A and B, RT-qPCR analysis of pluripotency
markers (A) and differentiation markers (B) in shScrambled, shCltc1, and shCltc3 upon treatment with either DMSO, LatA (0.1 mM), or CytoD (0.2 mM) for 12 h.
The bar graph shows the expression of markers in mESCs under the indicated conditions relative to the relevant shScrambled control. Control is shown as a
dotted line at 1. For all experiments, error bars represent S.D. (n = 3). *, p, 0.05; **, p, 0.01; ***, p, 0.001 by Student’s t test. C, graph showing the number of
Oct4-GFP–positive colonies obtained at day 14 of reprogramming per 900 Oct4-GFP MEFs. Significance was determined by one-way analysis of variance fol-
lowed by post hoc Tukey–Kramer test. a, p value,0.05 compared with OSK1miR-302b; b, p value,0.05 comparedwith OSK1miR-294.
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these cells. Classically, researchers have concentrated on a
handful of markers to decide whether a cell is pluripotent or
has undergone differentiation to give rise to a specialized cell
type. More recently, it has become increasingly obvious that
other factors contribute by varying degrees to the pluripotent
state of a stem cell. These include endocytic pathways and pro-
teins, mechanical properties, and transcription factors and epi-
genetic modifiers. Recent reports describe using mechanical
phenotyping as a label-free and efficient technique for large-
scale purification of cells (37). However, a better understanding
of the interplay between mechanical properties and expression
of stem cell–specific transcription factors is required before
mechanical phenotyping can be used for large-scale purifica-
tion of cells.
Cellular stiffness has been shown to be accompanied by an

increased polymerization of the actin cytoskeleton. Studies
using superresolution microscopy have demonstrated that
mESCs are softer and have a low-density meshwork of F-actin,
with large pore sizes, compared with stiffer, differentiated cells
(21). Stem cells transitioning from the naive to the primed state
of pluripotency also display a reorganization of the actin cyto-
skeleton (23). Our data show that the loss of CME in mESCs
results in the presence of stress fibers, which are largely absent
in WT mESCs (Fig. 1). These cells also display an enhanced
level of the inactive, phosphorylated form of the actin-binding
protein cofilin, in Cltc KD and RA-treated ESCs. The increase
in stiffness of mESCs upon KD of Cltc could be rescued by
treatment with inhibitors of actin polymerization, LatA or
CytoD. Previous reports also demonstrated that knocking
down the actin-capping protein Capzb resulted in increased
stiffness of stem cells, whereas treatment with actin polymer-
ization inhibitors reduced the stiffness. These effects were inde-
pendent of myosin activity and were dependent on the activity
of formin and Arp2/3 (21).
However, whereas these studies demonstrated that the actin

cytoskeleton and properties associated with it changed during
the differentiation of stem cells, they did not address the ques-
tion of whether reverting the state of the actin cytoskeleton
could re-establish the pluripotent state. In other words, can the
state of the actin cytoskeleton play a dominant role in defining
the fate of a cell? We observed that although treatment of Cltc
KD mESCs with actin polymerization inhibitors reduced their
stiffness to levels similar to WT mESCs, such treatments did
not result in a rescue in expression of pluripotency markers.
Previous reports suggest that modulation of the phosphoryla-
tion status of actin-depolymerizing factors, such as cofilin, can
regulate the reprogramming of somatic cells (33). In contrast,
Xia et al. (21) report that a depletion of cofilin did not result in
an alteration of the cortical architecture of ESCs. In our hands,
individual KD of ABPs did not significantly change the effi-
ciency of reprogramming (Fig. 3C). Increase in reprogramming
efficiency by the action of miR-294 or miR-302b was, however,
significantly inhibited by the KD of Cltc or ABPs, suggesting
that the temporal control of active intracellular transport
through the clathrin pathway and rearrangement of the cyto-
skeleton may be critical requirements for attaining pluripo-
tency. An initiation of CME may be essential for the transport
of molecules that ultimately regulate the pluripotency network

of a stem cell. Our results also suggest that a rescue of mechani-
cal properties need not necessarily always reflect a change in
the transcriptional network of ESCs.We would also like to pos-
tulate that measurement of individual readouts of a stem cell
may result in inaccurate conclusions regarding its actual state if
the underlying molecular networks and cellular processes are
not taken into consideration. Furthermore, this may also sug-
gest that an inherent hierarchy may exist with respect to spe-
cific events that dictate when a cell achieves pluripotency. A
pluripotent ESC is thus the result of a complex interplay
between many different molecular, intracellular, and mechani-
cal players, and a single readout may not be sufficient to defini-
tively determine its state.

Experimental procedures

Mouse embryonic stem cell culture

V6.5 mESCs were cultured on tissue culture plates (Corning)
coated with 0.2% gelatin in knockout Dulbecco’s modified
Eagle’s medium supplemented with 15% fetal bovine serum, 0.1
mM b-mercaptoethanol, 2 mM L-glutamine, 0.1 mM nonessen-
tial amino acids, 5000 units/ml penicillin/streptomycin, and
1000 units/ml LIF (ESC medium). Cells were passaged using
trypsin, every 3 days.

Cell mechanics using AFM

A thin layer of Matrigel was coated on 22-mm glass cover-
slips. Tomeasure the Young’s modulus ofMatrigel, a 33 3-mm
area was selected, and measurements were taken over a (10 3
10) grid. The Young’s modulus of Matrigel was found to be in
the range of 2–3 kPa. These values are higher than those
reported earlier (10, 27) and can be attributed to the differences
in protocols adopted for preparing the gel and also the size of
the microspheres used in the AFM measurement. The cells
were deformed under a glassmicrosphere attached to the canti-
lever, which is of similar size as the cell. This deformation (in-
dentation) was less than 1 mm, as seen in Fig. S2. The cell thick-
ness when plated on Matrigel was about 3–5 mm. Because the
Young’s modulus of the cells was below 1 kPa, this deformation
was attained with forces less than 1 nanonewton, avoiding too
much loading of the cells. For each cell, a 3 3 3-mm area was
selected, and 100 force curves were taken in a 10 3 10 grid at
different locations on a single cell. All measurements were
done on live cells only. Indentation studies were performed on
more than 20 control (undifferentiated) mESCs and treated
cells (CltcKD or RA-treated). The approach velocity was 2 mm/
s with a sampling rate of 2048 data points/s.

AFM analysis

Assuming the glass-glass contact to be infinitely stiff com-
pared with the glass-cell contact—a reasonable assumption
because it is 10,000 times stiffer—the slope of the curve in the
contact region for glass is 1, implying no deformation (Figs.
S1C and S2). The slope of the curve on cells is much less, sug-
gesting a certain amount of deformation. We used glass-glass
contact for calibration of deflection sensitivity, and the subtrac-
tion of cantilever deflection from the push given by the piezo
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extension yields deformation in the tissue. The force is calcu-
lated by multiplying the cantilever deflections by its stiffness.
The force versus deformation curve is then fitted with theHertz
model,

F ¼ E

1 � v2ð Þ ða21R2
SÞ=2

� �
ln

RS 1 a
RS � a

� �
� aRS

� �
(Eq. 1)

d ¼ða=2Þ ln ðRS1aÞ=ðRS � aÞð Þ (Eq. 2)

where F is measured by the cantilever possessing the bead,
which is pressed against the cell. R is the bead radius, d is the
deformation in the cell, E is the Young’s modulus, and v is the
Poisson ratio.
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