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Abstract

Background: Distal arthrogryposis (DA) is comprised of a group of rare developmental
disorders in muscle, characterized by multiple congenital contractures of the distal
limbs. Fast skeletal muscle troponin-T (TNNT3) protein is abundantly expressed in
skeletal muscle and plays an important role in DA. Missense variants in TNNT3 are
associated with DA, but few studies have fully clarified its pathogenic role.

Methods: Sanger sequencing was performed in three generation of a Chinese family
with DA. To determine how the p.R63C variant contributed to DA, we identified a
variant in TNNT3 (NM_006757.4): c.187C>T (p.R63C). And then we investigated the
effects of the arginine to cysteine substitution on the distribution pattern and the
half-life of TNNT3 protein.

Results: The protein levels of TNNT3 in affected family members were 0.8-fold
higher than that without the disorder. TNNT3 protein could be degraded by the
ubiquitin-proteasome complex, and the p.R63C variant did not change TNNT3 nu-
clear localization, but significantly prolonged its half-life from 2.5 to 7 h, to promote
its accumulation in the nucleus.

Conclusion: The p.R63C variant increased the stability of TNNT3 and promoted nu-
clear accumulation, which suggested its role in DA.
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1 | INTRODUCTION

Distal arthrogryposis is a group of autosomal dominant muscle dis-
orders characterized by non-progressive congenital contracture
of the distal limb. It is a common birth defect and occurs in one in
3000-5000 new births.™? DA can be clinically classified into 10
types (DA1-DA10) with several overlapping features, although each
specific type is relatively rare.’® To date, several genes have been
reported to be linked with DA, such as p-tropomyosin (TPM2, OMIM
190990),34 myosin-binding protein C1 (MYBPC1, OMIM 160794),°
myosin heavy chain 3 (MYH3, OMIM 160720),% troponin | type
2 (TNNI2, OMIM 191043),28 fast skeletal muscle TNNT (TNNT3,
OMIM 600692),2'9'12 and others.?!® TPM2 stabilizes actin filaments
and mediates the interaction between actin and the troponin com-
plex.3’4 MYBPC1 is abundantly expressed in slow skeletal muscle and
interacts with the sarcomeric myosin, actin, and creatine kinase.®
MYH3 is an ATP-dependent motor protein that drives muscle con-
traction.®” TNNI2 and TNNT3 are vital components of the troponin
complex and play an important role in the regulation of muscle con-
traction and relaxation.'**> Mutations in these contractile-related
genes are the genetic basis for approximately 50% of all DA pa-
tients.2*® However, few studies have reported possible molecular
mechanisms responsible for this disorder.

In vertebrates, TNNT family members expressed in striated
muscle include three homologous variants: slow skeletal mus-
cle TNNT (TNNT1, GenBank: NC_000019.10); cardiac muscle
TNNT (TNNT2, GenBank: NC_000001.11); and TNNT3 (GenBank:
NC_000011.10).>*¢ The isoform proteins share highly conserved
middle and carboxyl-terminal regions. Although the amino acids in
the N-terminal region are significantly hypervariable, they can also
modulate the conformation and function of the TNNT core structure
to fine-tune muscle contractility.*>” TNNTs can interact with the
CaZ+—binding subunit troponin C and the inhibitory subunit troponin
| to form heterotrimeric complex.lo'“'15 Additionally, TNNTSs consist
of an excitation-contraction complex and can anchor troponin com-
plex to tropomyosin. The troponin complex regulates excitation-
contraction coupling and contraction of striated muscle to generate
force 101415

Mutations of TNNT members are associated with numerous
muscle diseases. Loss of human TNNT1 (OMIM 191041)* or TNNT2
(OMIM 191045)Y can cause severe nemaline myopathies, and ap-
proximately 10 DA kindreds with TNNT3 variants had been reported
in different countries.?”%'?2 Some pathogenic variants, such as
p.R63H, p.R63C, and p.R63S, have been identified in patients from
different countries with DA1 (OMIM 108120, http://www.omim.
org) or DA2B (OMIM 601680, http://www.omim.org).>7112 Their
DA phenotypes follow an autosomal dominant inheritance pattern,
but the boundaries between the different subtypes are indistinct
under some conditions.??1112 Residue 63" of TNNT3 is a hot mu-
tated point and almost all reported deleterious variants are associ-
ated with this residue.>?1%12 Recently, two splicing variants with a
frameshift in TNNT3 were reported responsible for a specific, reces-

sively inherited subtype of nemaline myopathy and DA.2%?!

The normal pathogenic roles of TNNT3 variants involve func-
tional disruption of the troponin complex.’® For example, the
TNNT3-p.R63C variant might cause limb defects by significantly
enhancing ATPase activity to interfere its interaction with tropomy-
osin and to produce hypercontractile muscles in vivo.'° Furthermore,
TNNT3 and other troponin subunits (i.e., cardiac troponin C, tropo-
nin T, and troponin I) have recently been found in the nuclei of differ-
ent cells, such as cervical carcinoma (Hela), epidermoid carcinoma
(A-431), and osteosarcoma cells (U-2 OS).?%23 Growing evidence
has suggested that TNNT3 could serve as a transcriptional regula-
tor and overexpression of TNNT3 induces apoptosis.?22> Chromatin
immunoprecipitation sequencing analysis has also shown that the
binding motif of TNNT3 overlapped with that of P53.2° These results
challenge the conventional view of troponin as a sarcomere-specific
protein that is exclusively involved in muscle contraction.?2232
However, the molecular mechanism of DA caused by the TNNT3
variant is still not fully understood.

In the present study, we identified and characterized a TNNT3
(NM_006757.4): c.187C > T (p.R63C) variant in a Chinese family with
typical DA2B syndrome. We experimentally investigated the con-
sequences of replacing arginine with cysteine. Our results showed
that TNNT3 was aberrantly expressed in affected patients and was
0.8-fold higher than that of age-matched controls. The TNNT3-p.
R63C variant was mainly localized in the nucleus, where it formed
sharp puncta in foci with different subnuclear distribute pattern.
TNNT3-p.R63C significantly accumulated in nuclei and its half-
life was prolonged. Together, the results suggested that the non-
canonical function of TNNT3 might play an important role in the
pathogenesis of DA.

2 | MATERIALS AND METHODS

2.1 | Materials

HEK293 cells were obtained from the American Type Culture
Collection (Manassas, VA, USA). Dulbecco's Modified Eagle
Medium (DMEM) (# 12430-047), fetal bovine serum (FBS)
(# 16000-044), 0.05% trypsin/EDTA (# 25300-054), Opti-
MEM media (# 31985-070), TRlzol reagent (# 10296010),
4' 6-diamidino-2-phenylindole (DAPI, P36931), Lipofectamine
2000 (# 11668-019), Power SYBR® Green PCR Master Mixture (#
2011605), and enhanced chemiluminescence substrate (# 34094)
were all from Thermo Fisher Scientific (Waltham, MA, USA).
Protease-inhibitor cocktail (# p8340) and cycloheximide (# C7698)
were from Sigma-Aldrich (St. Louis, MO, USA). PrimeScript™ RT
reagent kit with gDNA Eraser (# RR047A), pMD™18-T Vector
Cloning Kit (# 6011), ligation kit (# 6022), PrimeSTAR® HS DNA
Polymerase (# RO10A), and restriction enzymes were from Takara
Bio (Dalian, China). Phenylmethanesulfonyl fluoride (PMSF, #
ST505), protease inhibitor cocktail for mammalian cell and tis-
sue extracts (# P1010), penicillin-streptomycin (# C0222), BCA
Protein Assay Kit (# P0012), and QuickMutation™ Site-Directed
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Mutagenesis Kit (# D0206) were all from Beyotime Biotechnology
(Shanghai, China). MG-132 (# S2619) was from Selleck (Shanghai,
China). Primary antibodies anti-Myc (# 2272), anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH, # 5174), anti-p-tubulin (#
2146), anti-p-actin (# 3700), and monoclonal anti-H3 (# 14269)
were from Cell Signaling Technology (Danvers, MA, USA). Rabbit
polyclonal antibody to TNNT3 (# ab175058) was from Abcam
(Cambridge, MA, USA), and horseradish peroxidase-conjugated
secondary antibodies were from Millipore (St. Louis, MO, USA).

2.2 | Sanger sequencing

Potential variants of the TNNT3 gene in patient family members
and 10 healthy controls were identified by Sanger sequencing.
The genomic DNA was isolated from peripheral blood or amnio-
cytes using a Qiagen DNA Blood Mini Kit (#51104, Qiagen, Hilden,
Germany) according to the manufacturer's instructions. Specific
primers (listed in Table S1) were designed to amplify sequences
containing previously reported mutation sites of TNNT3.2 DNA frag-
ments were amplified using polymerase chain reaction (PCR). The
50-pl PCR reaction mixture contained 50-ng genomic DNA, 1-pl
PrimeSTAR® HS DNA polymerase (Takara Bio), 1-pl forward primer,
and 1-ul reverse primer. PCR reactions were performed as follows:
95°C for 5 min, 30 cycles (95°C for 30 s, 55°C for 30's, and 72°C for
40 s); 72°C for 10 min; and 4°C for 15 min. PCR products were puri-
fied and then sequenced by an ABI 3100 automated DNA sequencer
(Applied Biosystems, CA, USA). Sequencing results were aligned to
the human genome reference (http://www.ensembl.org/), and nu-
cleotide changes were identified according to their position in the
wild-type TNNT3 reference sequence. This study was approved by
the Ethics Committee of Wenzhou Central Hospital, and written in-

formed consent was obtained from the participants.

2.3 | Plasmid constructs

Total RNA from human skeletal muscle (previously collected from
aborted fetuses affected with embryo arrest and stored at -80°C
in our laboratory) and the reverse transcription reaction were used
to generate cDNA by the PrimeScript™ RT reagent kit with gDNA
Eraser. PCR amplification was conducted with the corresponding
primers (listed in Table S1). The fragments containing the entire cod-
ing sequence of human TNNT3 were cloned into the appropriate sites
(EcoRI/HindIll or Hindlll/Kpnl) of the pcDNA3.1-Myc (Invitrogen,
Carlsbad, CA, USA) and pEGFP-N1 vector (Clontech, San Jose,
CA, USA) to create pcDNA3.1/TNNT3-Myc and pEGFP-N1/TNNT3
(translational fusion with a green fluorescence protein encoding
gene), respectively. The variant ¢.187C > T (p.R63C) was introduced
to TNNT3 cDNA by Site-Directed Mutagenesis Kit following the
manufacturer's instructions. The pcDNA3.1/TNNT3-Myc or pEGFP-
N1/TNNT3 was used as a template. After confirming the sequences,
they were designated as pcDNA3.1/TNNT3, pcDNA3.1/TNNT3-mut,

pEGFP-N1/TNNT3, and pEGFP-N1/TNNT3-mut. Plasmids were puri-
fied by using a Plasmid Midi Kit (Qiagen).

2.4 | Cell culture and transfection

Cells were cultured in DMEM containing 10% FBS, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. The cultures were maintained
in a humidified 5% CO, incubator at 37°C, and cells were passaged
using 0.05% trypsin/EDTA. Two microgram of plasmid (pcDNA3.1,
pcDNA3.1/TNNT3 or pcDNA3.1/TNNT3-mut) was transfected
into cells cultured in 6-well plates (4 x 10° cells/well), and the
Lipofectamine 2000 reagent was used for cell transfection accord-
ing to the manufacturer's instructions. After transfection, the trans-
fected cells were incubated at 37°C for additional 48 h for western
blotting. To determine the subcellular localization of TNNT3 and
TNNT3-p.R63C, cells (8 x 10* cells/well) were cultured on coverslips
in 12-well plates, and then 0.5 pg of plasmid (pEGFP-N1, pEGFP-
N1/TNNT3, or pEGFP-N1/TNNT3-mut) was transfected, and the
plates were incubated for 48 h at 37°C. The cells were fixed with
formaldehyde (4%) for 30 min, washed twice with 1 x phosphate-
buffered saline (PBS). DAPI was added and incubated at room
temperature for 20 min for nuclear staining according to the manu-
facturer's instructions. Images were captured with a fluorescence
microscope (DMi8; LEICA, Wetzlar, Germany), and the localization

was assessed.

2.5 | Western blotting

plasmids  (pcDNA3.1-Myc,
pcDNA3.1/TNNT3, or pcDNA3.1/TNNT3-mut). After 48 h, the

cells were harvested, lysed, and immunoblotted in accordance

Cells were transfected with

with standard protocols. Briefly, cells were washed once with PBS
and then lysed in a radioimmunoprecipitation assay buffer supple-
mented with PMSF and protease-inhibitor cocktail. The cell lysates
were collected, and protein concentrations were determined using
the BCA Protein Assay Kit. Each lane was loaded with 40 pg of sam-
ple (whole cell lysis) and then fractionated using a 12% sodium do-
decyl sulphate-polyacrylamide gel electrophoresis gel, followed by
transfer to a polyvinylidene difluoride membrane (GE Healthcare
Life Sciences, Marlborough, MA, USA) using a Trans Blot apparatus
(Bio-Rad, Hercules, CA). The membranes were blocked with 5% non-
fat milk in PBS for 1 h at room temperature and then probed with
the appropriate primary antibodies overnight at 4°C. Then, the cor-
responding peroxidase-conjugated secondary antibodies (1:5000)
were used, respectively. The targeted proteins were visualized by
using enhanced chemiluminescence reagents with a ChemiDoc™
MP Imaging System (Bio-Rad). Western blotting data were quanti-
fied by ImageJ software (National Institutes of Health, Bethesda,
MD, USA). The intensity of each band was divided by the intensity
of its respective loading control to provide normalized values used
for statistical analysis.
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2.6 | Cell fractionation

Cells were fractionated using the Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime Biotechnology, Shanghai, China) accord-
ing to the manufacturer's instructions. Briefly, HEK293 cells were
seeded at the desired densities in six well plates and incubated at
37°C, with 5% CO, for 24 h. Forty-eight hours after transfection,
the cells were collected and resuspended in ice-cold hypotonic
lysis buffer with 1 mM PMSF, homogenized, and centrifuged (4°C,
5 min at 13 000 g) to collect the supernatant containing cytoplas-
mic proteins. Then, 100-pl nuclear extraction buffer was added
to resuspend the pellet, followed by vortex and incubation on ice
for 30 min. Further centrifugation at 13 000 g at 4°C for 10 min
was performed to collect the supernatant, which contained nu-
clear proteins. Finally, 200 pL of the cytoplasmic fraction and 50 pl
of the nuclear fraction were obtained for each sample. Protein
content of each fraction was measured and analyzed by western
blotting.

2.7 | Quantitative PCR

HEK293 cells were transfected with the pEGFP-N1, pEGFP-
N1/TNNT3, and pEGFP-N1/TNNT3-p.R63C vectors. After 48 h, total
RNA was isolated from with TRIzol reagent following the manufac-
turer's instructions. Elimination of genomic DNA and cDNA synthe-
sis were performed using PrimeScript™ RT reagent kit with gDNA
Eraser as previously described.?’ Gene specific primers for TNNT3
and GAPDH were designed (listed in Table S1). The quantitative PCR
reactions followed the manufacturer's instructions. The gRT-PCR
reaction mixture had a final volume of 20 pl, containing 2-pl diluted
cDNA template, 7 ul of nuclease free water, 0.5 ul of each gene-
specific primer (10 pmol/ul), and 10 pl of the Power SYBR® Green
PCR Master Mixture (Thermo Fisher Scientific). All PCR reactions
occurred in a 96-well ABI plate format in ViiA7 (Life Technology, NY,
USA). For quantitative PCR, the cycling conditions was initiated at
50°C for 2 min, with a secondary step at 95°C for 10 min, followed
by 40 cycles of PCR reactions (95°C for 10 s and 58°C for 1 min).
The reaction specificity was examined using dissociative curves. The
TNNT3 relative mRNA expression levels were obtained by normali-
zation to GAPDH using the 2"AALC hethod. All qRT-PCR data were
obtained in triplicate.

2.8 | Statistics

All experiments were performed in triplicate, and the results ex-
pressed as the mean + standard deviation. The data were analyzed
by Prism 8 (GraphPad, La Jolla, CA, USA). Student's t test was used to
determine the difference between two groups. One-way analysis of

variance with Tukey's multiple comparison test was used to evaluate

significant differences between multiple groups. The p values are
indicated on each figure as <0.05 (), <0.01 ("), and <0.001 ().

3 | RESULTS

3.1 | Clinical manifestation and identification of
the disease-causing variant

A patient (the proband) with typical DA features and her family
members were enrolled at the Department of Clinical Laboratory,
Wenzhou Central Hospital/Dingli Clinical School of Wenzhou
Medical University. Using clinical follow-up observations, we found
this family contained five affected members over three generations
(including two aborted fetuses) (Figure 1). All live patients had nor-
mal cognitive levels. Their detailed clinical data were evaluated by at
least two senior neurologists and surgeons from our hospital.

The proband (lll:1) was a 7-year-old female who had bilateral and
congenital contractures of the distal limbs. Her hands showed se-
vere camptodactyly, adducted thumbs, mild cutaneous syndactyly
of the second to fifth fingers, and ulnar deviation of fingers. Both
the grandfather (I1:2) and father (l1:2) of the proband showed hand
deformities similar to the proband (Figure 1B and D), while their
feet were normal. The proband's mother had been pregnant four
times, and the proband was the first and only live baby. 111:3 and III:4
were aborted because of severe arthrogryposis of the distal limbs
revealed by ultrasound images during prenatal diagnosis in our hos-
pital, and Ill:2 was naturally aborted because of unknown reasons
(Figure 1A). Detailed clinical information and X-ray images of the
hands are available (Figure 1B-G and Table 1). Based on the clinical
manifestations and the autosomal dominant inheritance pattern, this
family was diagnosed as putative DA (Figure 1).

To identify the sequence variant associated with DA, blood sam-
ples were obtained from three affected individuals (I:2, 11:2, and 111:1)
and healthy family members (II:1, 11:3, and Ill:2). Sanger sequencing
was conducted to analyze DA-associated genes, which have been
previously reported and identified a heterozygous missense muta-
tion ¢.187C > T in exon 9 of the TNNT3 gene (Figure 1H-J). The vari-
ant was not detected in unaffected family members (Figure 3K). This
variant resulted in an arginine-to-cysteine substitution at residue 63
(p.R63C) of 1:2, II:2, and III:1 (Figure 1H-J). R63 is a conserved posi-
tion in some vertebrates (Figure 1N). Variants in this site had been
reported to be associated with DA in China and other countries and
have been predicted to have deleterious effects.”'2 However, the

mechanism underlying these effects is not fully understood.
3.2 | The p.R63C point mutation increased TNNT3
protein stability

To assess the specific consequence of the p.R63C variant on TNNT3,

we performed western blotting analysis, which showed an increase
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FIGURE 1 Identification of the TNNT3 variant in affected family members with DA. (A) The pedigree of the family members affected by

DA. Squares and circles represent males and females, respectively. Triangles symbolize an aborted fetus. The clinically affected individuals
are indicated by filled symbols. The arrows beside the circle represent the proband. (B) and (D) Hand and foot images of the proband. The
hand image (C) and its X-ray images (E and F) of the proband's father. (G) The hand photographs of the proband's grandfather. The scripts
in Figure 1H-J indicate sequencing results of the proband, I:2 and II:2, whereas the script in (K) indicates sequencing results of a healthy
member of the affected family. The scripts in (L) and (M) indicate the sequencing results of amniotic fluid cultures for I11:3 and 111:4. (N)
Protein sequences of TNNT3 from human, mouse, rat, and zebrafish were aligned to indicate a conserved Arg at residue 63 in TNNT3

of total TNNT3 protein in the skeletal muscle of affected subjects,
when compared to unaffected subjects (Figure 2A). The level of
TNNTS3 in DA samples was approximately 0.8-fold higher than that
of unaffected subjects (Figure 2B, p = 0.001), so we speculated that
there was a relationship between the p.R63C variant and the TNNT3
protein levels. Plasmids expressing wild-type or the p.R63C variant
TNNT3 were therefore transfected into HEK293 cells, and protein
levels were detected at indicated times. The TNNT3-p.R63C protein
level was approximately 2.6-fold higher than TNNT3 at 24 h after
transfection (Figure 2C and D, p = 0.001). While at 48 h, it was still
1.7-fold higher than that of the wild type (Figure 2D, p = 0.000).
The difference of protein levels might have been caused by differ-
ent transcription levels in each group. However, gRT-PCR analysis
showed that there was no significant difference in mRNA level be-
tween the wild-type and the TNNT3-p.R63C variant (Figure S1).
The results therefore ruled out the possibility that the difference
of protein levels was due to different transcription levels. Thus, we
speculated that the increase of TNNT3-p.R63C protein was due to
its higher stability.

We then measured the half-life of TNNT3 and its variant by cyclo-
heximide (CHX) chase analysis. Forty-eight hours after transfection,
50 pg/ml CHX was added to the medium, and cells were harvested at
the indicated times. Figure 3 showed that the half-lives of TNNT3 and
TNNT3-p.R63C were estimated to be approximately 2.5 and 7 h, re-
spectively. This result suggested that wild-type TNNT3 was degraded
faster than TNNT3-p.R63C, a result that was compatible with lower
TNNTS3 protein levels in unaffected subjects and in HEK293 cells that
were transfected with wild type and variant plasmid (Figure 3).

Due to its short half-life, TNNT3 might be degraded by the pro-
teasome pathway. To test this possibility, we treated transfected
cells with CHX plus the proteasome inhibitor MG132, which in-
creased the residual levels of TNNT3-p.R63C and TNNT3 at all time
points, when compared with the CHX treated groups (Figure 4 and
S2). However, the half-life of TNNT3-p.R63C was still 1-fold higher
than that of TNNT3 (12 h vs 6 h) (Figure 4). Even at 24 h, the resid-
ual amount of TNNT3-p.R63C was significantly higher than that of
TNNT3-WT. Therefore, the p.R63C variant enhanced the intrinsic
protein stability of TNNT3 (Figure 4).
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TABLE 1 Clinical phenotypes of

I:2 2 ks fii:4 affected individuals with TNNT3 gene

Age/sex 60/M 29/M 7/F Aborted Aborted mutation in a Chinese family
Decreased facial = = = ND

expression
Ear deformity - - + - -
Small pursed mouth = = = ND
Triangularly shaped face - - - ND
Finger contractures ar
Camptodactyly +
Elbow contractures = = 4 ND
Limited wrist extension - - + ND
Asymmetric legs/feet = = +
Clubfeet - - +
Scoliosis = = = ND
Short stature - - - ND
Surgical operations = = + = =
DA classification DA2B
Disease-causing TNNT3:c.187C>T

mutation (p.R63C)

Note: +, present; -, absent; ND, not determined. M, male; F, female.

(B) 0.4- M Wild-type

(A) X
& I p.R63C variant

0.3- X

0.2+

0.1+

Relative intensity value

0.0-

[] Vector
TNNT3-Myc
0 m TNNT3(p.R63C)-Myc

(©) 2.0-

1.5+

1.0

0.5

" 3\/’7
£
o

Relative intensity value

0.0-

3.3 | TNNT3-p.R63C mainly accumulated
in the nucleus

Next, we investigated where TNNT3-p.R63C accumulated in cells.
Some studies have reported that TNNT3 was translocated into
the nucleus,?*%> so we speculated that the p.R63C variant might
change the distribution pattern of TNNT3 and slow its turnover.

FIGURE 2 The effect of the p.R63C
variant on TNNT3 protein levels. TNNT3
protein levels in skeletal muscles from
affected and non-affected members were
assessed by western blotting (TNNT3
antibody, 1:500). Representative images
are shown in A, and GAPDH (1:5000)
was used as an internal loading control.
The relative optical density of TNNT3/
GAPDH is indicated in B. TNNT3 protein
levels were assessed in vitro using an anti-
Myc antibody (1:500) at different time
points after transfection. Representative
western blotting images in C and GAPDH
(1:5000) were used as internal loading
controls. The relative optical density ratio
of TNNT3/GAPDH is shown in D. The
results are presented as the mean + SD,
and Hp < 0.01 indicates significant
differences, when compared with the
corresponding wild-type values

*%

24h 48 h

To test our hypothesis, we performed a green fluorescent pro-
tein (GFP) subcellular localization assay. TNNT3 and TNNT3-p.
R63C variant were translationally fused to GFP, and the subcel-
lular localization was determined using an inverted fluorescence
microscopy. GFP expressed by the empty vector showed a dif-
fuse distribution, and fluorescence was observed in the whole
cell (Figure 5A). In contrast, the GFP-tagged TNNT3 and p.R63C
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FIGURE 3 The p.R63C variant extended the half-life of TNNT3. HEK293 cells were transfected with TNNT3 or p.R63C variant
constructs, and then the cells were incubated in medium containing cycloheximide (50 pg/ml) and then chased for the indicated times.

The cells were harvested at different time points, and TNNT3 protein levels were determined by western blotting using anti-Myc antibody
(1:500). Each lane resolved 40 pg of protein, and representative western blot images are shown in A. (B) The relative ratios of the optical
band densities of TNNT3/GAPDH were normalized as the percentage of the ratios of the starting point as 100%. The results are presented
as the mean + SD from three independent experiments, and *p < 0.05and “p < 0.01 indicate significant differences, when compared to the
corresponding values of TNNT3-Myc
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variant were localized in the nucleus and formed distinctive sharp
puncta. It is worth noting that there was a considerable amount
of TNNT3-GFP distributed in the whole nuclei (Figure 5A). The
nuclear localizations of TNNT3 and TNNT3-p.R63C were different
from each other as shown by the more aggregation-prone pattern
for the former (Figure 5).

To further validate the protein distribution pattern, we fraction-
ated the nuclear and cytoplasmic protein components (Figure 5B).
The purity of each fraction was verified by a cytoplasmic marker
(a-tubulin) and nuclear marker (Histone H3), respectively. The a-
tubulin was predominantly detected in the cytoplasmic fraction, and
Histone H3 was only found in the nuclear fraction. Actin was con-
sistently found in both the cytoplasmic and nuclear fractions. Thus,
separation of nuclei and cytosol was successful (Figure 5B). Western
blotting results showed that both TNNT3 and TNNT3-p.R63C were
mainly localized in the nucleus, but the level of TNNT3-p.R63C was
approximately 3.5-fold higher than that of TNNT3 (Figure 5B and
C), while only a small amount of TNNT3-p.R63C was detected in
the cytoplasm, comprising approximately 5% of its total contents
(Figure 5B and D). Collectively, the results showed that the p.R63C
variant positively contributed to the stability of TNNT3 and pro-

moted its nuclear accumulation.

wm— T UbUlIN

—— A ctin

o FIGURE 5 The p.R63C variant

0 promoted its nuclear translocation and
) formed aggregated puncta. (A) The
plasmids encoding fusion proteins,
TNNT3-EGFP, TNNT3-p.R63C-EGFP,
and empty vector, were transfected

into HEK293 cells. After 2 days, the
cultures were observed using an inverted
fluorescent microscope with a GFP

filter. The DAPI indicated nuclei with
blue fluorescence. Scale bar, 10 um.

H3 (B) HEK293 cells were transfected

with the TNNT3- or p.R63C variant-
expressing vectors, and cytosolic and
nuclear proteins were separated. TNNT3
protein levels in different fractions were
determined with western blotting using
anti-Myc antibody (1:500). Anti-actin
(1:5000) was used as the internal control.
Anti-Histone 3 (1:5000) was used as the
loading control for nuclear TNNT3. (C, D)
The relative optical densities of TNNT3/
actin are indicated. The results are
presented as the mean + SD from three
independent experiments, and Mp <0.01
and mp < 0.001 indicate significant
differences, when compared with the
corresponding values of TNNT3-Myc

Myc

Cytosolic
fraction

4 | DISCUSSION

Using prenatal diagnosis, we identified a Chinese family with DA2B,
as determined by their affected hands, with an autosomal dominant
inherited pattern, and a c.187C > T (p.R63C) variant in TNNT3, which
was consistent with a previous report.** The arginine residue at posi-
tion 63 was located in the highly variable N-terminus of the protein,
which has been a region of many mutations. At present, all reported
DA-linked amino acid substitutions occurring in TNNT3 were lo-
cated at this residue.??'%12 Protein alignment analysis also implied
that R63 was conserved from humans to zebrafish (Figure 1N). In
this regard, regulation of TNNT3 function by R63 is possibly a com-
mon mechanism in many species. However, identification of the
pathogenic role involving the p.R63C variant is still unknown, which
was the objective of this project.

When assessing TNNT3 protein levels in clinical muscle sam-
ples, we found an unexpected 45% reduction in age-matched con-
trols, when compared with DA patients. When the same amount of
TNNT3 or TNNT3-p.R63C expressing plasmid was transfected into
HEK293 cells lacking endogenous TNNT3, western blotting results
showed that the TNNT3 protein was approximately 43-73% less
than that of the TNNT3-p.R63C variant (Figure 2), although their
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transcription levels were similar (Figure S1). The difference of pro-
tein levels may have resulted from their intrinsic protein stabili-
ties. Chase experiments were therefore conducted to show that
the half-life of TNNT3-p.R63C was approximately 1.8-fold higher
that of TNNT3 (7 h vs 2.5 h, Figure 3). TNNT3 was found to be
degraded by proteasome (Figure S2), because of the MG132 prote-
asome inhibitor doubled the half-life of TNNT3 and the TNNT3-p.
R63C variant, but it could not change the intrinsic difference of
their protein stabilities (Figure 4). TNNT3-p.R63C was found to be
more stable than TNNT3, which was consistent with our previous
hypothesis.

An important question is how p.R63C variant changed the pro-
tein stability of the TNNT3. We established a structural model of
TNNT3 by PyMol and found that Argé3 is located on the helix as
shown in the black square (Figure S3A). It was predicted that Arg63
could form hydrogen bond with Glu27-Asp28-1le59-GIn60-Lys66-
Asp67 of TNNT3 via molecular forces (Figure S3B). The substitution
of Argé3 by cysteine disrupted hydrogen bond with Glu27-Asp28
and slightly reduce the stability of the TNNT3-p.R63C variant. But
the whole protein structure was not changed (Figure S3C). The
most difference between arginine and cysteine residue is their side

chain. Based on our results and several previous studies,?®32 w

e
speculate that the p.R63C variant might increase TNNT3 protein
stability and nuclear distribution by post-translational modification.
Consistent with this possibility, phosphorylation and restricted
proteolysis had been identified in TNNTs.?® Several studies have
reported that methylation of an arginine residue or S-nitrosylation
(SNO) of a cysteine residue in some proteins might regulate cel-
lular localization of the target protein and affect its degradation
by the proteasome.?”3%32 Similar modifications could also occur
in TNNT3 and other proteins. The p.W792R mutation in cardiac
MYBPC leads to destabilization resulting in rapid degradation of
itself,3! which further supports our hypothesis. R63 of wild-type
TNNT3 might therefore be a potential site for methylation or other
modifications. As previously reported, this possible modification
could change its cellular distribution and promote degradation.%?
The nonclassical nuclear localization mode of TNNT3 (Figure 5)
and its proteasomal degradation pathway (Figures S1 and 4) found
in this study are therefore consistent with our hypothesis. When
R63 of TNNT3 was substituted by a cysteine, the cysteine resi-
due became a novel potential site for SNO by endogenous nitric
oxide (NO).23 SNO at cysteine might prevent ubiquitination of the
target protein and promote its stability.??3>3* Additionally, SNO
modification could change the conformation of the target protein
and enhance its association with nuclear import proteins (such as
importin, Ran) eventually promoting localization in the nucleus.3033
These studies suggested that if the C63 of the TNNT3 variant was
modified by NO, TNNT3-p.R63C could be also translocated into
the nucleus, followed by conformation change and an increase in
stability. Although the actual modification of the residue 63 is un-
known at present, the possible roles of post-translational modifica-
tion(s) in modulating TNNT3 stability and intracellular distribution
should be further investigated.

WILEY- 2™

An additional question involves how the p.R63C variant causes
DA. TNNT3 could function as a transcriptional factor and share
overlapping binding motifs with P53.26 P53 is a well-known tumor
suppressor protein and plays an important role in triggering apop-
tosis via multiple pathways. Previous evidences have suggested that
P53 was critical for normal skeletal muscle function, including mus-
cle differentiation and mitochondrial generation.>-*8 Previous stud-
ies showed that overexpression of TNNT3 led to apoptosis, while
deletion of the DNA-binding leucine zipper domain or localization
sequence significantly reduced its cytotoxicity.25 We also found
that the TNNT3-p.R63C variant accumulated in the skeletal muscle
of affected subjects and speculated that the pathogenic role of the
TNNT3-p.R63C variant was possibly associated with DA. An aber-
rant increase of nuclear TNNT3-p.R63C might upregulate TNNT3-
dependent genes (such as Cavﬂla”) and inhibit the transcription
of P53-dependent genes (like Bnip3L39). Competition between the
TNNT3-p.R63C variant and P53 might disrupt the balance of gene
regulation networks and cellular homeostasis, thereby resulting in
apoptosis in muscle cells. Reducing the nuclear protein level of the
TNNT3-p.R63C variant or blocking its transcription activity might
therefore be used to treat DA patients.

At present, TNNT3 variants usually cause muscle dis-
eases.>?111240 Bacause troponin C and troponin | are ubiquitously
expressed in different types of cancer cells,?® it is reasonable to
speculate that TNNT3 might be involved in tumor genesis or tumor
metastasis by interfering with the tumor suppressive effect of P53.
Notably, troponin T has been identified as a new marker on the sur-
face of cultured tumor endothelial cells.**

In conclusion, our study showed that the p.R63C variant in-
creased TNNT3 protein stability and promoted its nuclear accu-
mulation. The p.R63C variant caused the abnormal degradation of
TNNT3 and was assumed to be a transcriptional factor, whose mu-
tation might play an important role in the genesis of DA. There is
currently no drug that can effectively treat DA; however, our results
implied that enhancing proteasome activity to degrade TNNT3 or
blocking its transcription activity in the nucleus might effectively
treat DA caused by the TNNT3-p.R63C variant. The results of this
study therefore present the basis of development of a treatment for
DA and provide a better characterization of patients with skeletal

myopathies.
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