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Abstract

Background—Left Ventricular (LV) stiffening contributes to Heart Failure with preserved
Ejection Fraction (HFpEF), a syndrome with no effective treatment options. Increasing titin’s
compliance in the heart has become possible recently through inhibition of the splicing factor
RBMZ20. Here we investigated the effects of increasing titin’s compliance in mice with diastolic
dysfunction.

Methods—Mice in which the RNA recognition motif (RRM) of one of the RBM20 alleles was
floxed and which expressed the MerCreMer transgene under control of the aMHC promoter
(referred to as cRbm20PRRM mice) were used. Mice underwent transverse aortic constriction
(TAC) surgery and deoxycorticosterone acetate (DOCA) pellet implantation (TAC/DOCA). RRM
deletion in adult mice was triggered by injecting raloxifene (cRbm20°RRM-raloxifene) with
DMSO injected mice (cRom20°RRM-DMSO0) as the control. Diastolic function was investigated
using echocardiography and pressure volume analysis; passive stiffness was studied in LV muscle
strips and isolated cardiac myocytes before and after elimination of titin-based stiffness. Treadmill
exercise performance was also studied. Titin isoform expression was evaluated with Agarose gels.

Results—cRbm20PRRM.-raloxifene mice expressed large titins in the hearts, named super
compliant titin (N2BAsc), which, within 3 weeks after raloxifene injection, made up ~45% of total
titin. TAC/DOCA cRbm20*RRM-DMSO mice developed LV hypertrophy and a marked increase in
LV chamber stiffness as shown by both pressure-volume analysis and echocardiography. LV
chamber stiffness was normalized in TAC/DOCA cRbm20PRRM.raloxifene mice that expressed
N2BAsc. Passive stiffness measurements on muscle strips isolated from the LV free wall revealed
that extracellular matrix (ECM) stiffness was equally increased in both groups of TAC/DOCA
mice (cRbm20ARRM.DMSO and cRom20PRRM-raloxifene). However, titin-based muscle stiffness
was reduced in the mice that expressed N2BAsc (TAC/DOCA cRbm20*RRM.-raloxifene). Exercise
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testing demonstrated significant improvement in exercise tolerance in TAC/DOCA mice that
expressed N2BAsc.

Conclusions—Inhibition of the RBM20-based titin splicing system upregulates compliant titins,
which improves diastolic function and exercise tolerance in the TAC/DOCA model. Titin holds
promise as a therapeutic target for HFpEF.
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INTRODUCTION

HFpEF is a complex clinical syndrome characterized by impairment in ventricular

filling12 3. The prevalence of HFpEF continues to grow but no treatment strategy has been
proven to be effectivel: 4-6. Increased diastolic LV stiffness is an important feature of
HFpEF2 3.7, The two major contributors of LV passive stiffness are the extracellular matrix
(ECM) and the cardiomyocytes, in which passive stiffness is mainly regulated by titin3 8.9,
Increased titin stiffness has been shown to contribute to diastolic dysfunction in
HFpEF10-12 Titin stiffness can be modulated through differential splicing (changes in titin
isoform expression) and through posttranslational modification, primarily phosphorylation.
Differential splicing pathways give rise to 2 adult cardiac titin isoforms with different size
and stiffness: the N2B isoform (~3.0 MDa in size), and the N2BA isoform (~3.3 MDa). The
N2BA/N2B titin isoform expression ratio increases during systolic heart failurel3: 14 which
is thought to be a beneficial adaption to compensate for increased ECM-stiffness13.

RNA binding motif-20 (RBM20) is a major splicing factor of titin15-17. The REm20ARRM
mouse model that has the RNA recognition motif (RRM) deleted has deficiency in titin
splicing and expresses very large and compliant titin isoforms in the heart that result in
increased LV chamber compliancel8. The Rom20RRRM heterozygous mice have a normal
life span and normal systolic function. Interestingly they also show enhanced exercise
performance (relative to wild-type littermates)18, suggesting a beneficial effect of increased
LV chamber compliance. In this present study, we investigated the effect of increased titin
compliance on chamber stiffness in pathological hearts.

Compliant titins were expressed through inhibiting RBM20 function and it was tested
whether this ameliorates diastolic dysfunction. Diastolic dysfunction was induced by
performing transverse aortic constriction (TAC) surgery with deoxycorticosterone acetate
(DOCA) pellet implantation!® and we used a conditional and cardiac-specific Rom20°PRRM
mouse model (aMHC MerCreMer Rbm20PRRM or cRbm20PRRM for short) to upregulate
super compliant titin isoforms in the hearts of adult mice. TAC/DOCA mice have chronic
pressure overload, increased oxidative stress, and are sensitized to mineralocorticoid excess,
which accelerates adverse cardiac remodeling and promotes development of a HFpEF-like
condition1920, We tested in TAC/DOCA mice whether upregulating compliant titin isoforms
(cRbm20PRRM_raloxifene) ameliorates the HFpEF-like condition and studied its effect on
LV diastolic stiffness, myocardial stiffness (ECM-based and titin-based) and exercise
tolerance. We found that upregulating compliant titin has a highly beneficial effect on

Circulation. Author manuscript; available in PMC 2017 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Methawasin et al.

METHODS

Mice

Page 3

diastolic function and exercise tolerance, supporting that titin is a potential therapeutic target
for HFpEF.

Additional details are in the Supplemental Methods.

Rbm20PRRM mice which had exons 6 and 7 of Rbm20 flanked with LoxP sites and which
expressed MerCreMer recombinase protein under transcriptional control of the a-myaosin
heavy chain (MHCG6) promoter were used?l. Mice were heterozygous for the mutant RBM20
allele and for the MerCreMer transgene. For simplicity sake, we refer to these mice as
cRbm20RRRM \We used male 8 week old mice on a C57BL/6J background. All experiments
were approved by the University of Arizona Institutional Animal Care and Use Committee
and followed the U.S. National Institutes of Health Using Animals in Intramural Research
guidelines for animal use.

Experimental protocol

A schematic of the protocol is in Figure 1A. A preoperative echo was performed to obtain
baseline cardiac parameters, then TAC/DOCA surgery was conducted to induce a HFpEF-
like state. Minimally invasive transverse aortic constriction (TAC) was performed as
described previously?2 with modifications. The aortic banding procedure used a 27-gauge
needle to constrict the aorta. A deoxycorticosterone acetate (DOCA) 50 mg/pellet, 21 day
release was implanted subcutaneously at the time of TAC. At 1 week post-surgery, post-
constrictional aortic pressure gradient was measured to quantify the severity of constriction.
Mice were then randomly divided into two groups that had an identical mean constrictional
aortic pressure gradient (Figure S1). One of the groups was injected with raloxifene
(dissolved in DMSO, 40 pg/gm body weight) and the other with DMSO only (same volume
as first group). Intraperitoneal injection occurred daily for 8 consecutive days. We used as an
additional control group cRbm20*RRM mice that underwent a sham TAC/DOCA operation.
Sham animals underwent the same procedure except the aorta was not ligated, a placebo
pellet was implanted, and DMSO (vehicle) was injected one week after the sham surgery. At
2 weeks post-surgery, a follow up echocardiography study was performed to evaluate
diastolic function (pilot studies had revealed that at this time titin expression was normal but
that mice were in diastolic dysfunction). At 4 weeks post-surgery, a final echocardiography
was performed, then the mice were used for PV analysis, isolated cardiomyocyte studies, LV
wall passive stiffness measurement and protein analysis.

Echocardiography

Echocardiography was performed as previously described!® 23 using a Vevo 2100 Imaging
System (Visual-Sonics). Standard imaging planes, M-mode, Doppler, and functional
calculations were obtained according to American Society of Echocardiography guidelines.
The heart rate during echocardiographic study was maintained in the range of 500 550
beats/minute for M-mode, 450-500 beats/minute for B-mode and 350 to 450 beats/minute
for Doppler studies.
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Pressure-Volume analysis

In vivo pressure-volume measurements were obtained with an admittance-based system
(SciSense) in anesthetized ventilated mice. The I'VC was located and occluded during a sigh
(pause) in ventilation to acquire load-independent indexes. Data acquisition and analysis was
performed in LabScribe2 (iWorx, Dover NH). EDPVR was analyzed using a
monoexponential fit (P= C+ AéPV) with the exponent (B) reported as the stiffness24,

Exercise testing

Mice were tested using a 6 lane rodent treadmill system at progressively increasing speeds.
Maximal speed and running distance were determined.

Isolated cardiomyocyte passive stiffness

Cells were isolated as described previously2> and skinned cardiac myocyte mechanics were
in26
as in<°,

LV free wall passive stiffness

Mid-myocardial fibers (circumferential orientation) from LV free wall were carefully
dissected and skinned. Relaxed fibers were stretched 1 base length/sec from their slack
length to predetermined sarcomere lengths. To determine the collagen contribution to
passive stress, thick and thin filaments were extracted from the sarcomere, removing titin’s
anchors in the sarcomere® 27. Stress measurements after extraction were ECM-based and
titin-based values were taken to be the difference in values before and after extraction. In
order to determine stiffness the derivative of the passive stress equation was used.

Picrosirius red (PSR) staining

Picrosirius red (PSR) stained sections were used to measure the collagen volume fraction in
LV cross-sections.

In-vivo cellular dimensions and SL measurement

The hearts were arrested with a Krebs solution containing high KCI (35 mM) and BDM 2,3-
butanedione monoxide (20 mM) and the LV was vented, to ensure that the LV chamber was
in diastasis during fixation. The hearts were sectioned transversely and sections were stained
by anti-laminin to detect the lateral cell border, anti-connexin43 to detect intercalated discs
and anti a-actinin to stain Z-disks. Cells in longitudinally sectioned mid-myocardial fibers
that run circumferentially along the LV wall were studied to determined cell length, cell
width, cell area and sarcomere length.

Protein analysis

Titin isoform analysis was performed with standard Agarose electrophoresis28 and protein
expression levels were quantified with western blotting as previously described?®.

Statistical analysis

Statistical analysis was performed in Graphpad Prism (GraphPad Software, Inc) and results
are shown as mean + SEM, with the details of the statistical tests used in each of the figures
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and tables provided in the Supplemental Methods, Statistical Analysis section. The
significance levels are shown on the Figures and in the legends of the Figures and Tables.
The number of animals or cells in each group are shown in the legends of the figures and
tables in the following order: sham, TAC/DOCA cRbm20*RRM-DMSO and TAC/DOCA
cRbm20PRRM raloxifene.

The hypothesis that experimentally increasing titin’s compliance through inhibition of the
titin splicing factor RBM20 ameliorates diastolic dysfunction was tested. First a model was
developed in which compliant titin can be expressed in a cardiac specific and inducible
manner, the cRbm20*RRM model. To induce diastolic dysfunction a previously published
procedure was used that creates a HFpEF-like state in the mouse, by mildly increasing
afterload on the heart through transverse aortic constriction (TAC) with concomitant
deoxycorticosterone acetate (DOCA) administrationl®. Exercise tolerance tests were
performed and diastolic function and LV stiffness were studied using serial
echocardiography, PV analysis, cardiomyocyte and LV wall muscle mechanics.

Expression of N2BAsc titins in cRbm202RRM mice

The time course and efficacy of raloxifene to trigger expression of large titin isoforms was
studied by inducing Cre-mediated RBM20 inhibition in the cRbm20PRRM mouse model.
Raloxifene was administered to cRom20PR*M mice, and the animals were sacrificed at
different time points for titin isoform analysis. Titin expression was normal one week after
the start of raloxifene injection (Figure 1B middle lane), but as time progressed 2 large titin
isoforms appeared with an estimated molecular weight of ~3.5 and ~3.6 MDa (Figure 1B,
right lane). It is known from previous work with a conventional Rbm20°RRM model that
these large isoforms are N2BA type titins (i.e., they contain the N2B and N2A elements) and
that they are larger than normal because they express many additional spring element exons,
which is reflected in their increased compliancel8. Hence the two large N2BA titins are
referred to as super compliant N2BA titin (N2BAsc). A significant amount of N2BAsc titins
was detected as early as 2 weeks after starting the raloxifene injections and the ratio of
N2BAsc / total titin reached ~ 0.45 at week 3, and then plateaued (Figure 1C). While
N2BAsc titins increased, adult N2B and N2BA titins decreased over time so that total
expression level of titin did not change (Table S1). cRbm20*RRM mice that were injected
with vehicle (DMSO) expressed normal adult titin isoforms (Figure 1B). Thus, the
cRbm20PRRM mouse model is an ideal tool to increase titin’s compliance in the heart.

TAC/DOCA mice exhibit diastolic dysfunction

Three groups of cRbm20PRRM mice were studied, two of which underwent the TAC/DOCA
procedure and the third group underwent a sham surgery (Methods). The cRbm20PRRM
groups were injected one week after the surgery, one group with raloxifene and the other two
(sham and TAC/DOCA) with DMSO only. One week later all mice were studied via
echocardiography. At this time point raloxifene had not yet induced significant expression of
N2BAsc (Figure 1C). Echocardiography showed that both TAC/DOCA groups had
developed LV concentric hypertrophy and that they had a significant left atrial (LA)
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enlargement (Table S2). (Examples of raw data are shown in Supplemental Figure S1).
Trans-mitral Doppler flow velocity showed a more rapid deceleration of the mitral E wave
(Fig. 2A, top), suggesting an increase in LV chamber stiffness3®: 31, The ratio of mitral E
velocity to mitral annular e’ velocity (E/e’), a reliable predictor of LV end diastolic pressure
(LVEDP)32. 33 was elevated in both TAC/DOCA groups (Fig. 2B, top). The ratio of mitral
E/A velocity was increased, also suggesting a restrictive LV filling pattern, while the
ejection fraction (EF) was preserved (Fig. 2C and D, top). In summary, 2 weeks post TAC/
DOCA surgery, both TAC/DOCA groups developed a similar degree of diastolic dysfunction
while systolic function was preserved. The diastolic dysfunction, concentric hypertrophy,
and normal systolic function are consistent with previous work® and support that the TAC/
DOCA procedure in the mouse creates a HFpEF-like state.

Expressing N2BAsc titins ameliorates diastolic dysfunction

The same 3 groups of cRbmM20PRRM mice were studied again 4 weeks after TAC/DOCA
surgery (or 3 weeks after administering raloxifene), a time point at which an approximate
constant level of N2BAsc titins was expressed in the heart (Figure S2 shows titin isoform
expression at this time point, as well as RBM20 expression data). Transmitral Doppler echo
showed that TAC/DOCA cRbm20PRRM-DMSO mice continued to have diastolic
dysfunction (reduced mitral E deceleration times and increased E/e’ and E/A ratios).
However, all of these parameters were normalized in cRbm20PRRM_raloxifene mice (Figure
2 bottom row). The ejection fraction remained normal in all groups (Fig. 2D, bottom).

A pressure-volume (PV) analysis was also performed at the 4 week post-surgery time point
(representative loops are shown in Figure 3A). This revealed an increase in end systolic
pressure (ESP) as well as arterial elastance (Ea) in both TAC/DOCA groups (Table 1)
consistent with the increased afterload due to the transverse aortic constriction. The diastolic
stiffness coefficient (B) of the end diastolic pressure volume relation (EDPVRY), which
reflects LV chamber stiffness, was increased in the TAC/DOCA cRbm20PRRM.DMSO
group, but was normalized in the raloxifene group (Figure 3B). Left ventricular end diastolic
pressure (LVEDP), a predictor of decompensated heart failure, was elevated in the DMSO
group but was normal in raloxifene mice (Figure 3C). In addition, the LV relaxation time
constant (Tau Glantz) was prolonged in the TAC/DOCA cRbm20PRRM-DMSO mice,
suggesting impaired LV relaxation, but Tau Glantz was normal in raloxifene mice (Table 1).
Thus, results from the PV analysis revealed that TAC/DOCA mice exhibit slowed LV
relaxation and increased LV chamber stiffness and, importantly, that expression of N2BAsc
improves LV relaxation and increased LV chamber compliance.

Although titin is the main target of RBM20, previous studies in the conventional

Rbm20P RRM model showed that in heterozygous mice (the genotype that was studied in the
present work) two additional genes are alternatively spliced: CaMKI18 and Ldb3/Cypher!8.
These two genes were studied at the protein level. For CaMKII8, its total expression level
was found to be unaltered in cRom20PRRM_raloxifene relative to cRom2ARRM_DMSO
groups and of the known CaMKI1$6 targets (5282 in cMyBP-C, Thrl7 in PLB, and p53)
none were different between the raloxifene and DMSO groups (Figure S3A-D), consistent
with the previous results in the conventional model!8, Additionally, there were no changes in
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Ca?" transients measured in single cardiac myocytes (Figure S4). As for the short and long
cardiac isoforms of LDB3, no differences were found (Figure S3 E, F). Thus it is likely that
exon expression changes and their functional consequences in cRbm20PRRM_raloxifene
mice are largely restricted to titin. Finally, as an additional control the effects of raloxifene
or DMSO administered to cRbm20*RRM mice that had not undergone TAC/DOCA surgery
was studied. No differences in cardiac function were present 1 and 3 weeks after the
injection (Table S3). Thus obtained results are specific to the TAC/DOCA state with RBM20
inhibition. In summary, partially inactivating RBM20 by administering raloxifene in
cRbm20PRRM TAC/DOCA mice specifically upregulates compliant titins (N2BAsc), and is
highly effective in normalizing diastolic function.

Mechanistic basis for diastolic function recovery in cRbm202RRM TAC/DOCA mice

To address the mechanism of improved diastolic function in mice that express N2BAsc, the
contribution of extracellular matrix (ECM) to LV chamber stiffness was first studied.
Considering that TAC/DOCA is known to cause myocardial fibrosis'® 34, RBM20 inhibition
might reduce fibrosis and explain the increased chamber compliance in raloxifene mice. We
therefore studied passive stiffness of muscle strips dissected from the LV free wall, to
determine the contribution of the ECM to myocardial stiffness. ECM-based stiffness was
measured after thick and thin filament extraction, which removes the anchors of titin in the
sarcomeres, leaving only the ECM-based stiffness component?’. Passive stiffness was
determined as the derivative of the passive stress vs sarcomere length relation (Methods).
Results showed that ECM-based passive stiffness was increased in both TAC/DOCA groups
(Figure 4A). (The total passive stiffness and the stiffness differences before and after
extraction (due to titin) are shown in Supplemental Figure S5.) We used Picrosirius Red
(PSR) staining to quantify myocardial fibrosis in LV myocardium of TAC/DOCA mice
(example results are shown in Fig. 4B) and determined from this the collagen volume
fraction, collagen fiber length and collagen fiber width. All collagen parameters were
increased in both TAC/DOCA groups relative to the sham group with no difference between
DMSO and raloxifene mice (Figure 4C—-E). In summary, results showed that ECM-based
passive stiffness was similarly increased in both TAC/DOCA groups and that consistent with
this finding collagen is similarly upregulated in both groups. This indicates that the lower LV
chamber stiffness in cRbm20PRRM_raloxifene mice is not readily explained by a reduction in
myocardial fibrosis.

Passive stiffness of demembraned (skinned) cardiomyocytes was studied next. LV
cardiomyocytes of TAC/DOCA cRbm20*RRM-DMSO mice had high passive stiffness, while
LV cardiomyocytes of cRbm20RRRM-raloxifene mice had passive stiffness that was slightly
less than that of sham mice (Figures 5A). LV cardiomyocytes of cRom20°RRM-raloxifene
mice had longer slack sarcomere lengths (SL) (Figure 5B) consistent with expression of
N2BAsc titins in the sarcomeres (see Discussion). The passive myocyte mechanics suggests
that the lower LV chamber stiffness in the cRbm20RRRM. raloxifene group might be due, at
least in part, to the reduced passive stiffness of cardiomyocytes.

We also studied the size of cardiomyocytes and sarcomere length in the LV of hearts fixed at
diastasis, using confocal microscopy (Figure 6A shows examples). This revealed an
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enlargement of cardiomyocytes in longitudinal and radial dimensions of both TAC/DOCA
groups (Fig. 6B), consistent with their hypertrophic phenotype observed at the LV chamber
level (Table 1). However, cardiomyocytes of TAC/DOCA cRbm20PRRM_raloxifene mice
were slightly smaller in the radial direction than those of TAC/DOCA cRbm20*RRM.DMSO
mice: the cell width was reduced from 27.8 to 26.6 um. Although the cell length was not
different in the two TAC/DOCA groups, the number of sarcomeres per cell length,
calculated from the mean cell length and mean SL, was reduced from 65 in the DMSO
group to 61 in the raloxifene group (Fig. 6B). These cell studies suggest an attenuated
hypertrophic response in the presence of compliant N2BAsc (see also Discussion).

Exercise tolerance

Whether the lower diastolic stiffness of TAC/DOCA cRbm20*RRM _raloxifene mice was
functionally beneficial was studied next. The running distance was studied in a treadmill
running test that exposed the mice to a progressively increasing speed (Methods). The
treadmill test was performed three times: preoperative and at 2 weeks and at 4 weeks post
TAC/DOCA surgery. The running distance was recorded and calculated as a percent of the
preoperative running distance of each individual mouse (Figure 7A). At 2 weeks post-
surgery, both groups of TAC/DOCA mice had a reduction in running distance, which
correlated with the echo results indicating that both groups of mice had developed diastolic
dysfunction. At 4 weeks post-surgery while the running distance of cRom20*RRM-DMSO
mice remained diminished the cRbmM20*RRM_raloxifene showed an increased running
distance back to a level comparable to sham mice (Figure 7B), indicating recovery of
exercise intolerance.

DISCUSSION

The effects of expressing compliant titins was studied in mice with diastolic dysfunction. A
mouse model was used with HFpEF-like characteristics, achieved by inducing pressure
overload (TAC) with concomitant mineralocorticoid supplementation (DOCA). We studied
whether upregulating compliant titin isoforms lessened HFpEF symptoms by performing the
TAC/DOCA procedure in cRbm20PRRM mice and then inhibiting RBM20. This resulted in
noticeable expression of compliant titin isoforms (N2BAsc) within two weeks and near
maximal expression within 3 weeks. When expression of N2BAsc titin was triggered in mice
in a HFpEF-like state, normalization in diastolic function and improvement in exercise
tolerance ensued. Below these findings are discussed in detail.

Creating a mouse model with HFpEF-like symptoms

The TAC/DOCA method was previously described by Mohammed et al.1® who
demonstrated that mineralocorticoid excess (DOCA) in the presence of chronic mild
pressure overload (TAC) causes LV hypertrophy, fibrosis and diastolic dysfunctionl®. We
used this method and, consistent with previous work, found that the mitral valve E wave
deceleration time was reduced and that the ratio of mitral inflow (E) to late atrial kick (A)
was enhanced. Additionally, the ratio of mitral E velocity to mitral annular e’ velocity (E/e’),
a predictor of LV end diastolic pressure (LVEDP)32 33, was increased. These echo
parameters indicate that TAC/DOCA causes diastolic dysfunction. This conclusion is
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supported by a pressure volume analysis that revealed elevated LVEDP and an increase in
diastolic stiffness coefficient () of the end diastolic pressure volume relation. Thus the
TAC/DOCA mice are in diastolic dysfunction. This -- combined with slowed LV chamber
relaxation, increased lung weights, impaired exercise capacity, and normal ejection fraction
(Tables 1 and S2) -- supports that the TAC/DOCA method creates a HFpEF-like condition in
the mouse.

The underlying basis for increased diastolic stiffness in TAC/DOCA mice includes both
increased passive stiffness of the ECM (increased fibrosis and increased ECM stiffness
(Figures 4A)) and increased passive stiffness of cardiac myocytes (Figures 5A). The
increased cellular passive stiffness is likely derived from post-translational modification on
titin as isoform analysis did not reveal changes in the N2B:N2BA expression ratio (Figure
S2A), a conclusion similar to that drawn in a recent study on biopsies from HFpEF
patients!. Thus the TAC/DOCA model is a well-suited HFpEF-like mouse model for testing
therapeutic approaches.

Expression of compliant titin isoforms (N2BAsc) lowers titin-based passive stiffness

To manipulate titin’s stiffness back towards normal we took advantage of the recent
discovery that inactivation of the splicing factor RBM20 results in expression of large titin
isoforms1®-17. In the present work we used a conditional version of the previously published
Rbm20PRRM modell8, and, through crossing this conditional model with the a MHC-
MerCreMer mouse, created an inducible cardiac-specific Rom20°R”M mouse. The
conventional Rbm20°RRM model was previously characterized with a genome-wide exon
expression array!8. This established that titin exons greatly dominate the differentially
expressed exons, with two additional genes that were alternatively spliced in Het mice,
Ldb3/Cypher and CaMKI18. We evaluated these two genes in TAC/DOCA cRbm20rRRM-
raloxifene mice and found no differences in their expression levels or in the downstream
CaMKI15 targets!® (e.g., cMyBP-C, PLB, and p53, Figure S3) as compared to TAC/DOCA
cRbm20PRRM_DMSO. It is likely, therefore, that the changes in exon expression and their
functional consequences in cRbm20PRRM_raloxifene mice are dominated by titin.

The difference in titin-based passive stiffness between cRbm20°RRM_raloxifene and
cRbm20PRRM_DMSO is large (as per Figure 5A, a 50% reduction at SL 2.15 pum) and we
evaluated whether this can be explained by expression of N2BAsc as follows. The previous
exon expression analysis on myocardium of conventional Rbm20*?”M Het mice had shown
that changes in exon expression were restricted to titin’s spring region where 34 exons in the
tandem immunoglobulin segment and 10 exons in the PEVK region were upregulated8.
Although a similar exon expression analysis was not performed in the present study,
considering that this new model also targets the RRM (RbmZ20exons 6 and 7 were floxed) it
is likely that the modification in titin will be the same as well. This notion is consistent with
the indistinguishable mobility of the N2BAsc isoforms expressed in the LV of the
conventional and conditional Rom20*RRM mice (data not shown). The functional
consequence of upregulating spring element exons is an increase in the contour length of the
spring region: the tandem lg segment by 34 x ~5 nm (increase due to Ig domain
upregulation, with an estimated domain spacing of ~ 5 nm) and the PEVK region by 300x
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0.35 nm (the number of upregulated amino acid residues times their maximal residue
spacing of ~0.35 nm)33. This increased contour length explains the increased slack
sarcomere length that was found (Fig. 5B). It is also expected to lower passive force at a
given degree of sarcomere stretch, due to the lower fractional extension of the spring region
(compared to the N2B titin isoform). Using single molecule spring element characteristics
we simulated the force produced by N2B titin and N2BAsc as a function of sarcomere
length (SL) and converted this to a passive stiffness-SL relation. We found that the stiffness
reduction that results from the titin spring element exon upregulation is large (Figure S6)
and is 89% at a SL of 2.15 pm (selected because this is likely a physiological SL as is
suggested by work on hearts fixed in diastole8 and the elegant work of Kobirumaki-
Shimozawa and colleagues who imaged sarcomere length in vivo in the living animal3%).
Since in the heart not all N2B titin is converted to N2BAsc but only 45% (calculated from
Table S1, at 3 wk time point) the predicted stiffness reduction is 40%. This calculated
stiffness reduction is relatively close to the measured 50% reduction (Fig. 5A) especially
considering the uncertainty in some of the input parameters of the calculation (see Caption
of Figure S6). In summary, expressing N2BAsc titins is highly effective in lowering cardiac
myocyte passive stiffness.

In vivo cardiomyocyte morphology revealed that the width of cRbm20PRRM_raloxifene cells
was reduced compared to cRbm20ARRM_DMSO cells (Fig. 6B), consistent with the
normalization of the LV wall thickness and LV concentricity of the cRbm20PRRM-raloxifene
mice (Table 1). Attenuated concentric LV hypertrophy is likely to be a beneficial response as
it is expected to accommodate more blood volume during diastolic filling. The cell
morphology study also indicates that in the raloxifene group the number of serially-linked
sarcomeres was reduced, further supporting a hypertrophy reduction. The attenuated
hypertrophy in response to pressure overload in the cRbm20PRRM _raloxifene mice that
express super complaint titins might have multiple underlying mechanisms and future work
is needed to address them. This should include a focus on titin-based signaling as our
findings are consistent with the widely held hypothesis in the field37~40 that titin functions as
a mechanosensor that senses titin’s I-band strain and controls hypertrophic signaling.

Expressing N2BAsc titins improves diastolic function and exercise capacity

Primary findings of our work are that expressing N2BAsc in mice with HFpEF-like
symptoms normalizes diastolic stiffness, as revealed by echocardiography and pressure-
volume analysis (Table 1), and that improves exercise performance (Figure 7). These
positive effects take place despite continued fibrosis and elevated ECM-based stiffness,
indicating that the reduced titin-based stiffness is a dominant effect. Expressing N2BAsc did
not reverse anatomical remodeling of LV and LA chambers at 4 weeks post-surgery (Table
1). This might be explained by the continued pressure overload (the aortic constriction was
not removed) or insufficient time for reversal of anatomical remodeling to take place?1-44,
The latter is supported by results from a pilot study in which TAC/DOCA cRbm20ARRM
mice were sacrificed 14 weeks after raloxifene injection and that showed normalization of
left atrial dimension, as well as diastolic function recovery (results not shown). In addition to
the beneficial effect of RBM20 inactivation on diastolic stiffness, the isovolumic relaxation
constant (Tau glanz) of the LV chamber that was increased in TAC/DOCA mice (slowed
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relaxation) was normalized when N2BAsc were expressed (Table 1). Surprisingly, the Ca2*
transients of isolated intact cardiomyocyte were not different when comparing TAC/DOCA
mice without and with N2BAsc expression (Figure S4). Thus the improvement in relaxation
of the LV chamber cannot be readily explained by enhanced Ca?* reuptake kinetics. Instead
we propose that the explanation resides within the myofilaments. Studies with the
conventional Rbm20*R*M mice have shown that expression of N2BAsc results in a
reduction in the Ca2* sensitivity of force development and an increase in the apparent
detachment rate constant of force generating crossbridges (gapp)*8, both of which are
expected to speed relaxation. In summary, expression of compliant titin isoforms (N2BAsc)
in mice with HFpEF-like symptoms reduces diastolic chamber stiffness, facilitates LV
relaxation and improves exercise capacity.

Clinical implications

No effective therapies exists for treating HFpEF patients and a recent clinical trial that
sought to lower titin’s pathological stiffness in HFpEF patients by normalizing
posttranslational modifications on titin (summarized in the recent RELAX trial)*> was not
successful as clinical outcomes and exercise capacity did not improve®®. Our work suggests
that an alternative therapeutic approach might be the upregulation of compliant titin
isoforms, thereby improving diastolic function and improving exercise capacity. Can our
findings in the mouse be extrapolated to humans? The expression ratio of the adult titin
isoforms varies amongst species and in the mouse LV the N2B: N2BA ratio is ~80:20, while
in humans this ratio is ~65:351. When N2BAsc replaces N2B titin the passive stiffness
reduction will be larger than when replacing N2BA titin (because N2B titin is stiffer than
N2BA titin) and thus the stiffness reduction in human is expected to be somewhat less than
in the mouse. Performing an analysis analogous to the one shown in Figure S6 and assuming
a similar ~40% RBMZ20 inhibition as achieved in the mouse (Fig. S2B) we estimate that at
an SL of 2.15 um the passive stiffness reduction in humans would be 33% (as opposed to
40% in the mouse). It is likely that this would invoke considerable functional benefits and,
thus, upregulating compliant titin as a HFpEF therapy seems a worthwhile pursuit.
Genetically targeting RbmZ20is relatively straightforward in the mouse, but is extremely
challenging in humans and instead developing small molecule inhibitors that specifically
target binding of RBM20 to titin transcript are more likely to be successful. Cardiac-
specificity of such inhibitor would be ideal, but since we have not found a functional defect
caused by upregulating compliant titin isoforms in skeletal muscle (based on our work with
the conventional Rbm20°RRM mouse) cardiac specificity might not be essential. Since
cardiac RBM20 expression levels vary amongst individuals*’, the precise level of RBM20
inhibition required to have an ideal beneficial effect on diastolic function may vary among
patients and might require careful dosing according to the underlying cardiac pathology and
stage of heart failure.

The promise of targeting titin is revealed by the improved exercise performance of mice that
express N2BAsc titins, a finding that might be due to the increase in ventricular chamber
compliance and a more rapid active myocardial relaxation that is expected to result in a
larger end-diastolic volume and a higher cardiac output during exercise. The increased
exercise performance of mice that express N2BAsc is consistent with the study of Nagueh et
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al13 that showed a positive correlation between the N2BA(compliant):N2B(stiff) isoform
ratio and peak oxygen consumption (VO2) in human heart failure patients. The enhanced
exercise performance of both ‘mice and men’ that express compliant titins shows that
inhibiting the RBM20-based titin splicing system should be considered as a strategy for
improving cardiac function in HFpEF patients. Titin holds great promise as a therapeutic
target for HFpEF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical perspective
What is New?

. Titin is a sarcomeric protein that functions as a molecular spring that
contributes greatly to LV passive stiffness. The spring properties can be
tuned through posttranscriptional and posttranslational processes and
their derangement has been shown to contribute to diastolic
dysfunction in patients with HFpEF (Heart Failure with preserved
Ejection Fraction). Recently the titin splicing factor RBM20 was
discovered and we studied whether inhibition of RBM20 can be used to
improve diastolic function in a mouse model of HFpEF.

. We discovered that inactivating RBM20 results in upregulation of
compliant titin isoforms and a large reduction in cellular passive
stiffness whereas ECM-based stiffness is unaffected. LV diastolic
chamber compliance, concentric remodeling and exercise tolerance
were all improved.

What are the clinical implications?

. The prevalence of HFpEF continues to grow, but no treatment strategy
has been proven to be effective. The finding that inactivating RBM20
causes expression of compliant titin isoforms and has a beneficial effect
on diastolic health and exercise tolerance shows a possible pathway by
which diastolic dysfunction might be ameliorated in HFpEF patients.

Titin holds promise as a therapeutic target for HFpEF
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A) Schematic of experimental protocol. Diastolic dysfunction was induced in
cRbm20PRRM mice by TAC surgery with DOCA pellet implantation. At 1 week post TAC/
DOCA surgery, post constrictional aortic flow velocity was measured to quantify severity of
aortic constriction. Raloxifene or DMSO (vehicle) was then administered via intraperitoneal
injection daily for 8 consecutive days. At 2 weeks post TAC/DOCA surgery,
echocardiography was used to evaluate cardiac morphology and study diastolic dysfunction.
At 4 weeks post-surgery, a final echo analysis was performed after which the animals were
utilized for PV analysis, cell/muscle mechanics or protein studies. B) Titin isoform
expression in cRbm20ARRM mice after raloxifene injection. A representative gel image
shows that LV myocardium of cRBM20*RRM mice treated with raloxifene expressed the
normal adult N2B titin (~3.0 MDa) and N2BA titin (~3.3 MDa) isoform at 1 week, but after
3 weeks also expressed 2 very large titin isoforms (~3.5 and 3.6 MDa in size) that we named
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super-compliant titin, or N2BAsc. C) A significant amount of N2BAsc titins was observed
as early as 2 weeks after beginning of raloxifene injection. The ratio of N2BAsc / total titin
reached ~ 0.45 after week 3 and then remained nearly stable. **p<0.01, ****p<0.0001 vs.

Week 0. (n=10,5,6,6,6,4 mice for week 0,1,2,3,4,5 respectively).
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Figure 2. Diastolic (A-C) and (D) systolic function 2 weeks (top row) and 4 weeks (bottom row)
after TAC/DOCA surgery: Echocardiography

Top. Mice have diastolic dysfunction 2 weeks after TAC/DOCA surgery. cRbm20ARRM
TAC/DOCA mice were studied that had received 1 week post-surgery DMSO (control) or
raloxifene (note that the one week period from start of injection to echo analysis is
insufficient for N2BAsc expression). Both TAC/DOCA groups had a reduced mitral E
deceleration time (A), increased mitral E/e’ ratio (B) and increased E/A ratio (C), all
indicating diastolic dysfunction. The ejections fraction (D) is normal. Bottom. Recovery of
diastolic dysfunction in cRom20*RRM-raloxifene mice 4 weeks after TAC/DOCA surgery.
(Note that the 3 week period from start of raloxifene injection to echo analysis results in an
optimal N2BAsc expression level in cRbm20RRRM_raloxifene mice.) The cRbm20PRRM.
DMSO group had (compared to sham) a reduced mitral E deceleration time, increased mitral
E/e’ ratio and increase E/A ratio, all of which indicate diastolic dysfunction. The
cRbm20RRRM_raloxifene group had normalized diastolic parameters. The ejection fraction
was normal in both TAC/DOCA groups. * p<0.05; **p<0.01, ***p<0.001; ****p<0.0001.
(n=20 sham, 29 cRbmM20PRRM.DMSO, and 37 cRbm20PRRM-raloxifene mice.)
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Figure 3. Recovery of diastolic dysfunction in cRbm202RRM._rajoxifene mice 4 weeks after TAC/
DOCA surgery: Pressure-Volume analysis

DMSO (control) and raloxifene TAC/DOCA cRbm20*RRM mice were studied by PV
analysis. A) Representative examples of PV loops. PV analysis was performed on
anesthetized and ventilated mice under isoflurane. Inferior vena caval occlusions were
conducted to assess load-independent parameters. (B) Diastolic stiffness coefficient p of
EDPVR was significantly increased in the cRom20ARFM-DMSO group but was normal in
cRbm20PRRM_raloxifene group. (C) LVEDP was elevated in cRom20*PRRM-DMSO mice. *
p<0.05; **p<0.01; ****p<0.0001. (n=12 sham, 21 cRbm20PRRM-DMSO, 28 cRbm20ARRM.
raloxifene)
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Figure 4. Characteristics of the extracellular matrix (ECM)
(A) ECM-based myocardial passive stiffness of muscle strips from LV free wall. The

relation of ECM-based stiffness vs. SL of sham (circle), cRobm20PRRM-DMSO (upward
triangle) and cRbm20RRRM_raloxifene (inverted triangle) are shown. ECM-based stiffness
was increased in both TAC/DOCA groups. (For analysis, see Supplemental Methods).
**p<0.01; ***p<0.001 vs. Sham. (n=6, 6, 6 muscle strips from 4, 5, 6 mice for ECM-based
passive stiffness.) (B—E) Quantification of collagen in LV myocardium. (B) Representative
PSR staining for collagen of LV myocardium. Quantitative analysis showed a similarly
increase in collagen volume fraction (C), collagen fiber length (D), and collagen fiber width
(E) in both TAC/DOCA groups. **p<0.01; ****p<0.0001. (n=9, 14, 21 mice for collagen
quantification.)
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Figure 5. Cardiomyocyte (LV) passive stiffness and slack sarcomere length
(A) Skinned cardiomyocyte passive stiffness was increased in cRbm20*RRM.DMSO but was

reduced in cRbm20PRRM.raloxifene mice. (For analysis, see Supplemental Methods.)
**x*n<(0,0001 vs. Sham; ##p<0.0001 vs. cRobm20RRRM.DMSO. (B) Slack sarcomere
length of skinned cardiomyocytes (see text for details). ****p<0.0001 (n=13, 15, 19 cells
from 6, 6, 7 mice).
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A Sham cRbm204RfRM DMSO cRbm204RRM raloxifene

100 pm 100 um 100 pm
B Dimension of cardiomyocytes Sarcomere
Length[um] Width[pum] Area [um?] length[um]
Sham 110.5£1.0 23.1£0.2 1,863+25.7 1.88+0.02

cRbm20ARRM. 121.7£1. .2 27.8+0.2"*** 2,499£34.6** 1.87+0.02
DMSO

cRbm20ARRM. 118.6+1.0**** 26.610.2%% 2 320126 5 1.96+0.02**,
raloxifene HitH HHHHHE #HH

Figure 6. Cardiomyocyte dimensions at diastasis
(A) Representative confocal immunofluorescent images of LV wall tissue at diastasis. Red:

laminin and connexin43, green: alpha-actinin, and blue: nucleus. (B) Comparison of cell
dimension in sham and two TAC/DOCA groups (DMSO and raloxifene).
Cardiomyocytes of both TAC/DOCA groups are longer and wider than in sham and
consequently have a larger area. However, cardiomyocytes of cRom20°RRM-raloxifene are
smaller than cRbm20ARRM.DMSO. SL of cRbm20RRRM.raloxifene is longer than sham and
cRbm20RRRM.DMSO. **p<0.01, ****p<0.0001 vs.

Sham;#*p<0.01, ##p<0.001, ###p<0.0001 vs. cRbm2ARRM-DMSO group. (n= 631, 580,
634 cells for cell dimension and 75, 79, 93 cells for SL measurement in 4, 4, 3 hearts).
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Figure 7. Exercise tolerance study
(A) Exercise tolerance was evaluated by measuring the running distance in a treadmill

running test at three times: preoperative and at 2 weeks and at 4 weeks post TAC/DOCA
surgery. The running distance was calculated as a percent of the preoperative running
distance of each individual mouse. Sham (circle), cRbm20*PRRM-DMSO (upward triangle)
and cRbm20PRRM raloxifene (inverted triangle). (B) At 4 weeks post-surgery (after
expression of N2BAsc titin in the raloxifene group), the cRbm20PRRM-raloxifene mice
showed a significantly increased running distance compared to cRom20ARFM-.DMSO mice.
(For analysis, see Supplemental Methods.) **p<0.01. (n= 7 sham, 10 cRbm20°RRM.DMSO,
10 cRbm20RRRM_raloxifene mice).
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Table 1

Page 25

Echocardiographic parameters, pressure volume analysis parameters and tissue morphometry at 4 weeks post

TAC/DOCA surgery (with expression of N2BAsc titins in the cRbm20°RRM-raloxifene group).

At 4 weeks post- Sham CRbm20ARRM CRbm20ARRM
surgery --DMSO --raloxifene
Age (days) 85+2 84+2 84+1

Body Weight, BW (gm) | 23.7 £ 0.6 257+05% 24.3+0.3%
Tibial Length, TL(mm) | 17.0+0.1 17.0+0.1 17.0+0.1
Echocardiography

Heart Rate (bpm) 517 +13 501 + 16 501 +7
LVID;d (mm) 3.85+0.06 4.02 +0.06 415+006 ™"
WT;d (mm) 0.80 £0.05 0.98 +0.02™** 0.95 +0.02
LVID;s (mm) 2.72+0.06 2.90 +0.08 3.05+008"
WT;s (mm) 1.05 + 0.06 1.29 +0.02 1.26 +0.02
Eccentricity 46+£0.2 41+017F 44£0.1

EF (%) 56.8+1.4 545+1.8 522+15

LA dimension (mm) 2.13+0.03 246+ 0027 243 +0.037*
E decel time (ms) 26.8+0.6 20.9 + 0.5 25.0 + 0.57##
MV E/A 1.40 £0.06 2.46 +0.24*** 1.93+0.16
MV E/é -36.9+17 —453+22% -40.2+16
Pressure-Volume Analysis

Load Dependent Parameters

ESP (mmHg) 96 £ 2 128 + 377 128 + 37
EDP (mmHg) 1606 474077 25+047%
dPmax (mmHg/s) 10,101 + 426 9,089 + 530 9,145 + 488
dPmin (mmHg/s) -10,091 + 567 | -9,870 + 468 -10,621 + 475
ESV (ul) 24+2 39+37* 41 +27*

EDV (ul) 63+4 75+3 80 +3™*

SV (ul) 39+2 37+1 39+2

Tau Glantz (ms) 82+05 115+06° 10.2+0.7

Ea (mmHg/ul) 25+0.1 37+017 36+02°"
Load Independent Parameters

Ees (mmHg/ul) 4.01+0.38 4.49 +0.53 3.39+0.25
PRSW (mmHg) 95.3+35 107.6 +7.4 105.4+53
EDPVR(mmHg/pl) 0.024 + 0.002 0.059 + 0.004 " | 0.029 + 0.003 ###%#
Tissue Morphometry

LV/TL (mg/mm) 4.85+0.10 7.31+0.32 % 6.92 +0.27
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At 4 weeks post- Sham CcRbm20ARRM CRbm20ARRM
surgery --DMSO --raloxifene
RV/TL (mg/mm) 1.23+0.05 1.32+0.05 1.31+0.04
Lt ATR/TL (mg/mm) 0.21+£0.01 0.36 £ 0.03 0.37+004%
Rt ATR/TL (mg/mm) 0.14 £0.02 0.23+0.01 ** 0.20 +0.01 *
Lung/TL (mg/mm) 8.55+0.22 0.45+027% 9.16 £0.17

LV, left ventricle; d,diastole; s,systole; LVID, LV internal dimension; WT, wall thickness; Eccentricity indicates LVIDd/WTd; Vol, volume; SV,
stroke volume;FS, fractional shortening; EF, ejection fraction; LA, left atrium; MV, mitral valve. ESP: end-systolic pressure; EDP: end-diastolic
pressure; dPmax:maximal rate of pressure change; dPmin:minimal rate of pressure change; ESV: end-systolic volume; EDV: end-diastolic volume;
SV: stroke volume; EF: ejection fraction; Tau Glantz: LV relaxation time constant ; Ea: effective arterial elastance; Ees: end systolic elastance;
PRSW: preload recruitable stroke work; EDPVR: end diastolic pressure volume relation; HW: whole heart weight; RV: right ventricle; ATR: atria.
TL.: tibial length.

*
p<0.05,
Ak
p<0.01,

Aok

*
p<0.001,
Ak Ak
p<0.0001 vs. Sham;
#pso.OS,

####pso.oom vs. cRbm2AARRM_pmso group. (n=10,29,37 mice for echocardiography, n=12,21,28 mice for PV analysis, n=12,22,29 mice for
tissue morphometry)

Circulation. Author manuscript; available in PMC 2017 October 11.



	Abstract
	INTRODUCTION
	METHODS
	Mice
	Experimental protocol
	Echocardiography
	Pressure-Volume analysis
	Exercise testing
	Isolated cardiomyocyte passive stiffness
	LV free wall passive stiffness
	Picrosirius red (PSR) staining
	In-vivo cellular dimensions and SL measurement
	Protein analysis
	Statistical analysis

	RESULTS
	Expression of N2BAsc titins in cRbm20ΔRRM mice
	TAC/DOCA mice exhibit diastolic dysfunction
	Expressing N2BAsc titins ameliorates diastolic dysfunction
	Mechanistic basis for diastolic function recovery in cRbm20ΔRRM TAC/DOCA mice
	Exercise tolerance

	DISCUSSION
	Creating a mouse model with HFpEF-like symptoms
	Expression of compliant titin isoforms (N2BAsc) lowers titin-based passive stiffness
	Expressing N2BAsc titins improves diastolic function and exercise capacity
	Clinical implications

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1

