
Letter to the Editor

RBM20 is an essential factor for thyroid
hormone-regulated titin isoform transition

Dear Editor,

Diastolic heart failure (DHF) and systolic

heart failure (SHF) are two main subsets of

chronic heart failure that are commonly

encountered in clinical practice (Chatterjee

and Massie, 2007). Although there have

been considerable advances in the treat-

ment of SHF, the molecular and biochemical

mechanisms mediating the structural re-

modeling and principal functional derange-

ment in both SHF and DHF remain unclear.

In particular, effective therapeutic regimens

are still lacking for DHF; thus, it is imperative

to better understand the molecular and bio-

chemical mechanisms of DHF in an effort to

seek novel therapeutic avenues for patients

suffering from DHF. DHF is manifested by

stiffer ventricular walls, while SHF has overly

compliant ventricular walls. Therefore, alter-

ingventricularwall stiffnesswill be apotential

therapeutic strategy for both DHF and SHF.

Recently, increasing attention has been

paid by researchers and cardiologists to

titin in regard to developing an alternative

therapy for both DHF and SHF. Titin, a

giant sarcomeric protein, is a key determin-

ant of myocardial passive tension and is

largely responsible for the diastolic proper-

ties of the heart (LeWinter and Granzier,

2014). Two major classes of titin are co-

expressed in mammalian cardiac muscles,

namely the smaller N2B isoform (3.0 MDa)

and the larger N2BA isoform (3.2–

3.7 MDa). The larger N2BA isoform is more

compliant and develops lower passive

tension, while the N2B isoform is stiffer

and develops higher passive tension. At

varying ratios of N2BA to N2B isoforms,

the sarcomeres develop an intermediate

level of passive tension affecting myofibril-

lar extensibility and passive force generation

and altering the stiffness of the cardiac walls

(Cazorla et al., 2000; Freiburg et al., 2000).

Therefore, the manipulation of their ratios

has been considered a therapy for reducing

pathological diastolic stiffness or increasing

pathological systolic stiffness. However, the

mechanisms regulating titin isoform transi-

tion remain elusive. Recently, RNA binding

motif 20 (RBM20), a splicing factor, has

been identified as a major regulator of titin

isoform transition (Guo et al., 2012), while

the thyroid hormone-triiodothyronine (T3)

has also been reported to regulate titin

isoform transition (Wu et al., 2007; Kruger

et al., 2008). Nevertheless, prior to this

report, the relationship between RBM20

and T3 in the regulation of titin isoform

transition remains unknown. The present

study was designed to evaluate the role of

RBM20 in T3-regulated titin isoform transi-

tion, and the molecular signaling mechan-

isms linking T3 and RBM20.

There are indications that thyroid gland

maturation and titin isoform transition

occur in the fetus at approximately the

same time (Polk, 1995; Kruger et al., 2006).

Indeed, in the presence of RBM20, T3 treat-

ment in primary cultures of neonatal rat car-

diomyocytes (CMs) increased the smaller

N2B isoform expression (Kruger et al.,

2008). However, it is unknown whether T3

can still regulate titin isoform transition in

the absence of RBM20. Hence, we examined

the influence of T3 on titin isoform transition

in the absence of RBM20. In homozygous

RBM20 knockout rats (Rbm20
2/2 ), only

the largest N2BA isoform (�3.9 MDa) is

present (Guo et al., 2010), and in heterozy-

gous RBM20 knockout rats (Rbm20
+/2 ),

the intermediate sized titin N2BA isoforms

(3.2–3.7 MDa) are co-expressed with the

smaller N2B isoform, while, in adult wild

type rats (Rbm20
+/+ ), the small, stiffer

N2B isoform predominates (Guo et al.,

2012). This makes the RBM20 deficient rat

model a unique tool for this study. We

isolated and cultured neonatal ventricular

cardiomyocytes (NVCMs) of Rbm20
+/+ ,

Rbm20
+/2 , and Rbm20

2/2 rats. With the

addition of T3 in a serum-starved medium,

the ratios of N2B to N2BA isoforms increased

significantly, from �23% to �59% of total

titin isoforms (N2B + N2BA) in Rbm20
+/+

rats (Figure 1A) and from �6% to �23% of

total titin isoforms in Rbm20
+/2 group

(Figure 1B). However, increased N2B expre-

ssion did not occur in Rbm20
2/2 NVCMs

with T3 supplementation. Virtually no N2B

was expressed in either treated or untreat-

ed Rbm20
2/2 NVCMs (Figure 1C). These

results suggest that RBM20 plays an in-

dispensable role in the regulation of titin

isoform transition triggered by T3.

In order to further confirm whether

T3-regulated titin isoform transition is

RBM20-dependent, we performed in vivo

assays. We treated the Rbm20
+/+ ,

Rbm20
+/2 , and Rbm20

2/2 rats independ-

ently with T3 and propylthiouracil (PTU, a

drug that inhibits the secretion of thyroid

hormone). After a 90-day treatment with

subcutaneously implanted T3 pellets in

Rbm20
+/+ , Rbm20

+/2 , and Rbm20
2/2

rats, we harvested the hearts, and observed

titin isoform transitions by resolving titin

bands with a 1% SDS-agarose gel. The

N2B isoform was significantly increased in

Rbm20
+/+ and Rbm20

+/2 rat hearts

(Figure 1D), with increases of N2B isoform

from �84% to 92% of total titin in

Rbm20
+/+ rats, and from �16% to 36%

of total titin in Rbm20
+/2 rats (Figure 1E).

No N2B isoform was expressed in

Rbm20
2/2 rat hearts under T3 treatment

when compared with control groups that

were implanted with placebo (Figure 1F).

An equal number of age-matched rats

were used for the PTU treatment by
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feeding a diet containing 0.15% PTU. After 3

months of treatment, with low thyroid

status, the N2BA isoform was increased

and the N2B isoform was decreased from

�87% to 80% of total titin in Rbm20
+/+

rats (Figure 1G). The N2B isoform was

nearly undetectable with PTU treatment in

Rbm20
+/2 rats (Figure 1H). However, no

changes were observed in Rbm20
2/2 rats

treated with PTU when compared with

control groups without PTU treatment

(Figure 1I). These data further confirm that

RBM20 is an essential factor for thyroid

hormone-regulated titin isoform transition.

Next, we examined the mechanisms

linking RBM20 and T3 in the regulation of

titin isoform transition. Western blot ana-

lysis using anti-RBM20 antibody indicated

two bands (�135 and 145 kDa) in control

primary cultures of Rbm20
+/+ and

Rbm20
+/2 NVCMs (Figure 1J and K). With

supplementation of T3, the intensity of the

145 kDa band increased in primary cultures

of Rbm20
+/+ and Rbm20

+/2 NVCMs when

compared with the control without T3, while

supplementation of LY 294002 (LY, a PI3K

inhibitor) with or without T3 produced

slightly decreased intensity of the 145 kDa

band, and a significant reduction in the in-

tensity of the 135 kDa band (Figure 1J and

K). These results suggest that RBM20 is

likely posttranslationally modified. If this is

the case, the posttranslational modification

of RBM20 could be phosphorylation, given

that the phosphorylation of serine–arginine

(SR) proteins (Guo et al., 2012) is essential

for pre-mRNA splicing (Prasad et al., 1999).

A previous study reported that T3 regulates

titin isoform transition via the PI3K/Akt

pathway (Kruger et al., 2008). Our results

also demonstrated that T3 supplementation

increased AKT activation and the N2B iso-

form, while LY supplementation decreased

AKT activation and the N2B isoform

(Supplementary Figures S1A–C and S2A–

C) in primary cultures. In in vivo assays

with rats treated with T3 and PTU, we

found that the activation and phosphoryl-

ation of Akt were increased with T3 treat-

ment, and deceased with PTU treatment

(Supplementary Figures S3A–C and S4A–C).

These results suggest that the phosphoryl-

ation of RBM20 is crucial for titin isoform

transition triggered by T3. The mechanism

could be that first T3 activates Akt and

then Akt phosphorylates RBM20, and

finally the phosphorylated RBM20 regu-

lates titin isoform transition. Band density

analysis also demonstrated that total

RBM20 expression was increased with T3

supplementation when compared with

control without T3 supplementation in the

medium. Additionally, LY supplementation

reduced the total amount of RBM20 when

compared with control without T3 or LY

supplementation (Figure 1J and K). These

Figure 1 Effect of T3 on titin isoform transition in RBM20 deficient NVCMs and rats. (A, B, D, and E) N2B-titin isoform increased with T3 treatment in

primary cultures of Rbm20
+/+ and Rbm20

+/2 NVCMs and rats when compared with control without T3 treatment. (C and F) Virtually no N2B titin

was expressed in Rbm20
2/2 NVCMs and rats, and N2B-titin isoform was not increased by T3 treatment in primary cultures of Rbm20

2/2 NVCMs

and rats when compared with control without T3 treatment. (G and H) N2B-titin isoform decreased in Rbm20
+/+ and Rbm20

+/2 rats with PTU

treatment when compared with control groups without PTU supplementation, and N2B-titin isoform was nearly undetectable in Rbm20
+/2

rats with PTU treatment. (I) The ratios of N2B to N2BA isoforms were not altered by PTU in Rbm20
2/2 rats. (J and K) RBM20 bands shift on

western blot with antibody against RBM20 in both Rbm20
+/+ and Rbm20

+/2 NVCMs; lower band was estimated to be 135 kDa and upper

band 145 kDa. The density of the upper band (in gray) and lower band (in black) increased with T3 supplementation, but decreased with LY sup-

plementation when compared with control without T3 and LY in Rbm20
+/+ and Rbm20

+/2 NVCMs. Total RBM20 (in white) increased with T3 sup-

plementation and decreased with LY supplementation when compared with control in Rbm20
+/+ and Rbm20

+/2 NVCMs. T2, degraded titin

bands; histone, loading control for nuclear protein RBM20. Bars show means + SEM (n ¼ 3). *P , 0.05, **P , 0.01, ***P , 0.001.
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results imply that T3-regulated titin isoform

transition could also activate the mTOR

pathway and increase gene expression of

RBM20. The relative expression of Rbm20

mRNA was also validated by real-time PCR,

and the results revealed that the mRNA

level increased with T3 supplementation

while it decreased with LY supplementation

(Supplementary Figure S5A and B).

Therefore, we conclude that titin isoform

transition triggered by T3 is linked to

RBM20 via the PI3K/Akt/mTOR signaling

pathway, phosphorylating RBM20 and/or

increasing gene expression of RBM20

(Supplementary Figure S6).

Taken together, these findings present

significant clinical implications for patients

with SHF or DHF. Our data suggest that T3

treatment in SHF may increase the stiffness

of ventricular walls through upregulating

the stiffer N2B isoform. In particular,

patients with DHF can be benefited from

the treatment to decrease the stiffer N2B

isoform. Overall, our data should strength-

en the understanding of the regulatory

mechanism of titin isoform transition,

which might help to decipher the mechan-

isms of developmental or diseased titin

isoform transition, and further, they

provide new insights for improving diastolic

and systolic dysfunction.
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