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Abstract

Substrate stiffness is crucial for diverse cell functions, but the mechanisms roogiezlls
with mechanosensitivity are still elusive. By tailoring substrate stiffnes$ wid-fold
difference, we showed that L-type voltage-gated*@hannel current density was greater in
chick ventricular myocytes cultured on the stiff substrate than on the soft seébftatkage
of the BK channel increased the €a&urrent density on the soft substrate and consequently
eliminated substrate stiffness regulation of the?'Cehannel. The expression of the BK
FKDQQHO LQFOXGLQJ 675(; FRQWDLQLQVLY MWEXQ®BW AKIDDWY
myocytes, and the BK channel function in myocytes and also in HEK293 cellhaieusly
HISUHVVLQJ 675(; FRQ WWBbuhi€@ werd rediz€l@ cells cultured on the stiff
substrate. Furthermore, in HEK293 cells co-expressing the cardiat.Za&hannel and
STREX-containing BK channel, the €acurrent density was greater in cells on the stiff
substrate, which was not observed in cells expressing thel.Zachannel alone or
co-expressing with the STREX-deleted BK channel. These results taken togebietepr
strong evidence to show that the stretch-activated BK channel plays a key roiectiohal
regulation of cardiac voltage-gated ahannel by substrate stiffness, revealing a novel

mechanosensing mechanism in ventricular myocytes.
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Introduction

The elasticity or stiffness of extracellular matrix (ECM) often undergoesarkatle
changes as a result of physiological and pathological alterations. Maiffness has been
increasingly recognized to play a crucial role in a variety of cell fioms. For example, the
stiffness of cardiac ECM can regulate diverse cell functions such as myocalial
maturation, morphology, sarcomere organization, electromechanical coupling aed ge
expression (1-3). Cardiac fibrosis is one of the most important pathophysiologic&ispesc
involved in cardiac remodeling (4, 5). The elasticity of healthy mature regsslin the range

of 10-150 kPa (6). However, excessive accumulation of collagen components duringsfibrosi



can increase by several-fold the stiffness of cardiac ECM (6, 7), which rtifthe
myocardium, decreases compliance and causes dysfunction of systole and deestiaheg, o
heart failure and arrhythmia (1, 8). Therefore, a clear understanding fisfess sensing
mechanism is fundamentally essential for gaining insights into cardiac remgdatid
disease. However, how ventricular myocytes sense stiffness is still not weikdefi
Accumulating evidence supports that cells can detect the mechanical propefties
extracellular surroundings by applying traction forces by actomyosin (mysmotors via
focal adhesions (9,10) and examining the mechanical response (11,12). It is well Kradwn t
C&" is a ubiquitous intracellular signaling molecule (13). Intracellulaf*Ga vital in the
reorganization of the actin cytoskeleton through modulation of actin-assbctgein
activities (13). Increasing intracellular €aconcentration ([C&]i) can enhance stress fiber
contractility through phosphorylation of myosin light chain kinase or activatioprofeases
(13, 14). We thus hypothesize that intracellular’Cdynamics has an important role in
underpinning the mechanosensitivity of cardiac myocytes.

The large-conductance E€asensitive K (BK) channel is widely expressed (15),
functioning to oppose smooth muscle contraction by hyperpolarizing plasma membrane and
reducing voltage-gated &achannel activation and thereby extracellular*Ciaflux (16).
The BK channel is expressed at a very low level in cardiac myocytes, leaalithg thotion
that there is no direct link between the BK channel and cardiac function ibiyever, the
mouse BK channel gene was cloned from cardiac tissues (18) and the functional expressi
of the BK channel was documented in embryonic chick cardiac myocytes (19)BKhe
channelin embryonic chick ventricular myocytes is unique in that in additioctteation by
membrane potential and intracellular <Gathe BK channel can be activated by membrane
stretch due to the presence of stress-axis regulated exon (STREX) domairdrte¢hainus
(20-22). L-type voltage-gated €achannels in cardiac myocytes, particularly theyCa
channel, serve as the key €anflux pathway to increase the [€% (23) that triggers Ca
release from sarcoplasmic reticulum and cardiac muscle contraction (2#hisIstudy, we
examined the expression of the stretch-activated BK channel and its rohedrating the
regulation of L-type C& channel function in chick ventricular myocytes by substrate

stiffness.



Polydimethylsiloxane (PDMS) is a widely used elastomeric materialudystarious cell
responses, such as cell spreading and cytoskeletal morphologies in fibroblagts (25
stretch-activated action potential in dorsal root ganglion neurons under medhanica
stimulation (26), and neuronal network formation (27). In the present study, we use
matrix-coated PDMS to study the effects of substrate stiffness on the BK ehamal
voltage-gated C4 channel. To investigate the mechanism sensing substrate stiffness in
ventricular myocytes, the mechanical properties of PDMS substrates werenetbsm be
close to those of cardiac tissues under physiological and fibrosis conditions. Our results
provide evidence to show a novel mechanism by which ventricular myocytes senses and

respond to substrate stiffness.

Materials and Methods

Preparation of PDMS substrates with different stiffness.

PDMS substrates were prepared by mixing sylgard 184 (Corning, NY, USAjn t
different mass ratios of curing agent to base (1:10 and 1:50) as described in our previous
study (27). In brief, the mixtures were cast into a 35-mm petri dish and cured@tf603 h.

This was followed by a sterilization step, carried out by exposing them tovidted radiation
for 2 h. By using the spherical indentation method (28), the Young’s moduli were measured
as 457 + 39 kPa and 46 £ 11 kPa at the 1:10 and 1:50 ratio, respectively, whicfearedr&

as stiff and soft substrates in this study.

Cell culture.

White leghorn chick embryos were obtained from China Agricultural UniverBigjjing,
China. Animal materials used for this study were obtained according to thecpist
reviewed and approved by the Institutional Ethical Review Committees of both hHisang
University and China Agricultural University. All the animal experimentseveerformed in
line with the NIH guidelines (Guide for the care and use of laboratory animals).

Ventricles, dissected from 10-12 day old chick embryos under sterile conditions, wer

washed 3 times with phosphate-buffered saline (PBS) to avoid red blood cellghandgcut
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into small pieces and exposed to’I&ig?*-free Hanks balanced salt solution (HBSS, Sigma,
MO, USA) containing 2 mg/mL collagenase (Sigma) for 10-15 min until they were
dissociated. The cell suspension was centrifuged at 1000 rpm for 5 min. After thexgtge
was discarded, the cell pellets were resuspended and cultured in higisgID8EM culture
medium (Corning) supplemented with 1% penicillin/streptomycin and 10% heatvagedi
horse serum (HS). HS-DMEM was selected to inhibit proliferation of low-ra@odiac
fibroblasts coexisting in ventricular myocytes. The cell suspension was plated5mton-
petri dish. After 2 h incubation, non-adherent cells (ventricular myocytes) s@tected and
transferred to dishes with 10% HS-DMEM. Ventricular myocytes were maietain an
atmosphere of 95% air and 5% &t 37°C. HEK293 cells were cultured in DMEM medium
with 10% fetal bovine serum with 1% penicillin/streptomycin, and grown in 95% airsad

CQzat 37°C.

Cell seeding and sample collection.

Sterilized PDMS substrates were coated with 5 pg/mL poly-D-lysine (MW 220,000
MO, USA) at 37°C for 40 min. Isolated ventricular myocytes were seeded onto
poly-D-lysine-coated PDMS substrates at a concentration of 1-5gell8 per 35-mm petri
dish. Ventricular myocytes were allowed 24 h to seed and equilibrate. FoIAaRd protein
expression assays, after 24 h equilibration in 10% HS culture media, cebscwiured in 2%
HS-DMEM for 12 h for starvation and then in 1% fresh HS-DMEM. Cell lysates in 1 mL
were collected at 6 h after replacement with 1% fresh HS-DMEM for spmantitative
57 3&&5 DQG FHOO O\WDWHV LQ / TRWWHEHWW® UG UHO RNV
EOHEELVWDWLQ 6LJPD ZDV DGGHG IFHGWOWWURQRGLXP [

to 24 h before cells were used for experiments.

Transfection.
7KH SODVPLGV HQFRGLQJ *)3 WKH IXOOLQHQJIWKV ¥%E XKXLD
*HQ%DQN DFFHVVLRQ QXPEHU $% 6 1 SyhudtHverel W H G

kindly gifted from Dr. Zhi Qi (Xiamen University, China). The plasmid for Lpgy C&"

channel Cal.2 (GenBank accession number NC 000072.6) was kindly gifted Dr. Xiao-dong
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Liu (Tsinghua University, China). HEK293 cells were co-transfected with pldsencoding

GFP and STREX-containing BK channel or STREX-deleted BK channel and L-type Ca
channel, respectively, using Lipofectamine2000 according to the manufactungrigctions
(Invitrogen). In brief, for cells with 80% confluence in each 35-mm petri dishg plasmid

IRU WKH %. FKDQQHO . VXEX.Q¢hannB QogetherwithIRUg plaskaid fé D

*)3 ZHUH XVHG ,Q FR WUDQVIHFEWXEQ QLW KDW KHH[ P4+ VKLY Bl QD
VXEXQLW RYHU WKH . VXEXQLW D PRODUWG ULMWHER WUDQVRPRE
of L-type C&* FKDQQHO ZLWK %. FK Di@QuDIO the ¥X¢EEeQstoihion@By

between them was 1:1. Cells 24 h after transfection were trypsinized audbdeon
poly-D-lysine-coated PDMS and incubated for 24-48 h prior to use. The BK channsets we
expressed at low density in order to record the whole-cell currents withoutatiaty the

patch clamp amplifier.

Semi-quantitative reverse transcription polymerase chain reaction.

Total RNA samples were isolated from cultured myocytes using a RNeasynihisit
(Qiagen, CA, USA), dissolved in RNase-free water, and quantified bgsoméng the
absorbance at 260 nm with a spectrophotometer. The RNA samples were further tngated w
'IDVH , OEL *OHQ %XUQLH O0' 86% JRYW DBDFEHWDPISOH XVH
prepare cDNAs using a cDNA synthesis kit (Mbi) in a final volume of 20 pL.

To evaluate the BK channel expression in cultured myocytes, semi-quantitafiRewas
performed with a PCR kit (Mbi) using a thermo-cycler (Bio-Rad, Hercules, G8A), and
the results were normalized to glyceraldehyde-3-phosphate dehydrog&%BPid) gene.
PCR primers were designed using Primer 5.0 and the specificity was examingd\&SBI's
BLAST program. PCR reactions were performed in a total volume of 25 pL auntail uL
cDNA, following the manufacturer’s recommendations. The forward and reverseeipri
sequences used are: 5-CCTGAGAAGGGAGTGGGAGACC and

0 $7*77*$*7*$&*&&$$*$7*& IRU WKH %. FKDQQHDLW KRXENXK QL
STREX; 5-AGCCGAGCATGTTGTTTTGAT and 5-ACGCACACGGCCTGACA for the
675(; FRQWDLQLQJ . VXEXQLW T 7*7*&7*7&$7&$ &

1 &$7**&$$7$$7*$**$* IRU WKH %Y subdukitD BARH®ONsisted of 30
6



amplification cycles, each with denaturation at 94°C for 30 s, annealing at 586430 s,

and elongation at 72°C for 30 s. PCR products were resolved by electrophoresis in 2%
agarose gels in Tris-borate/EDTA buffer and visualized by staining with ethidiwmide.

The quantification of semi-quantitative PCR was performed by using Quantiey 4263
software (Bio-rad). The mRNA expression of the BK channel subunits was expregited
respect to that of GAPDH in the parallel experiments, and was furtheralimed to that in

cells on the soft substrate, as shown in Fifp,E& andF.

Western blotting.

Western blotting was conducted at room temperature. Protein samples wpageprdy
mixing one part of cell lysate sample with one part of Bio-Rad Laemmli SarBpffer and
boiled at 100°C for 3 min. Proteins were separated by electrophoresis in 10% sodiumldodecy
sulfate polyacrylamide gel and transferred to a polyvinylidenedifluoridenbmane at 200
mA for 2-3 h. After blocked with 5% non-fat milk suspended in TBST for 2 h, the blotewe
LQFXEDWHG ZLWK WKH SULPDU\ DQWLER Subuhits hotH BtRRIQL L Q..
dilution of 1:1000 or the primary antibody for Ch2 at 1:500 for 2 h, followed by
incubation with HRP-conjugated secondary antibodies at 1:5000 (Santa Cruz) for 2 h.
Proteins were visualized via chemiluminescence using a Luminol Reagent Kila(Sauz

Biotech) and signals were captured using Kodak X-AR films.

Electrophysiology.

Single-channel inside-out and whole-cell patch clamp recordings wererped, using a
MultiClamp 700B amplifier and pClamp 10 software (Molecular Devices) as previously
described (21, 22), to measure voltage-gatetf Caannel currents and BK channel currents
from myocytes cultured in vitro for 3 days or GFP-positive HEK293 cells for 24-48 then
soft and stiff substrates. In single-channel recording, the pipette solution medtallowing
components (in mM): 145 K-gluconate, 1 EGTA, 10 HEPES, 5 glucose, pH 7.4 with NaOH,
310 mOsm. The bath solution contained the same components except for varifus Ca
concentrations. The single channel open probability (® a patch with multiple channels

1N

was calculated by using pClamp, based on the equatignl-P-'", where R is the
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probability when all of the channels are in the closed state and N is the numbemoiethian
the patch.
Whole-cell current recordings were made, using recording pipettes wsistaace of
0 LQ WKH HWUDFHOOXODU VRO XWLRYVUHYXHY WHDQT H
0 ZHUH PRQLWRUHG WKURXJKRXW WHKHVUHF¥RIUGQ Q JG 161 LW D
10 kHz. The leak currents were corrected using the online P/6 trace sulrttatkie series
resistance was compensated by 80%.

The BK channel currents were recorded, using Hanks’ balanced salts solution containing
(in mM): 1.3 CaC}, 0.8 MgSQ, 5.4 KCI, 0.4 KHPQ4, 136.9 NaCl, 0.3 NAHPQy, 10
D-glucose, 4.2 NaHC¢) pH7.4 with NaOH, 310 mOsm. The pipette solution contained (in
mM): 1 CaChp, 145 KCI, 10 EGTA, 10 HEPES, pH 7.3 with KOH and 290 mOsm.
Extracellular solutions were applied at 0.5 ml/min. Currents were evoked byiagpest
pulses from -80 mV to +100 mV with 400-ms duration and an increment of 10 mV at 10-s
intervals. The membrane potential was held at -80 mV. Whole-celt €aannel currents
were recorded from cultured myocytes and HEK293 cells, mainly usidt&mntaining bath
solutions (in mM): 10 BaGl 140 tetraethylammonium (TEA)-CI, 10 HEPES and 20 glucose,
pH 7.3 with TEA-OH and 310 mOsm. Recordings were also made, usidtddataining
Tyrode solutions (in mM): 130 NaCl, 2 KCI, 2 CaCk MgChk, 25 HEPES, 30 glucose, pH
7.3 with NaOH, and 310 mOsm. The pipette solution contained (in mM): 110 CsCl, 10 EGTA,
4 MgATP, 0.3 Na-GTP, 25 HEPES, 10 Tris-phosphocreatine and 20 U/mL creatine
phosphokinase, pH 7.3 with CsOH and 290 mOsm. Extracellular solutions were applied at
0.5 ml/min. The membrane potential was held at -50 mV. Currents were evoked lyynappl
test pulses from -80 mV to +60 mV with 40-ms duration and an increment of 10 mV at 10-s
intervals. \oltage-dependent channel activation was studied using the tailntsurre
Amplitudes of the tail currents were normalized to the largest tail cuaedtdata were fitted
by the Boltzmann function. To study voltage-dependent channel inactivation, patel®d c
were subjected to 3-s pre-pulse from -100 mV to +50 mV with 10-mV increment, fetiow
by a 20-ms repolarization to -80 mV and then a 40-ms test pulse to +10 mV to @éfit

channel currents through the channels that remained available.



Data analysis.

The data are presented as mean + SEM, where appropriately. The single channel open
probability (R)-C&* concentration relationship curve was fitted with Hill equation: P
[Ca2]i"(Kd™+[C&a*]i), where n is the Hill coefficient and Kis the dissociation constant. The
Po-voltage relationship curve was fitted with the Boltzmann equatios=1RP1l+exp
(Vu-V)IK], where Vi and k are half-maximal channel activation voltage and slope,
respectively. The activation and inactivation curve was fitted to the Batm equation:

I/l max = 1/[1+exp[(V-Vi)/K]), where hax, V12 and k represents the maximal current, half
maximal current activation or inactivation voltage and slope, respectivitistcal analysis

was performed using Student’s t-test, with p < 0.05 to be considered significant.

Results
Stiff substrate upregulates L-type C&* channel currents in ventricular myocytes.

Myocytes express L-type voltage-gatedyC2 C&" channels that plays an important
role in mediating C# influx and excitation-contraction coupling (23, 24). Thus, we set out to
examine the effect of substrate stiffness on L-typé*@hannel currents in cultured chick
ventricular myocytes, using Baas the charge carrier in ordey avoid complications from
Ca*-dependent effects such as channel inactivat2®). (Myocytes cultured on both stiff and
soft substrates responded to depolarization pulses with inwardoBannel currents (Fig. 1
A). The inward currents began to appear at approximately -30 mV, reachethiieum at
+20 mV, and reversed at about +60 mV (Fi@)L The peak current density was significantly
higher in myocytes on the stiff substrate compared with that on the soft seb@tigt 1B).
Similar functional regulation by substrate stiffness were observed when atec@annel
currents were recorded using Tas the charge carrier, under which conditions thé*Ca
channel exhibited considerable channel inactivation (Figcl,and D). These results
consistently indicate that substrate stiffness regulates L-typedBannel in myocytes.

As aforementioned, chick ventricular myocytes express the BK channelgyarty the
stretch-activated BK channel. We hypothesize that under physiological conditién, B
channel activation causes membrane hyperpolarization that may reduceevgditegl C3

channel activation and €ainflux. Therefore, we next examined the role of the BK channel
9



in mediating functional regulation of the L-type €achannel by substrate stiffness.
Treatment with IBTX, a BK channel blocker, abolished the difference in idv@e* current
density in myocytes on the soft and stiff substrates without altering in thedltionship
curve when the G4 channel currents were carried byB#éFig.2, A andB) or C&* (Fig.2,C
andD). These results provide initial evidence to support that the BK channel is cmu¢iag
regulation of the L-type G4 channel function by substrate stiffness.

We also evaluated whether substrate stiffness affected voltage-dependesticeciand
inactivation of L-type C& channel in myocytes. The half-maximal activation voltage4V
was -3.6 + 0.3 mV in cells on the soft substrate, which was significantly more y#itan
-10.1 + 0.9 mV on the stiff substrates (p < 0.05), but there was no change in the slope (k) (4.8
+ 0.3 and 5.1 + 0.3 on the soft and stiff substrates, respectively) (Ejg.1As shown in Fig.
1F., stiff substrate caused a positive shift in the voltage-dependent channel inaotmatve.

The half inactivation voltage (M) was shifted from -55.5 + 3.2 mV on the soft substrate to
-44.3 £ 2.2 mV on the stiff one (p < 0.05), while the slope (k) was not significantly different
(9.1 £ 0.4 and 8.9 £ 0.8 on the soft and stiff substrates, respectively). These resulteindicat
that substrate stiffness changes L-type*‘Cehannel currents by modulating the channel
activation and particularly inactivation. Blockage of the BK channel witiXBreversed
these substrate stiffness-induced effects on voltage-dependent channelioactiaadl
inactivation (Fig. 2,E and F). As mentioned above, @&.2 represents the cardiac L-type
voltage-gated G4 channel (23, 24). Western blotting was performed to analyze thé.€a
protein expression in myocytes on the soft and stiff substrates. There was nacargnif
difference in the protein expression (Fig&,and H). Taken together, these results suggest
that substrate stiffness regulates the cardiac L-ty@é @annel function without effecting on

its protein expression and that the BK channel is critical in substrateestsfregulation of

L-type C&* channel in myocytes.

6WLII VXEVWUDWH GRZQ UHJXODWHYV WKHi1supGridddVVLRQ RI W
To further explore the role of the BK channel in substrate stiffness regulation oatdec
L-type C&* channel, western blotting was carried out to examine the BK channel expression.

The results show a duplet with 120 kDa and 25 kDa, corresponding to the anticipated size for

10



WKH %. FKDQ Qddltunits,De3pectively, as described in previous studies (30). The
SURWHLQ H[SUHVVLRQ Oddbuhit®d myrdyteR B¢ softs@b&irate were
remarkably greater than those on the stiff substrate (Fi§.&hdB). To investigate whether

such substrate stiffness-dependent changes in the protein expression resultettheiirom

MRNA expression, semi-quantitative RT-PCR assays were performed. TNA mpression
OHYHOV IRU ERWK Ysubkmt®vWEe dlévatediQn®d/ocytes on the soft substrate
compared to those on the stiff substrate (FigC3ndD). Previous studies showed that that
VHYHUDO DOWHUQDWLYH VSOLFLQJ LVIRURIUR)M BRHWKIE %Q F
FDUGLDF P\RF\WHV LQFOXGLQJ 675(; AR WW UG MFXK . DFXNELXYE
channel (20-22). Hence, semi-quantitative RT-PCR assays were perforfuether evaluate
H[SUHVVLRQ RI WKH 675(; FRQWDLQLQJ .IIMEBXGLW XEV W U
VWLIIQHVV RQ LWV H[SUHVVLRQ 7KH RRLR W UDQEKDLIW 2
detected in myocytes on the soft and stiff substrates and, furthermore, ghesswon level

was significantly higher in myocytes on the soft substrate (Figz and F). These results
VXJIJHVW WKDW VXEVWUDWH VWLLIGHKDY QHO XD YW HAR @K B LK
D Q Gsubunits.

Stiff substrate inhibits the BK channel function by reducing chanrel open probability
and sensitivity to C&* and voltage.

To characterize the effects of substrate stiffness on the BK channel functimte-well
recordings were made to measure the BK channel currents in myocytes. Wéereobust
outward K currents, which were strongly suppressed by treatment with 100 nM IBTX,
indicating that the outward currents were mainly carried by the BK cHgfige4, A andB).

The BK channel current density in myocytes was significantly greater iis oel the soft
substrate, for example, the current density at +100 mV was 126 + 3.6 pA/phed@86.5 +
3.2 pA/pF on the stiff substrate (p < 0.05) (FigMandB).
Myocytes express stretch-activated BK channels as well as stretch-inseasitl other
types of K channels. In HEK293 cells, a widely used heterologous mammalian cell
HI[SUHVVLRQ V\VWHP WKHUH ZDV QR IKGHMNHFO BUBD@MiE H[SUHV

both at mRNA and protein levels (Fig. $9), and very small K current density that was

11



largely insensitive to IBTX (Fig. SIB andC), consistently supporting negligible endogenous
expression of the BK channel. Thus, to provide direct evidence for substrate stiffness
UHJXODWLRQ RI VWUHWFK DFWLYDWHG FRQWIHRLQQRAD . VDIQHG
subunits cloned from chick ventricular myocytes were transiently co-exguteaasHEK293
cells. Fig. 4C shows representative IBTX-sensitive BK chann€l &urrents, which are
similar to those reported in previous studies (30). As observed for the native BK channel i
myocytes, the current density of recombinant stretch-activated BK channel ir2¢8Eé&ells
on the soft substrate was considerably higher than that on the stiff substratearfioplexthe
current density at +100 mV was 134 + 4.6 pA/pF on the soft substrate, which was
significantly greater than 92.5 + 3.1 pA/pF on the stiff substrate (p < 0.05) (). 4

To gain further insights into substrate stiffness regulation of the BK channedlesi
channel recordings were made to examine the single channel conductafican@aoltage
sensitivity of the BK channel in myocytes. While single channel conductance wa#iereda
by substrate stiffness, the channel open probability was higher on the soft tibisarathat
on the stiff substrate (Fig. B). Previous studies reported that the channel opening probability
was strongly dependent of the [€R (21, 22). The increase in the [€3 (0.01-1000 puM)
greatly enhanced the open probability of the BK channel in myocytes on both soft #ind sti
substrates (Fig. 3). The R-C&* concentration relationship in myocytes on the soft
substrates was noticeably left-shifted with respect to that on the stifftratdys Hill
coefficient also significantly increased from 2.2 £ 0.07 on the stiff substra2e8te 0.01 on
the soft substrate (p < 0.05), suggesting an increase in tRé @asitivity on the soft
substrate. The BK channel activation also strongly depends on voltage or membranialpotent
Thus, we examined the influence of substrate stiffness on the voltage-dependence of channel
activation. The BV relationship was left-shifted in myocytes on the soft substrate (F@. 5
Viz was -28.4 + 3.0 mV for the stiff substrate, which was much higher than -40.2 £ 0.7 mV
for the soft substrate (p < 0.05). Similar effects by substrate stiffness on the agmabpity
(Fig. 5 D), and the sensitivity to Ca(Fig. 5 E) and voltage (Fig. &) were observed in
+ (. FHOOV KHWHURORJRXVO\ H[SUHV\Y¥ubQis.agibwéyveF RQWDLQ
HEK293 cells expressing the STREX-deleted BK channel, such substrate stifidessd

change in whole-cell current density (Fig. 32andB) and single channel open probability

12



(Fig. 5 G) was not observed. There was similar®2* and R-voltage relationships on the
soft and stiff substrates (Fig. B, andl).

To summarize, the above results provide consistent evidence that substrate stiffness
regulates the open probability and the sensitivity t¢*@ad voltage of the BK channel in

myocytes and such functional regulation depends on the STREX domain in the BK channel.

Substrate stiffness regulation of L-type C&*channel depends on stretch-activated BK
channel

To further confirm the importance of the BK channel, particularly the STREX-oaunta
stretch-activated channel, in substrate stiffness regulation of cardigpeLC&" channel,
whole-cell C&* channel currents were determined in HEK293 cells that expressed #ie2Ca
channel alone, or co-expressing with STREX-containing BK or STREX-deletedraikine|
and then cultured on substrates with different stiffness. In cells only expgetie Cal.2
channel, there was no significant difference in the*Cehannel current density in cells
cultured on the soft and stiff substrates (FigA@ndB). Substrate stiffness also had no effect
on voltage-dependent channel activation or inactivation (Fig. &dD). In striking contrast,
in cells co-expressing the ¢A2 C&*channel and STREX-containing BK channel, theé'Ca
current density at voltages from 0 to 20 mV in cells on the stiff substrate wadisagly
higher than that on the soft substrate (Fidge@ndF). Stiff substrates also caused a negative
shift in the voltage-dependent activation curve with the Value changing from -2.5 + 0.4
mV on the soft substrate to -7.6 + 0.8 mV on the stiff substrate 0.05) without change in
the slope value (4.3 + 0.3 and 4.5 £ 0.5 on the soft and stiff substrates, respectively).
Moreover, stiff substrate induced a positive shift in the voltage-dependent inactivatiom ¢
with the Vi,2 changing from -53.2 + 3.1 mV on the soft substrate to -41+ 3.6 mV on the stiff
substrateff < 0.05) and the k value changing from 9.2 £ 0.8 on the soft substrate to 8.8 + 1.2
on the stiff substrate (Fig.& andH). However, in cells co-expressing ¢la2 channel and
STREX-deleted BK channel, the €acurrent density exhibited no significant difference in
cells on the soft and stiff substrates (Fig. |6and J). The C&" current density in cells
co-expressing the STREX-deleted BK channel was slightly lower than, but notisamtiy

different from, that in cells expressing the Ta&hannel alone. Voltage-dependent channel
13



activation and inactivation were not significantly altered by substri#feess (Fig. 6,K and

L).

Myosin-mediated traction forces are critical in substrate stiffness reglation of the BK
and L-type Ca?* channels.

Cells can detect the mechanical properties of ECM by the mechanical respmnke
traction forces generated by myosin Il in stress fibers (9, 10). Traétiares are greater in
cells on the stiff substrate (31). Blebbistatin is known to specifically inhibyosm and
thereby the traction forces (31). Therefore, we finally examined wheth@sin-mediated
traction forces are critically involved in sensing the substrate stiffngsexamining the
effects of treatment with blebbistatin at a low dose on the BK channel and &.-B#"
channel in myocytes on the stiff substrate. Treatment with 5 uM blebhistasulted in
relatively higher BK channel currents (Fig.X.andB) and lower C&" channel currents (Fig.
7, C andD), which were similar in amplitude to those on the soft substrate (FgyafhdD).
These results suggest that myosin-mediated traction forces are critisahging substrate

stiffness and regulating the BK and L-typeCahannels in myocytes.

Discussion

In the present study, we have shown that substrate stiffness regulates the BK g L-ty
voltage-gated G4 channels in ventricular myocytes and that the stretch-activated BK
channel is critical in substrate stiffness regulation of cardiac L-typ& Claannel. These
findings reveal a novel mechanosensing mechanism in cardiac myocytes.

The L-type C&* channel plays a critical role in mediating €anflux as a signal in the
excitation-contraction coupling in cardiac myocytes. It has been documdraethe stiffness
of cardiac ECM undergoes remarkable increase during cardiac fibrosis (38)s hvdrk, we
showed that the change in substrate stiffness significantly altered cardjgpe IG&* channel
function in chick ventricular myocytes (Fig. B-D), suggesting that cardiac L-type €a
channel may function significantly differently under physiological and disease camslitVe
further demonstrated that such substrate stiffness regulation mainly resutschange in

voltage-dependent channel activation and inactivation (Fige Bnd F) but not protein
14



expression (Fig. H). We also provided evidence to show that substrate stiff regulates the
BK channel in chick ventricular myocytes. Stiff substrate downregulatBdNfgand protein
HISUHVVLRQ RI ERWK 1%ubunitsFDQBAD) an® i@dbaced the BK channel
currents (Fig. 4,A-D). Further analysis of single channel recordings revealed that stiff
substrate reduced the channel open probability (Fid &)dD) and its sensitivity to voltage
and C&" (Fig. 5 B-F). The BK channel is long known to be expressed in cardiac myocytes
but its role in cardiac function is less well-established (17). Here, we shdvetdnhibition

of the BK channel abolished substrate stiffness regulation of cardiac L-tyjieannel (Fig.

2, A-D), supporting the idea that the BK channel plays a critical role in substrateestf
regulation of L-type voltage-gated €achannel in chick cardiac myocytes.

SUHYLRXV VWXGLHV GHPRQVWUDWHG WKDWPWKH 67
stretch-activated BK channel in embryonic chick cardiac myocytes ancedgombinant
systems and the sensitivity of the BK channel to membrane stretch is detdrimynthe
STREX domain located in the intracellular C-terminus (21, 22). Here we havercmdithe
H[SUHVVLRQ RI 675(; FRQWDLQLQJ . VXEXQLDQ G QI XFKNKNU
demonstrated that its expression level was down-regulated on the stiff selfsitat3,E and
F). In HEK293 cells heterologously co-expressing the cardiac Cavl.2 channel and
STREX-containing BK channel, the €achannel current (Fig. 6, and F) and
voltage-dependent channel activation and inactivation (F@.GndH ) were significantly
altered by substrate stiffness in a similar manner to that observed in veatrioybcytes
(Fig.1,E andF). However, these effects of substrate stiffness on L-typ& Csannel were
largely lost in HEK293 cells expressing the @& channel alone (Fig. 6A-D) or
co-expressing with STREX-deleted BK channel (Figl-B). These results, together with the
aforementioned observation that pharmacological inhibition of the BK channel prdvente
substrate stiffness regulation of cardiac L-type€'Qzhannel, provide consistent evidence to
indicate that the STREX-containing BK channel plays an essential role in thesgrdaeing
which substrate stiffness regulates L-type?Cehannel in myocytes. However, despite that
this intracellularly located STREX domain is firmly established as the sénsonembrane
stretch, it is unlikely to directly detect the stiffness of extracellulatnm and substrates.

Instead, the STREX domain is more likely to serve as a transducer in the mechanism
15



which cells sensing substrate stiffness. It is known that cells detect ECMpiiication of
actomyosin-mediated traction forces (13, 31). We showed that treatment of reyaoythe
stiff substrate with low-dose blebbistatin significantly increased the BKcblcurrent (Fig.
7, A andB) and at the same time lowered the L-type#Cehannel current (Fig. G andD),
with the amplitudes of maximal Kand C&* channel currents being similar to those in cells
on the soft substrate (Fig.B and D). These results suggest that myosin-mediated traction
forces are critically engaged in substrate stiffness sensing and regutdtthe BK channel
and L-type C&' channel in myocytes.

While our results provide strong evidence to support a critical role of the
STREX-containing BK channel in functional regulation of the cardiac L-typ& Channel
by substrate stiffness, it remains unclear how the BK channel regulatesaffiet@nnel.
Increased BK channel activity can induce membrane hyperpolarizationirthiaits Ce&*
channel activation. This mechanism may occur under physiological conditions but it ig highl
unlikely in our experimental conditions where the membrane potential was clantpisd. |
tempting to hypothesize a physical coupling between the BK channel and L@gpe
channel via which activation of the BK channel evokes conformational changeslintyipe
Ca&* channel. This hypothesis is consistent with the changes in voltage-dependentactivati
and inactivation. There is accumulating evidence to show that change in subsffatssti
can cause the membrane protein and cytoskeleton remodeling (33, 34), and previous studies
reported that the BK channel and voltage-gated*@hannel form protein complexes in
neurons and other types of cells, wheréQaflux through the voltage-gated €achannel
facilitates BK channel activation (35, 36). In cardiac myocytes, L-{@p& channel serves as
the main C&" influx pathway to stimulate ryanodine receptor-mediated*@auced C&'
release to further increase the fJaand thereby activate the €aactivated K channels
including BK channel (23, 24). Therefore, there are two possible mechanisms by Gic
induces BK channel activation in cardiac myocytes, namely” @dease from sarcoplasmic
reticulum through ryanodine receptor and directly’Caflux mediated by the L-type C&
channe. $QRWKHU LQWHUHVWLQJ REVHUYDWLRQ ZD\QMXDW H|
D Q Gsubunits was significantly regulated by substrate stiffness (B@@dD). It is known

that the transcriptional co-activators, Yap and Taz (also known as WWTR1),fiddrds a
16



part of the Hippo pathway, are located in the nucleus in epithelial and meseatlsiem
cells cultured on the stiff substrates but translocate to the cytoplasm inareltee soft
substrates (37). It remains to be investigated in future studies whether suoshrippdional
mechanisms contribute to substrate stiffness regulation of the BK channel ea@pressi
Previous studies reported that®Baan block (38, 39) or activate the BK channel via the
Ca*-bowl site (40) or be ineffective in activating the BK channel (41). The present study
used B&" as the charge carrier to measure the L-typé*@hannel currents to rule out
Ca&*-dependent mechanisms such as channel inactivation (F{). Here, we showed that
substrate stiffness regulation of L-type voltageéGzhannels was observed regardless of*Ca
or B&* as the charge carrier (Fig. A;D). Furthermore, IBTX was effective in inhibiting the
BK channel currents (Fig. B andD). The L-type C&" channel current carried by Bawas
significantly regulated by substrate stiffness in HEK293 cells co-exmgssi
STREX-containing BK channel and ¢h2 channel (Fig.&). All these results suggest that
Ba?* at the concentration used in this study was ineffective in inhibiting the aarBK
channel endogenously expressed in myocytes and heterologously expressed in HEK293 cel
In conclusion, this study manifests a key role for the STREX-containing BK channel in
substrate stiffness regulation of L-type Zahannel function in cardiac myocytes. This
finding helps to understand the influence of mechanical properties of ECM or biontataria
cardiac function and remodeling under physiological and pathophysiological condhiains,
also provides useful information for tissue engineering approaches to esmhiregenerate

cardiac tissues.
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Figure legends

FIGURE 1 Stiff substrate enhances L-type C&' channel currents in ventricular
myocytes.

(A) Representative whole-cell recordings offBaurrents from ventricular myocytes cultured

on the soft and stiff substrate®)(Mean I-V relationship from 10 cells in three preparations
for each case.q) Representative whole-cell recordings of?Caurrents from cells cultured

on the soft and stiff substrate®) Mean I-V relationships from 9 cells in three preparations
for each case H) Voltage dependence of channel activation determined with the tail currents
from 10 cells. F) Wltage dependence of channel inactivation from 12 cells in three
preparations cultured on the soft and stiff substrat€). Representative western blots
showing the protein expression of £aFKDQQHO . VXEXQLWYV LQ FHOOV
substrates(H) Summary of the mean data from 4 independent experimenfs<*0.05,

comparison the current density at the same voltage. NS, no significant difference

Figure 2 BK channel is critical in substrate stiffness regulation of L-typeCa?* channel

in ventricular myocytes.

(A) Representative whole-cell recordings of?Baurrents from cells cultured on the soft and
stiff substrates after treatment with 100 nM IBTX for 10 miB) Mean |-V relationships
from 12 cells in three preparations for each ca€g.Representative whole-cell recordings of
Ca* currents from cells cultured on the soft and stiff substrates after treatmign100 nM
IBTX for 10 min. (D) Mean I-V relationships from 10 cells in three preparations for each
case. E) Woltage dependence of L-type channel activation determined withueiiets from

12 cells cultured on the soft and stiff substrates after treatment with 10@Bibd for 10 min.

(F) Voltage dependence of L-type channel inactivation from 12 cells in thregapations on

the soft and stiff substrates after treatment with 100 nM IBTX for 10 min.

FIGURE 3 Substrate stiffness regulates protein and mRNA expression of théK

FKDQ QH O1 suli@it&
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(A) 5 HSUHVHQWDWLYH ZHVWHUQ E O:RMiunitridtBiZsLirQvénticuld K D Q Q H
myocytes cultured on the soft and stiff substraté®) Summary of the mean protein
expression from 4 independent experiments, normalized to that in cells on thendastiff

substrate(C) 57 3&5 DQDO\VLV RI WKH P51$%$; $upSritHvoeilsRQthR |1 . DQC
soft and stiff substrate4D) Summary of the mean mRNA expression from 4 independent
experiments, normalized to that in cells on the soft and stiff subs{&tdRT-PCR analysis

RI WKH %. 675(; FRQWDLQLQJ . VXEXQ WX EL\QWRDMWWR Q W K H
RI WKH P51%$ H[SUHVVLRQ IRU WKH %. 675(;LPREG\S B QG HDMW

experiments, normalized to that in cells on the soft and stiff substragte. 6.05.

FIGURE 4 Soft substrate increases the BK channel currents in ventriclar myocytes
and HEK293 heterologously expressing the stretch-activated BK channel.

(A) Representative whole-cell recordings of outwarddarrents from cells on the soft and
stiff substrates before (left panels) and 10 min after application of 100 nMKIBniddle
panels) and IBTX sensitive currents (right panel@) Mean |-V relationships of the
IBTX-sensitive currents from 10 cells in three preparations for each (@s&epresentative
whole-cell recordings of outward *Kchannel currents from HEK293 cells heterologously
H[SUHVVLQJ WKH %. FKDQ QH O 6ubsiits Eril QUtuEzt qnlti@ Soft @ G
stiff substrates before (left panels) and 10 min after application of 100 nMKIBniddle
panels) and IBTX sensitive current (right paneléld) Mean I-V relationships of the
IBTX-sensitive current in 11 cells from three preparations for each case.< 0.05,
comparison the current density at the same voltage.

FIGURE 5 Substrate stiffness regulates the single channel open proball, Ca?* and
voltage sensitivity of the BK channel.

(A) Representative inside-out recordings of single-channel currents in ventnoytytes
on soft and stiff substrate at a membrane voltage of +40 mV with 0 ukt @eft panel), and
summary of Bfrom 10 cells in three preparations for each case (right paf®))The R-C&*
relationships of the BK channel currents from 7 cells in three preparations. €h#grane
potential was held at +40 mVC) The R-voltage relationships of the BK channel currents

from 8 cells in three preparations for each case. 3 uM*®@aas used(D) Representative
23



inside-out recording of single-channel currents in HEK293 cells heterologouslyssxpge

WKH %. FKDQQHO 675(; FRRGWIBlaQd Meinbrae@ential of +40 mV

with O uM Ca&* (left panel), and summary of,From 11 cells for each case (right pandk)

The R-C&* relationships of the BK channel currents in HEK293 cells heterologously
HISUHVVLQJ WKH %. FKDQQHO & &st{unisRo@ Wd $of laqJstiff DQ G
substrate from 7 cells in three preparations for each case. The membramigapotas held at

+40 mV. (F) The R-voltage relationship curves of the BK channel currents in HEK293 cells
KHWHURORJRXVO\ H[SUHVVLQJ WKH %. 16udlufjtsFoR Qansof. QL QJ |
and stiff substrate from 7 cells in three preparations for each case. 3 iMr@a used(G)
Representative inside-out recording of single-channel currents in HEK293 cells
KHWHURORJRXVO\ H[SUHVVLQJ %. FK&QQts & acménthraBed O HW H
voltage of +40 mV with 0 uM C#& (left panel), and summary ofoRrom 11 cells for each

case (right panel(H) The R-C&"* relationships of the BK channel currents in HEK293 cells
KHWHURORJRXVO\ HISUHVVLQJ WKH %sulsunis(on@el soHaMdH G FKD
stiff substrate from 7 cells in three preparations for each case. The mengotamnial was

held at +40 mV(l) The R-voltage relationships of the BK channel currents in HEK293 cells
KHWHURORJRXVO\ HISUHVVLQJ WKH %sulfuKkits @Qhe Gofand (; GHO
stiff substrate from 7 cells in three preparations for each case. 3 V@ used. *p <

0.05. NS, no significant difference.

FIGURE 6 Regulation of L-type Cas1.2 Ca?* channel function by substrate stiffness
requires STREX-containing BK channel.

(A) Representative whole-cell recordings of?Beurrents from HEK293 cells expressing the
Cas1.2 channel on the soft and stiff substrat@). Summary of the mean |-V relationships
from 10 cells in three preparations for each ca€®. {oltage dependence of the a2
channel activation determined with tail currents from 10 cells for eade.c@) Voltage
dependence of the €&.2 channel inactivation from recordings in 10 HEK293 cells
expressing the G&4.2 channel in three preparations cultured on the soft and stiff substrates.
(E) Representative whole-cell recordings of?’Beurrents from HEK293 cells co-expressing

the STREX-containing BK channel and {a2 C&* channel on the soft and stiff substrates.
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(F) Summary of the mean I-V relationships from 12 cells in three preparations dorcase.
(G) Voltage dependence of the a2 channel activation determined with tail currents from
12 cells for each caseH] Voltage dependence of the (a2 channel inactivation from 11
cells in three preparations cultured on the soft and stiff substrédtpsRepresentative
whole-cell recordings of B4 currents from HEK293 cells co-expressing the STREX-deleted
BK channel and Gal.2 channel on the soft and stiff substrai@s Summary of the mean |-V
relationships from 12 cells in three preparations for each cK3a/dltage dependence of the
Ca/1.2 channel activation determined with tail currents from 12 cells for easke.cl)
\Voltage dependence of the a2 channel inactivation from 11 cells in three preparations
cultured on the soft and stiff substrates. p* 0.05, comparison of the current density at the

same voltage.

FIGURE 7 Increase BK channel current and decrease L-type C& channel current in
ventricular myocytes on stiff substrate after treatment with low-dose bl®bistatin.  (A)
Representative whole-cell recordings of outwarddirrents from cells after treatment with 5
MM blebbistatin on the stiff substrate and cells on the soft substrate before (uppé&s) [zate

10 min after application of 100 nM IBTX (middle panels) and IBTX sensitive currents
(bottom panels).B) Mean I-V relationships from 10 cells in three preparations for each case.
(C) Representative whole-cell recordings of?Baurrents from cells on the stiff substrates
after treatment with low-dose blebbistatin and cells on the soft substrate wiiledldistatin

treatment. B) Mean I-V relationships from 11 cells in three preparations for eacé.cas

)L 6 (QGRJIJHQRXV H[SUHVVLRQ RI %. BRDBQQe@s in DQG
HEK293

(A) Representative western blots showing lack of protein (upper panels) and mRNA
HISUHVVLRQ ORZHU SDQHOV ; SRbuMiKiHEK29B KdllsoQ tHhe
soft and stiff substrate¢B) Representative whole-cell recordings of &hannel currents
from HEK293 cells on the soft and stiff substrates (upper panels) and 10 min after
application of 100 nM IBTX (lower panelsjC) Summary of the mean I-V relationship

curves of the K channel currents from 11 cells in three preparations.
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Fig S2 Effect of substrate stiffness on STREX-deleted BK channel cuent.
(A) Representative whole-cell recordings of?Baurrents from HEK cells heterologously

HISUHVVLQJ WKH %. FKDQ QH Osubuniig cuture® eéh\vihe 6oft.aidlQ G
stiff substrates.§) Mean I-V relationship curves from 9 cells in three preparations.
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