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Mutations in TRIM32 cause limb-girdle muscular dystrophy recessive 8
(LGMDRS), a neuromuscular disorder primarily affecting the proximal
muscles of hips and shoulders. However, the precise pathogenic mechanism
remains unclear. In this study, we used Trim32 knock-out C2C12 murine
myoblasts to investigate the impact of full Trim32 loss along the myogen-
esis process. We found that Trim32 deficiency alters global transcriptomics
already in the early phases of the differentiation process leading to
impaired myogenic signaling, ultimately resulting in delayed and abnormal
myotube formation. Following this up, we discovered that lack of Trim32
disrupts the transition from proliferation to differentiation by limiting the
necessary downregulation of the proto-oncogene c-Myec, thus delaying and
altering the immediate early onset of differentiation. Interestingly, unlike
previous reports that emphasized protein-level regulation, our data reveal
that, at this precise stage of differentiation, Trim32 regulates the stability
of c-Myc at mRNA level. Attenuating c-Myc expression level is able to
partially recover the myogenesis defects observed in the absence of Trim32,
suggesting that the Trim32—-c-Myc axis may represent an essential hub,
although likely not the exclusive mechanism, in muscle regeneration within
LGMDRS pathogenesis.

Introduction

Tripartite motif-containing protein 32 (TRIM32) was
originally identified as a zinc finger protein interacting
with the activation domain of lentiviral Tat proteins
[1]. Structurally, TRIM32 contains a conserved
N-terminal module, the tripartite motif, comprising a
RING domain, a single type 2 B-box domain, and a
Coiled-Coil region, while its C-terminal portion fea-
tures a six-bladed B-propeller NHL domain [2]. The
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RING domain is responsible for the E3 ligase catalytic
function [3.4] and indeed TRIM32 is primarily known
for its function as an E3 ubiquitin ligase [5]. Within
the tripartite motif, the precise role of the B-box
domain remains unclear, although some studies sug-
gest that it modulates the rate of ubiquitin chain
assembly [6], while the Coiled-Coil domain facilitates,
together with the RING domain, TRIM32
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homo-oligomerization that is essential for its activ-
ity [7]. The NHL domain plays a crucial role in
protein—protein interactions, likely conferring substrate
specificity [8]. Additionally, the NHL domain has also
been shown to interact with RNA and growing
evidence revealed that, in addition to its E3 ligase
activity, TRIM32 is implicated in RNA-mediated regu-
lation [9-12].

Mutations in TRIM32 result in an inherited rare
neuromuscular disorder, Limb-Girdle Muscular Dys-
trophy recessive 8 (LGMDRS) [13-15]. This disease is
characterized by the progressive wasting of muscles,
mainly manifesting in the proximal muscles of the
arms and legs [16]. LGMDRS-associated mutations
are distributed across different domains of TRIM32,
with the NHL domain being the most commonly
affected [17]. Additionally, cases with full deletion of
TRIM32 have been reported [18,19]. Patients carrying
mutations in the NHL domain exhibit an abnormal
low level of TRIM32 in muscle tissue, likely due to
decreased TRIM32 protein stability [20,21]. Knock-in
mice carrying an LGMDRS corresponding pathogenic
mutation (p.Asp489Asn) also presented reduced levels
of mutated Trim32 protein but levels of RNA expres-
sion comparable to wild-type (WT) animals, further
suggesting that mutations in Trim32 alter its protein
stability. Both the knock-in and full Trim32 knock-out
animal models presented a mild myopathy phenotype
and both recapitulate the human phenotype [22,23].
This evidence strongly indicates that LGMDRS is
caused by the loss of TRIM32 function.

LGMDRS pathogenesis is not totally unraveled and
reported findings support a role for TRIM32 in both
muscle atrophy and regeneration. Early studies primar-
ily focused on the role of TRIM32 in muscle atrophy,
identifying several sarcomeric structural proteins,
including actin, a-actinin, tropomyosin, desmin, and
dysbindin, as potential substrates of TRIM32 E3 ubi-
quitin ligase activity assessed in vitro [24-26]. However,
it remains unclear whether TRIM32 plays a fundamen-
tal role in promoting atrophy and how this would be
relevant for LGMDRS8 pathogenesis. On the other
hand, increasing evidence from both patient-derived
samples and Trim32-deficient mouse models suggests
that TRIM32 is critically involved in muscle regenera-
tion, indicating that its role in LGMDRS pathogenesis
may extend beyond sarcomeric protein degradation
and involve broader regulation of muscle homeostasis,
including a role in regulation of the myogenic process
[21,23,27,28]. Myogenesis is a highly complex physio-
logical process involving extensive crosstalk between
multiple signaling pathways that collectively regulate
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myoblast proliferation, fusion, and differentiation
[29-32]. Notably, TRIM32 is expressed at higher levels
in myoblasts than in mature skeletal muscle tissue and
its expression is significantly increased during muscle
regeneration after injury [22,27,28]. These observations
prompted extensive research into the role of TRIM32
in myoblast differentiation; however, although there is
no doubt that TRIM32 is necessary for full myogen-
esis, there are still inconsistencies in the reported data
regarding the molecular processes and the stage(s) of
TRIM32 requirement within muscular regeneration.
As examples, both reduced and increased numbers of
satellite cells, the adult muscular stem cells (MuSC),
have been reported in 7rim32 knock-out animal
models [27,28] and, in myoblast cellular systems, both
pro-proliferative as well as antiproliferative effects,
including senescence, have been proposed in
TRIM32-related models [21,27,28]. In addition, as the
analyses have been performed in different experimental
settings and with a focus either in myoblast proliferat-
ing state or after the induction of differentiation, it is
difficult to converge toward a unifying mechanism.
Further, we cannot rule out the possibility that
TRIM32 might play different roles in diverse stages of
myogenesis.

Instead, a role of TRIM32 in negatively regulating
stemness and favoring differentiation has been more
extensively studied in neuronal cells. In this context,
TRIM32-mediated proteasomal degradation of c-Myc
has been reported to be implicated [12,33-35]. An
analogous role was proposed in the muscular system;
however, no solid evidence associates c-Myc accumula-
tion and its TRIM32-mediated ubiquitination with the
myogenesis defect [28].

Thus, despite the increasing body of evidence plac-
ing TRIM32 as a central regulator of myogenesis, it is
still poorly understood how its mutations may affect
this process resulting in LGMDRS [17,36,37]. In this
study, we employed a more homogeneous system gen-
erating Trim32 knock-out in the C2C12 myoblast cell
line to comprehensively characterize myogenesis upon
loss of Trim32 and dissect its role along the process
from myoblasts to myotube formation. We confirmed
that the absence of Trim32 dramatically impairs
C2C12 myogenesis, having a broad impact on the
transcriptome of differentiating cells and inhibiting the
expression of key myogenic proteins. This impairment
originates at the very onset of the differentiation stim-
ulus, at which time 7Trim32 knock-out myoblasts are
unable to properly exit from the cell cycle, likely due
to inefficient downregulation of the messenger RNA of
the pro-proliferative c-Myc oncogene.
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Results

Absence of Trim32 impairs differentiation of
C2C12 cells

To investigate the role of Trim32 in muscular differen-
tiation, the immortalized mouse myoblast cell line
C2C12 was selected for its robust myogenic capacity
[38,39]. Under high-serum conditions, these myoblasts
proliferate effectively, while in low-serum conditions,
they start the myogenic process, differentiating and
fusing into myotubes [40].

We generated T7rim32 knock-out (7Trim32 KO)
C2C12 myoblasts using CRISPR/Cas9-mediated gene
editing (Fig. 1A). Three independent single-cell 7Trim32
KO clones were selected for subsequent experiments:
two homozygous (c.49delG; p.E17Kfs*1) and one
compound heterozygous (c.22_61del and c.49 50insG;
p-S8Vfs*52 and p.E17Gfs*12) (Fig. 1B and Table 1).
All these mutations result in frameshifts generating
premature stop codons and leading to the expression
of nonfunctional very short N-terminal truncated
Trim32 protein, if any, and the absence of the Trim32
protein in KO clones was confirmed with western blot
analysis using two polyclonal antibodies targeting
either the N-terminal (Fig. 1C) or the central regions
(data not shown) of Trim32. Given that C2CI12 cells
differentiation potential could be affected by pro-
longed subculturing during gene editing procedure, we
opted to use 3 Trim32 wild-type (WT) clones, besides
the original parental C2C12 cells, as control for all
subsequent analyses; these clones underwent the same
editing and selection protocol as the 7rim32 KO but
resulted wild-type for Trim32 (WT) (Table 1).

Having generated Trim32 KO C2CI12 clones, we
started assessing the differentiation of these cells in
culture. Myogenesis is a tightly regulated process that
is achieved by timely controlled expression of myo-
genic regulatory factors (MRFs), which ultimately reg-
ulate expression of myosin heavy chain (MyHC), a
structural protein of the sarcomere exclusively
expressed in differentiating myocytes and myotubes
[41,42]. In the classic differentiation protocol, C2C12
cells are grown in proliferating medium (growth
medium, GM) and then triggered to differentiate upon
serum reduction (differentiation medium, DM) (see
Methods and upper scheme of Fig. 1D). Using Myosin
Heavy Chain 3 (MyHC) as a marker to monitor
C2C12 differentiation, we could observe that by day 8
(D8) WT clones showed formation of myotubes to a
similar extent as parental C2C12, while Trim32 KO
clones appeared severely impaired in their ability to
generate myotubes. Additionally, the myotubes formed
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by Trim32 KO clones were significantly smaller, exhib-
ited clustered nuclei, and lacked the proper elongated,
stretched morphology observed in WT myotubes
(Fig. 1D). Interestingly, impairment of the differentia-
tion program in Trim32 KO clones is apparent already
at early stages: at day 3 (D3) of differentiation in fact
we observed a complete absence of MyHC-expressing
cells in the Trim32 KO clones, while WT and parental
cells already display formation of myotube precursors
at this differentiation stage (Fig. 1D).

Analysis of one of the upstream regulators of
MyHC expression, myogenin, further confirmed aber-
rant differentiation in the absence of Trim32. Elevated
myogenin levels are observed in myoblasts that exit
the cell cycle and differentiate into myotubes [43].
Indeed, Trim32 KO clones showed markedly reduced
Myogenin-positive cells after 8 days of differentiation,
consistent with reduced differentiation potential into
myotubes. Interestingly, the residual myogenin-positive
cells did not correspond to the few and abnormal
myotubes formed by Trim32 KO clones, whereas myo-
genin was abundantly detected in the nuclei of WT
and parental C2C12 myotubes (Fig. 1D). The aberrant
differentiation of Trim32 KO clones was confirmed by
determining the differentiation index: compared to an
average of 13.99% of nuclei within MyHC-positive
myotubes in WT clones, the percentage was only
3.68% in Trim32 KO cells after full-term differentia-
tion (D8) (Fig. 1E). Overall impaired upregulation of
differentiation markers was also assessed by western
blot analysis showing reduced expression of both
MyHC and Myogenin (Fig. 1F) in Trim32 KO clones
after 8 days of differentiation (DS), consistent with the
observed defect in myotube formation in Trim32 KO
cells.

These results indicate the critical requirement of
Trim32 for C2C12 myoblast myogenesis and confirm,
as reported previously, that deletion of Trim32 causes
myogenic defects without completely eliminating myo-
tube formation in C2C12 cells.

Transcriptomic analysis of Trim32 WT and
Trim32 KO clones along early differentiation

Based on our initial observations, the absence of
Trim32 already exerts a significant impact by day 3
(D3) of C2C12 myogenic differentiation. To investi-
gate how Trim32 influences early global transcriptional
changes during the proliferative phase (D0) and early
differentiation (D3), we performed an unbiased tran-
scriptomic profiling of WT and Trim32 KO clones
(Fig. 2A). Multidimensional Scaling (MDS) analysis
revealed clear segregation of gene expression profiles
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Fig. 1. Myogenesis is impaired in Trim32 knock-out (KO) cells. (A) Diagram illustrating the structure of the mouse Trim32 gene and the
positions of the designed gRNA on the 5’ Trim32 coding sequence. (B) Scheme of the Trim32 mutations generated in C2C12 and resulting
in premature stop codons and leading to nonfunctional fragments: p.E17Kfs*1, p.S8Vfs*52 and p.E17Gfs*12. (C) Representative western
blot of Trim32 in parental C2C12 cells, three Trim32 KO clones, and three wild-type (WT) clones (n = 3). Trim32 protein was detected using
an antibody against its N terminus. (D) Top, scheme of the differentiation timeline adopted. Bottom, immunostaining for myosin heavy chain
3 (MyHC) (magenta) at day 0 (D0), and at 3 (D3) and 8 days (D8) of differentiation, in parental C2C12 cells, 3 WT clones and 3 Trim32 KO
clones. At D8 double staining for Myogenin (green) is shown. Arrows indicate Myogenin-positive nuclei in myotubes of WT and parental
C2C12; arrowheads indicate nuclei lacking Myogenin expression in Trim32 KO myotubes. Nuclei were counterstained with DAPI (blue)
(Scale bar = 50 pm; magnification 40x; n = 3). (E) Differentiation index of Trim32 KO and WT clones at D8. The differentiation index is
calculated as the ratio of nuclei within MyHC-positive myotubes to the total number of nuclei (mean + SD; unpaired ttest, ****P < 0.0001;
n = 3). Each dot represents a 20x microscope field (3 fields x 3 coverslips were analyzed for each clone); shades of blue and red represent
the different clones (F) Top, representative western blot of MyHC protein levels in Trim32 WT and KO clones at DO and D8 of
differentiation as indicated (n = 3). Gapdh was used as loading control. Bottom, representative western blot of Myogenin protein levels in
Trim32 KO and WT clones at D8 of differentiation (n = 3). Asterisk indicates a nonspecific band. B-tubulin was used as loading control.

Experiments were repeated three times.

Table 1. Genotypes of the generated C2C12 clones.

Clones  Trim32 genotype Trim32 mutations

Trim32  KO-1 ¢.49delG/c.49delG p.E17Kfs*1
KO KO-2 c.49delG/c.49delG p.E17Kfs*1
KO-3 c.22_61del/ p.S8Vfs*52/
¢.49_50insG p.E17Gfs*12
WT WT-1 WT None
WT-2  WT None
WT-3 WT None

based on both time of differentiation (Diml, 44% var-
iance) and Trim32 genotype (Dim2, 16% variance)
(Fig. 2A). Likewise, hierarchical clustering grouped
WT and Trim32 KO clones into distinct clusters at
both timepoints, indicating consistent genotype-specific
transcriptional differences (data not shown). Differen-
tially Expressed Genes (DEGs) were detected in the
Trim32 KO transcriptome relative to WT, at both DO
and D3. In proliferating conditions, 72 genes were
upregulated and 189 were downregulated whereas at
D3 of differentiation, 72 genes were upregulated and
212 were downregulated. Ingenuity pathway analysis
of the DEGs revealed the top 10 canonical pathways
as enriched at either DO or D3 (Fig. 2B). Several of
these pathways can underscore relevant Trim32-
mediated functions though most of them represent
generic functions not immediately attributable to the
observed myogenesis defects.

Notably, the transcriptional divergence between WT
and Trim32 KO cells is more pronounced at D3, as
evidenced by a greater separation along the MSD
Dim2 axis, suggesting that Trim32-dependent tran-
scriptional regulation intensifies during early differenti-
ation (Fig. 2A). Given our interest in the
differentiation process, we therefore focused our ana-
lyses comparing the changes occurring from DO to D3

in WT (WT D3 vs. D0) and in 7Trim32 KO (KO D3
vs. DO) RNAseq data.

Pathway enrichment analysis of D3 vs. DO DEGs
allowed the selection of the top-scored pathways for
both WT and T7rim32 KO data. We obtained 18
top-scored pathways enriched in each genotype (—log
(P-value) > 9 cut-off): 14 are shared while 4 are
top-ranked only in WT and 4 only in Trim32 KO
(Fig. 2C). For the following analyses, we employed
thus a total of 22 distinct pathways and to better mine
those relevant in the passage from the proliferation
stage to the early differentiation one and that are
affected by the lack of Trim32, we built a bubble plot
comparing side-by-side the scores and enrichment of
the 22 selected top-scored pathways above in WT and
Trim32 KO (Fig. 2D). A heatmap of DEGs included
within these selected pathways confirms the clustering
of the samples considering both the genotypes and the
timepoints highlighting gene expression differences
(Fig. 2E). These pathways are mainly related to muscle
development, cell cycle regulation, genome stability
maintenance and few other metabolic cascades.

As expected given the results related to Fig. 1, mov-
ing from DO to D3 WT clones showed robust upregu-
lation of key transcripts associated with the Inactive
Sarcomere Protein Complex, a category encompassing
most genes in the ‘Striated Muscle Contraction’ path-
way, while in Trim32 KO clones this pathway was not
among those enriched in the transition from DO to D3
(Fig. 2C). Detailed analyses of transcripts enclosed
within this pathway revealed that on the transition
from proliferation to differentiation, WT clones show
upregulation of several Myosin Heavy Chain isoforms
(e.g., MYH3, MYH6, MYHS), a-Actin 1 (ACTAI), o-
Actinin 2 (ACTN2), Desmin (DES), Tropomodulin 1
(TMODI), and Titin (TTN), a pattern consistent with
previous reports, while these same transcripts were
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Fig. 2. Transcriptomic analysis reveals defective myogenesis and proliferation programs in Trim32 knock-out (KO) cells. (A) Scheme of
cellular differentiation for the RNAseq experiment and multidimensional scaling (MDS) analysis of RNAseq data from three Trim32 KO and
three wild-type (WT) clones in proliferation (D0O) and differentiation (D3) conditions. Dim1: time of differentiation; Dim2: Trim32 genotype.
Genotypes and time points are indicated in the graph with color and shape code, respectively. (B) List of the 10 top-ranked enriched
Ingenuity canonical pathways in WT vs Trim32 KO differentially expressed genes (DEGs) at DO (upper list) and at D3 (lower list). (C) List of
the Ingenuity canonical pathways enriched in the comparison between D3 and DO for WT (left-hand list) and Trim32 KO (right-hand list)
obtained with a score > 9 of —log(P-value). Common pathways are shaded in green. (D) Bubble plot of pathways enrichment showing
pathways significantly enriched in the comparison between D3 and DO for either WT or Trim32 KO. Color indicates zscore, bubble size
indicates ratio, and X axis indicates adjusted P-values obtained from the Ingenuity Pathway Analysis. (E) Heatmap visualization of DEGs
involved in the significantly enriched pathways shown in D. Samples of WT and Trim32 KO clones at proliferation (D0) and early

differentiation (D3) stages are shown. Genes are clustered based on expression similarity. Color scale indicates relative expression.

either nondetected or only modestly upregulated in
Trim32 KO clones at D3 (Fig. 3A). This genotype-
specific disparity was further confirmed by gene set
enrichment barcode plots, which demonstrated signifi-
cant enrichment of these muscle-related transcripts in
WT cells (FDR_UP = 0.0062), but not in Trim32 KO
cells (FDR_UP = 0.24) (Fig. 3B). These findings sup-
port an early transcriptional basis for the impaired
myogenesis previously observed in 7rim32 KO cells.
Some of the genes detected as de-regulated in the tran-
scriptomic profiles and belonging to the Sarcomere
pathway were also analyzed by real-time RT-PCR and
this analysis confirmed their significant differential
expression only at D3 and not at DO, further support-
ing the fact that Trim32 contribution becomes more
relevant as differentiation progresses (Fig. 3C,
left-hand side). In addition to differences in muscle-
specific gene expression, we observed that also several
pathways related to cell proliferation and cell cycle
regulation were more enriched in Trim32 KO cells
compared to WT as suggested by the Ingenuity Path-
way Analysis. We therefore also tested the relative
expression of some genes implicated in cell cycle to
validate the involvement of this pathway. Also in this
case, we observed similar level of expression between
WT and Trim32 KO cells in growing conditions (DO0)
but their differential expression at D3 of differentia-
tion, further supporting proliferation and cell cycle
control as one of the main pathways affected by lack
of Trim32 (Fig. 3C, right side). This suggests that
altered cell proliferation may contribute to the distinct
differentiation behavior observed in Trim32 KO versus
WT. Given that cell cycle exit is a critical prerequisite
for the onset of myogenic differentiation and consider-
ing that previous studies on Trim32 role in cell cycle
regulation have reported inconsistent findings, we fur-
ther examined cell cycle dynamics under our experi-
mental conditions to clarify Trim32 contribution to
this process.

Trim32 regulates cell cycle exit during the
transition from proliferation to differentiation

At the onset of myogenic differentiation, a complex
MRFs regulatory network induces cells to reduce their
proliferation rate to eventually exit the cell cycle, a pre-
requisite to start the differentiation program [44,45].
Given the observed dysregulation of pathways related
to cell cycle and proliferation in Trim32 KO clones, we
further investigated the role of Trim32 in regulating cell
cycle dynamics during this critical transition.

We thus assessed the positivity for phospho-histone
H3 (Ser10, pHH3), as a marker of mitosis, under
growth conditions (D0) and 2 days after differentia-
tion onset (D2). At DO, similar percentages of
pHH3-positive myoblasts were observed in 7rim32 KO
and WT C2CI12 cells, indicating comparable mitotic
rates under proliferating conditions (Fig. 4A, upper
panels and graph). Upon differentiation induction,
proliferation slowed down in both Trim32 KO and
WT clones, as evidenced by a decrease in the percent-
age of pHH3-positive myoblasts from D0 to D2. How-
ever, at day 2, a significantly higher percentage of
pHH3-positive myoblasts was observed in Trim32 KO
clones compared to WT, indicating the presence of a
more significant number of Trim32 KO cells still
undergoing mitosis (on average 1.2% of KO cells com-
pared to 0.2% in WT) (Fig. 4A, lower panels and
graph). Consistently, MTT assay also showed that
Trim32 KO cells maintained a higher metabolic activ-
ity even after differentiation was induced suggesting a
potential impairment in cell cycle withdrawal at the
onset of myogenesis (Fig. 4B).

At this point, we analyzed cell cycle progression by
flow cytometry to discriminate cells in the various
phases of the cell cycle. In proliferative conditions
(D0), we observed no difference between WT and
Trim32 KO clones when considering the percentage of
cells in either phase of the cell cycle. Likewise, upon
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culturing for two further days in growth medium (GM
D2) we observed a similar increase in percentage of
cells in the G1 phase accompanied by a decrease of
percentage of cells in the S and G2/M phases with no

L. Xiong et al.

differences between genotypes, indicating that absence
of Trim32 does not affect contact inhibition-induced
cell cycle withdrawal. The effect of Trim32 ablation
was however evident when analyzing cell cycle
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Fig. 3. Transcriptional analyses of cell cycle and sarcomere genes in wild-type (WT) and Trim32 knock-out (KO) clones. (A) Expression
changes of genes belonging to the Inactive Sarcomere Protein Complex pathway from DO to D3 in WT (upper scheme) and Trim32 KO
(lower scheme). Red symbols indicate upregulation between D3 and DO, green symbols indicate downregulation, gray symbols indicate no
statistically significant difference between D3 and DO, and white symbols indicate genes that were not detected. (B) Gene set enrichment
barcode plots show the expression change of each gene within the Inactive Sarcomere Protein Complex pathway after 3 days of
differentiation in WT (FDR_UP = 0.0062) and Trim32 KO (FDR_UP = 0.24). (C) Validation of some differentially expressed genes related to
the sarcomere process (Actal, Acta2, DES, and MyHC3) and to cell cycle (Ccnd1, Ccna2, Cdk2, and Cdk4) in WT and Trim32 KO clones
analyzed by real-time RT-PCR at DO (upper graphs) and D3 (lower graphs) (mean + SEM; n = 3, unpaired t-test, *P < 0.05, **P < 0.01,
#x%P < 0.001). Relative mRNA expression was calculated using the 2722t method. Ct values were normalized to Gapdh, and the mean ACt

value of the three WT clones was used as the reference.

withdrawal induced by the differentiation stimulus.
When compared to growth in proliferating conditions
(GM D2), serum depletion in WT clones caused in fact
a further increase of cells in G1 phase, and a subse-
quent decrease of cells in the S and G2/M phases.
These changes indicate that WT cells respond to differ-
entiation cues by promptly withdrawing from the cell
cycle in order to initiate the differentiation program.
In Trim32 KO clones, however, this differentiation-
induced proliferation arrest was less pronounced, and
indeed, if compared to WT, the Trim32 KO clones
showed a lower percentage of cells in the G1 phase
and a higher percentage of proliferating (S and G2/M
phases) cells after two days in differentiation medium
(DM D2), indicating a higher proliferation rate
(Fig. 4C). To further support this, we used Carboxy-
fluorescein Diacetate Succinimidyl Ester (CFSE) to
monitor cell division. CFSE covalently labels cytoplas-
mic proteins with a fluorescent dye, and during cell
division, the marker is equally distributed between
daughter cells, resulting in reduced fluorescence inten-
sity. Thus, cell proliferation can be quantified by mea-
suring the fluorescence dilution using flow cytometry.
At 2 days postinduction of differentiation, Trim32 KO
clones exhibited a significantly higher proliferation
index compared to WT clones further confirming the
above results (Fig. 4D,E).

Overall, these results indicate that Trim32 deficiency
interferes with proper and timely cell cycle exit in
response to the differentiation stimulus, likely delaying
the initiation and/or the extent of differentiation in
C2C12 cells.

Trim32 regulates c-Myc mRNA stability during
cell cycle withdrawal

c-Myc proto-oncogene plays a crucial role in regulat-
ing cell fate and proliferation across various cell types,
including C2C12 myoblasts [46,47]. Notably, sustained
c-Myc expression in C2C12 myoblasts inhibits myo-
tube formation, and its downregulation is necessary to
promote differentiation [47-49]. Indeed, in C2CI12

parental cells we observed a progressive reduction in
c-Myc levels during the course of differentiation and
notably, c-Myc downregulation was induced within
hours of serum depletion, indicating that it is one of
the first events leading to the differentiation process
(Fig. 5A). Similarly, in both WT and Trim32 KO
clones, western blot analysis revealed indeed significant
reduction in c-Myc levels after 6 h in differentiation
medium. However, c-Myc levels remained relatively
higher in Trim32 KO clones compared to WT clones
at this stage (Fig. 5B). Further consolidating the func-
tional meaning of the observed different levels of c-
Myec, transcriptional analysis of known c-Myc down-
stream target genes [50] after 3 days of differentiation
confirmed that the observed higher levels of c-Myc
correlate with its elevated activity, since three of the
genes activated by c-Myc—Ccnbl, Rel, and Tnbsl—all
showed higher levels in Trim32 KO clones, while three
of the genes inhibited by c-Myc—Adm, Eca40, and
Tert—exhibited lower transcript levels in Trim32 KO
clones (Fig. 5C). Thus, in the absence of Trim32,
c-Myc fails to be properly downregulated at differenti-
ation onset, and these augmented levels correlate with
enhanced c-Myc transcriptional activity. This sustained
expression of c-Myc observed in Trim32 KO clones
might account for the delayed and aberrant differentia-
tion observed in Trim32 KO myotubes. Indeed, tran-
sient overexpression of c-Myc at the onset of
differentiation in C2CI12 parental cells results in
reduced expression of MyHC level in terminally differ-
entiated myotubes, indicating that even slight and tem-
porary perturbations of c-Myc levels during early
phases of differentiation may have consequences also
in later stages (data not shown).

Previous studies suggested that Trim32 interacts
with and ubiquitinates c-Myc, leading to its protea-
some-mediated degradation, and this process is neces-
sary to induce muscular and neuronal differentiation
[12,28,34,35]. Based on these reports and since we
observed sustained expression of c-Myc in differentiat-
ing Trim32 KO C2C12, we hypothesized that also in
our experimental system Trim32 could promote C2C12

© 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 9

Federation of European Biochemical Societies.

85U8017 SUOWIIOD BAER.D 8|qedt(dde auy Aq pausenob a1e ssppie YO ‘8sn JO S9InJ o Aig1T 8UlUO A1 UO (SUORIPUOD-PUR-SLUBIAL0D A8 |1 Ae1q 11 |UO//SdNL) SUORIPUCD PUe SWs 18U} 89S *[9202/90/9T] U0 ArigiT8uliuO AB[IM ‘815811 IQ BISIBAIUN - U0 N BueWIBD Aq 6T90L SERYTTTT OT/I0P/L00" A3 1M Ake.q 1 jpuluo'Sgey//Sdny Wouy papeojumod ‘0 ‘859vZi.T



Trim32 controls c-Myc mRNA stability in myogenesis L. Xiong et al.

(A) c2C12

DO

% Phospho-HH3 at DO

PHH3/DAPI

D2

% Phospho-HH3 at D2

) (©)
Kk ns
100 ns
s MTT Assay ok ] m e 60 ’—\ A —— 209 ns = % G2MWT
804 ns = %G1KO . " %SKO . ]—‘ u %G2MKO
- WT o .,—| a0 % . ns
»?l = KO g o0 . ° o
a - o = 10 e
< O 40 %) S . *
< x O
1 ® = 20 = ’—\
B
20 5
’ 0 1 2 3 0 ¢
Days DO (GM) D2(GM) D2 (DM) DO (GM) D2 (GM) D2 (DM) DO (GM) D2(GM) D2 (DM)
(D) (E)
60 *
3 R
0006 ]
P Y Y Y o< 2
Y ¥ Y 0.9~ s 40
° : =
(Y Y X WY o R g
0006 . e
Y X X ﬁ_o' 20
— 3
Cells stained with CFSE Re-seeded Analysis after 48h culture B
T o, stm N 0-

WT KO

Fig. 4. Trim32 knock-out (KO) cells exhibit prolonged proliferation after the onset of differentiation. (A) Phospho-histone H3 (pHH3, red)
immunostaining. Images of representative wild-type (WT) and Trim32 KO clones, and C2C12 parental cells in proliferation (D0) and after
2 days of differentiation (D2) (Scale bar = 50 pm; magnification 20x). On the right side, graphs of the corresponding quantification; each dot
represents a microscope field (3 fields x 3 coverslips were analyzed for each clone); shades of blue and red represent the different clones
(n = 3; mean + SD; unpaired ttest, ****P < 0.0001). (B) Graph representing MTT assay performed to evaluate cell metabolic activity. Cells
were cultured in differentiation medium (DM) for the indicated time points and absorbance at 570 nm was measured after MTT addition
(mean + SEM; n = 3). (C) Flow cytometry quantification of the percentage of cells in G1, S, and G2/M phase for WT and Trim32 KO clones
in growth medium (GM) at Day 0 (DO (GM)) and Day 2 (D2 (GM)), as well as Day 2 after the induction of myogenic differentiation (D2 (DM))
(mean + SEM; unpaired ttest, *P < 0.05, **P < 0.01, n = 3). The experiment was repeated 3 times. (D) Measurement of WT and Trim32
KO clone proliferation by Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) dilution. Cells were labeled with CFSE and cultured in DM
for 48 h. The exponential axis shows decreased fluorescence after 2 days of culturing, displaying the different proliferating rate in WT and
Trim32 KO clones. Gray area: background noise; Green area: Start generation; Dark green line: WT cells; Light green dotted line: Trim32 KO
cells. (E) Graph showing the proliferation index in Trim32 KO and WT clones using CFSE 2 days after initiating differentiation (D2 DM)
(mean + SEM; n = 2; unpaired t-test, *P < 0.05). The experiment was repeated three times.

cell cycle withdrawal by facilitating c-Myc degrada- and Trim32 KO clones with the proteasome inhibitor
tion. To test whether Trim32 could promote c-Myc MG132 and checked for the accumulation of c-Myec.
proteasomal degradation, we first treated both WT Of note, c-Myc protein accumulated in both
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Fig. 5. Trim32 regulates c-Myc level and activity at the onset of C2C12 differentiation. (A) Western blot analysis of c-Myc protein levels in
parental C2C12 at DO, and at different time points during differentiation (6 h, D1, 2, 3, and 4). Gapdh was used as loading control. The
experiment was repeated twice. (B) Representative western blot analysis of c-Myc in Trim32 knock-out (KO) and wild-type (WT) clones at
DO (in growth medium (GM)) and 6 h after the induction of myogenic differentiation. Asterisk indicates a nonspecific band. On the right
side, graph of the corresponding quantification (mean + SD; n = 3; unpaired t-test, *P < 0.05). The experiment was repeated three times.
(C) Transcriptional changes of c-Myc downstream target genes in WT and Trim32 KO clones analyzed by real-time RT-PCR after 3 days of
differentiation (mean + SEM; n = 3, unpaired t-test, *P < 0.05, **P < 0.01). Relative mRNA expression was calculated using the 2724Ct
method. Ct values were normalized to Gapdh, and the mean ACt value of the three WT clones was used as the reference. (D)
Representative western blot analysis of c-Myc in Trim32 KO and WT clones cultured in differentiation medium (DM) for 6 h hours before
treatment with MG132 for the indicated time points. Below is the graph of the quantification of 3 experimental replicates (mean + SD). (E)
Stability of c-Myc protein detected upon Cycloheximide (CHX) chasing assay in WT and Trim32 KO clones cultured in DM for 6 h before
CHX treatment (mean + SEM; n = 3). The experiment was repeated three times. (F) Nuclear (Nuc) and cytoplasmic (Cyto) fractions from
WT clones analyzed by western blot for Trim32 and c-Myc. Gapdh and p84 served as markers for proper cytoplasmic and nuclear
fractionation, respectively. WCL: whole cell lysate. The experiment was repeated three times. (G) Immunoprecipitation (IP) with a Trim32
antibody followed by western blot analysis to detect Trim32 and c-Myc in representative WT clones after 6 h of culture in DM. IP with
normal rabbit IgG was used as control. The experiment was repeated three times.

genotypes, indicating that its turnover occurs via the inhibition, c-Myc half-life resulted not extended in
proteasome pathway, but independently of Trim32 Trim32 KO clones when compared to WT, suggesting
(Fig. 5D). To further assess if Trim32 is able to affect that Trim32 does not facilitate c-Myc degradation in
c-Myc protein stability, we performed a cycloheximide this context (Fig. SE). Furthermore, subcellular frac-
(CHX) pulse-chase assay at the onset of differentia- tionation in WT C2C12 revealed that c-Myc and
tion. In line with the results obtained with proteasomal Trim32 localize to different cellular compartments,
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Fig. 6. Trim32 regulates c-Myc level by controlling mRNA stability. (A) Real-time RT-PCR analysis of c-Myc mRNA steady state level in wild-
type (WT) and Trim32 knock-out (KO) clones at DO and at 6 h of differentiation (6 h) (mean & SEM; n = 3; unpaired ttest, **P < 0.01).
Relative mRNA expression was calculated using the 2-24€" method. Ct values were normalized to Gapdh, and the mean ACt value of the
three WT clones was used as the reference. (B) Stability of c-Myc and c-Fos mRNA determined by Actinomycin D chase in WT and Trim32
KO cells, cultured either in growth medium (GM) (DO) or differentiation medium (DM) for 6 h, for the indicated time points. Relative RNA
levels were measured by real-time RT-PCR normalized to Gapdh level (mean + SEM; n = 3; two-way ANOVA, *P < 0.05). mRNA levels
were normalized to Gapdh expression and expressed relative to 0 h, which was set to 1, using the 2722t method. (C) Stability of nascent
c-Myc and c-Fos mRNA determined by 5-ethynyl Uridine (EU) chase in WT and Trim32 KO cells, cultured either in GM (D0) or DM for 6 h,
for the indicated time points. Relative RNA levels were measured by real-time RT-PCR normalized to Gapdh level (mean + SEM; n = 3;
unpaired ttest, *P < 0.1 at 45-min time point). MRNA levels were normalized to Gapdh expression and expressed relative to 0 h, which

was set to 1, using the 274" method.

that is nucleus and cytoplasm, respectively, at both D0
and after 6 h upon the differentiation stimulus
(Fig. 5F). Consistently, immunoprecipitation experi-
ments performed after 6 h of differentiation failed to
detect any interaction between Trim32 and c-Myc
(Fig. 5G). Together, these findings suggest that in the
early phases of differentiation, Trim32-mediated c-Myc
regulation does not occur post-translationally, and
that the increased c-Myc levels detected in Trim32 KO
clones at the onset of differentiation are thus unlikely
due to enhanced protein stability resulting from
Trim32 ablation.

Growing evidence has demonstrated that members
of the TRIM-NHL family, to which Trim32 belongs,
can regulate targets’ expression by binding to their
respective mRNA [10]. We therefore hypothesized that
Trim32 might regulate c-Myc abundance by acting at
the post-transcriptional level. Real-time RT-PCR anal-
ysis shows that, as already observed for the c-Myc
protein, also its transcript is promptly downregulated
at the onset of differentiation. In 7rim32 KO clones,
however, this physiological reduction is less pro-
nounced, suggesting that Trim32 may indeed destabi-
lize c-Myc mRNA in order to reduce its expression
(Fig. 6A). Interestingly, no difference between WT and
Trim32 KO clones in c-Myc RNA level is observed in
proliferating conditions (D0), indicating that Trim32
regulation is occurring specifically in the early phases
of differentiation. To prove this hypothesis, we there-
fore used Actinomycin D pulse-chase treatment to
inhibit transcription and measure c-Myc mRNA half-
life in both proliferating conditions and 6 h after
switching to DM. Indeed, Trim32 has no effect on the
stability of c-Myc mRNA in proliferating conditions,
but upon induction of differentiation, the stability of
c-Myc mRNA resulted enhanced in Trim32 KO clones
(Fig. 6B). The stability of the c-Fos mRNA, analyzed
as control, was not affected by Trim32 in either condi-
tion (Fig. 6B). To further support these data, we inves-
tigated c-Myc transcript stability also using 5-Ethynyl
Uridine (EU) pulse labelling of nascent RNA and

chase and capture at different time points, at both D0
and upon 6 h in DM, followed by quantitative analy-
sis with real-time RT-PCR. We indeed confirm that in
the absence of Trim32, and only at the onset of differ-
entiation, c-Myc transcript is more stable, again with
no effect on c-Fos transcript (Fig. 6C). The enhanced
stability of c-Myc transcript at this precise stage of dif-
ferentiation can explain the elevated levels of c-Myc
protein observed in Trim32 KO clones despite no
change of protein stability in these samples and may
correlate with delayed cell cycle exit observed in the
absence of Trim32.

In summary, these findings suggest that, at differen-
tiation onset, Trim32 regulates c-Myc levels primarily
by mRNA destabilization rather than through direct
interaction or protein degradation, and that persistent
c-Myc protein level in this phase of the differentiation
in the absence of Trim32 is due, at least in part, to
enhanced c-Myc mRNA stability. We propose that
this regulation might be essential for proper cell cycle
exit and subsequent myogenic differentiation.

Counteracting c-Myc sustained expression
partially rescues Trim32 KO defects

Sustained c-Myec levels observed in Trim32 KO clones
may influence the transition from proliferation to dif-
ferentiation and result in defective myogenic program
activation and aberrant myotube formation. Indeed,
myogenic cells overexpressing c-Myc fail to upregulate
Myogenin [43,48]. In keeping with these observations,
reduced upregulation of Myogenin is indeed observed
during differentiation in cells lacking Trim32 expres-
sion, as shown above. To further validate the involve-
ment of the Trim32-c-Myc axis in differentiation, we
analyzed Myogenin expression in 7rim32 KO upon c-
Myec silencing in an attempt to rescue the differentia-
tion defect observed in the Trim32 KO clones. c-Myc
downregulation was achieved by transfecting siRNA
into proliferating Trim32 KO cells, and silencing was
validated via real-time RT-PCR and western blot after
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Fig. 7. c-Myc silencing partially rescues Trim32 knock-out (KO) defects. (A) Representative western blot analysis of wild-type (WT) and
Trim32 KO clones transfected with si-c-Myc, si-Control, and without siRNA. c-Myc levels were detected 24-h post-transfection in growth
medium (GM) (DO0) (upper panel); myogenin levels were detected at 8 days of differentiation (lower panel). Asterisk indicates a nonspecific
band. (n = 2). The experiment was repeated three times. (B) c-Myc (upper graphs) and Myogenin (lower graphs) transcriptional levels were
detected in WT and Trim32 KO cells upon transfection with control siRNA (WT-si-con and KO-si-con) and with c-Myc siRNA (WT-si-c-Myc
and KO-si-c-Myc). c-Myc mRNA was detected by real-time RT-PCR after 24 h of culture in GM (DO0), and myogenin was detected at 3 days
(D3) of differentiation (mean + SD; n = 2). Relative mMRNA expression was calculated using the 2724t method. Ct values were normalized
to Gapdh, and the mean ACt value of the two si-con was used as the reference. (C) Immunostaining for MyHC (magenta) and Myogenin
(green) of WT and KO clones as indicated, upon silencing with control siRNA (si-Control), or c-Myc siRNA (si-c-Myc) at 8 days of
differentiation. Arrowheads indicate myotubes displaying nuclei lacking myogenin in Trim32 KO-si-control, while arrows indicate Myogenin-
positive nuclei in Trim32 KO-si-c-Myc myotubes. Nuclei are counterstained with DAPI (blue) (Scale bar = 50 pm; magnification 63x; n = 2).
(D) Graphs reporting the Differentiation index of the experiment represented in panel C. The differentiation index is calculated as the ratio of
nuclei within myosin heavy chain 3 (MyHC)-positive myotubes to the total number of nuclei. Each dot represents a 20x microscope field (3
fields x 3 coverslips were analyzed for each clone); shades of red and blue represent the different clones. (E) Representative western blot
analysis Trim32 KO cells transduced with Trim32-expressing lentivirus (+) or with a control (—) in parallel to WT cells transduced with the
control (). MyHC, Trim32, and myogenin levels were analyzed at DO, D3, and D8 of differentiation as indicated. Asterisk indicates a
nonspecific band. The experiment was repeated three times. (F) Immunostaining for MyHC (magenta) and myogenin (green) of Trim32 KO
cells transduced (KO + Lenti-Trim32) or not (KO) with Trim32-expressing lentiviruses in parallel to WT cells after 8 days of differentiation.

Arrowheads indicate myotubes displaying nuclei lacking myogenin, while arrows indicate myogenin-positive nuclei. Nuclei are
counterstained with DAPI (blue) (Scale bar = 50 pm; magnification 63x; n = 2).

24 h in growth medium (DO0) (Fig. 7A, upper panel
and 7B, upper graphs). Of note, downregulation of c-
Myc in the Trim32 KO clones was sufficient to greatly
elevate Myogenin RNA levels at D3 of differentiation
and this transcriptional increase resulted in a full res-
cue of Myogenin at protein level in Trim32 KO cells
at later stages of differentiation (D8) (Fig. 7A, lower
panel and Fig. 7B, lower graphs). These results are
consistent with the notion that Myogenin upregulation
is prevented by c-Myc sustained expression during
myogenesis [48]. Immunostaining further revealed that
downregulation of c-Myc in Trim32 KO clones can
not only increase Myogenin levels, but also restore its
expression in nuclei of myotubes, as observed in
WT cells (Fig. 7C).

However, c-Myc downregulation can only partially
improve cell differentiation but it is not sufficient to
fully rescue myotube morphology in Trim32 KO to
WT level. Indeed, differentiation index analysis shows
that the observed increase is not statistically significant
(Fig. 7D). This indicates that Trim32 role during
myogenesis is not restricted to the control of c-Myc
activity at the onset of differentiation. Indeed, reintro-
ducing Trim32 via lentiviral transduction in KO cells
can rescue Myogenin and MyHC expression to levels
comparable to those of WT cells (Fig. 7E). Further,
upon Trim32 lentiviral transduction, but not in
untransduced control, myogenesis is restored with the
formation of normal myotubes observable in bright
field (data not shown) and with anti-MyHC immuno-
fluorescence staining, in addition to the recovery of

nuclear localization of Myogenin in the properly
formed myotubes (Fig. 7F).

Together, these findings suggest that precise c-Myc
turnover is essential for effective C2C12 differentiation
and that the Trim32-c-Myc regulatory axis plays a
critical role in the expression of key myogenic factors,
particularly Myogenin, within a narrow time window
upon the differentiation stimulus.

Discussion

Although mutations in TRIM32 are widely recognized
as the cause of LGMDRS and an increasing body of
evidence from in vitro and in vivo studies supports a
role for Trim32 in muscle regeneration, the precise
pathogenic mechanism underlying the disease remains
unclear. In this work, we demonstrated that in the
C2C12 murine myoblast cell line Trim32 is necessary
for full myogenesis by assuring proper cell cycle with-
drawal at the very early onset of differentiation. We
also showed that Trim32 controls cell cycle exit
through the regulation of the stability of the pro-
proliferative c-Myc oncogene transcript.

In vivo, muscle regeneration is initiated by skeletal
muscle stem cells, the satellite cells, which in adults
become activated and exit quiescence going through a
phase of proliferation, followed by differentiation and
formation of novel myofibers that fuse to existing
ones. Studies in T7rim32 KO mouse models and
LGMDRS patients have shown that absence of
TRIM32 results in altered satellite cells’ biology. In
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particular, these appear to be mislocalized within the
muscle fibers in vivo and to possess a reduced differen-
tiation potential when subjected to in vitro differentia-
tion [21,27,28]. However, the reported data are not
always concordant and, further, given the complexity
of the myogenic process, it is still not clear which steps
are directly regulated by TRIM32. To overcome these
difficulties, we have generated Trim32 KO C2C12
myoblast cells as a more homogeneous myoblast
model to finely dissect the role of Trim32 in muscular
homeostasis.

We have confirmed that the absence of Trim32 in
the C2C12 cell line, a myoblast line representing cells
at a later commitment stage as compared to muscle
satellite cells, results in defective differentiation, char-
acterized by the formation of fewer and smaller myo-
tubes and lower MyHC expression. At the molecular
level, the critical role for Trim32 as a regulator of the
differentiation process is highlighted by the dramatic
impairment in upregulation of key myogenic regula-
tory factors and genes encoding for sarcomeric pro-
teins observed already in early stages of differentiation
at the transcript level in Trim32 KO cells. These obser-
vations are consistent with previous findings in Trim32
full KO and p.Asp489Asn LGMDRS&8-associated muta-
tion knock-in mice, which display smaller muscle
fibers, small myofibers with centrally located nuclei
and a lack of developmental MyHC-positive myo-
tubes, indicating defective muscular regeneration
[22,23]. Formation of fewer and abnormally shaped
myotubes and reduced expression of differentiation
markers such as Mpyogenin and MyHC was also
observed in primary myoblasts from LGMDRS
patients, further confirming the crucial role of
TRIM32 for proper myogenesis [21].

Interestingly, our transcriptomic analysis also
highlighted differences, between WT and Trim32 KO
clones, in the regulation of cell cycle and proliferation
during differentiation. Indeed, we observed that
Trim32 KO clones failed to properly exit the cell cycle
upon the serum starvation induction of differentiation
and maintained a higher proliferation rate compared
to WT clones, even 2-day postdifferentiation onset.
Previous reports have already shown that Trim32 is
involved in the regulation of cell proliferation; how-
ever, most studies have focused on cancer cells with
often conflicting results [51-55]. In the context of mus-
cle biology, some studies have investigated in vitro dif-
ferentiation of primary myoblasts isolated from
Trim32 KO animal models or LGMDRS patients,
observing that these cells undergo GO0/G1 cell cycle
arrest and premature senescence [21,27]. Interestingly,
we did not observe such a phenotype in our Trim32

L. Xiong et al.

KO C2CI12 cellular model and observed instead an
increased proliferation rate that was only evident once
cells were prompted to differentiate. It is likely that
this discrepancy is due to the fact that those reports
referred to senescence of primary satellite cells, while
our cellular system represents a myoblast population
at a later commitment stage. Of note, this suggests
that Trim32 is involved in at least two different steps
of myogenesis.

In our model, we found that the inability of Trim32
knock-out cells to timely exit the cell cycle correlates
with inefficient downregulation of c-Myc as early as
6 h after the differentiation stimulus. Indeed, a prereq-
uisite for differentiation is cell cycle exit [56]. This is
achieved by rapid downregulation of proproliferative
factors, among which is c-Myc [57,58]. Previous studies
have shown that a Trim32-c-Myc axis is involved in
regulating the balance between proliferation and differ-
entiation in several cellular systems. Studies in the con-
text of neurogenesis showed that Trim32-mediated c-
Myc ubiquitination and degradation is a necessary step
for neurogenic differentiation [12,35]. Likewise, in the
context of myogenesis c-Myc was also shown to be sig-
nificantly downregulated upon overexpression of
Trim32, probably due to its E3 ligase activity [12,28].
Consistent with this earlier view, we found indeed sus-
tained c-Myc expression in Trim32 KO clones at the
onset of differentiation. Surprisingly though, c-Myc
protein degradation did not show significant difference
in Trim32 KO and WT clones. Instead, c-Myc tran-
script level and its stability were increased in Trim32
KO cells suggesting that Trim32 regulates c-Myc
expression by regulating turnover of its transcript
rather than protein ubiquitination. The inconsistency
with previous data on Trim32-mediated c-Myc ubiqui-
tination and degradation may be due to the specific
cell context and/or to the narrow time window we
investigated, just after the switch from proliferating to
differentiating conditions, where c-Myc abrupt reduc-
tion is needed to prompt the myogenesis program. In
this context, the proposed potential role for Trim32 in
regulating the critical cell cycle exit step during myo-
genesis is consistent with the observed accumulation of
one of its ubiquitin ligase substrates, the NDRG?2 pro-
tein, in 7rim32 KO muscles. Overexpression of
NDRG?2 in C2C12 results in delayed cell cycle exit
which in turn hinders differentiation, thus providing a
further potential molecular mechanism linking Trim32
with regulation of the balance between proliferation
and differentiation [59]. It is interesting to note that,
differently from other reports, in proliferating condi-
tions, that is, normal serum-containing medium, no
effect on proliferation is observed in 7Trim32 KO cells.
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Regarding the effect on c-Myc mRNA, Trim32
involvement in RNA regulation has been reported,
particularly on microRNAs [12], but whether Trim32
directly interacts with c-Myc mRNA or acts through
intermediaries such as microRNAs or other proteins,
and whether Trim32 E3 ligase activity is required,
remains to be determined. Interestingly, some NHL
domain-containing TRIM family members have been
shown to bind RNA controlling either RNA stability
or its translation [9,60]. In this context, we cannot
exclude that Trim32 might be also involved in the reg-
ulation of c-Myc transcription either directly or indi-
rectly and this will warrant further studies.

Functionally, we demonstrated that c-Myc contrib-
utes to the impaired myogenesis observed in Trim32
KO clones, although this is clearly not the only factor
involved in the Trim32-mediated myogenic network;
realistically, other molecular mechanisms can partici-
pate in this process as also suggested by our transcrip-
tomic results. While downregulating c-Myc at the
onset of differentiation restores myogenin expression
in nascent myotubes, this intervention is insufficient, at
least within our experimental timeframe, to fully nor-
malize the differentiation index or full myotube mor-
phology. Two possible nonexclusive explanations may
account for this observation. On one side, c-Myc may
influence early stages of myogenesis, such as myoblast
proliferation and initial myotube formation, but it
may not contribute significantly to later events such as
myotube hypertrophy or fusion between existing myo-
tubes and myocytes. This hypothesis is supported by
recent work showing that c-Myc is dispensable for
muscle fiber hypertrophy but essential for normal
MuSC function [61]. Other reports, instead, demon-
strated the implication of c-Myc periodic pulses, mim-
icking resistance-exercise, in muscle growth, a
mechanism that cannot though be tested in our experi-
mental model [62,63]. On the other hand, the impaired
early onset of myogenesis in 7rim32 KO clones may
not result solely from accumulated c-Myc levels.
Indeed, Trim32 is known to regulate multiple molecu-
lar pathways, and its loss may affect a network of
downstream targets beyond c-Myc as also mentioned
above and indicated by the transcriptomic approach.
Supporting this hypothesis, reintroduction of Trim32
in KO clones is able to fully rescue the myogenic
defect, as opposed to the partial rescue observed upon
c-Myec silencing. Thus, Trim32 may be involved at var-
ious levels of myogenic regulatory pathways, and these
different Trim32-dependent mechanisms likely con-
verge to produce the myogenic deficits characteristic of
LGMDRS patients.

Trim32 controls c-Myc mRNA stability in myogenesis

In summary, our study demonstrates that the
absence of Trim32 disrupts early phases of myogenesis
in a cellular system. Further, we identified a novel
mechanism through which Trim32 regulates the transi-
tion from proliferation to differentiation by modulat-
ing c-Myc mRNA stability, revealing an unrecognized
pathogenic mechanism that might highlight potential
novel therapeutic approaches for future treatment of
LGMDRS.

Limitations of the study

This study expands our knowledge of a complex pro-
cess such as myogenesis and provides further links
between TRIM32 and the potential pathogenic mecha-
nism of LGMDRS. However, the primary limitation
to the generalization of these results is the use of a
single-cell line, albeit well characterized and established
for myogenesis research. Future studies should confirm
these findings in different experimental systems, such
as primary myoblasts or satellite cells, to establish
their relevance in the LGMDRS disease setting.
Furthermore, whether c-Myc mRNA regulation by
TRIM32 is mediated by direct binding of TRIM32 to
the mRNA or indirectly through the activity of other
RNA binding proteins or miRNA warrants further
investigation. Last, it appears evident that TRIM32
exerts multiple roles during muscular differentiation
and likely acts in different phases of the process, as
highlighted by the failure of c-Myec silencing to fully
restore differentiation as well as by the large number
of pathways affected by Trim32 ablation. Thus, while
describing a novel regulatory step in the myogenic
process, it appears clear that other effectors must be
regulated by TRIM32, and a complete understanding
of the role of TRIM32 in myogenesis will be required
for the development of targeted therapeutic
interventions.

Methods

Cell culture

C2C12 (RRID:CVCL_0188), an immortalized murine myo-
blast cell line, was a kind gift of Prof. D’Andrea, Univer-
sity of Trieste. Cells were maintained in culture in growth
medium (GM): DMEM (Euroclone, ECMO0101L), 20%
fetal bovine serum (FBS, Gibco, 10 270), 4 mm L-
glutamine (Euroclone, ECB3000D), 100 units-mL~" penicil-
lin/100 pg-mL~" streptomycin (Gibco, 15 104). Cells were
maintained at 37 °C in 5% CO, in a humidified incubator.
The C2Cl12 parental cells used in this study were
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maintained within passages 3-8. All clonal cell lines (see
below) were utilized within 10 passages following gene edit-
ing. In all experiments, WT and Trim32 KO clones of com-
parable passage numbers were used to ensure consistency
and minimize passage-related variability.

For myogenesis induction, cells were seeded at 50-60%
density and cultured in growth medium in either 6 or 10 cm
petri dishes. At confluence, GM was replaced with differen-
tiation medium (DM): DMEM (Euroclone, ECMO0101L),
2% donor horse serum (biowest, S0900), 4 mm L-glutamine
(Euroclone, ECB3000D), 100 unitsmL~'  penicillin/
100 pgmL~! streptomycin (Gibco, 15 104), counting as
Day 0 (DO) of the differentiation process. The DM was
changed every day before fixation or cell harvesting accord-
ing to the different experiments. The differentiation index
was calculated as the ratio of nuclei within MyHC-positive
myotubes to the total number of nuclei. All experiments
were performed with mycoplasma-free cells.

Generation of Trim32 Knock-out clones

Trim32 knock-out C2CI12 clones were generated by using
the CRISPR/Cas9-based genome editing system (OriGene
KN318203D). An all-in-one vector (pCas-Guide) with a
Trim32 target gRNA and Cas9 sequence, and a donor vec-
tor (pUC-Donor-vector) carrying GFP-LoxP-Puro-LoxP
(Table 2) were transfected into the C2C12 parental cell line
using either lipofectamine 3000 (Invitrogen, L.3000015) or
Mirus TransIT-X2 Dynamic Delivery System (Mirus,
MIR6004), as per the manufacturer’s recommendations.
After 3 weeks of culturing, puromycin (I pg-mL™') was
applied for selection. The medium was changed every 2—
3 days for 10 days and individual cell clones were isolated
and expanded. Genomic DNA was extracted from each
clone using the PCRBIO Rapid Extract Lysis kit following
the manufacturer’s instructions (PCRBIOSYSTEMS,
PB15.11-24). Genomic DNA was amplified with primers
flanking the targeted Trim32 region (Table 2), and ampli-
cons were Sanger sequenced. Wild-type clones were selected
based on the Trim32 nonmutated sequence.

RNA extraction and RNAseq analysis

Total RNA was extracted with the TRIzol reagent (Thermo
Fisher, 15 596-026) following the manufacturer’s instruc-
tions and was quantified using NanoDrop 2000; for the
RNAseq experiments, RNA was also qualitatively evalu-
ated using Agilent Bioanalyzer 2100. RNA was then stored
at —80 °C until use.

For the RNAseq experiments, for each of the WT and
Trim32 KO samples at DO and D3 of the differentiation
process, total RNA with an RNA Integrity Number (RIN)
higher than 9 was employed. For each sample, libraries
were generated starting from 500 ng of total RNA by
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INlumina Stranded mRNA Prep, according to the manufac-
turer’s protocol. The libraries were quantified using Qubit
dsDNA BR Assay Kit on Qubit 2.0 Fluorometer and
checked for dimension with DNA 1000 Chip on Bioanaly-
zer 2100 before pooling. The final sequencing pool was
quantified by qPCR before sequencing. Sequencing was
performed on NovaSeq 6000 sequencer according to the
manufacturer’s protocol and generating, for each sample,
almost 50 million clusters of 2 x 150 bp paired-end reads.
Raw files were subsequently quality checked with FasTQc
SOFTWARE and sequences with low-quality score or including
adaptor dimers, were discarded from the analysis. The
resulting set of selected reads were aligned onto the Mouse
genome using STAR version 2.7.3 [65] using GRCm39
Genome Assembly and Gencode.v28 as gene definition.
The resulting Mapped reads were used as input for feature
Counts functions of Rsubread packages and used as Genes
counts for Differential expression analysis using Deseq2
package [66]. Differentially expressed genes (DEGs) were
selected for [logo(FC)| —1 or 1 and corrected P-value 0.05
and used as input to perform pathway enrichment analysis
by IPA system (Ingenuity® Systems). Gene set enrichment
analysis was conducted using the rotation gene set test
function within the edgeR package (v 3.38).

RNA pulse and chase

Nascent RNA stability was analyzed by pulse-labeling cells
with S-ethynyl uridine (EU). Cells were seeded in 12-well
plates and treated with 0.4 mm EU in either growth
medium (GM; DO0) or differentiation medium (DM; 6 h)
for 2 h, followed by replacement with EU-free medium.
Cells were harvested at 0, 15, and 45 min after EU with-
drawal, and total RNA was extracted using TRIzol reagent
(Thermo Fisher, 15 596-026) according to the manufac-
turer’s instructions. Subsequent procedures were performed
using the Click-iT® Nascent RNA Capture Kit (Thermo
Fisher, (C10365) according to the manufacturer’s
instructions.

Real time-qPCR

cDNA was reverse transcribed from 1 pg of RNA using
SuperScript™ II  Reverse Transcriptase (Invitrogen,
18 064 014), according to the manufacturer’s instructions,
and cDNA stored at —20 °C. RT-PCR was performed
using 1/40th of the generated cDNA, SensiFAST™ Probe
Kits (Meridian Bioscience, BIO-98020) and 200 nm of for-
ward and reverse primers, in a final volume of 20 pL.
Primers were designed to span exons. RT-PCR was per-
formed on a CFX CONNECT SYSTEM real-time PCR
machine (Bio-Rad), in technical triplicates. Gene expression
changes were calculated using the 2722 method. See
Table 2 for primer sequences.
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Table 2. Reagents and tools table.

Trim32 controls c-Myc mRNA stability in myogenesis

Plasmids

Plasmid name Source
pUC-Donor-vector KN318203D OriGene
pCas-Guide OriGene
pCMV-Flag-c-Myc [50]
pCMV-Flag [50]
LV_pPgk1-WPRE [64]
gRNA sequence

Gene name gRNA sequence

Trim32 CGGGAAGTGCTAGAAATGT
PCR primers

Gene name Forward sequence Reverse sequence

Trim32 GCAGGAATCTGACACTGG GTCAATGATCTTCAGCACCG

RT-PCR primers

Gene name Forward sequence Reverse sequence

c-Myc-1 CGCCCAAATCCTGTACCTCG TCTTCTTGCTCTTCTTCAGAGTCG
Tert ATCTACCGCACTTTGGTTGC AAGCAGCTCAAAGCCAAAAG
Tnbs1 GCATATGTGTGGAAGCAACC GCGTCCAGTAGGTCTTGGAA

Rel AGTGACACAGCCATCCCTGG AGTGACACAGCCATCCCTGG
Eca40 ACTGGACCCATGAAGACGGA TGCCTGAGCCGAAGACTTCT
Cenb1 TGTGTGAACCAGAGGTGGAA GCGTCTACGTCACTCACTGC

Adm GCGTCTACGTCACTCACTGC TAGATCTGGTGGGCCAATTT
GAPDH GGTGAAGGTCGGTGTGAACGG GTGGTGCAGGATGCATTGCTG
c-Fos GTCCCAACCCAGGAGATCAT GAGATAGCTGCTCTACTTTGCC
Myogenin GTCCCAACCCAGGAGATCAT GTCCCAACCCAGGAGATCAT
Cend1 GCAGAAGGAGATTGTGCCATCC AGGAAGCGGTCCAGGTAGTTCA
Ccna2 TTGTAGGCACGGCTGCTATGCT GGTGCTCCATTCTCAGAACCTG
Cdk2 CAGAGGGGTCCATCAAGCTG CAGAGGGGTCCATCAAGCTG
Cdk4 CATACCTGGACAAAGCACCTCC GAATGTTCTCTGGCTTCAGGTCC
Actal ACCATCGGCAATGAGCGTTTCC GCTGTTGTAGGTGGTCTCATGG
Acta2 CACCTGGAGTTTGCCAAGAGAG CACCTGGAGTTTGCCAAGAGAG
DES CAACTTCCGAGAAACCAGCC CATCCCGGGTCTCAATGGTC
MyHC3 CTGGCTAAGTCGGAGGCAAAGA TCGCATCGTTCCTCAGCATCCA
Antibodies

Antigen Host species Company References
Anti-TRIM32 Rabbit Proteintech #10326-1-AP
Anti-TRIM32 Rabbit GeneTex #113937
Anti-Myosin Heavy Chain IlI Rabbit Santa Cruz #sc-20 641
Anti-MyoD1 Rabbit Proteintech #18943-1-AP
Anti-Myogenin Mouse Santa Cruz #sc-52 903
Anti-c-Myc Rabbit Proteintech #18028-1-AP
Anti-GAPDH Mouse Sigma #8795
Anti-p-Tublin Mouse Sigma #T4026
Anti-phosphor-Histone3-Ser10 Rabbit Cell Signaling #9701
Anti-Flag Mouse Sigma #F-1804
Anti-Mouse HRP Goat Millipore #AP308P
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Table 2. (Continued).

Antibodies

Antigen Host species Company References
Anti-Rabbit HRP Donkey Bethyl Laboratories #A120-208P
FITC-conjugated anti-Mouse Goat DAKO #F0479
Cy3-conjugated anti-Rabbit Goat Millipore #AP132C

Treatments and transfections

Time course experiments to analyze c-Myc protein and
c-Myc mRNA stability were performed by treating the cells
with 20 pMm MG132 (Merck, 474 790), 25 pg-mL~! cyclo-
heximide (Thermo Fisher, J66901), and 5 pg-mL ™' Actino-
mycin D (Sigma-Aldrich, A1410), respectively. The time of
treatment is indicated in the results section.

Plasmid DNA harboring Flag-c-Myc (Table 2), already
available in the laboratory, was transfected in C2CI12 cells
with Lipofectamine 3000 (Invitrogen, L3000015) following
the manufacturer’s instructions. Cells were harvested 24 h
(D0) and 8 days (D8) after induction of differentiation for
western blot analyses.

Lentiviral vectors used in this work are based on the
pPgkl-EGFP-WPRE vector (control) in which Trim32
insert was cloned in place of EGFP (LV_pPgkl-HA-
Trim32). Lentiviruses were generated and titrated as
described in [64]. Cells were seeded in 12-well plates and
transduced with Trim32 lentivirus (or control) at a multi-
plicity of infection (MOI) of 100 in growth medium (GM)
supplemented with 10 pg-mL~" polybrene. Transduced cells
were cultured for 3—4 passages and subsequently switched
to differentiation medium (DM) to induce differentiation.

For silencing experiments, siRNA (Dharmacon,
FE5L040813000010 and FESL0018101020) and Dharma-
FECT reagent (Dharmacon, FES5T200102) were each
diluted, combined, and incubated according to the manu-
facturer’s instructions. The transfection mixture was
brought to the appropriate volume and added at a final
concentration of the siRNA of 25 nM. Cells were harvested
24-h post-transfection in growth medium (DO0), as well as
at various time points after differentiation induction for
RNA and protein analysis.

Immunofluorescence experiments

C2C12 cells were seeded on glass coverslips at a density of
7.5 x 10* cellsmL~". Coverslips were collected at different
time points, washed twice in PBS (137 mm NaCl, 2.7 mm
KCI, 10 mm Na,HPOy, 1.8 mm KH,PO,4, pH 7.4) and fixed
in 4% paraformaldehyde (PFA) in PBS for 15 min at room
temperature, or fixed in methanol for 10 min on ice (for
myosin heavy chain stain). Cells were then rinsed in PBS
and blocked with 5% BSA (VWR Life science, 0332) in

PBS-Triton X-100 (0.3%) for 1 h at room temperature.
Coverslips were incubated with primary antibodies, diluted
in 1% BSA in PBS-Triton X-100 (0.3%), overnight at 4
°C. Staining was obtained after incubation for 1 h at room
temperature with a Cy3-conjugated anti-rabbit antibody
(1 : 200 dilution, #AP132C; Millipore) or FITC-conjugated
anti-mouse antibody (1 : 200 dilution, #F0479; DAKO).
Coverslips were mounted with Vectashield mounting
medium plus DAPI (Vector Laboratories, H-1200) and cells
were imaged with epifluorescence microscopy: 20x magnifi-
cation images were used to calculate differentiation index
and percentage of pHH3 positive cells, while 40x and 63x
magnification images were used for more detailed analyses,
through Image] software (NIH, Bethesda, USA). See
Table 2 for antibodies information.

Western blot

Cells were lysed either in RIPA buffer (50 mm Tris/HCI
pH 8, 0.3% SDS, 150 mm NaCl, 0.5% Sodium Deoxycho-
late, 1% NP-40, 1 mm PMSF and 1x Protease Inhibitor
Cocktail (Sigma-Aldrich, P8340)) or Myosin extraction
buffer (300 mm NaCl, 0.1 M NaH,PO,, 0.05 M Na,HPO,,
0.01 M Na4P,07, 1 mm MgCl,, 10 mm EDTA, 1 mm DTT,
1 mm PMSF and 1x Protease Inhibitor Cocktail (Sigma-
Aldrich, P8340)). Samples were sonicated 5s x 3 pulses.
The insoluble fraction was removed by centrifugation at
20000 x g for 10 min at 4 °C. Protein quantification was
carried on with Bradford assay (Bio-Rad, #500-0006) fol-
lowing the manufacturer’s instructions. Proteins were
boiled at 95 °C for 5 min in 1x Laemmli buffer supple-
mented with 5% B-mercaptoethanol and loaded on 7.5%,
10%, or 12% polyacrylamide gels (PAGE), depending on
the resolution required, and blotted on PVDF membranes
(Millipore, Immobilon-P, IPVH-00010) overnight at 4 °C.
Membranes were then blocked in 5% Nonfat dry milk
(Cell Signaling Technology, 9999S) in TBS 1x (150 mm
NaCl, 10 mm Tris pH 7.4) with 0.1% Tween (TBST), for
1 h at room temperature. Primary antibodies were diluted
in 5% Nonfat dry milk in TBST or 5% BSA in TBST and
incubated for 2 h at room temperature or overnight at 4
°C. Secondary antibodies were incubated for 1 h at room
temperature, diluted in 5% Nonfat dry milk or BSA in
TBST. See Table 2 for antibodies information. For detec-
tion, membranes were incubated with HRP substrate (ECL
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Pierce, Invitrogen, 32 106) for 1 min, and images acquired
with ChemiDoc MP Touch Imaging System (Bio-Rad).
Relative bands intensities were analyzed by Image Lab soft-
ware (Bio-Rad).

MTT assay

MTT (Sigma-Aldrich, M2128) was used to determine cells’
metabolic activity. Cells were seeded in 96-well plates at a
concentration of 6000 cells per well in 200 L growth
medium, in technical triplicate. About 24 h after seeding
(D0), 10 pL MTT solution (5 mg-mL~" in PBS; 0.5%) was
added to each well and cells were kept incubated at 37 °C
for 4 h. After incubation, the medium was removed and
150 pL DMSO (Sigma-Aldrich, 154 938) was added to
each well to dissolve the formazan crystals. The absorbance
was read by NanoQuant (Infinite M200PRO) at
OD = 590 nm. The experiment was carried out with cells
at Day 1 (D1), D2, and D3 of differentiation.

Cell cycle and proliferation analysis by flow
cytometry

For cell cycle analysis, 7.5 x 10° cells were seeded in 10 cm
dishes and allowed to adhere overnight in growth medium.
The next day, cells were washed twice with PBS, trypsi-
nized and collected in a 15 mL centrifuge tube (D0). Sam-
ples were spun down at 125 x g for 5 min, and the
supernatant was discarded, and the cells were resuspended
in 500 pL PBS. 1 x 10° cells were counted and dropped
into 1 mL of EtOH 70%, vortexed, and stored at 4 °C.
The same process was carried out with cells grown for 48 h
in growth medium or after induction of differentiation.

Before staining, cells were diluted by adding 1 mL PBS
and centrifuged at 850 x g at 4 °C for 5 min. The residual
EtOH was removed by rinsing with PBS twice, and cells
were then resuspended in 1 mL PBS and stored at 4 °C for
1 h. Afterwards, the PBS was discarded by centrifugation,
and cells were resuspended in propidium iodide (PI) stain-
ing solution (10 pgmL™" final concentration) (Sigma-
Aldrich, P-4170), incubated overnight at 4 °C, and ana-
lyzed using a flow cytometer.

For Carboxyfluorescein Diacetate Succinimidyl Ester
(CFSE) tracing cell proliferation, cells were counted and
divided into two groups: cells without CFSE for back-
ground noise at time 0 and cells stained with CFSE for
proliferation analysis; an aliquot of CFSE-stained cells was
used for fluorescence intensity analysis at time 0 (starting
generation), the remaining fluorescent cells were seeded in
growth medium for 48 h before being collected and ana-
lyzed for green fluorescence. Staining with the viable probe
was performed as follows: CFSE 5 um was used to label
1 x 10° cells. During the first 10 min, CFSE-stained cells
were kept in PBS buffer; then the volume was doubled with
growth medium to reach the final volume of 1 mL and

Trim32 controls c-Myc mRNA stability in myogenesis

incubated for another 5 min (all incubations at room tem-
perature). Cells were centrifuged and rinsed with PBS to
remove excess CFSE. After the washing step, cells were
resuspended for flow cytometric analysis or for culturing.
All steps in the presence of CFSE were performed in the
dark. PI solution (10 pgmL~! final concentration) was
added to all samples immediately prior to the flow cytome-
try acquisition and PI-positive cells were excluded from
analysis to assess proliferation for undamaged cells only.

All Flow cytometry assays were performed using an
Attune NXT instrument (Thermo Fisher Scientific) endowed
with acoustic focusing technology, equipped with a blue
laser (488 nm, 50 mW) and standard optical bench configu-
ration (4 color channels). After recording at least 20 000
events per run at flow rates of 100 pL-min
clumping, data were saved as FCS files and subjected to
software analysis using FCS express V7 De Novo Software
V7 with the functions ‘Multicycle’ for cell cycle analysis
and ‘Proliferation fit’ for cell division analysis.

to avoid

Co-immunoprecipitation

Cells were lysed on ice for 30 min in ice-cold modified
RIPA buffer (50 mm Tris/HCI pH 8, 150 mm NaCl, 1 mm
EDTA, 1% NP-40, 0.25% Sodium Deoxycholate) supple-
mented with 1 mm PMSF, 1 mm Na3;VO,, 1 mm NaF, and
I1x Protease Inhibitor Cocktail (Sigma-Aldrich, P8340).
Lysates were centrifuged at 20 000 x g for 15 min at 4 °C.
Protein concentration was determined by Bradford assay
(Bio-Rad, 500-0006). Five percent of each lysate was kept
as input sample. Protein A agarose beads (Roche,
11 719 408 001) were equilibrated by washing twice in
modified RIPA buffer followed by centrifugation at 850 x
g for 3 min at 4 °C. Equal amounts of equilibrated beads
were added to each tube, and samples were incubated on a
rotor wheel at 4 °C for 1 h to remove the nonspecifically
binding proteins. After centrifugation at 850 x g for 5 min
at 4 °C, 1 pg of antibody (Table 2) was added to the super-
natant lysates and samples were incubated on a rotor wheel
at 4 °C overnight. The following day, equal amounts of
equilibrated beads were added into lysates, and samples
were incubated on a rotor wheel at 4 °C for 3 h to pull
down the targeted proteins. The beads were then washed
four times with modified RIPA buffer followed by centrifu-
gation for 3 min at 850 x g at 4 °C. The supernatant was
set aside as unbound sample. Immunoprecipitates were
eluted by boiling at 95 °C for 5 min in 2x Laemmli buffer
supplemented with 5% B-mercaptoethanol.

Nuclear/cytoplasmic fractionation

In total, 5 x 10° cells were seeded in 6-cm dishes and
allowed to reach confluence overnight in growth medium.
The next day, the growth medium was replaced with differ-
entiation medium, and cells were cultured for an additional
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6 h. Cells were harvested with trypsin-EDTA and then cen-
trifuged at 2300 x g for 5 min at 4 °C, followed by wash-
ing with PBS. The cell pellets were processed using NE-
PER Nuclear and Cytoplasmic Extraction Reagents
(78 833; Thermo Fisher Scientific) according to the manu-
facturer’s instructions.

Statistics

Unless otherwise indicated, n represents the number of bio-
logical replicates (independent clones) in each genotype
group. Statistical analyses were conducted using two-tailed
unpaired Student’s t-test and two-way ANOVA, as indi-
cated, using GraphPad Prism 10. Each value represents at
least three independent experiments (experimental repli-
cates), except for CFSE tracing cell proliferation, which is
the result of two replicates. A P-value of < 0.05 was
considered statistically significant. P-values are denoted

as follows: *P <0.05, **P<0.01, ***P<0.001,
wHEx P < (0.0001.
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