1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

%,
/f
Yeyvaaa

/ HHS Public Access

Author manuscript
Nano Lett. Author manuscript; available in PMC 2021 October 01.

Published in final edited form as:
Nano Lett. 2020 September 09; 20(9): 6387-6395. doi:10.1021/acs.nanolett.0c01957.

Nanobar Array Assay Revealed Complementary Roles of BIN1
Splice Isoforms in Cardiac T-Tubule Morphogenesis

Lin-Lin Li#,

State Key Laboratory of Membrane Biology, College of Life Sciences, Peking University, Beijing
100871, China; National Laboratory of Pattern Recognition, Institute of Automation, Chinese
Academy of Sciences, Beijing 100190, China

Qian-Jin Guo®,
State Key Laboratory of Membrane Biology, Institute of Molecular Medicine, Peking University,
Beijing 100871, China

Hsin-Ya Lou#,

Department of Chemistry, Stanford University, Stanford, California 94305, United States
Jing-Hui Liang#,

State Key Laboratory of Membrane Biology, College of Life Sciences, Peking University, Beijing
100871, China

Yang Yang,
Department of Chemistry, Stanford University, Stanford, California 94305, United States

Xin Xing,
State Key Laboratory of Membrane Biology, College of Life Sciences, Peking University, Beijing
100871, China

Hong-Tao Li,
State Key Laboratory of Membrane Biology, College of Life Sciences, Peking University, Beijing
100871, China

Corresponding Authors: Shi-Qiang Wang — State Key Laboratory of Membrane Biology, College of Life Sciences, Peking
University, Beijing 100871, China; wsq@pku.edu.cn, Bianxiao Cui — Department of Chemistry, Stanford University, Stanford,
galifomia 94305, United States; bcui@stanford.edu.

L.L.L., QJ.G, H.Y.L, and J.H.L. contributed equally.
Author Contributions
S.Q.W. and B.C designed and supervised the experiments; L.L.L., Q.J.G, H.Y.L., JH.L., Y.Y,, X.X,, H.T.L., JH., S.S., H.L. and
H.D.W. performed the experiments. All the authors are involved in the analysis and interpretation of the data; S.Q.W., B.C., L.L.L.,
Q.J.G., and H.Y.L. wrote the manuscript. All authors have given approval to the final version of the manuscript.

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01957.

Figure S1, tubules induced by pBIN1 but not by uBIN1; Figure S2, morphology of engineered 3D nanostructures; Figure S3,
independence between RFP and eGFP fluorescent channels; Figure S4, altered expression of BIN1 splice variants in rat Ml models;
Figure S5, comboBIN1 model for the roles of uBIN1 and pBIN1 cooperation in tubule generation along Z-lines; detailed description
of the animals, nanostructures fabrication, cardiac-specific BOE rats, induction of myocardial infarction (MI), cardiomyocytes
preparation, molecular cloning, quantitative RT-PCR analysis of BIN1 isoforms, Western blot analysis, membrane labeling and
imaging, immunofluorescence imaging, immnuno-electron microscopy, transmission electron microscopy (TEM) imaging and
analysis, BIN1 curvature-sensing assay and data statistics (PDF)

Complete contact information is available at: https://pubs.acs.org/10.1021/acs.nanolett.0c01957
The authors declare no competing financial interest.


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01957
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01957/suppl_file/nl0c01957_si_001.pdf
https://pubs.acs.org/10.1021/acs.nanolett.0c01957

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 2

Jing Han,
State Key Laboratory of Membrane Biology, College of Life Sciences, Peking University, Beijing
100871, China

Shan Shen,

State Key Laboratory of Membrane Biology, College of Life Sciences, Peking University, Beijing
100871, China

Hui Li,

State Key Laboratory of Membrane Biology, College of Life Sciences, Peking University, Beijing
100871, China

Haihong Ye,

Department of Medical Genetics and Developmental Biology, School of Basic Medical Sciences,
Beijing Key Laboratory of Neural Regeneration and Repair, Capital Medical University, Beijing
100069, China

Hao Di Wu,
State Key Laboratory of Membrane Biology, College of Life Sciences, Peking University, Beijing
100871, China

Bianxiao Cui,
Department of Chemistry, Stanford University, Stanford, California 94305, United States;

Shi-Qiang Wang
State Key Laboratory of Membrane Biology, College of Life Sciences, Peking University, Beijing
100871, China;

Abstract

Bridging integrator-1 (BIN1) is a family of banana-shaped molecules implicated in cell membrane
tubulation. To understand the curvature sensitivity and functional roles of BIN1 splicing isoforms,
we engineered vertical nanobars on a cell culture substrate to create high and low curvatures.
When expressed individually, BIN1 isoforms with phosphoinositide-binding motifs (pBIN1)
appeared preferentially at high-curvature nanobar ends, agreeing well with their membrane
tubulation in cardiomyocytes. In contrast, the ubiquitous BIN1 isoform without phosphoinositide-
binding motif (UBIN1) exhibited no affinity to membranes around nanobars but accumulated along
Z-lines in cardiomyocytes. Importantly, in pBIN1-uBIN1 coexpression, pBIN1 recruited uBIN1
to high-curvature membranes at nanobar ends, and uBIN1 attached the otherwise messy pBIN1
tubules to Z-lines. The complementary cooperation of BIN1 isoforms (comboBIN1) represents a
novel mechanism of T-tubule formation along Z-lines in cardiomyocytes. Dysregulation of BIN1
splicing, e.g., during myocardial infarction, underlied T-tubule disorganization, and correction of
uBIN21/pBIN1 stoichiometry rescued T-tubule morphology in heart disease.

Graphical Abstract
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Bridging integrator 1 (BIN1, also known as amphiphysin-2) is a protein family containing a
~25 nm long, banana-shaped Bin/Amphiphysin/Rvs (BAR) domain for membrane-curvature
sensing, a C-terminal Srchomology 3 (SH3) domain for protein—protein interaction, and

a variable central region that diversifies their functions.12 Alternative splicing of 20 B/N1
exons results in at least 10 isoforms with distinct functions and tissue specificity, some

of which are involved in membrane tubulation in a variety of cells.3-2 In skeletal muscle,
BIN1 is implicated in T-tubules (TTs) morphogenesis.8-11 TTs are invagination of the cell
membrane with 50-200 nm cross sections.}2-14 By forming junctions with the sarcoplasmic
reticulum (SR), the major intracellular Ca* store, TTs play an essential role in controlling
the Ca?* signaling and contraction in striated muscles.12:14-21 The BIN1 splicing isoform
with the phosphoinositide-binding (PI) motif encoded by exon 11 (pBIN1, mainly Binl +
11, with a small component of Binl + 11 + 17) has been found essential for the generation
and maintenance of TTs,1:8-11 while the function of the ubiquitously expressed BIN1
isoform without the P1 motifl:8 (uBIN1, mainly Bin1, with a small component of Binl

+ 17) is not known.

In heart muscle, pBIN1, the only BIN1 isoform linked to TT formation in skeletal muscle,
has not been found in cardiomyocytes.38 Although uBIN1 is expressed, its function is not
clear. Currently, the only BIN1 isoform with characterized function is the cardiac-specific
BIN1 (Binl + 13 + 17, or cBIN1), which creates microdomains on TTs rather than forming
a TT network.313.22 Therefore, how TTs are formed in cardiomyocytes and whether BIN1
isoforms are involved in cardiac TT formation are open but important questions. In the
present study, we utilized the nanobar array technology to characterize the nanocurvature
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sensing properties and interactions of major BIN1 isoforms expressed in cardiomyocytes
and revealed a novel mechanism of cardiac TT formation along Z-lines.

We first profiled the expression of B/NI splice variants in rat ventricular cardiomyocytes
using primers flanking the BIN1 cDNA region between exons 10 and 18. The fragments
were cloned into pEASY-T1 plasmids. After sequencing of 200 randomly picked clones,
we found 6 B/NI variants, namely, Binl, Binl + 17, Binl + 11, Binl + 11 + 17, Binl

+ 13, and Binl + 13 + 17 (Figure 1a). Exon 11 encodes the Pl motif with only 15

amino acid residues and has not been detected previously in heart muscle.3 We therefore
confirmed the expression of pBIN1 in rat cardiomyocytes by the Western blot assay using
an antibody against the PI motif (Figure 1b). Moreover, immuno-electron microscopy using
pre-embedded immunogold labeling specifically recognized TT membranes in the close
vicinity of Z-lines (Figure 1c). These experiments indicated that pBIN1 was expressed
natively on TTs in rat heart cells.

To explore the possible roles of BIN1 isoforms in cardiac TT formation, we expressed
eGFP-tagged uBIN1 and pBIN1 (without exon 17, Figure 1a), in neonatal rat
cardiomyocytes, in which native TTs were not formed. We found that the expression of
uBIN1 alone did not promote membrane tubulation (Figure 1d upper). uBIN1 signals were
highly colocalized with the immunofluorescence of a-actinin (Figure 1d), indicating that
the uBIN1 proteins were attached on Z-lines. In contrast, the expression of pBIN1 resulted
in a blossom of branched tubules without colocalization with a-actinin (Figure 1d lower).
Ultrastructural quantification confirmed that membrane tubules were significantly increased
in pBIN1-expressed cardiomyocytes, but not in uBIN1-expressed cells (Figure S1).

uBIN1 and pBIN1 contain the same curvature-sensing BAR domains,1:8 but why only

the pBIN1 expression induced membrane tubules? To date, the curvature-sensing capacity
of proteins has been primarily studied using /n vitro systems.23-25 However, given the
complex intracellular protein environment, these properties need to be validated in live
cells. Recently, we have developed patterned nanostructures with well-defined curvatures to
characterize the curvature-sensing properties of proteins.26-31 Therefore, to understand the
functional difference between uBIN1 and pBIN1, we engineered a SiO, nanobar platform
to culture the BIN1 isoform-expressed cells (Figure 2a). In this platform, each nanobar
structure locally induced two different membrane curvatures: high curvature at the two ends
and zero curvature in the middle (Figure 2b; Figure S2). As shown previously,26:27:32 the
plasma membrane of cultured cells wrapped evenly around the bars, provide local membrane
models with distinct curvatures.

To test the curvature-sensing and membrane-binding capacities of BIN1 isoforms on the
nanobar platform, we expressed uBIN1 and pBIN1 in U20S cells, which do not have
membrane tubules and native BIN1 proteins. When eGFP-tagged uBIN1 was expressed,

the fluorescent signals distributed evenly in the cytosol (Figure 2c upper) with little
accumulation around nanobars (e.g., Figure 2¢ Arrows 1-3), indicating that uBIN1 was

not bound to the plasma membrane in these areas. Occasionally, uBIN1 fluorescence signals
were slightly higher around nanobars (e.g., Arrows 5-6), but their distribution exhibited no
curvature preference between bar-ends and bar-sides.
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In contrast, when pBIN1 was expressed, the fluorescence signals around nanobars were
robustly stronger than the cytosolic background (Figure 2¢ bottom). The averaged images
of over 760 nanobars clearly demonstrated that a ring of pBIN1 fluorescence surrounded
nanobars (Figure 2d), indicating that pBIN1 had membrane-binding capability. For most
nanobars, the fluorescence in the two bar-end areas was much stronger than that in the
bar-side areas (Figure 2c Arrows 7-9 and 12). A few nanobars display fluorescence at both
bar-ends and bar-sides (Figure 2c Arrows 10-11). To quantify the curvature preference, we
measured the ratio between the peak fluorescence intensity at bar-ends and that at bar-sides
(illustrated in Figure 2d). We found that the bar end/side ratio in pBIN1-expressed cells was
significantly higher than in cells expressed with uBIN1 (Figure 2e), indicating pBIN1, but
not uBIN1 had curvature-sensing capacity.

The only difference between uBIN1 and pBINL1 is the PI motif encoded by exon 11. In order
to confirm the specific role of PI motif in making the difference in curvature-sensing, we
went on to examine uBIN1 and pBIN1 with the Myc-binding (MB) domains encoded by
exon 17 (Binl + 17 and Binl + 11 + 17). We found that U20S cells expressed with the
uBIN1 with an MB domain shared the same pattern as the uBIN1 without an MB domain,

in terms of the evenly distributed florescence in the cytosol (Figure 3a upper), indicating that
the additional MB domain did not alter the membrane-phobic property of uBIN1. Again,
cells expressed with the pBIN1 with an MB domain exhibited brighter fluorescence around
nanobars (Figure 3a lower) and significantly higher bar end/side ratio (Figure 3b) than cells
expressed with the uBIN1 with an MB domain, indicating that the gain of curvature-sensing
function was attributable specifically to the Pl motif encoded by exon 11.

In the P1 motif, 9 of the 15 amino acid residuals are positively charged.33 Based on
previous reports, although the positively changed residues render the PIP2-binding capacity,
they may neutralize the electrostatic effect of the SH3 domain.33:34 Indeed, expression

of eGFP-tagged SH3 domain alone displayed a Z-line pattern in neonatal cardiomyocytes
(Figure 3c upper). However, expression of PI motif-linked SH3 no longer showed a Z-line
pattern (Figure 3c lower), confirming the effect of PI-SH3 interdomain neutralization in
differentiating uBINZ1 and pBIN1 functions.

In light of the above experiments, it is intriguing to know whether pBIN1 is able to interact
with uBIN1 and recruits uBIN1 to plasma membrane. The application of the nanobar
platform provided a unique opportunity to test this possibility. We therefore cotransfected
eGFP-tagged uBIN1 and RFP-tagged pBIN1 (without MB domains) in nanobar-cultured
U20S cells. We observed that, when uBIN1 and pBIN1 were expressed simultaneously in
a same cell, the spatial pattern of uBIN1 fluorescence was converted from the otherwise
membrane-phobic distribution (Figure 2c upper) to a membrane-preferred distribution
(Figure 4a—d). Comparison between eGFP and RFP signals showed that uBIN1 and pBIN1
exhibited quite similar distribution around each nanobar. In most bar areas, both uBIN1 and
pBIN1 signals exhibited bar-end biased patterns (Figure 4b). When pBIN1 signals extended
to bar-sides, uBIN1 signals were also bright at bar-sides (Figure 4c); when pBIN1 signals
were weak, uBIN1 signals showed dark holes (Figure 4d Arrows 1, 2, 4, and 5) similar to
those when uBIN1 was expressed alone (Figure 2c upper). The correlation between uBIN1
and pBINL1 signals was not due to spectral overlap, because in cells expressing pBIN1 only,
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the RFP signal did not cause any detectable signal in the eGFP channel (white arrowheads in
Figure 4e), and vice versa (yellow arrowhead in Figure 4e; Figure S3). We also coexpressed
eGFP protein with RFP-tagged pBIN1 (Figure 4f). Despite the bright signal outlining the
bars in the RFP channel, the bar areas in the eGFP channel still appeared as black holes
(e.g., arrows in Figure 4f). The Pearson’s correlation coefficient between eGFP and RFP
channels was below zero in cells coexpressed with eGFP and pBIN1, while that in cells
coexpressed with uBIN1 and pBIN1 was 0.66 (Figure 4g). In the eGFP channel, while

the bar-end/bar-side ratio in cells coexpressed with eGFP and uBIN1 or expressed with
uBIN1 only remained around 1 (no preference), that in uBIN1-pBIN1-coexpressed cells was
significantly higher (bar-end preferred. Figure 4h), indicating that uBIN1, but not eGFP, was
recruited preferentially to high-curvature regions in a pBIN1-dependent manner.

The finding of uBIN1 recruitment by pBIN1 suggested an intriguing hypothesis that TTs
may be formed based on an intermolecular integration of uBIN1 and pBIN1 (“combo-
BIN1”). In mature cardiomyocytes, TTs are formed along Z-lines. However, the tubules
formed by pBIN1 alone did not attached to Z-lines (Figure 1d lower). Although uBIN1 was
attached to Z-lines (Figure 1d upper), it was not capable of tubule generation (Figure S1).
Therefore, comboBIN1 may provide a perfect solution for TT formation along Z-lines.

To test the comboBIN1 hypothesis directly, we coexpressed eGFP-tagged uBIN1 and RFP-
tagged pBIN1 in neonatal rat cardiomyocytes (Figure 5a). We found that the tubules formed
under this condition became fewer but better organized. In intracellular areas with regularly
spaced a-actinin or Z-line signals, pBIN1 and uBIN1 signals colocalized with each other
forming short tubules along Z-lines (white arrowheads in Figure 5a). Even for pBIN1
signals not occurring as typical tubular structures, they were attached on Z-lines as bud-like
structures (yellow arrowheads in Figure 5a). This finding demonstrated that comboBIN1
indeed enabled Z-line-based TT formation.

In cardiomyocytes, the radius of TTs usually ranges around 50-200 nm.12:13 The
comboBIN1-mediated TT formation requires that their curvature preference matches the
TT morphology. To examine the curvature preference of comboBIN1, we utilized a

SiO2 nanopillar array with a gradient of pillar radii from 50 to 500 nm with a 14 nm
increment.26:27 To avoid the variation of local stoichiometry caused by inhomogeneity of
comboBIN1 components, uBIN1 and pBIN1 were connected with a flexible linker, fixing
their stoichiometry at 1:1, roughly reflecting their relative mRNA abundance in rat heart
cells (Figure 1a). When the linked comboBIN1 was expressed in U20S cells couture on
gradient nanopillar array (Figure 5b left), we found that the comboBIN1 signals occurred
mainly in the 50-200 nm radii range (Figure 5b right). Beyond 200 nm, the chance for
comboBINZ1 signals to occur around nanopillars, even within a same cell, decayed sharply to
zero (white arrow heads in Figure 5¢). These results indicated that the curvature preference
of comboBIN1 well matched the requirement of TT formation.

In heart diseases with defective E-C coupling, such as ischemic cardiomyopathy and heart
failure, TTs are degraded.1>-20 To determine whether abnormal TT remodeling involves
an altered stoichiometry of comboBIN1, we analyzed BIN1 expression in a rat myocardial
infarction (MI) model created by ligation of the left anterior descending coronary artery,
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which displayed a defective TT network (Figure S4a) as reported previously. Real-time
RT-PCR assay revealed decreased uBIN1 expression but increased pBIN1 expression in the
MI group (Figures S4b,c). It has been reported that the splicing regulator muscleblind-like-1
(MBNL1) binds to BIN1 pre-mRNA and promotes splicing inclusion of exon 11.8 We
found that Mbn/1 expression was upregulated in the MI group (Figure S4d), agreeing well
with the increased pBIN1/uBINL1 ratio. Given the Z-line anchoring property of uBIN1, we
inferred that the decrease of uBIN1 expression would compromise the attachment of pBIN1
encompassed TTs along Z-lines, which would thus explain at least partially the irregularity
of TTs in the MI group.

To test the above hypothesis, we created an inducible rat model for heart-specific uBIN1
(Binl) overexpression (BOE, Figure 6a). Two weeks after the tamoxifen treatment (Figure
6b), eGFP-tagged uBIN1 expression was induced in adult BOE rat heart cells without
altering native BIN1 expression (Figures 6¢ and d). The striated florescence in BOE
cardiomyocytes indicated the Z-line-biased positioning of overexpressed eGFP-tagged
uBIN1 (Figure 6e upper right). We then generated the MI model in control and BOE rats
and analyzed the morphology of TTs labeled with CellMask Deep Red (Figure 6e lower
panels) 1 week after the MI surgery. Quantification of the regularity of TTs showed that the
spatial frequency power corresponding to inter-Z-line space was significantly higher in the
BOE group than in the control group (Figure 6f). This result supported the idea that higher
uBIN1/pBIN1 ratio would promote the Z-line positioning of TTs.

As members of the BAR domain superfamily, BIN1 isoforms play essential roles in

the formation of different high-curvature membrane structures in a large variety of cell
types.1:3-9 In cardiomyocytes, 4 BIN1 splicing isoforms, including Bin1, Binl + 17, Binl
+13, and Bin1 + 13 + 17, have been reported.3-1322 pBIN1 was considered as the skeletal
muscle-specific isoform because it has not been previously found in other tissues, including
mouse myocardium.313 In the present study, we have for the first time detected the
expression of pBIN1 in heart cells. Our experiments provided 3 lines of evidence supporting
its expression in rat (but not mouse) hearts: (1) We cloned pBIN1 in rat myocardium using
primers flanking the BIN1 cDNA region between exons 10-18 and identified exon 11 in
48%. (2) Using a specific antibody against the Pl domain, we detected pBIN1 proteins in rat
myocardium. (3) Immuno-electron microscopy showed that pBIN1 was a native component
of the TTs in rat cardiomyocytes.

Using the nanobar arrays technology, we proved that pBIN1, but not uBIN1, was

a curvature-sensing and membrane-binding molecule. When expressed in neonatal
cardiomyocytes, pBIN1, but not uBIN1, promoted the generation of membrane tubules.
Although the cardiac specific cBIN1 is found to create membrane folds on TTs, it does not
mediate tubulation.® Therefore, our finding of the curvature-sensing and tubule-generating
properties of pBIN1 provides the first candidate mechanism for the generation of membrane
tubules in heart cells.

Although uBINL1 is expressed in both skeletal and cardiac muscles, its function was not
known. Here, our study provided the following new information: (1) When expressed alone,
pBIN1 (but not uBIN1) was able to organize the formation of free membrane tubules with a
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certain curvature, while uBIN1 (but not pBIN1) was attached on Z-lines without membrane
association. (2) The nanobar/nanopillar experiments established that pBIN1 was able to
recruits uBIN1 to high-curvature membrane regions. (3) Coexpression of uBIN1 and pBIN1
generated premature tubules anchored to Z-lines in neonatal cardiomyocytes, preventing the
random tubulation by pBIN1. (4) Decreased uBIN1/pBIN1 ratio is associated with decreased
TT positioning along Z-lines under MI conditions. (5) Overexpression of uBIN1 to increase
the uBIN1/pBINL1 ratio improved the regularity of TTs along Z-lines.

On the basis of these evidence, we proposed a “comboBIN1” model (Figure S5) to

explain the roles of uBIN1 and pBINL1 in Z-line-based tubule generation: In cardiomyocytes
expressing both uBIN1 and pBIN1, while pBIN1 promotes tubule generation, uBIN1, due to
its Z-line tethering, anchors the tubules to Z-lines presumably via uBIN1-pBIN1 interaction.
This model provided a novel mechanism of TT formation and suggested new strategies for
treating related heart diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Expression of BIN1 isoforms in rat neonatal cardiomyocytes. (a) Relative expression (in

percentage) of B/NI mRNA splicing (top) and the 6 isoforms identified in cardiomyocytes.
N,N-terminal amphipathic helix domain; BAR, BIN1-Amphiphysin-Rvs167 domain;

P1, phosphoinasitide-binding domain; CLAP, clathrin-associated protein-binding domain;
MBD, Myc-binding domain; SH3, Src homology 3 domain. (b) Western blot assay of
pBIN1 in rat brain, heart, and skeletal muscle samples. (¢) Immuno-EM image of adult rat
cardiomyocyte labeled for pBIN1. The gold particle signals were enhanced by HQ SILVER
(Nanoprobes). Scale bar, 200 nm. (d) Representative fluorescence images of rat neonatal
cardiomyocytes transfected with plasmids of uB/IN1-eGFP (upper) and pBIN1-eGFP
(lower). The panels from left to right are the fluorescence of eGFP, immunofluorescence
of a-actinin, and the zoom-in merged images of the white square areas, respectively. Scale
bar, 10 zm.
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Figure2.
Nanobar experiments to test BIN1 isoforms for curvature sensing. (2) Schematic diagram of

nanobar platform. (b) Cross-section of a nanobar illustrating low and high curvatures. (c)
Representative fluorescence images of U20S cells cultured on gelatin-coated, bar-shaped
SiO2 nanobar arrays and transfected with eGFP-tagged uBIN1 (upper) and pBIN1 (lower).
Left panels were zoom-in images of the white square areas. Numbered arrowheads point

to the nanobar signals. (d) Averaged images of 760 nanobars. The dashed lines denote the
measurement of the peak fluorescence intensities at bar-ends and bar-sides, respectively.

(e) Comparison of bar-end/bar-side intensity ratios. Scale bar, 5 ym. A= 1663 and 1300
nanobars (only 50 plotted) for eGFP-tagged uBIN1 and pBIN1 groups, respectively, ***P <
0.001 vs eGFP-tagged uBIN1 group by #test.
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Figure 3.
The specificity of Pl domain in determining BIN1 isoform properties. (a) Representative

fluorescence images of U20S cells cultured on gelatin-coated, bar-shaped SiO, nanobar
arrays and transfected with eGFP-tagged Binl + 17 (upper) and Binl + 11 + 17 (lower).
White arrows indicate different typical fluorescent signals on the nanobar platform from
the two groups. Scale bar, 20 xm. (b) Comparison of bar-end/bar-side intensity ratios. V=
1520 and 1860 nanobars (only 50 plotted) for eGFP-tagged Binl + 17 and Binl + 11 +

17 groups, respectively, ***P < 0.001 vs eGFP-tagged Binl + 17 group. (c) Representative
confocal images of rat neonatal cardiomyocytes transfected with SH3-eGFP (upper) and
exon 11-SH3-eGFP (lower). The panels from left to right are the immunofluorescence of
a-actinin, fluorescence of eGFP, and zoom-in images of eGFP of the square areas in the
middle panels, respectively. Scale bar, 10 t/m.
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Figure 4.
Nanobar experiments to test the interaction between uBIN1 and pBIN1. (a) Representative

images of U20S cells cultured on nanobar arrays and cotransfected with uBIN1-eGFP
(upper) and pBIN1-RFP (lower). Scale bar, 20 zm. (b)—(e) The zoom-in images of square
areas marked in (a). The numbered white arrowheads point to pBIN1 signals around
nanobars (lower) and corresponding positions in the eGFP channel (upper). The yellow
arrowheads in (e) denote the border of strong signals in the eGFP channel (upper), which did
not cause an background difference in the RFP channel (lower). (f) Representative images
of U20S cells cotransfected with eGFP (upper) and pBIN1-RFP (lower). (g) Pearson’s
correlation coefficient between eGFP and RFP channels in cells coexpressed with eGFP and
coexpressed with uBIN1 and pBINL1. (h) Comparison of bar-end/bar-side intensity ratios
among cells coexpressed with eGFP and pBIN1-RFP, expressed with uBIN1-eGFP only
and coexpressed with uBIN1-eGFP and pBIN1-RFP. ***P < 0.001 vs eGFP-tagged uBIN1
group by #test.
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Figure5.
ComboBIN1 enabled Z-line-based tubule formation with nanocurvature preference. (a)

Structured illumination microscopy images of rat neonatal cardiomyocytes cotransfected
with uBIN1-eGFP and pBIN1-RFP. White arrowheads indicate comboBIN1-induced tubules
along Z-lines, and yellow arrowheads denote tubule buds in the vicinity of Z-lines. Scale
bar, 5 ym. (b). Typical images of bright field (left) and eGFP fluorescence (right) in cells
expressed with eGFP-pBIN1-uBIN1 (linked ComboBIN1, right). The cells were cultured

on a nanopillar platform with a gradient of pillar radii from 50 to 500 nm (up to 350 nm
displayed). Scale bar, 10 ym. (c) The zoom-in image of the square area in (b). The white
and black arrowheads denote the presence and absence of eGFP signals at the nanopillar
positions.
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Figure 6.
Overexpression of uBIN1 (BOE) /n vivo promoted Z-line positioning of TTs

in rat MI model. (a) Schematic illustration of a-MHCCERTZ (Cre) rats and
rROSA26/0xp-stop-loxp-eGFP-Binl rats the cross of which produces inducible cardiac-specific
BOE rats. (b) Time schedule of tamoxifen injection, M1 model generation, and the
functional experiments. (c) Typical Western blot images of samples from WT and BOE
groups. (d) Comparison of overexpressed uBIN1 (Binl-eGFP, left) and native total BIN1
(right) protein levels between WT and BOE groups. V=3, **P < 0.01 vs sham group by #
test. (e) Typical images of eGFP fluorescence (upper) and CellMask Deep Red fluorescence
(lower) of the cardiomyocytes form the border zone after Ml surgery in WT and BOE rats.
Scale bar, 10 ym. (f) Quantification of the spatial frequency by fast Fourier transformation
of the cardiomyocytes stained by the CellMask Deep Red dye. The upper panel shows an
example of fast Fourier transformation, and the lower panel shows the comparison between
WT and BOE groups. NV/= 16 and 24 cardiomyocytes for WT and BOE groups, respectively.
***P< 0.001 vs WT group by #test.
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