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GENE THERAPY
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Nemaline myopathy type 6 (NEM6) is a rare neuromuscular disorder caused by pathogenic variants in the Kelch repeat
and BTB domain-containing 13 (KBTBD13) gene. Patients experience muscle weakness, excessive fatigue, and impaired
muscle relaxation that affect their daily activities related to abnormal protein aggregation in muscle cells and a pre-
dominance of slow-twitch myofibers, and no specific therapies are available. Here, we studied a clinically relevant
Kbtbd13:p.Arg408Cys knockin mouse model to elucidate the molecular changes driving disease pathogenesis through
measurements of muscle contractility, single myofiber assays, super-resolution microscopy, and x-ray diffraction.
Kbtbd13:p.Arg408Cys knockin mice closely phenocopied human NEM6 pathology at the morphological, functional,
and transcriptional levels, with the p.Arg408Cys variant causing mislocalization of KBTBD13 in the muscle sarcomere,
associated with disease onset between 1 and 3 months of age, plateauing by 9 months, and with little progression at
18 months. As a potential therapeutic approach, we knocked down Kbtbd13 using short hairpin RNA against Kbtbd13
delivered intramuscularly via an adeno-associated virus 9 vector at either the prephenotype (1-month-old) or peak-
phenotype (3- or 7-month-old) stages. A single treatment at the prephenotype stage prevented the development of
impaired relaxation kinetics, nemaline rod aggregation, and slow-twitch myofiber predominance at 3 months of age.
A single treatment at 3 months of age, after onset of disease, restored muscle morphology, contractility, and muscle-
relaxation kinetics over 6 months. These data provide insights into NEM6 pathogenesis and suggest that Kbtbd13

knockdown might be a promising therapeutic strategy for patients with NEM6.

INTRODUCTION

Nemaline myopathies (NMs) constitute a large group of heteroge-
neous diseases with a constantly growing phenotypic spectrum, with
a prevalence of 0.2:100,000 individuals (I). NMs are among the most
common forms of nondystrophic congenital myopathies (2) and are
characterized by extremity weakness and hypotonia (3). The onset,
clinical presentation, and histopathological hallmarks are highly het-
erogeneous (4-6); however, common features include muscle weak-
ness, aberrant protein aggregation (nemaline rods), slow-twitch
myofiber predominance, and myofibrillar disarray (7-9). NM sever-
ity ranges from a nonprogressive or mild form to a fatal presentation,
typically in early NM onset (10-13). To date, pathogenic variants
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in 13 genes encoding thin-filament proteins or proteins involved in
sarcomere assembly have been identified to cause NM (14-27). Vari-
ants in the Kelch repeat and BTB domain-containing 13 (KBTBD13)
gene cause NM type 6 (NEM6) (19), and most patients carry the
Dutch founder variant in KBTBD13 (NP_001094832.1: p.Arg408Cys),
which results in a gain-of-function phenotype. KBTBD13 is exclu-
sively expressed in skeletal and cardiac muscle (28). Although its
function has remained elusive, recent work suggests that it is an
actin-binding protein that regulates thin-filament stiffness (29)
and functions as a muscle-specific ubiquitin ligase (30). The NP_
001094832.1 p.Arg408Cys missense variant is the most common. Pa-
tients with NEM6 present with impaired muscle relaxation kinetics
(31-34), proximal and axial muscle weakness, increased muscle fa-
tigue (34), and in some cases, respiratory (19) and cardiac dysfunc-
tion (35). Histopathologically, NEM6 muscle is characterized by
accumulation of nemaline rods, cores, ragged-red myofibers, nuclear
clumps, granulo-filamentous material, slow-twitch type I myofiber
predominance and hypertrophy, and atrophy of fast-twitch type Ila
myofibers (9, 19, 33, 36-38). Although the clinical and histopatho-
logical phenotype of NEM6 overlaps with other congenital myopa-
thies, one characteristic feature of NEM6 is the impaired muscle
relaxation kinetics that adversely affect daily life activities (34) be-
cause patients present with muscle slowness, difficulty with running,
and severe muscle fatigue. In vitro studies, performed on slow- and
fast-twitch myofibers and myofibrils from patients with NEM6 and
on a NEM6 mouse model (29), showed that the impaired muscle
relaxation has a sarcomeric origin. However, no natural history data
are available, complicating clinical prognosis and the timing of po-
tential therapeutic interventions, should any become available. To
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address some of these issues, here, we (i) characterized the molecular
changes induced by the Kbtbd13:p.Arg***— Cys variant in a knockin
mouse model [hereafter referred to as Kbtbd13(R408C)] and com-
pared them with human pathology, (ii) established the natural history
of NEMB6 in Kbtbd13(R408C) mice to identify a therapeutic window,
and (iii) evaluated the efficacy of Kbtbd13 knockdown as a potential
therapeutic intervention.

RESULTS

Characterization of human NEM6 skeletal muscle biopsies
shows nemaline rod aggregates and slow-twitch typel
myofiber predominance

We first characterized the morphological parameters of quadri-
ceps muscle biopsies from individuals affected by NEM6 (patient
demographics are in Table 1). In line with previous reports (19, 36),
single myofiber analysis of muscle cryosections from patients with
NEMS stained for adenosine triphosphatase (ATPase) showed a pre-
dominance of slow-twitch type I myofibers in individuals affected
by NEM6 (Fig. 1A), and the myofiber-type shift did not correlate
with age (Fig. 1, B and C). Representative Gomori trichrome and
ATPase staining for myosin heavy chain (MHC) quantification of
NEMBS6 and control biopsies are shown in Fig. 1D. Although we did
not observe a difference in the average cross-sectional area (CSA) of

either slow- or fast-twitch myofibers between NEM6 and control
samples (Fig. 1E), we observed an increase in the number of large
slow-twitch type I myofibers in patients with NEM6 (Fig. 1F) and an
increase in the number of small-sized type II myofibers compared
with controls (Fig. 1G). Last, quantification of nemaline rods showed
that about 50% of the NEM6 myofibers contained nemaline rods
(Fig. 1H), with no correlation with age (Fig. 1I). Thus, myofiber type I
predominance, increased myofiber size, and nemaline rods are hall-
mark features of NEM6; however, the natural history of these fea-
tures in patients is unknown.

Kbtbd13(R408C) mice recapitulate the myofiber trophic
changes observed in muscle biopsies of patients with NEM6
To unravel the natural history of the disease, we established a
Kbtbd13(R408C) mouse model by knocking in the gene variant using
CRISPR guide RNAs, as established previously (39). We then per-
formed a longitudinal study to characterize muscle morphological
and functional changes in 1-, 3-, 9-, and 18-month-old wild-type
(WT) and Kbtbd13(R408C) male mice (Fig. 1A). First, we assessed
whether Kbtbd13(R408C) recapitulated histopathological changes ob-
served in human NEM6 muscle. Because muscles of patients with
NEMG6 were characterized by a predominance of slow-twitch type I
myofibers, we assessed the myofiber-type composition in whole mus-
cles of WT and Kbtbd13(R408C) mice, finding that myofiber-type

Table 1. Demographic and muscle biopsy assay information for patients with NEM6 and healthy controls. ATPase, myosin heavy chain determination by
ATP pH staining; GT, Gomori trichrome; fts-RNA-seq, fiber type—-specific RNA sequencing; QUA, quadriceps muscle; N/A, not applicable; v/, the listed assay was
performed for that biopsy. An empty cell indicates that the listed assay was not performed.

ID Sex Variant Muscle biopsied Age at biopsy ATPase GT CSA fts-RNA-seq
NEM6 1 F €.1222C>T (p.(Arg408Cys)) QUA 16 4 4 v
NEM6 2 ,,,,,, F ,,,,,,,, c122uﬁé>T - (Afg408Cys)) QUA18./ /
NEM63 F c1222C5T (p.(Arg408Cys)) S Qua 28 v v v
NEM6 4 | M c1222C>T(p(Arg408Cysh) ~ QUA 30/ v v
NEM6 5 F c1222C5T (p.(Arg408Cys)) Qa3 v v
NEM6 6 F c1222C5T (p.(Arg408Cys) QA a2 v
NEM6 7 ,,,,,, Lo c1222C>T(p(Arg408Cys))QUA43/ /
NEMS  F cIRCTAGISC)  QUA A5 S

(P ) e

(p- )
NEM6_11 ®. 3) v v v
NEM6 12 (p. )) ./ ./ H
Control 1 ./ ./ H
Con . / . BN
Control_3 v
Control_4 F N/A QUA s v v
Control o F ,,,,,,,,,,,,,, N/AW QUA 52 e / . / . /
Control e F ,,,,,,,,,,,,,, N/AW QUA 53/ . / .
Control 7 P NA QuA s s v
Control 8 P NA QuA e v v v
Control_9 ,,,,,, M ‘‘‘‘‘‘‘‘‘‘‘‘‘ | /A QUA 57 e / . / . /
Control_10 ,,,,,, F ,,,,,,,,,,,,,, N/A QUA 51/ . / .
Control 11 M NA QuA s v v
Control 12 M NA QuA s v v
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Fig. 1. Morphological characterization of human A

NEM6 quadriceps muscle biopsies. (A) Type land Typel Type
type Il myofiber distribution in biopsy samples from & 150 -
healthy controls and patients with NEM6 (n = 12 § 1004 == A
and n = 10, respectively), as assessed by muscle fi- g Ty -
ber-type staining. (B) Correlation between NEM6 ‘% 50

slow-twitch type | myofiber type and age (n = 10). E‘ 0

Control NEM6
n=10

(C) Correlation between NEM6 fast-twitch type II
myofiber type and age (n = 10). (D) Representative
images of muscle cross sections from patients with
NEMBS, stained for Gomari trichrome to visualize ne-
maline rods (top left), ATPase 10.3 to visualize fast
myosin heavy chains (top right), and ATPase 4.6
(bottom left) and ATPase 4.2 (bottom right), both for
slow myosin heavy chain determination. Scale bars,
50 pm. (E) Single myofiber CSA analysis (NEM6:
n =5; controls: n = 12). (F) Slow-twitch type | myofi-
ber CSA distribution. (G) Fast-twitch type Il myofiber
CSA distribution. (H) Muscle biopsy nemaline rod
quantification. (I) Correlation between nemaline
rod and age (NEM6: n = 11). Statistical analysis: For
data in (A), a two-way ANOVA with uncorrected
Fisher’s least significant difference was used. For
data in (B), (C), and (I), a Spearman rank test was
used to investigate correlations. For data in (E) and
(H), an unpaired t test with Welch’s correction was
used. For data in (F) and (G), a multiple unpaired t
test corrected for multiple comparisons using false
discovery rate (FDR) was used. Significance was set
to P <0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, and
##kEP < 0.0001), and all data are presented as the
means + SEM. ns, not significant.
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distribution in the whole soleus muscles of Kbtbd13(R408C) mice
was comparable to that of WT mice at 1 month of age; however, from
3 months of age onward, we observed a shift toward a predominant
slow-twitch type I myofiber phenotype. The phenotype peaked at
9 months and remained stable onward (Fig. 2B, left and middle panels).
The extensor digitorum longus (EDL) muscle showed a shift in myofi-
ber type, characterized by a progressive loss of fast-twitch type IIb
myofibers at 3, 9, and 18 months, with an increase in fast-twitch type
IIx myofibers at 9 months. Note that at all ages, the EDL muscles of
Kbtbd13(R408C) mice showed an increasing number of slow-twitch
type I myofibers, whereas in the WT muscles, no slow-twitch type I
myofibers were observed (Fig. 2B, right panel). The diaphragm, quad-
riceps, gastrocnemius, and tibialis anterior muscles (fig. S1A) also
showed a myofiber-type transition with a shift toward a more oxida-
tive myofiber phenotype. Like myofibers in biopsies of patients with
NEMS6, Kbtbd13(R408C) muscles demonstrated hypertrophy of slow-
twitch type I myofibers and fast-twitch type Ila myofibers in soleus
muscle, starting at 3 months onward (Fig. 2C). In contrast with soleus
muscle, in EDL muscle, fast-twitch type Ila and IIx myofibers were
atrophied at most ages (Fig. 2D). CSA analyses in the diaphragm,
quadriceps, gastrocnemius, and tibialis anterior muscles also showed
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muscle-specific changes that were milder than in the soleus and EDL
(fig. S1B). Soleus myofiber CSA distribution analyses at 1, 3, 9, and
18 months of age are shown in fig. S1C.

We next studied nemaline rod accumulation in Kbtbd13(R408C)
muscles. Although no nemaline rods were observed in slow-twitch
soleus and fast-twitch EDL muscles from 1-month-old mice, at 3, 9,
and 18 months, nemaline rod accumulation was evident, peaking at
9 months and with little progression at 18 months (Fig. 2E). Nema-
line rod accumulation was observed across all studied muscles, in-
cluding diaphragm, quadriceps, gastrocnemius, and tibialis anterior
muscles, although to a much lesser extent than compared with so-
leus and EDL muscles (fig. S1, D and E). Because the morphological
data suggested a myofiber type-dependent phenotype, where slow-
twitch soleus muscle was more affected, we analyzed the myofiber
type—dependent accumulation of nemaline rods in soleus and EDL
myofibers to determine whether there is a myofiber type-dependent
phenotype in 3- and 9-month-old muscles, because these ages rep-
resented the onset and peak phenotypes, respectively. In the soleus
muscle, fast-twitch type IIa myofibers showed a higher amount of
nemaline rods than slow-twitch type I myofibers at 3 months, but
this was no longer observed at 9 months (Fig. 2F), possibly because
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Fig. 2. Kbtbd13(R408C) mouse model morphologi-
cal and functional characterization. (A) Schematic
representation of the morphological and functional
pipeline for skeletal muscle characterization in the
Kbtbd13:p.Arg408Cys knockin homozygous male
mouse model [Kbtbd13(R408C)]. Schematic figure cre-
ated in part with BioRender.com. (B) Left panel: Whole
soleus muscle myofiber-type distributions over time in
WT and Kbtbd13(R408C) mice. Middle panel insets: Rep-
resentative images of whole soleus muscle myofiber-
type compositions in Kbtbd13(R408C) mice at different
ages. Right panel: Whole EDL muscle myofiber-type
distributions over time in WT and Kbtbd 13(R408C) mice.
(€) Soleus myofiber type-specific CSA. The right panel
shows representative images of the soleus muscle
cross section stained for different myosin heavy chains.
(D) EDL myofiber type-specific CSA. The right panel
shows representative images of EDL muscle cross sec-
tions stained for different myosin heavy chains. (E) The
top panel shows representative images of soleus mus-
cle cross sections from 9-month-old WT (left) and
Kbtbd13(R408C) mice (right) stained with modified
GOEmMOori trichrome for nemaline rod visualization (white
asterisks indicate nemaline rods). The bottom panel
shows nemaline rod quantification in soleus and EDL
muscle over time (N.D., not detectable). For soleus mus-
cle, n = 6 mice per genotype at 1 and 3 months and
n =5 mice per genotype at 9 and 18 months. For EDL
analyses, n = 6 mice per genotype at all ages. (F) The
top panel shows representative serial muscle sections
stained with modified Gomori trichrome for nemaline
rod visualization (left) and with immunolabeling for
myosin heavy chain visualization (right). The areas high-
lighted in yellow are the same region in serial sections.
The bottom panel shows myofiber type-specific ne-
maline rod quantification in soleus and EDL muscles in
3- and 9-month-old male Kbtbd13(R408C) mice. For so-
leus muscle, n = 5 mice at 3 and 9 months of age, and
for EDL analyses, n = 3 at 3 and 9 months of age. Muscle
myofiber types are color coded. Cyan:|; green: lla; black:
lIx; gray: llb. (G) Top panel: In vitro whole soleus and EDL
maximal tensions in WT and Kbtbd13(R408C) mice at
1,3, 9, and 18 months of age. Bottom panel: In vitro
whole soleus and EDL relaxation times in WT and
Kbtbd13(R408C) mice at 1, 3, 9, and 18 months of age.
(H) Left and right panels: Survival plot for time run-
ning on a treadmill to analyze fatigability in WT and
Kbtbd13(R408C) mice at 3 to 4 and 8 to 9 months of age,
respectively. (I) VO,max consumption to analyze respira-
tory capacity during the treadmill running protocol in

A

Rod-positive

Kbtbd13:p.Arg408Cys 1 mo 3 mo 9 mo 18 mo
knockin homozygous mice | ] |
[ Kbtbd13(R408C) | | Functional and morphologlcal ch ]
| lla mm Ix Hybrid == Ilb
Soleus EDL )
Wild type  MHCI/viici/avicib Wild type c ° Wildtype =+ Kbtbd13(R408C)
[
gl | < 3| | ? Type lla E
- < - = & b~
£ i -
el "t.r.» el 1 32 .
™ < ™| - % (‘/(; & AIA 5
) o 9 O 8 o ) D
R gl 35 R S
2 o w3 ] 5
- | I £ T i > B
[ < . < £ 1 3 9 18 1 3 9 18 §
Kbtbd13 Kbtbd13 ;
(R40BC) (R408C) Age in months
o o L ©
: I it i1 ¢t D Type llb Type lIx Type lla Q)
< 2
§....|§|ﬁ E”“IE Esooo DERE o rm o Em 2
—_— < : :
2000 ' '
El o Hie e 39 gy | 28
@ 1000, i SH
° olwm 2 &3 b ® é&. 3§
E| oo BT : s R @Iﬁh@lm 2y 8 &Q\@g\e}ﬁ e
0 50 100 o 5 100 E 1391813918139185
Myofiber type % Myofiber type % Age in months Sk
Wild type __ Kbtbd13(R408C) F Wild type  Kbtbd13(R408c) G
f t
7]
3 3 5
£ 2 2
& ;
o % E
F
5E
Soleus EDL | wila mmix =i g
iy L Soleus EDL
QO ~ ns * ns ok % * %k
= ER1007 — s ) oo — 2 012 *hF_
e gc 8 HHE TR £ 010 L7
0 o2 QlimeaBde HE 8 — S_0084m — & Al
b 22 %0 ; B . §E00 @.ﬁ@%@
S 2319 : b e mafheEds
E 2 0 T X 0.00-——
13 918 1 3 9 18 3939 39393939 1 3918 1 3 918
Age in months Age in months Age in months
| J *
* %k ok ns
o — Widtpe — ’rfﬁr'ﬁgz’fé?.ﬁmc’ o "C:T 10 L 10 s Kk
£ 100—t £ 100— < g &
€ 80| £ 80- 58 oé%% > 8] & e B
8 501 g % ESjiRER oo
£ 401 £ 407 % 4° x 04
5 20 pops 5 Zg' P=0.001 65 2 0.2
o C T T T °\° T T T G O.C
S 30 40 50 0 30 40 50 > 3-4  8-9 3-4 8-9

Age in months

Running time (min) 3-4 months old  Running time (min) 8-9 months old

Age in months

WT and Kbtbd13(R408C) mice at 3 to 4 and 8 to 9 months of age, respectively. (J) Respiratory exchange ratio (RER) during the treadmill running protocol to analyze the metabolic
state in WT and Kbtbd13(R408C) mice at 3 to 4 and 8 to 9 months of age, respectively. Statistical analysis: Two-way ANOVA with Sidak’s multiple comparison test was performed
for (B) to (E), (G), (1), and (J). Unpaired t tests were performed for data in (F). A log-rank test (Mantel-Cox test) was performed to compare the survival curves in (H): Genotypes were
compared within age groups, and the same genotypes were compared at different ages to determine time-dependent changes. A restricted mean survival time analysis (RMST)
with tau set at 55 min was used to calculate the area under the curve (AUC) for calculating the average running time per genotype. Significance was set to P < 0.05 (*P < 0.05,
*##P < 0.01, **#P < 0.001, and ****P < 0,0001), and all data are presented as the means + SEM.

of the progressive loss of fast-twitch type Ila myofibers (Fig. 2B). In
EDL muscle, fast-twitch type ITa myofibers showed fewer nemaline
rods as compared with slow-twitch type I myofibers at 3 months,
opposite to what was observed in soleus muscle. In addition, fast-
twitch type ITa myofibers were more affected at 9 months compared
with 3 months (Fig. 2F), possibly reflecting the slight increase in
the number of fast-twitch type Ila myofibers observed in EDL.

Gallietal., Sci. Transl. Med. 18, eadx2116 (2026)

24 June 2026

Furthermore, we characterized Kbtbd13 expression (fig. S1F) along
with the expression of main sarcomeric genes involved in NM (fig.
S1G) at different ages and showed a time-dependent effect of the
Kbtbd13(R408C) variant.

Functionally, patients with NEM6 present with mild muscle weak-
ness accompanied by slow muscle relaxation kinetics, which is
not reported in other NMs and is the main complaint of individuals
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who are affected. Therefore, we characterized the contractile param-
eters of slow-twitch soleus and fast-twitch EDL muscles of male
Kbtbd13(R408C) and WT mice. At 1 month of age, soleus maximal
active tension (maximal force normalized to CSA) and relaxation
kinetics were comparable to those of WT mice. However, as with the
morphological changes, maximal tension and relaxation kinetics were
affected at 3, 9, and 18 months in Kbtbd13(R408C) mice compared
with WT controls. EDL muscles displayed no changes in maximal
active tension but an impairment in relaxation kinetics at 9 months
(Fig. 2G, top and bottom panels), suggesting a milder phenotype.
Female Kbtbd13(R408C) mice were also assessed and showed simi-
lar changes: Soleus muscles had increased muscle mass and hyper-
trophy of slow-twitch type I and fast-twitch type Ila myofibers, in
line with a shift toward an oxidative phenotype, presented also with
nemaline rod accumulation and impaired muscle relaxation kinet-
ics (fig. S2, A to F).

Last, because patients with NEMG6 are characterized by increased
fatigability (34), we studied whether the observed contractile changes
impaired global physical performance in Kbtbd13(R408C) mice. First,
we tested the endurance capacities of WT versus Kbtbd13(R408C)
male mice during a treadmill running protocol. We observed no dif-
ferences in median running time in 3- to 4-month-old mice, although
a difference was observed at 8 to 9 months, the age at which the
morphological phenotype peaks (Fig. 2H, left and right panels).
VOsmax the maximum amount of oxygen used during exercise, was
also reduced in 8- to 9-month-old Kbtbd13(R408C) mice compared
with WT mice (Fig. 2I), suggesting that Kbtbd13(R408C) mice have
lower endurance capacity. The respiratory exchange ratio at VOypmax
was increased in Kbtbd13(R408C) mice at this age, suggesting a shift
in fuel-type consumption, favoring the glycolytic system (Fig. 2J).
These data support the notion that Kbtbd13(R408C) mice closely phe-
nocopy the morphological and functional phenotypes of patients
with NEMB6, including a shift toward an oxidative phenotype, nema-
line rod accumulation, contractile weakness, impaired muscle relax-
ation kinetics, and increased fatigability, manifesting between 1 and
3 months and peaking at 9 months.

KBTBD13:p.Arg408Cys impairs protein localization in vitro
and in vivo

Previous work has shown that KBTBD13 interacts with the actin fila-
ment, and mutant KBTBD13 alters the actin filament structure (29).
A hallmark of biopsies of patients with NEM6 is nemaline rod aggrega-
tion, which is composed in part of actin (40, 41). To study whether
impaired actin protein dynamics cause the nemaline rod accumulation,
we determined the rate of actin polymerization and depolymeriza-
tion in the presence of recombinant WT or KBTBD13:p.Arg408Cys
protein. We did not observe differences in the rate of actin polymeriza-
tion or depolymerization between the WT and KBTBD13:p.Arg408Cys
proteins (Fig. 3A), suggesting that actin dynamics do not play a role
in nemaline rod formation in NEM6. Next, we investigated the lo-
calization of KBTBD13 in the sarcomere. We conditionally overex-
pressed KBTBD13 WT or KBTBD13:p.Arg408Cys protein fused with
the mNeonGreen fluorescent reporter in C2C12 mature myotubes
using a doxycycline-inducible system. Note that the mNeonGreen
tag was fused to the N terminus of KBTBD13 to avoid interference
with the Kelch domains. Overexpression of WT KBTBD13 showed
a striation pattern that localized to the thin filaments, flanking the
Z-disk (Fig. 3B, top panel), whereas in the p.Arg408Cys variant, the
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striation pattern for the KBTBD13 signal was lost, and KBTBD13:p.
Arg408Cys appeared to randomly aggregate to different sarcomeric
structures (Fig. 3B, bottom panel). Mock mNeonGreen-expressing
myotubes are shown in fig. S3A. Because we observed a different
localization pattern between WT and mutant KBTBD13 in C2C12
cells, we next tested whether KBTBD13 also localizes to the sarco-
mere’s thin filaments in a previously developed Kbtbd13 knockout
(KO) mouse model, which lacks endogenous Kbtbd13 expression
(39). We treated the mouse soleus muscles with an intramuscular
injection of an adeno-associated virus serotype 9 (AAV9) encoding
either the KBTBD13 WT or p.Arg408Cys (KBTBD13 R408C) pro-
tein, fused to an enhanced green fluorescent protein (eGFP) reporter
(Fig. 3C). We observed up-regulation of eGfp and Kbtbd13 transcripts
compared with untreated WT and Kbtbd13 KO muscles (Fig. 3D).
In KBTBD13(R408C)-treated muscles, eGfp and Kbtbd13 transcripts
were both 5.26 times higher than in KBTBD13(WT)-treated muscles
(Fig. 3D). We confirmed protein expression by measuring KBTBD13
eGFP signal intensity in longitudinal soleus muscle sections of
KBTBD13(R408C)- and KBTBD13(WT)-treated mice (Fig. 3E). To
analyze the localization of KBTBD13(WT) and KBTBD13(R408C)
protein, we isolated single myofibers from treated soleus muscles
and performed super-resolution imaging. KBTBD13(WT) protein
flanked the Z-disk and localized to the thin filaments (Fig. 3F, top
panel), similar to the C2C12 myotube localization data. However, in
KBTBD13(R408C)-expressing myofibers, thin-filament localization
was lost, with predominant localization to the Z-disk and other sar-
comere structures in an aggregated pattern (Fig. 3F, middle panel).
To rule out the idea that the overexpressed protein was accumu-
lating in the less protein-dense I-band region of the sarcomere, we
analyzed the width of the KBTBD13 WT eGFP signal intensity rela-
tive to a-actinin (Z-disk marker) at incremental sarcomere lengths,
which revealed an about 190-nm increase in eGFP signal width per
micrometer of lengthening (Fig. 3G), which is consistent with thin-
filament extension and much less than I-band extension (500 nm/
pm) (42). Altogether, these data suggested that KBTBD13 localized
to the thin filament and that the p.Arg408Cys variant altered its sar-
comeric localization.

Kbtbd13(R408C) induces muscle-specific nanostructural
changes in the muscle thin filament

To further investigate the contribution of KBTBD13(R408C) to
thin-filament stiffness, we investigated thin-filament nanostructural
changes through small-angle x-ray diffraction in slow-twitch soleus
and fast-twitch EDL muscles from 9-month-old male mice, the age at
which morphological and functional pathophysiological changes peak
(Fig. 4A). Briefly, isolated soleus and EDL muscles from 9-month-old
male WT and Kbtbd13(R408C) mice were excised and electrically
stimulated ex vivo, and low-angle x-ray diffraction patterns were ob-
tained in relaxed and maximally activated states, allowing us to ob-
tain high-quality equatorial and meridional diffraction patterns of thin
filaments. In soleus muscle, the actin layer line 6 (ALL6) reflection,
which indicates the left-handed pitch of the thin-filament helix, and the
2.7-nm reflection, which indicates actin subunit spacing, were reduced
in both the relaxed and activated states in Kbtbd13(R408C) mice
(Fig. 4, B and C, left panels). The change in actin spacing (A2.7 nm) go-
ing from the relaxed to activated state was reduced in Kbtbd13(R408C)
mice (Fig. 4C, right panel), suggesting that the thin filaments stretched
less during activation. Next, we calculated thin-filament stiffness by
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normalizing the force per thin filament to A2.7 nm, which revealed
that thin-filament stiffness was higher in the soleus muscles of
Kbtbd13(R408C) mice (Fig. 4D). Note that some of the data in Fig. 4
(A to D) have been previously published by us (29).

X-ray reflections of EDL muscle revealed that in contrast with
the soleus muscles, EDL muscles of Kbtbd13(R408C) mice showed
no difference in ALL6 spacing or in the 2.7-nm reflections in relaxed
conditions, whereas during activation, these were increased (Fig. 4,
E and F, left panel). However, A2.7 nm was comparable between
Kbtbd13(R408C) and WT mice (Fig. 4F, right panel), and thin-
filament stiffness was comparable between EDL muscles of WT and
Kbtbd13(R408C) mice (Fig. 4G). Thus, these data suggested that the
Kbtbd13:p.Arg408Cys variant induces muscle-specific thin-filament
nanostructural changes and supported the notion that thin-filament
stiffening contributes to slow relaxation muscle relaxation kinetics
in a muscle type-dependent manner.
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Kbtbd13(R408C)-induced transcriptional changes are
myofiber type-dependent in mice and humans

Because the morphological and functional phenotype develops be-
tween 1 and 3 months, we next studied whether the onset of these
phenotypes coincides with, or is preceded by, transcriptional chang-
es in the soleus muscle, which would help determine the timing of
potential therapy (Fig. 5A). Principal components analysis (PCA)
plots of transcriptomic data from the soleus muscles of 1-month-old
male Kbtbd13(R408C) mice are shown in fig. S4A. We identified
only 56 differentially expressed genes (DEGs) in slow-twitch type I
myofibers and 47 DEGs in fast-twitch type Ila myofibers (fig. S4B).
Gene Ontology (GO) analysis showed no significant (P > 0.05) rel-
evant biological processes (fig. S4C, left and right panels). We next
analyzed the myofiber type-specific transcriptional profile at an overt-
phenotype stage (3-month-old mice) and compared the data with
human NEM6 myofiber type-specific changes. The PCA plot from
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Fig. 4. Thin-filament nanostructural changes A
in WT and Kbtbd13(R408C) mouse soleus and
EDL muscles. (A) Schematic representation of
the small-angle x-ray diffraction protocol. WT and
Kbdbt13(R408C) soleus muscles were exposed to
a high-intensity x-ray beam, and diffraction pat-
terns were collected with a photon detector. Sam-
ples were exposed to the x-ray beam during relaxed
(Rx) and activated (Act) states. Images were col-
lected, and equatorial and meridional reflections
were analyzed. Created in part with BioRender.com. o
(B) Spacing of the ALL6 reflection during Rx and
Act states in soleus muscles. (C) The left panel

shows the actin subunit spacing (2.7 nm) during B ok Kok
Rx and Act states in the soleus muscle. The right . 5.92 *HAK o
panel shows the change in the actin subunit spac- g 5.90

ing (A2.7 nm) during maximal tetanic activation. 3 ;

(D) Quantification of soleus muscle thin-filament ;:‘ g 5.88

stiffness. (E) Spacing of the ALL6 reflection during S 5.86

Rx and Act states in EDL muscles. (F) The left pan- @ 0

el shows the actin subunit spacing (2.7 nm) dur- Rx Act
ing Rx and Act states in EDL muscles. The right Soleus
panel shows the change in the actin subunit spac- E

ing (A2.7 nm) during maximal tetanic activation *%

in EDL muscles. (G) Quantification of EDL muscle - B4 -y
thin-filament stiffness. Statistics: A one-way ANOVA © E ggg _— %9
with Tukey’s multiple comparison test was per- - 2 = %
formed for data in (B), (C) (left panel), (B, and (;) < g 288

(left panel). An unpaired t test was performed for & 5'82

the data in (C) (left panel), (D), (F) (left panel), and OJ-RX_-Act_
(G). Significance was set to P < 0.05 (**P < 0.01, EDL

#¥#kP < 0,001, and ****¥P < 0,0001), and all data
are presented as the means + SEM.

3-month-old mice and biopsies of patients with NEM6 is shown in
fig. S4 (D and E). A high number of DEGs in 3-month-old mice and
human NEMS6 slow-twitch type I and fast-twitch type Ila samples
was identified (Fig. 5, B and C). To highlight the relevant biological
processes represented by the DEGs, we performed GO analysis on
the significant DEGs (P < 0.05). The main GO terms involved in
3-month-old slow-twitch type I Kbtbd13(R408C) myofibers showed
increased proteotoxic/endoplasmic reticulum stress, reflected by in-
creased ubiquitin-proteosome system and endoplasmic reticulum
degradation-associated activity, coupled with activation of DNA
damage/p53 activity and increased transforming growth factor—f
signaling, which might reflect increased myofiber remodeling as
observed in the natural history study (Fig. 5D, top panel). GO term
analysis of Kbtbd13(R408C) mouse type IIa myofibers indicated
changes in the regulation in lipid storage and regulation of meta-
bolic processes (Fig. 5D, bottom panel), supporting the treadmill
data that indicated that these mice undergo metabolic adaptations,
as well as terms associated with myofibril assembly and sarcomere
organization, consistent with the observed loss of type ITa myofibers.
GO term analysis of myofibers from patients with NEM6 also re-
vealed a myofiber type-dependent transcriptional profile (Fig. 5E,
top and bottom panels). Unlike Kbtbd13(R408C) mouse type I myo-
fibers, type I myofibers from patients with NEM6 were character-
ized by strong down-regulation in oxidative phosphorylation and
electron transport chain pathways, possibly reflecting mitochondrial
suppression and reduction in ATP (adenosine 5’-triphosphate) pro-
duction. Human NEMS6 type IIa myofibers also showed a myofiber
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type-specific phenotype reflected by an activated proteostasis and
repair program, increased autophagy, and increased sarcomeric re-
modeling, which might reflect active changes occurring at a fiber-
specific level. In Fig. 5F, a Venn diagram highlighting the GO terms
that overlap between slow-twitch type I and fast-twitch type IIa myofi-
bers of Kbtbd13(R408C) mice and patients with NEM6 is shown.
Because there was low overlap of GO terms between the same myo-
fiber types from Kbtbd13(R408C) mice and patients with NEM6, we
further analyzed the intermyofiber transcriptional changes by compar-
ing the number of overlapping GO terms between Kbtbd13(R408C)
slow-twitch type I myofibers versus fast-twitch type ITa myofibers
from patients with NEM6 and vice versa (table S3), which revealed
a higher overlap in GO terms when comparing different myofiber
types between mice and humans than when comparing the same
myofiber types between species. This might be partially explained
by evolutionary divergence, in which the same myofiber types in
mice and humans might differ at the transcriptional level (43). To
further explore a possible transcriptional similarity between mice
and humans, we compared whole soleus RNA sequencing-based
GO term overlap with human slow-twitch type I and fast-twitch
type Ila myofibers because the soleus muscle expresses only myofi-
ber types found in human muscle. This revealed a higher degree of
overlap between whole soleus muscles from mice and human myo-
fibers (table S4) than seen in the previous analysis. This finding is
supported by previous work showing that soleus muscle transcrip-
tionally phenocopies human quadriceps biopsies more closely than
other mouse hindlimb muscles (44).
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Fig. 5. Kbtbd13(R408C) mouse and human NEM6 myofiber type-specific transcriptional profiles. (A) Schematic representation of the pipeline to isolate single type
| and type lla mouse and human muscle myofibers for RNA sequencing based on their myosin heavy chain composition, as determined by SDS-polyacrylamide gel elec-
trophoresis. Created in part with BioRender.com. (B) Volcano plot showing all DEGs for type | (left) and type lla (right) myofibers from 3-month-old male mouse soleus
muscles (n = 4 soleus muscles per genotype). A Venn diagram (middle) shows the type | and type lla myofibers’ significant DEGs, with the number of overlapping genes
between myofiber types. (C) Volcano plot showing all DEGs for human NEM6 type | (left) and type lla (right) myofibers (n = 3 muscle biopsies per individual). A Venn dia-
gram (middle) shows the type | and type lla myofibers’ significant DEGs, with the number of overlapping genes between myofiber types. (D) Bar chart of the top 10 en-
riched biological processes for Kbtbd13(R408C) mouse soleus type | (top) and type lla myofibers (bottom). (E) Bar chart of the top 10 enriched biological processes for
human type | (top) and type Illa myofibers (bottom) from patients with NEM6. Note that the top 10 enriched terms for the input gene set are displayed on the basis of the
—log1o(P value) with the number of up-regulated (in orange), down-regulated (in blue), and total number of genes involved in the gene set (in black). (F) Venn diagram of
overlapping significant GO terms in myofiber-specific RNA sequencing between patients with NEM6 and Kbtbd13(R408C) mice. Blue circles represent slow-twitch type |
myofibers from patients with NEM6 and Kbtbd13(R408C) mice, and green circles represent fast-twitch type Ila myofibers. Overlapping GO terms between Kbtbd13(R408C)
mice and patients with NEM6 for slow-twitch type | (top) and fast-twitch type Illa myofibers (bottom) are also shown.
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To verify that the transcriptional changes translate to changes at
the protein level, we performed bulk proteomics on 9-month-old
Kbtbd13(R408C) male mice and compared those with bulk transcrip-
tomics. Figure 6A displays the PCA plots for soleus bulk RNA se-
quencing and proteomic data. Analyses revealed 3377 DEGs and 339
differentially expressed proteins (DEPs), with 194 gene/proteins over-
lapping between both datasets (Fig. 6B). We next performed gene set
enrichment analysis for the DEGs and DEPs using the Enrichr tool
(Fig. 6C) (45-47). Six of these 10 most significant GO terms over-
lapped between the transcriptomic and proteomic datasets (highlight-
ed in yellow), mainly relating to mitochondrial function and muscle
contraction. Furthermore, the Venn diagram between the top and
bottom panels of Fig. 6C highlights the overlap of 40 GO terms be-
tween the significant (P < 0.05) biological processes identified on the
basis of the DEGs and DEPs. We concluded that 1-month-old mice
represented a prephenotype stage, 3-month-old mice represented dis-
ease onset, and 9-month-old mice represented an overt-phenotype
stage, which we then studied to develop a potential therapeutic
for NEM6.

Kbtbd13 deficiency is well tolerated in mouse

skeletal muscles

We hypothesized that reducing Kbtbd13 transcript abundance might
prevent the onset of disease or reverse the disease phenotype on the
basis of our previous work on a Kbtbd13 KO mouse model that dis-
played no major morphological or functional phenotypes by 9 months
of age (29), suggesting that Kbtbd13 deficiency is well tolerated. Thus,
to confirm that Kbtbd13 knockdown is tolerated throughout life, we
performed a natural history study in homozygous Kbtbd13 KO mice
at 3, 9, and 18 months of age through analysis of morphological and
functional parameters of soleus muscle, because this was the most af-
fected muscle in the Kbtbd13(R408C) model. Myofiber-type distribu-
tion and CSA analysis showed no differences compared to WT mice
(fig. S5, A and B), and no nemaline rods were observed at 3, 9, or
18 months (fig. S5C). Furthermore, Kbtbd13 deficiency did not affect
maximal muscle tension in 3-, 9-, or 18-month-old mice (fig. S5D),
and soleus muscle relaxation kinetics were also unaffected at 3 and
9 months, with mildly affected relaxation kinetics at 18 months
(fig. S5E). Together, these findings indicate that Kbtbd13 deficiency
was well tolerated in skeletal muscles, with no major morphological
or functional consequences. We therefore pursued a therapeutic ap-
proach to knock down mutant Kbtbd13 in Kbtbd13(R408C) mice.

Prophylactic Kbtbd13 knockdown prevents phenotype onset
in Kbtbd13(R408C) soleus muscle

We first tested whether knocking down Kbtbd13 before disease on-
set prevents phenotype onset. We injected the soleus muscles of
1-month-old male mice with a single dose of AAV9 containing a
short-hairpin RNA (shRNA) against Kbtbd13 (AAV9-shKbtbd13)
at a dose of 2.4 x 10" viral particles (V.P.). (Fig. 7A). Quantitative
polymerase chain reaction (qQPCR) analysis showed that a single
intramuscular injection with AAV9-shKbtbd13 was sufficient to
knock down Kbtbd13 by 84 + 3% 8 weeks after treatment (Fig. 7B,
left panel). In Fig. 7B (right panel), we show a representative image
of a treated soleus muscle expressing the green fluorescent protein
reporter fused to the short hairpin construct. Note that the whole
muscle was transfected. Eight weeks after injection, Kbtbd13(R408C)
soleus muscle mass and CSA were comparable to those of WT mice
(fig. S6A, bottom left and bottom right panels, respectively). Kbtbd13
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knockdown prevented the myofiber-type shift toward an oxidative
phenotype (Fig. 7C) and prevented the formation of nemaline rods
by 99.95 + 0.02% (Fig. 7D). To investigate the pathways that were
involved in the clearance of nemaline rods, we analyzed by qPCR
the transcriptional changes in 22 key gene markers for the main pro-
tein quality control systems: the ubiquitin proteasome system (UPS)
and the macroautophagy system. Kbtbd13 knockdown up-regulated
17 of the 22 analyzed genes as compared with the WT and untreated
groups (Fig. 7G). In addition, both Cullin 3 (Cul3) and Ring-box I
(Rbx1), which are substrate adaptors for Kbtbd13, were down-regulated
to a similar magnitude to Kbtbd13, suggesting that they were at least
partially regulated by Kbtbd13 expression. Kbtbd13 knockdown also
partially restored the sarcomeric gene expression profile at 3 months
(fig. S6B). Eight weeks after treatment, fast-twitch type Ila myofiber
CSA was comparable to WT, and slow-twitch type I myofiber CSA
was reduced to levels below those of WT mice (Fig. 7E, with whole
muscle myofiber-type distribution shown in Fig. 8F).

Last, although Kbtbd13 knockdown at a prephenotype stage did
not fully prevent the development of muscle weakness (Fig. 7H), it
did prevent the development of impaired muscle relaxation kinetics
(Fig. 81). In summary, prophylactic Kbtbd13 knockdown was suf-
ficient to prevent nemaline rod accumulation, slow-twitch type I
myofiber predominance and hypertrophy, and slow muscle relax-
ation kinetics, although it did not prevent the development of mus-
cle weakness.

Kbtbd13 knockdown after phenotype onset restores muscle
morphology and function
Because patients with NEM6 are typically diagnosed when they are
symptomatic, we tested the ability of Kbtbd13 knockdown to revert
an established NEM6 phenotype. AAV9-shKbtbd13 (4.74 X 10! V.P)
was injected into the soleus muscles of Kbtbd13(R408C) male mice at
either 3 or 7 months of age, and short-term (8 weeks in the 7-month-old
mice) and long-term (24 weeks in the 3-month-old mice) effects
were monitored (Fig. 8A). A single intramuscular injection down-
regulated Kbtbd13 in treated soleus muscles by 88 + 2 and 86 + 2%
in the short-term and long-term studies, respectively (Fig. 8B, left
panel). Homogeneous expression of shKbtbd13 was seen in both short
term- and long term-treated mice (Fig. 8B, right panel).
Short-term treatment did not affect the whole muscle weight or
CSA, whereas long-term treatment normalized both (fig. S6C, bot-
tom left and right panels). Although short-term treatment did not
restore normal myofiber-type distribution, long-term treatment did
(Fig. 8C, middle and right panels). Short- and long-term Kbtbd13
knockdown resulted in the clearance of nemaline rods by 92.7 + 2.2
and 99.8 + 0.05%, respectively (Fig. 8D). Like prephenotype treatment,
long-term knockdown up-regulated macroautophagy and UPS mark-
ers (Fig. 8G) as compared with WT and untreated Kbtbd13(R408C)
mice. Long-term knockdown also partially restored sarcomeric gene
expression by up-regulating skeletal muscle actin alpha 1 (Actal),
troponin T3 (Tnnt3), nebulin (Neb), Klech-like family member 40
(KIhl40), and neural precursor cell expressed, developmentally down-
regulated 8 (Nedd8) and down-regulating tropomyosin 1 (Tpm1) and
Tpm2 (fig. S6D). In addition, Kbtbd13 substrate adaptors Cul3 and
RbxI were down-regulated in both short term- and long term-
treated mice. However, Cul3 and Rbx1 protein abundances were
comparable to WT and Kbtbd13(R408) after treatment (fig. S6E).
Although short-term Kbtbd13 knockdown did not restore myofi-
ber CSA, long-term treatment normalized slow-twitch type I and
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Fig. 6. Kbtbd13(R408C) mouse soleus muscle transcriptomics and proteomics. (A) PCA plots showing the distribution of WT and Kbtbd13(R408C) soleus RNA sequenc-
ing (RNA-seq; left) and proteomic samples (right) based on the first two principal components (for RNA sequencing, n = 4 soleus muscles per group; for proteomics, n =8
soleus muscles per group). (B) Venn diagram highlighting soleus RNA sequencing DEGs (top), soleus proteomic DEPs (bottom), and overlapping genes and proteins dif-
ferentially expressed in both datasets (middle). The number of overlapping DEGs and proteins that are up-regulated (right, orange) or down-regulated (left, blue) is indi-
cated. (C) The top and bottom panels represent a list of the top 10 enriched biological processes based on the significant DEGs and proteins for the soleus muscles of
Kbtbd13(R408C) mice as compared with soleus WT muscles. Highlighted in yellow are the overlapping GO terms between RNA sequencing and proteomic data. Cells on
the right of every significant biological process represent a gene or protein involved in the shown biological processes. In light blue, the genes/proteins that are down-
regulated and, in orange, the genes/proteins that are up-regulated. Note that next to each GO term, the numbers of up-regulated (in red) and down-regulated (in blue)
and the total number of genes involved in the gene set (in black) are displayed. The middle panel between the RNA sequencing and proteomic datasets shows a Venn
diagram of the significant biological processes for the RNA sequencing and proteomic dataset with the shared common processes between both datasets.
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stimulation. n = 22 for WT, n = 11 for Kbtbd13(R408C) untreated, and n = 24 for Kbtbd13(R408C) KD. (l) In vitro soleus relaxation times after 150-Hz stimulation. n = 21 for
WT, n = 20 for Kbtbd13(R408C) untreated, and n = 16 for Kbtbd 13(R408C) KD. Statistical analysis: A one-way ANOVA with Tukey’s multiple comparison test was performed
on data for (B), (C), (E), (H), and (1). A paired t test was performed for data in (D). A two-way ANOVA with Dunnett’s multiple comparison test was performed for data in
(G). Significance was set to P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001), and all data are presented as the means + SEM.

fast-twitch type Ila myofiber CSA (Fig. 8E). In Fig. 8F, we show the
whole muscle myofiber-type distribution for slow-twitch type I and
fast-twitch type Ila myofibers, respectively.

Last, we investigated the effect of Kbtbd13 knockdown on muscle
contractility. Long-term Kbtbd13 knockdown restored maximal mus-
cle tension (Fig. 8H), and both short- and long-term treatment re-
stored muscle relaxation kinetics (Fig. 8I). Together, these results
indicate that Kbtbd13 knockdown after phenotype onset was suffi-
cient to revert nemaline rod accumulation and slow-twitch type I
myofiber predominance and hypertrophy, and at a functional level,
Kbtbd13 knockdown was sufficient to restore muscle contractility and
muscle relaxation kinetics in Kbtbd13(R408C) mice.

DISCUSSION

Here, we showed that the Kbtbd13(R408C) mouse model recapitu-
lates the phenotype of patients with NEM6 at the morphological,
nanostructural, and functional levels. Figure S7 summarizes our study

Gallietal., Sci. Transl. Med. 18, eadx2116 (2026) 24 June 2026

design and highlights the main outcome measures. At the transcrip-
tional level, our data indicate that both mouse and human muscles
exhibit a myofiber type-specific transcriptional phenotype. Although
mice and humans have a low transcriptional profile similarity at a
myofiber type-specific level, when comparing different myofiber
types, we observed a higher similarity, especially between human type
ITa and mouse type I myofibers. Last, we showed that prophylactic and
therapeutic knockdown of Kbtbd13 prevents NEM6 histopathological
hallmarks and impaired muscle relaxation kinetics, which lead to the
main complaint of patients. Thus, our data highlight the promise of
Kbtbd13 knockdown as a therapeutic strategy for patients with NEMS6,
for whom there is currently no targeted therapy.

Myofiber-type changes and aberrant protein aggregation (nema-
line rods) are two main histopathological changes characteristic of
NEMS6 muscle that have profound effects on skeletal muscle func-
tion. If the root cause of these changes is well understood, therapeu-
tic interventions to prevent or reverse them can be developed. Data
from the Kbtbd13(R408C) mouse model showed that myofiber-type
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Fig. 8. Therapeutic short- and long-term Kbtbd13
knockdown in 3- and 7-month-old Kbtbd13-
(R408C) mice, evaluated in 9-month-old muscles.
(A) Schematic representation of the intramuscular
(IM) injection pipeline used for Kbtbd13 short- and
long-term short hairpin-mediated Kbtbd13 knock-
down (AAV_shKbtbd13_GFP). Mice were injected
with a dose of 4.74 x 10'" V.P, at either 3 months
of age (long-term knockdown) or 7 months of age
(short-term knockdown), and morphologically and
mechanically characterized at 9 months of age to
study the effects of short- and long-term effects
of Kbtbtd13(R408) knockdown. Created in part with
BioRender.com. (B) Left panel: Kbtbd13 transcript
knockdown in Kbtbd13(R408C) soleus muscles af-
ter a single intramuscular injection with AAV9_
shKbtbd13. Right panel: Representative images
for short term- and long term-treated soleus E
muscle expressing the GFP reporter. Scale bar, .
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(D) Left panel: Representative images of soleus
muscles stained with modified Goméri trichrome
for nemaline rod visualization. Right panel: Calcu-
lation of nemaline rod—positive myofibers in the
whole soleus muscle as a percentage of total mus-
cle myofibers. n = 8 for Kbtbd13(R408C), n = 6
for Kbtbd13(R408C) short-term knockdown, and
n =7 for Kbtbd13(R408C) long-term knockdown.
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type lla (right) single myofiber CSA, respectively, as measured by whole muscle immunolabeling. (F) Calculation of slow-twitch type I (left) and fast-twitch type lla (right)
soleus single myofiber CSA distribution. For (E) and (F), n =5 for WT, n = 8 for Kbtbd 13(R408C), n = 7 for Kbtbd 13(R408C) short-term knockdown, and n = 7 for Kbtbd13(R408C)
long-term knockdown. (G) Heatmap of qPCR gene expression profile (fold change) for genes involved in macroautophagy and UPS. Comparisons: R408C versus WT, R408C
short KD versus WT, and R408C long KD versus WT: #P < 0.05, **P < 0.01, and ***P < 0.001. (H) In vitro soleus maximal tensions measured at 150-Hz stimulation. n = 14
for WT, n = 16 for Kbtbd13(R408C) untreated, n = 13 for Kbtbd13(R408C) short-term knockdown, and n = 8 for Kbtbd13(R408C) long-term knockdown. (I) In vitro soleus
relaxation times after 150-Hz stimulation. n = 15 for WT, n = 16 for Kbtbd13(R408C) untreated, n = 13 for Kbtbd13(R408C) short-term knockdown, and n = 8 for
Kbtbd13(R408C) long-term knockdown. Statistical analysis: A one-way ANOVA with Tukey’s multiple comparison test was performed on data for (B), (C), (E), (H), and (I). A
two-way ANOVA with Dunnett’s multiple comparison test was performed for data in (G). A paired t test was performed for data in (D). Significance was set to P < 0.05
(*P < 0.05, ##P < 0.01, ***P < 0.001, and ****P < 0.0001), and all data are presented as the means + SEM.

composition was normal at 1 month, shifted toward an oxidative
phenotype in young adulthood (3-month-old mice), and then pla-
teaued in adulthood (9 months), which correlated with nemaline
rod aggregation. Typically, muscle morphological and functional
changes due to pathological gene variants are rarely reversible. Few
studies have shown partial improvement in muscle morphology and
function in NM models after testing various therapeutic strategies
(48-55). Because we found that Kbtbd13 was dispensable for muscle
function, we developed a relevant therapeutic effect by knocking
down Kbtbd13 transcript in Kbtbd13(R408C) mice, which led to
restoration of muscle morphology and improvement in contractile
function. One factor that could explain the restoration of muscle
force is the clearance of nemaline rods. Such protein aggregates oc-
cupy the physical space in the sarcomere; thus, fewer contractile
structures are available for force development. Although clinical

Gallietal., Sci. Transl. Med. 18, eadx2116 (2026) 24 June 2026

disease severity in NM has been shown to poorly correlate with the
number of nemaline rods in different NMs (56), a preclinical study
in an NM mouse model caused by a Tpm3 variant showed a strong
correlation between the number of nemaline rods and muscle weak-
ness (57). However, unlike restoration of muscle tension, the clear-
ance of nemaline rods cannot explain the restoration of normal
muscle relaxation kinetics, because many other NMs and congenital
myopathies present with rod formation but not with muscle relax-
ation problems.

Furthermore, in the Kbtbd13(R408C) mouse model, the normal-
ization of myofiber-type distribution after treatment also does not
explain the restoration of muscle relaxation kinetics: Both short-
and long-term knockdown had the same effect on relaxation kinet-
ics of the soleus muscle; however, only in the long term-treated
group did we observe a restoration of myofiber-type distribution.
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Additionally, in biopsies of patients with NEM6, we have previ-
ously shown comparable impairment in relaxation kinetics in both
slow- and fast-twitch myofibers (29). Therefore, myofiber-type changes
alone cannot account for the restoration of normal muscle relaxation in
Kbtbd13(R408C) mice. A more likely explanation for the normalization
of muscle relaxation kinetics is the normalization of thin-filament
stiffness. As shown in our previous work (29), Kbtbd13(R408C) stiff-
ens the thin filament, leading to impaired muscle relaxation kinet-
ics. We propose that Kbtbd13 knockdown normalizes thin-filament
stiffness by lowering the amount of mutant protein, thus contribut-
ing to the normalization of muscle relaxation kinetics.

Although we observed this effect in slow-twitch soleus muscles,
we did not observe the same phenotype in the fast-twitch EDL mus-
cles of Kbtbd13(R408C) mice. The difference in phenotypes is likely
due to differences in the proportions of myofiber types between the
soleus and EDL muscles. On the basis of the results of our bulk and
myofiber type-specific RNA sequencing data, we propose that main-
ly slow-twitch type I and fast-twitch type Ila myofibers are affected
and that fast-twitch IIx and type IIb myofibers are relatively spared in
Kbtbd13(R408C) mice.

Mouse EDL muscle is composed mainly of fast-twitch type IIb
and IIx myofibers, whereas humans do not express MYH4, the gene
encoding fast-twitch type IIb myosin (58). Single-myofiber tran-
scriptome analysis showed strong similarities between mouse and
human slow-twitch type I and fast-twitch type IIla myofibers, consis-
tent with previous studies of contractile and metabolic properties
(59, 60). For example, genes involved in mitochondrial and meta-
bolic processes are highly expressed in mouse fast-twitch type Ila
and human slow-twitch type I myofibers. On the basis of these simi-
larities, we compared transcriptomic profiles across myofiber types,
identifying shared expression patterns between human type Ila and
mouse type I myofibers, as well as between human type I/IIa myofi-
bers and the mouse soleus muscle transcriptome. We therefore fur-
ther analyzed the possible transcriptional similarities and differences
by comparing our data across different myofiber types, which re-
vealed that human fast-twitch type IIa myofibers are most similar to
mouse slow-twitch type I myofibers and that both slow-twitch type I
and fast-twitch type ITa human myofibers share transcriptional simi-
larity to the mouse whole soleus muscle transcriptome. This is be-
cause the soleus muscle exclusively expresses slow-twitch type I and
fast-twitch type Ila myofibers, with little to no fast-twitch type IIx
and fast-twitch type IIb fibers that are not expressed in humans. This
is supported by previous work characterizing the transcriptional
profile across different mouse backgrounds and human quadriceps
biopsies (44). Therefore, we feel that our mouse model, and espe-
cially the soleus muscle, provides a reliable transcriptional profile, on
which we could further study the implications of the Kbtbd13:p.Arg-
408Cys variant, and it underscores the value of cross-species RNA
sequencing in identifying potential therapeutic targets for muscle-
related diseases.

Like human patients with NEM6 who show onset of symptoms
during adolescence, in this study, the myopathic changes observed in
Kbtbd13(R408C) mice were seen from 3 months onward. Although
Kbtbd13 is expressed from birth, its expression is not needed for em-
bryonic or postnatal development in mice (29). A possible explana-
tion as to why we observed the development of evident phenotype at
3 months was the time-dependent Kbtbd13 expression profile, where
we observed an about ninefold increase in Kbtbd13 expression at
1 month as compared with postnatal (7 days old) and adult (3 to

Gallietal., Sci. Transl. Med. 18, eadx2116 (2026) 24 June 2026

18 months old) mice (fig. S1F). Mutant mice had a fourfold lower
Kbtbd13 expression than WT mice at 1 month of age, resulting in
down-regulation of most sarcomeric genes encoding thin-filament
proteins typically involved in NEM. Although mRNA expression of
KBTBD13 substrate adaptors CUL3 and RBX1 was down-regulated,
CUL3 and RBX1 protein analyses showed comparable expression
between WT and untreated Kbtbd13(R408C) mice, suggesting that
the clearance of rods after Kbtbd13 knockdown was independent of
CUL3 and RBX1 expression.

Sambuughin et al. (30) suggested that KBTBD13 might play a key
role in regulating sarcomeric protein homeostasis, and the Kbtbd13:p.
Arg408Cys variant has been predicted to disrupt the KBTBD13 f-
propeller blade (19). This hypothesis is supported by our in vivo lo-
calization data, which suggest that the p.Arg408Cys variant loses its
thin-filament localization and aggregates at the Z-disk and other re-
gions in the sarcomere. Previous work on proteasomal dynamics in
the sarcomere showed that the 20S proteasome subunit localizes to
the Z-disk, where it regulates protein turnover and sarcomeric gene-
sis (61), raising the possibility, although speculative, that mutant
KBTBD13 aggregation in the Z-disk may impair the normal function
of protein quality control systems and consequently induce nemaline
rod formation. Impairment in these systems has been shown to in-
duce muscle dysfunction and protein aggregation (62). This could be
supported by the strong effect of Kbtbd13 knockdown on nemaline
rod clearance and regulation of key markers for the UPS and macro-
autophagy system. Although most analyzed markers had normal ex-
pression pretreatment, nemaline rod accumulation was evident in all
assessed muscles, supporting the notion that deregulation rather than
the lower activity of this pathway could be the culprit. It is known that
deregulation of the UPS contributes to pathological changes in con-
genital myopathies (63, 64). As with impaired UPS, impaired au-
tophagy flux has been shown in various congenital myopathies to
contribute to muscle dysfunction (65-68), and a decline in autophagy
can lead to reduced clearance of damaged proteins (69), further sup-
porting the notion that the mutant transcript or protein is likely to be
toxic to skeletal muscle.

Here, we showed a strong therapeutic effect by down-regulating the
expression of a transcript encoding a gain-of-function variant in a clini-
cally relevant mouse model for NEM6. Although NEMS6 is a rare
disorder and very few patients have been diagnosed worldwide, our
therapeutic approach may apply to other neuromuscular disorders
caused by gain-of-function variants. Furthermore, over the past
10 years, groundbreaking advances in gene therapy have enabled effec-
tive treatment of previously untreatable genetic neuromuscular disor-
ders. AAV-mediated therapies are rapidly evolving, and promising
results have been obtained in spinal muscular atrophy, myotonic dystro-
phy; and Duchenne muscle dystrophy (70). Although severe clinical ad-
verse effects related to viral load and toxicity have raised concerns (39),
these are areas of active research as clinicians, researchers, and industry
seek to address these concerns by identifying the risks of AAV in patient
populations, by screening preexisting conditions, and by designing opti-
mal approaches to manage adverse effects (71). Furthermore, advances
in AAV capsid development have shown promising results by lowering
viral doses by 10-fold yet achieving a comparable therapeutic effect as
with traditional AAVs (72-74). In humans, KBTBD13 is exclusively ex-
pressed, and at very low levels, in striated muscle tissue [KBTBD13 pro-
tein expression summary—The Human Protein Atlas (28)]. Therefore,
a relatively low dose of AAV delivered systemically might theoretically
have a positive effect on the phenotype of patients with NEM6.
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A limitation of our study is that we designed a full knockdown of
Kbtbd13 as a therapeutic approach. Although complete knockdown of
Kbtbd13 was well tolerated and homozygous Kbtbd13(R408C) mice
benefited from this approach, patients with NEM6 carry single gain-
of-function variants, and we cannot infer from our data what the
effect would be of knocking down both WT and mutant alleles in hu-
mans. Future studies are needed to assess the effect of allele-specific
knockdown as a therapeutic strategy to maintain the expression of
the WT allele. Another limitation of our study is that the long-term
knockdown treatment lasted 6 months. Future studies should address
how long, beyond 6 months, a single knockdown treatment remains
effective, because current AAV-based approaches can only be given as
one-time doses. In addition, we tested the efficacy of local, intramus-
cular injections rather than that of systemic delivery.

Despite these limitations, the robust therapeutic benefit observed
with the knockdown of Kbtbd13 across molecular, histological,
and functional outcomes supports the continued development of
KBTBD13-targeted strategies. These findings provide a strong foun-
dation for future optimization toward clinically translatable therapies
for NEMS, systemic intravenous delivery to target multiple muscles.
We aim to test this in future studies in patients with NEM6 once we
have developed a successful allele-specific approach.

MATERIALS AND METHODS

Study design

This study aimed to perform a natural history characterization of
NEMS6 in a clinically relevant mouse model at 1, 3,9, and 18 months
to establish the age of disease onset, rate of progression, and thera-
peutic windows and then to test the efficacy of Kbtbd13 knockdown
as a potential therapeutic approach. We applied a multimodal ap-
proach by using whole mouse muscle in vitro mechanical measure-
ments, histological characterization, in vitro and in vivo protein
localization studies, small-angle x-ray diffraction studies, and bulk
and muscle fiber-specific transcriptomics to characterize disease
onset, progression, and pathogenesis. As a therapeutic strategy, we
performed Kbtbd13 knockdown by intramuscular injections with
AAV9-shRNA. The primary outcomes included restoration of mus-
cle morphology, including nemaline rod content and myofiber-type
distribution, and muscle contractile function, including maximal
force, maximal tension, and muscle relaxation kinetics. The group
sizes for muscle mechanical measurements were estimated by a power
analysis, performed using the magnitude of weakness in leg muscles
that we found earlier in in vitro force measurements of WT and
Kbtbd13(R408C) mice (29): 15% in soleus (~10% in EDL). With a
standard deviation of about 12% in the WT group and about 12% in
the Kbtbd13(R408C) group, a significance of « = 0.05, and a power
of n = 0.8, we calculated that we needed 11 animals per group. We
considered a tissue loss of 20%; therefore, we calculated that we
needed 14 mice per group for the muscle mechanical measurements.
Results were compared to those from studies on human NEM6 mus-
cle biopsies to ensure that the mouse model recapitulated the main
human NEM6 morphological characteristics. Muscles that showed
>10% run down in force during the force-frequency protocol were
excluded from analysis in the mechanical measurement experiments.
Kbtbd13 knockdown was accomplished by intramuscular injections
with AAV9-shRNA, with primary outcomes including restoration
of muscle morphology and muscle function.
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Study approval

Experimental procedures for human studies were approved by the
institutional ethics committee and performed in accordance with
ethical standards laid down in the Declaration of Helsinki. All biop-
sies were collected following informed consent from the patients or
their guardians and were approved by the Radboud University Insti-
tutional Review Board. All animal experiments were performed in
accordance with the national guidelines approved by the Central
Committee for Animal Experiments (AVD1140020209865) and the
Institute of Animal Welfare (IvD) of the Vrije Universiteit Amster-
dam. Kbtbd13(R408C) and Kbtbd13 KO mouse models were gener-
ated as previously described (29).

Human muscle biopsy characterization

For histological analysis, 8-pm muscle sections were collected using
a Leica CM3050S cryostat. Muscle biopsy specimens were processed
in regular diagnostics for routine histological reactions and stained
for modified G6mori trichrome for nemaline rod visualization and
ATPase at pH 10.3, 4.6, and 4.3 for fiber-type distribution. Morpho-
metrics were performed to establish the myofiber CSA and percent-
ages of each fiber type.

Intramuscular injections for Kbtbd13 knockdown

For the Kbtbd13 knockdown studies, we developed an AAV9 contain-
ing a short hairpin against the Kbtbd13 transcript (AAV9-shKbtbd13)
and injected Kbtbd13(R408C) mice intramuscularly in the soleus mus-
cle. Briefly, 1-month-old (predisease onset) and 3- and 7-month-old
(overt phenotype; short and long-term treatment, respectively) male
homozygous Kbtbd13(R408C) mice were chosen for this experiment.
Mice were deeply anesthetized by isoflurane administration (5% iso-
flurane + 0.2 liter/min O, and 0.2 liter/min air) and placed in a prone
position over a temperature-regulated heat pad and kept under anes-
thesia by isoflurane administration (3% isoflurane + 0.2 liter/min O,
and 0.2 liter/min air) for the remainder of the procedure. The right
calf was shaved using an electrical trimmer to visualize the soleus/
gastrocnemius muscle and Achilles tendon complex, and the area was
thoroughly disinfected with 70% alcohol. For the virus injection, we
designed a modified Hamilton syringe (25 pl, model 702N SYR,
Cemented NDL, 22s ga, 2 in, point style 5) attached to a 15-cm sili-
con tube (HELI60-795-03) on one end, and on the injection side,
we attached a 34-gauge needle (Nanopass, Terumo). One-, 3-, and
7-month-old mice were injected with 5 to 10 pl of AAV9-shKbtbd13 at
final concentrations of 2.4 x 10'! V.P. (1-month-old mice) and 4.73 X
10'! V.P. (3- and 7-month-old mice) and incubated for a period of
8 weeks (short-term treatment) and 24 weeks (long-term treatment).
The injection procedure was as follows: The soleus muscle belly was
localized on the lateral side along the Achilles tendon. One researcher
inserted the modified 34-gauge needle into the soleus muscle following
the mediolateral side of the Achilles tendon at a 30° angle. Once the
needle was inserted properly (~2 mm), a second researcher pressed
the plunger at a rate of 0.5 pl/s to ensure a homogeneous distribution
of the virus. After injecting the required AAV amount, we waited for
5 s before slowly retracting the syringe to avoid leakage. After injection,
mice were immediately transferred to their respective cages to wake
up from the anesthesia. After the indicated time periods, 3- and
9-month-old groups were euthanized, and soleus muscles were im-
mediately dissected and transferred to an in vitro test apparatus for
contractile measurements (Aurora Scientific), whereas the gastrocne-
mius muscle was cryopreserved for molecular assays.
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Mouse in vivo functional assays

Mice were run on an indirect calorimetry treadmill (TSE Systems)
at 3 to 4 and 8 to 9 months. Mice underwent a treadmill running
protocol. Before each treadmill test, mice were acclimated to the
treadmill for 1 day before the test. Acclimation consisted of the follow-
ing: 0 m/min, 5 min; 6 m/min, 5 min; 9 m/min, 2 min; 12 m/min, 2 min.
The running protocol consisted of the following: 0 m/min, 5 min; 10 m/
min, 5 min; 11 m/min, 5 min; 12 m/min, 5 min; 13 m/min, 5 min; 14 m/
min, 5 min; 15 m/min, 5 min; 20 m/min, 20 min or until exhaustion
was reached. Exhaustion was defined as the point at which mice
maintained continuous contact with the shock grid for 5 s or when
there were 20 visits to the shock grid within a 60-s period. During
testing, gas was collected continuously and analyzed every 5 s.
PhenoMaster software (TSE Systems) recorded and calculated oxygen
consumption (VO,), carbon dioxide consumption (VCO,), the re-
spiratory exchange ratio (RER), distance run, and visits to the shock
grid. The VO,max Was determined by the peak VO, reached. Maximum
running speed was defined as the treadmill speed at which VO;max
was achieved.

Mouse muscle tissue collection

Mice were deeply anesthetized by isoflurane (5% isoflurane + 0.2 liter/
min O, and 0.2 liter/min air) administration. Cervical dislocation
was performed after the absence of a foot reflex was confirmed. Soleus,
EDL, diaphragm, quadriceps, gastrocnemius, and tibialis anterior
muscles were carefully dissected and cryopreserved in supercooled
isopentane (1.06056, Uvasol) and kept at —80°C.

Statistical analysis

Biological replicates were collected for all experiments, unless oth-
erwise noted. Statistical analyses were performed using GraphPad
Prism (GraphPad Software, version 8.1, San Diego, CA). For natural
history characterization studies, comparisons between WT and
Kbtbd13(R408C) animals were performed either at individual ages
or across multiple ages/time points depending on the experimental
design. Two-group comparisons at a single age were analyzed using un-
paired Student’s ¢ tests when assumptions of normality and equal vari-
ance were met. For analyses involving genotype comparisons across
multiple ages and time points and or multiple variables, a one-way
or two-way analysis of variance (ANOVA) with appropriate multiple-
comparison post hoc testing was performed as applicable to the study
design. For experiments involving three or more groups, including
WT versus Kbtbd13(R408C) versus Kbtbd13(R408C) prephenotype
treatment groups or W'T versus Kbtbd13(R408C) versus short-term
treatment versus long-term treatment groups, a one-way or two-way
ANOVA followed by multiple-comparison correction was used as ap-
propriate. The normality of data distribution was assessed using the
Shapiro-Wilk or comparable normality tests. When datasets failed
normality testing, nonparametric alternatives were applied, including
Mann-Whitney tests for two-group comparisons and Kruskal-Wallis
tests with appropriate post hoc analyses for experiments involving
three or more groups. Data are presented as the means + SEM, unless
otherwise indicated. Exact statistical tests, sample sizes (1), multiple-
comparison methods, and significance thresholds used for each ex-
periment are detailed in the corresponding figure legends. Specific
statistical methods and details are listed in each figure legend.
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Editor’'s summary

Nemaline myopathy type 6 (NEM6) is a nondystrophic congenital myopathy caused by pathogenic variants in the gene
Kelch repeat and BTB domain—containing 13 (KBTBD13) and is characterized by muscle weakness and impaired
muscle relaxation kinetics for which there is no current treatment. Here, Galli and colleagues characterized the
Kbtbd13:p.Arg408Cys mouse knockin model, which carries the Dutch gain-of-function founder variant, and compared it
with patient samples to provide deeper insights into the disease. Treating 3-month-old knockin mice with intramuscular
short hairpin RNA therapy after phenotype onset restored normal myofiber-type distribution, cleared nemaline rods,
and improved muscle relaxation kinetics by 9 months of age, suggesting the potential benefit of KBTBD13-targeted
strategies for patients with NEM6. —Melissa L. Norton
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