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The availability of three therapies for the neuromuscular dis-
ease spinal muscular atrophy (SMA) highlights the need to
match patients to the optimal treatment. Two of these treat-
ments (nusinersen and risdiplam) target splicing of SMN2,
but treatment outcomes vary from patient to patient. An
incomplete understanding of the complex interactions among
SMA genetics, SMN protein andmRNA levels, and gene-target-
ing treatments, limits our ability to explain this variability and
identify optimal treatment strategies for individual patients.
To address this, we analyzed responses to nusinersen and risdi-
plam in 45 primary fibroblast cell lines. Pre-treatment SMN2-
FL, SMN2D7 mRNA, and SMN protein levels were influenced
by SMN2 copy number, age, and sex. After treatment, SMN
andmRNA levels were more heterogeneous. In 43% of patients,
response to both therapies was similar, but in 57% one treat-
ment led to a significantly higher SMN increase than the other
treatment. Younger age, higher SMN2 copy number, and
higher SMN levels before treatment predicted better in vitro ef-
ficacy. These findings showcase patient-derived fibroblasts as
a tool for identifying molecular predictors for personalized
treatment.

INTRODUCTION
The increasing availability of gene and gene-targeting therapies of-
fers significant hope for patients with genetic diseases. In neurology,
spinal muscular atrophy (SMA) leads these advancements, with
three gene-targeting treatments approved for use and over a decade
of follow-up since the earliest clinical trials.1 SMA, a severe child-
hood-onset neuromuscular disease, is characterized by the degener-
ation of spinal motor neurons, resulting in progressive weakness,
respiratory insufficiency, and often premature death.2 SMA is
caused by homozygous loss-of-function of SMN1, leading to insuf-
ficient SMN protein levels. The severity of SMA is influenced by the
number of copies of the partially functional SMN2 gene.3–5 A C-to-
T transition in exon 7 of SMN2 mostly results in the production of
truncated SMN2D7 mRNA, which is translated to an unstable and
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dysfunctional SMND7 protein.6,7 Low levels of full-length SMN2
(SMN2-FL) mRNA and SMN protein are also produced from
each SMN2 copy, creating a negative correlation between SMN2
copy number, SMN protein levels, and SMA severity.6,7 SMN
mRNA and protein levels, and SMN2 splicing, vary depending on
age and developmental stage, and cell or tissue type.8–12 The rela-
tionship between SMN2 copy number, SMN2-FL and SMN2D7
mRNA, and SMN protein levels, however, is complex and remains
incompletely understood.

Currently available treatments for SMA are the gene replacement
therapy onasemnogene abeparvovec-xioi (Zolgensma), an adeno-
associated virus serotype 9 (AAV9) containing the SMN open
reading frame (ORF)13,14; and two SMN2 splice-modifiers, nusi-
nersen (Spinraza, an antisense oligonucleotide delivered via intra-
thecal injections)15–17 and risdiplam (Evrysdi, a daily oral small
molecule).18,19 Since SMA treatments are most effective when
started presymptomatically,20,21 newborns are now commonly
screened for SMA. Early genetic diagnosis and treatment often
lead to spectacular improvements in survival, motor function, and
quality of life compared with the natural history of SMA.20–22

Around the world, however, 10,000s of SMA patients were already
symptomatic as gene-targeting treatments for SMA became avail-
able. Because the use of Zolgensma is limited to 2 years of age,
symptomatic children and adults often received one of the SMN2
splice-modifiers. They still benefit from these treatments, but treat-
ment effects are more modest and variable. A meta-analysis of real-
world studies on nusinersen illustrated that outcomes vary signifi-
cantly: 10% of patients experiencing a further decline, while
others achieved new motor milestones or stabilized.23 For risdiplam,
fewer real-world studies exist, but clinical trials suggest similar
ical Development Vol. 32 December 2024 ª 2024 The Author(s).
r Inc. on behalf of The American Society of Gene and Cell Therapy.

1

r the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.omtm.2024.101379
mailto:e.j.n.groen-3@umcutrecht.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2024.101379&domain=pdf
http://creativecommons.org/licenses/by/4.0/


BA C

D F

G H

E

I

Figure 1. Patient-derived primary fibroblasts reflect key molecular characteristics and model heterogeneity observed in SMA

(A) SMN1 mRNA expression in control (n = 10) and SMA (n = 13) patient-derived primary fibroblasts. Each dot corresponds to the average of technical triplicate of each

cell line. (B) SMN2-FL expression in control (n = 10) and SMA patient-derived primary fibroblasts with 2x SMN2 copies (n = 4), 3x SMN2 copies (n = 23), and 4x SMN2 copies

(n = 8). SMN2-FL mRNA expression in SMA patient-derived primary fibroblasts depends on SMN2 copy number (one-way ANOVA p = 6.84e�08, 2 vs. 3 p = 0.03, 2 vs. 4

p = 0.001, 3 vs. 4 p = 0.005). Each dot corresponds to the average of technical triplicates for each cell line. (C)SMN2D7mRNA expression in control (n = 10) and SMApatient-

derived primary fibroblasts with 2x SMN2 copies (n = 4), 3x SMN2 copies (n = 23), and 4x SMN2 copies (n = 8). SMN2D7mRNA expression depends on SMN2 copy number

(one-way ANOVA p = 7.16e�10, 2 vs. 4 p = 0.001, 3 vs. 4 p = 0.001). Each dot corresponds to the average of technical triplicate of each cell line. (D) Representative western

blot of SMN protein in control and SMA type 1, type 2, type 3, and type 4 fibroblasts. (E) Normalized SMN protein expression levels in control (n = 10) and SMA (n = 35) patient-

derived primary fibroblasts. Control cell lines express a statistically significant higher amount of SMN protein (Welch two-sample t test, P = 3e�05). Each dot corresponds to

the average of a technical triplicate for each cell line. (F) Normalized SMN protein expression levels in control (n = 10) and SMA fibroblasts with 2x SMN2 copies (n = 4), 3x

SMN2 copies (n = 23), and 4x SMN2 copies (n = 8). SMN protein expression shows a partial dependency on SMN2 copy number (one-way ANOVA, P = 2e�04, 2 vs. 4

P = 3e�04, 3 vs. 4 p = 0.003). Each dot corresponds to the average of a technical triplicate for each cell line. (G) Normalized SMN protein expression levels in Coriell

(legend continued on next page)
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effectiveness and variability.19,24 No head-to-head trials between nu-
sinersen and risdiplam have been conducted, complicating optimal
treatment selection for individual patients.25 Variation in patient
age, SMN2 copy number, disease duration at treatment start, and
comorbidities complicate comparisons and understanding of treat-
ment outcomes, highlighting ongoing challenges for patients and
their families, especially when treatment started symptomatically.

The direct interaction of SMN2 splice-modifying treatments with
SMN2 pre-mRNA26,27 highlights the need to better understand the
relationship among SMN2 copy number, SMN2-derived mRNA
levels, and SMN protein expression. This improved understanding
would help explain the variability in treatment outcomes and support
more informed treatment decisions. Primary fibroblasts are particu-
larly suited to address this issue: they preserve genetic and epigenetic
signatures of the donor,28 while being homogeneous and scalable,29

thus enabling personalized studies across many patients. We here
therefore used 45 primary fibroblast cell lines (10 from healthy do-
nors, 35 from patients with SMA) to characterize in vitro response
to SMN2 splice-modifying treatments. Using this approach, we found
that SMN levels before treatment were influenced by SMN2 copy
number, age, and sex. After treatment, SMN mRNA and protein
levels were significantly more heterogeneous and younger age, higher
SMN2 copy number, and higher pre-treatment SMN protein levels
were the main predictors of in vitro treatment efficacy. Importantly,
57% of the cell lines investigated showed a preferred response to
one of the treatments, despite similar treatment mechanisms. Our
findings emphasize the effectiveness of patient-derived primary fibro-
blasts in modeling and predicting outcomes after exposure to SMN-
restoring therapies and identifying predictors of treatment efficacy
in SMA.

RESULTS
Patient-derived primary fibroblasts reflect key molecular

characteristics of SMA

We first characterized a large cohort of representative, untreated pri-
mary fibroblasts from our biobank that were selected based on age,
SMA type, sex, and SMN2 copy number. We included cell lines
from 35 SMA patients and 10 healthy donors, hereafter referred to
as control cell lines (materials andmethods and Table S2). As working
with many primary cell lines requires collection and analysis over a
prolonged period, we developed a standardized tissue culture and
analysis pipeline (Figure S1). Within this standardized pipeline, we
established the effect of passage number, confluency, cell growth, lip-
ofection, cell batch, and culture time on SMN levels (Figure S2). We
concluded that these factors do not significantly affect overall SMN
protein levels, allowing us to reliably and reproducibly determine
SMN expression over time and control for variability between
different experiments.
(GM00232, GM03813, GM09677, GM22591, GM03814, GM00498, GM05659, GM036

in gray). Each dot corresponds to the average of technical triplicate of each cell line. (H) D

(Welch two-sample t test, p = 0.07). Each dot corresponds to the average nuclear size

derived primary fibroblasts (Welch two-sample t test, p = 0.88). Each dot corresponds
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We measured SMN1, SMN2-FL, and SMN2D7 mRNA levels along
with SMN protein expression in each of the fibroblast cell lines us-
ing droplet digital PCR (ddPCR) and semi-quantitative western
blotting (Figure S2I and as described previously9,30), and cellular
morphology using fluorescent microscopy (Figure S3A). As ex-
pected, only control fibroblasts expressed SMN1 mRNA (Figure 1A).
SMN2-FL mRNA expression was dependent on SMN2 copy
number (p = 6.84e�08), where cell lines with fewer SMN2 copies
expressed less SMN2-FL than fibroblasts with a higher number of
SMN2 copies (Figure 1B). Similarly, we observed that SMN2D7
mRNA levels (Figure 1C) also depend on SMN2 copy number
(p = 7.16e�10) and cell lines with fewer SMN2 copies expressed
less SMN2D7. We found that SMN2-FL made up 51% of total
SMN2 mRNA, a distribution that was comparable between control
and SMA fibroblasts (Figures S4A and S4B). Moreover, we observed
a significant correlation between SMN2-FL and SMN2D7 levels
(Figure S4C, R2 = 0.41, P = 3e�05).

At the protein level, SMA-derived fibroblasts expressed 2.4-fold
lower levels of SMN protein compared with control fibroblasts
(p=1.7e�11, Figures 1D and 1E). SMNprotein expressionwas depen-
dent on SMN2 copy number (Figure 1F, P = 2e�04) and cells with
lower copy number expressed less SMN. The correlation between
SMN2-FL and SMN2D7mRNA levels and protein expression was sig-
nificant but limited (Figures S4D and S4E; R2 = 0.2, p = 0.007 and
R2 = 0.015, p= 0.02, respectively), suggesting the presence of other, un-
known factors that regulate SMN2-FL-translation or degradation. As
previous studies using fibroblasts often included cells from the Coriell
repository (e.g., Brown et al.,31 James et al.,32 and Kordala et al.33), we
determined SMN expression in four SMA and five control Coriell cell
lines and compared themwith cell lines fromour biobank (Figure 1G).
Overall, SMN expression in the commonly used Coriell cells was com-
parable to cells from our biobank, although Coriell cell lines with 3x
SMN2 had SMN levels that were higher than typical for the genotype
(p = 0.03). Finally, we analyzed cellular morphology by measuring the
size of the nucleus and soma for each cell line (Figures 1H and 1I).
Although the area of both the nucleus and the cell soma varied consid-
erably between and within cell lines (Figures S3B–S3E), we did not
identify any consistent, statistically significant differences for either
morphological variable between SMA and control cell lines.We there-
fore focused on SMN2-FL/D7mRNAand SMNprotein as readouts for
further experiments.

Younger age and male sex influence SMN mRNA and protein

expression

To explore which patient characteristics influenced SMN mRNA and
protein levels, we compared them with SMA type, sex, and age. We
found no clear relationship between SMA type and levels of SMN2
mRNA or SMN protein (Figures S4F–S4H). The only significant
51, GM01650) cell lines compared with cell lines from our biobank (as in [F], depicted

API area (mm2) of control (n = 10) and SMA (n = 35) patient-derived primary fibroblasts

of each cell line. (I) F-actin (soma) area of control (n = 10) and SMA (n = 35) patient-

to the average soma size of each cell line. a.u. = arbitrary unit; CN = copy number.
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Figure 2. Effect of SMN2 splice-modifying treatments on SMN2-FL, SMN2D7, and SMN expression levels in control and SMA patient-derived primary

fibroblasts

(A) SMN2D7mRNA expression levels in control (n = 10) and SMA (n = 35) patient-derived primary fibroblasts before and after in vitro treatment with either nusinersen (N) or

risdiplam (R). SMN2D7 mRNA was completely depleted after treatment in both control (paired Welch t test, Bonferroni correction of p values U vs. N p = 0.00029; U vs. R

p = 0.00016) and SMA primary fibroblasts (pairedWelch t test, Bonferroni correction of p values U vs. N P < 2e�16; U vs. R P < 2e�16). Each dot corresponds to the average

of a technical triplicate of each cell line. (B) SMN2-FLmRNA expression levels in control (n = 10) and SMA (n = 35) patient-derived primary fibroblasts before and after in vitro

treatment with either nusinersen (N) or risdiplam (R). SMN2-FL RNA increases after treatment in control (paired Welch t test, Bonferroni correction of p values U vs. N

P = 0.001; U vs. R p = 0.0002) and SMA fibroblasts (paired Welch t test, Bonferroni correction of p values U vs. N P = 6.9e�15; U vs. R P = 2e�16). There is a significant

difference in SMN2-FL levels between nusinersen and risdiplam treatment in SMA (paired Welch t test, Bonferroni correction of p values R vs. N p = 0.0007) but not in control

fibroblasts (paired Welch t test, Bonferroni correction of p values U vs. N p = 0.12). Each dot corresponds to the average of a technical triplicate of each cell line. (C)

Representative western blot of SMN protein expression in four different SMA fibroblast cell lines untreated (U) and after in vitro treatment with either nusinersen (N) or risdiplam

(R). (D) Normalized expression levels in control (n = 10) and SMA (n = 35) patient-derived primary fibroblasts untreated (U) and after treatment with either nusinersen (N) or

risdiplam (R). SMN protein significantly increases after treatment in SMA primary fibroblasts (pairedWelch t test, Bonferroni correction of p values U vs. N p = 1.1e�10; U vs. R

p = 4.1e�10) but not in control primary fibroblasts treated with risdiplam (pairedWelch t test, Bonferroni correction of p values U vs. N p = 0.001; U vs. R p = 0.16). There is no

significant difference in SMN protein increases between nusinersen and risdiplam treatment in both control and SMA patient-derived primary fibroblasts (paired Welch t test,

Bonferroni correction of p values control N vs. R p = 1; SMA N vs. R p = 1). Each dot corresponds to the average of the technical triplicate of each cell line. (E) Relationship

between SMN2D7mRNA in untreated cells (U) and SMN protein increase levels in SMA patient-derived primary fibroblasts after in vitro treatment with risdiplam (R, light blue)

or nusinersen (N, coral). Data are represented as the average of the technical triplicate ± standard deviation. Regression line (dashed line), Pearson correlation coefficient (R),

p value (p) and the coefficient of determination (R2) are displayed. (F) Relationship between SMN2-FL mRNA in untreated cells (U) and SMN protein increase levels SMA

(legend continued on next page)
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differences were observed between type 1b and other types and were
primarily driven by SMN2 copy number. We did not observe a differ-
ence in SMN expression between male and female patients (p = 0.28).
However, stratifying by sex revealed an enhanced correlation between
SMN2-FLmRNA and SMN protein levels in male patients (R2 = 0.37,
p = 0.005), while this correlation was absent in females (Figure S5A,
R2 = 0.00048, p = 0.94). Notably, males and females had unequal
numbers of cells with 4x SMN2 copies, which may partially explain
these results. Finally, we investigated whether SMN2-FL or
SMN2D7 mRNA and SMN protein expression in fibroblasts were
influenced by age (Figures S5B–S5D). For mRNA, we found a corre-
lation between SMN2D7 expression and age in children (<18 years,
R2 = 0.44, p = 0.00082) but not in adults (R2 = 0.013, p = 0.71). For
protein, we similarly observed a positive correlation between SMN
expression and age in children (<18 years, R2 = 0.49, p = 0.0003)
but not adults (R2 = 0.02, p = 0.65). Overall, the effect of patient char-
acteristics other than SMN2 copy number on SMN protein and
mRNA levels was limited in untreated cells.

SMN2 splice-modifiers increase in vitro variability of SMN

expression

We next treated cells with the SMN2 splice-modifying drugs nusi-
nersen or risdiplam. We observed a complete depletion of
SMN2D7 mRNA after both treatments, an �2- to 2.5-fold increase
in SMN2-FL mRNA in SMA (nusinersen p = 6.9e�15, risdiplam
P = 2e�16) and an �2-fold increase in control fibroblasts (nusi-
nersen p = 0.001, risdiplam p = 0.0002, Figures 2A and 2B). Nusi-
nersen resulted in higher SMN2-FL mRNA levels after treatment
than risdiplam in SMA fibroblasts (p = 0.0007, Figure 2B), so
SMN2-FL mRNA levels from the same cell lines after treatment
correlated incompletely (R2 = 0.39, p = 6.5e�05, Figure S6B). At
the protein level, a significant increase in SMN was observed
across all SMA cell lines (nusinersen: p = 1.1e�10, risdiplam:
p = 4.1e�10, Figures 2C and 2D), with no difference between
the two treatments (R2 = 0.83, p = 4.3e�14, Figure S6C). In addi-
tion to increasing SMN levels, both treatments also increased
the variability of both SMN2-FL mRNA (standard deviation of un-
treated vs. nusinersen p = 4.0e�09, and vs. risdiplam p = 6.2e�05)
and SMN protein expression between cell lines (standard deviation
of untreated vs. nusinersen p = 4.0e�04, and vs. risdiplam
p = 2.0e�4). Although SMN2D7 mRNA was always completely
depleted after treatment, this did not lead to a consistent increase
in levels of SMN2-FL mRNA after treatment, illustrated by a
limited correlation between SMN2D7 levels before and SMN2-FL
levels after treatment (nusinersen: R2 = 0.43, p = 6.6e�07; risdi-
plam: R2 = 0.48, p = 1.0e�07, Figure S6D). We found no correla-
tion between SMN protein relative change and SMN2-FL mRNA
patient-derived primary fibroblasts after in vitro treatment with risdiplam (R, light blue) or n

standard deviation. Regression line (dashed line), Pearson correlation coefficient (R), p

between SMN protein in untreated cells (U) and SMN protein increase in SMA patien

nusinersen (N, coral). Data are represented as the average of the technical triplicate ± s

p value (p), and the coefficient of determination (R2) are displayed. TPS = total protein

*p < 0.05.; *p < 0.01; *p < 0.001; a.u. = arbitrary unit; CN = copy number.
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relative change after treatment (Figure S6E), suggesting that—simi-
larly to what we previously observed in untreated cells (Fig-
ure S5A)—other, unknown factors play an important role in regu-
lating SMN protein levels.

Strikingly, as both nusinersen and risdiplam promote SMN2 exon 7
inclusion, we hypothesized that the potential to increase SMN pro-
tein post-treatment would mostly be dependent on SMN2D7
mRNA levels before treatment but found no correlation (Fig-
ure 2E). Similarly, SMN2-FL mRNA and SMN protein expression
before treatment did not correlate with the observed SMN increase
after treatment (Figures 2F and 2G). However, when assessing total
levels of SMN protein—rather than its increase after treatment—
we found a correlation between SMN expression before and
after treatment (nusinersen: R2 = 0.51, p = 1.3e�06; risdiplam:
R2 = 0.51, p = 1.3e�06, Figure S6F), suggesting the presence of pa-
tient-specific factors that regulate overall SMN protein expression
that are not directly influenced by SMN2-FL mRNA levels and
treatment.

Treatment responses of individual cell lines vary substantially

We next compared treatment response to SMN2 splice-modifying
drugs between each of the 35 SMA patient-derived primary fibro-
blast cell lines that we included in our study. There was no signif-
icant difference in SMN levels after in vitro treatment between the
two drugs in 15 cell lines (43%, Figure 3A). In contrast, 20 of the
cell lines (57%) showed a preference toward one of the treatments,
as illustrated by a statistically significant difference in SMN protein
levels between samples obtained from the same patients but treated
in vitro with a different SMN2 splice-modifying drug (Figures 3B
and 3C). The number of cell lines preferably responding to nusi-
nersen (31%) and risdiplam (26%) was similar, and we measured
a difference of 41% of SMN level on average among cell lines that
showed a preferred response to either treatment. SMN levels could
differ as much as 85% (e.g., SMA_15 for nusinersen) or 72%
(e.g., SMA_5 for risdiplam) in the same cell line but treated with
a different drug. In control cell lines, we observed similar variability,
as 60% showed a preference to one of the treatments, as illustrated
by a statistically significant difference in SMN levels after nusinersen
or risdiplam treatment (Figure S7). We found no statistically signif-
icant enrichment for age, sex, SMA type, or SMN2 copy number in
each of these groups. Interestingly, eight of our 35 cell lines included
a SMN1-SMN2 hybrid gene copy, seven of which showed a prefer-
ence for either nusinersen or risdiplam. Our understanding of the
clinical relevance of such hybrid genes remains limited, but this
observation may provide an interesting starting point for further
studies.
usinersen (N, coral). Data are represented as the average of the technical triplicate ±

value (p), and the coefficient of determination (R2) are displayed. (G) Relationship

t-derived primary fibroblasts after in vitro treatment with risdiplam (R, light blue) or

tandard deviation. Regression line (dashed line), Pearson correlation coefficient (R),

staining; in. st = internal standard; U = untreated; N = nusinersen; R = risdiplam;
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Figure 3. Variable responses to SMN2 splice-

modifying treatments in individual cell lines

(A) Cell lines for which in vitro treatment response

increased SMN expression significantly compared with

untreated condition, but with no significant difference be-

tween both treatments (15 cell lines, 43%). (B) Cell lines for

which in vitro treatment response increased SMN

expression significantly compared with untreated condi-

tion, and for which nusinersen treatment increased SMN

expression more than risdiplam treatment (p < 0.05,

11 cell lines, 31%). (C) Cell lines for which in vitro

treatment response increased SMN expression signifi-

cantly compared with untreated condition, and for which

risdiplam treatment increased SMN expression more than

nusinersen treatment (p < 0.05, nine cell lines, 26%). Data

are represented as the average of the technical triplicate ±

standard deviation. U = untreated; N = nusinersen;

R = risdiplam; a.u. = arbitrary unit; CN = copy number.
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Younger age, higher SMN2 copy number, and higher pre-

treatment SMNprotein levels predict in vitro treatment response

Last, we explored what other molecular and clinical characteristics of
the patients included in our study would add to our understanding of
treatment variability. First, we noticed that SMA fibroblasts with
three SMN2 copies demonstrated a more variable, but also a more
pronounced relative change in SMN protein after treatment
compared with SMA fibroblasts with two or four SMN2 copies (Fig-
ure 4A). In line with this, we observed that patients with SMA type 2
6 Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024
showed a higher relative change in SMN protein
post-treatment than patients with more (type 1b)
or less (type 4) severe SMA (Figure 4B). Further-
more, we compared treatment response as ex-
pressed by SMN relative change to age, sex, or
the presence of hybrid genes (Figures 4C–4E)
but did not identify any statistically significant
correlations. To investigate if in vitro treatment
response could predict treatment responses
observed in patients in vivo, we correlated the in-
crease in motor scores of children on nusinersen
treatment34 with SMN relative change in the cor-
responding fibroblast cell lines following in vitro
nusinersen treatment (Figure 4F). Although this
highlighted the challenges associated with this
type of analysis—e.g., a limited number of pa-
tients, varying motor scales, and variable treat-
ment duration will all need to be considered—
we found a possible correlation between
increase in a common functional motor scale
for SMA (Hammersmith functional motor scale
enhanced, HFMSE) and SMN relative increase in
this subgroup of patients (R2 = 0.42, p = 0.058),
suggesting that in vitro analysis may indeed
reflect in vivo outcomes.
Finally, we investigated what molecular and clinical factors (age at bi-
opsy, SMN2 copy number, presence of SMN1-SMN2 hybrid genes,
sex, age, SMN levels prior to treatment, SMN2 levels prior to treat-
ment, SMN2D7 levels prior to treatment, SMN2 levels after treat-
ment) influenced SMN protein levels after treatment (total protein
levels and increase). We used linear regression models and used the
backwise step approach to first systematically eliminate factors that
played no statistically significant role (Figure 4G and Table S3). We
found that SMN protein and SMN2D7 mRNA levels before
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Figure 4. Identification of molecular factors influencing treatment effect

(A) SMN relative change in control (n = 10) and SMA patient-derived primary fibroblasts with two SMN2 copies (n = 4), three SMN2 copies (n = 23), and four SMN2 copies

(n = 8) after in vitro treatment with nusinersen (N, coral) or risdiplam (R, light blue). Each dot corresponds to the average of technical triplicate of each cell line. (B) SMN protein

increase (relative change) in control (n = 10) and SMA type 1b (n = 4), type 1c (n = 5), type 2 (n = 14), type 3 (n = 8), and type 4 (n = 4) patient-derived primary fibroblasts after
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treatment, age, and SMN2 copy number were statistically significant
factors influencing levels of SMN protein after treatment. The inter-
action between these factors allows us to explain a limited percentage
of variation of the increase of SMN levels after treatment (nusinersen:
23%, risdiplam: 33%). However, the interaction of SMN protein and
SMN2D7mRNA before treatment, age, and SMN2 copy number pre-
dicted up to 60% (nusinersen, p = 4.47e�06) or 65% (risdiplam,
p = 6.03e�07) of total SMN levels post-treatment. Like the correlation
between total SMN levels and other factors (Figure S6), these results
point toward patient-specific factors regulating overall SMN protein
expression that are not directly influenced by treatment.

DISCUSSION
In this study, we comprehensively characterized a large cohort of
SMA patient- and healthy donor-derived fibroblasts following
in vitro treatment with SMN2 splice-modifying treatments. After
treatment, SMN2-FL mRNA and SMN protein levels were signifi-
cantly more heterogeneous than before treatment, reflecting variable
outcomes in the SMA patient population. Importantly, more than
half of the cell lines included in our study showed a preferred response
to one of the two treatments examined, despite their similar mode of
action. Most of the variation in levels of SMN protein after treatment
was explained by younger age, higher SMN2 copy number, and higher
pre-treatment SMNprotein levels.We believe our results illustrate the
importance of studying the effect of gene-targeting therapies in rele-
vant model systems to enhance our understanding of fundamental
molecular characteristics of SMA and how these are influenced by
current gene-targeting therapies, aiming to identify objective mea-
sures of treatment outcomes that can support clinical decision
making.

Our data highlight the potential of patient-derived fibroblasts for
studying SMA and treatment responses when used in a sufficiently
large number of different cell lines to account for common variation
that occurs in the patient population. Indeed, previous studies have
often been limited by their use of a small number of cell lines sourced
primarily from repositories,32,33,35–37 which may lack detailed clinical
data about the donors andmay not always express mRNA and protein
levels representative for their genotype. To our knowledge, the num-
in vitro treatment with nusinersen (N) or risdiplam (R). Each dot corresponds to the av
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ber of studies including more than five patient-derived cell lines is
limited (e.g., Wadman et al.,10 Brown et al.,31 Garbes et al.38). Garbes
et al. found a correlation between SMA patient-derived fibroblasts
and patient responses to valproic acid (VPA) treatment, highlighting
the potential of using patient-derived fibroblasts to capture diverse
treatment outcomes in SMA.38 More recently, when using a large
cohort of patient-derived fibroblasts to determine proteomic changes
in SMA from different repositories and biobanks, Brown et al. found
that SMN protein levels—and associated proteomic profiles—varied
considerably between patients of the same SMA type and genotype.31

Our current dataset provides baseline reference data for future studies
aimed at determining whether SMN expression of specific cell lines is
representative for patients with a specific SMA type or SMN2 copy
number.

The ratio between predominant SMN2-derived mRNA products
(SMN2-FL and SMN2D7) is of potential relevance as the availability
of SMN2D7 could be an indicator of the potential for increasing
both mRNA and protein levels. Literature reviews in the SMA field
commonly cite a ratio of 10%–20% SMN2-FL and 80%–90%
SMN2D7. In contrast, in our analyses we observed a ratio that was
closer to 50%–50% (51% SMN2-FL mRNA and 49% SMN2D7
mRNA) and this is in fact in line with many previous observations
from the primary literature, although varying ratios have been re-
ported. For example, in human postmortem spinal cords from
SMA patients, the SMN2-FL levels varies between 9% and 66%.11 In
spinal cord from the D7 mouse model of SMA, SMN2-FL is below
40% in motor neurons but 65% in other neurons.39 In fibroblasts,
both ratios similar to ours40 and lower ratios have been reported.41

Finally, in SMA iPSCs and iPSC-derived motor neuron studies,
SMN2-FL levels between 40% and 60% have been reported, with vari-
ation across studies.42–45 The observed variation may be attributed to
differences in quantification techniques, including the use of distinct
primer sets and housekeeping genes, in addition to the variability
across models. Overall, however, the ratio between SMN2-derived
mRNA products (SMN2-FL and SMN2D7) is likely to be closer to
50%–50% or 40%–60% than 10%–90% or 20%–80%, suggesting the
pool of SMN2D7molecules available for splice modification is smaller
than generally thought.
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At baseline, we observed a limited correlation between SMN2mRNA
and SMN protein levels. This finding aligns with previous observa-
tions, including for example in human postmortem spinal cord,11 sug-
gesting that factors beyond mRNA transcription and exon 7 splicing
regulate SMN expression. Possible contributing factors may include
the splicing of other SMN2 exons, such as exon 3 and exon 5,39 or
involve translational41,46 and post-translational regulation of the
SMN protein.47,48 In line with this, we observed that SMN2 copy
number and SMA type did not linearly correlate with SMN protein
increase after in vitro treatment. Rather, we noticed a higher SMN in-
crease in cells with three SMN2 copies or SMA type 2 than cells with
two or four SMN2 copies, and SMA type 1 or type 4. This may imply
the presence of a molecular feedback loop that regulates SMN levels41

and suggests that in addition to a minimum level of SMN that cells
require for survival, there may also be a physiological maximum level
of SMN that is deleterious to exceed. Indeed, neuronal toxicity has
been reported in mouse studies of continuous, long-term AAV9-
induced SMN overexpression.49–51 Studies to gain a better under-
standing of the regulation of SMN expression are vital, as they will
have important implications for the optimization of current gene-tar-
geting therapies, and to identify novel therapeutic targets for the
development of second-generation therapies for SMA.

Our ability to explain treatment outcomes using patient and clinical
characteristics was incomplete. We found a possible link between
sex and the regulation of SMN expression, through an enhanced
correlation between SMN2-FL mRNA and SMN protein levels in
male patients. This observation is interesting because of the role
of key SMA modifiers UBA152,53 and plastin3,54,55 located on the
X chromosome. We are not aware of current studies reporting var-
iable effects of gene-targeting treatment in patients of different sex,
but our observation suggests this may warrant further analysis.
Furthermore, we noticed a relationship between SMN levels and
age. Interestingly, we found that in adults, SMN protein levels
seemed relatively stable, as we and others reported before.10 In chil-
dren, however, we observed an initial increase in SMN expression,
which is difficult to compare to previous studies as they were per-
formed on blood samples (e.g., PBMC samples, e.g., Zaworski
et al.,12 Crawford et al.56). Our current data suggest a temporary in-
crease in SMN levels between 2 and 14 years, which may follow on
from a very high pre- and early post-natal requirement for SMN
that was previously found to be followed by an immediate strong
decrease in SMN levels in mostly young children.11 Further refine-
ment of the association between SMN and age will be important to
better understand the uses and limitations of increasing SMN
through gene-targeting therapies at later ages. Overall, it is likely
that, despite including a relatively large number of cell lines in
our experiments, our analyses remain underpowered with respect
to detecting potential associations between molecular readouts and
more subtle differences in patient characteristics. We believe, how-
ever, that the standardized cell culture approach we describe in this
paper allows for the collection of samples over time, leading to the
generation of such increasingly large datasets that will be required
for refined and better-powered analyses in the future.
Molecular T
Patient-derived fibroblasts offer a relatively simple and scalable
method to obtain primary cell lines while preserving genetic and
epigenetic signatures of the donor,28,57 enabling personalized studies
across many patients. The non-immortalized nature of primary fibro-
blasts leads to limitations on their growth potential, restricting expan-
sion to a limited number of passages,57 which needs to be monitored
when working with large numbers of cell lines. Even though SMN is
ubiquitously expressed and SMA is a systemic disease, motor neurons
are the most affected cells.58 Induced pluripotent stem cells (iPSCs)
and iPSC-derived motor neurons (iPSC-MN) are therefore
commonly used to study SMA.35,59–62 However, their scalability is
limited and most studies to date have been conducted using a limited
number of cell lines. Many molecular changes observed in SMA-
derived iPSC-MN have also been observed in primary fibroblasts,
including a reduced number of nuclear gems,43,63–65 regulation of
SMN expression by the long non-coding RNA SMN-AS1,66 altered
unfolded protein response,67,68 reduced mitochondrial func-
tion,31,69,70 changes in ubiquitin-associated pathways31,52,71 and
apoptotic defects.31,72,73 This highlights the possibilities of using
fibroblasts as a scalable tool for the discovery of disease- and treat-
ment-related molecular mechanisms.31,72–74 However, the combina-
tion of appropriate animal- and human-based models will likely
remain a requirement.

We found extensive variation in SMN increase after treatment
between cell lines, including different responses to the two treatments.
This suggests that patients can respond differently to SMN2-modi-
fying treatments, despite both drugs targeting related sequences in
and around exon 7 of SMN226,27 via comparable mechanisms. As
there have been no clinical trials that directly compared SMN-target-
ing treatments, treatment choice currently remains mostly pragmatic
and based on country-specific reimbursements.75 Although minimal
SMN expression differences required for clinically relevant changes in
patients are unknown, the robust differences we observed in many of
our cell lines warrant speculation around switching treatments for
certain patients. In a subset of cell lines, we were able to establish a
correlation between in vitro treatment data with treatment response
of patients from which we obtained the cell lines. A promising
example for further development of this personalized medicine
approach comes from research into the common genetic disease
cystic fibrosis (CF). In CF, organoids derived from rectal biopsies
were found to be highly suitable for measuring the effect of therapies
on CF caused by specific genetic variants, and this approach has now
been implemented in routine clinical decision making around the
start of and choice for specific treatments.76,77 Our preliminary ana-
lyses suggest that in the future, similar in vitro analyses may be used to
assist decision making around choice or continuation of treatment
for SMA.

In summary, our findings highlight the potential of patient-derived
fibroblasts to study in vitro treatment efficacy. Our experiments sug-
gest many patients may benefit more from one specific SMN2 splice-
modifying treatment, emphasizing the need to continue research that
aims to identify objective measures to assist decision making around
herapy: Methods & Clinical Development Vol. 32 December 2024 9
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the choice and continuation of treatment. Although we identifiedmo-
lecular and clinical factors that predicted treatment outcomes in vitro,
our understanding of variation in SMN levels before and after treat-
ment outcomes remains incomplete. This warrants further studies
into the cellular and molecular mechanisms that are associated with
the regulation of SMN expression, and the influence of gene-targeting
treatments on these mechanisms.

MATERIALS AND METHODS
Ethical approval

Patients included for analysis in this study participate in a prospec-
tive, population-based study on SMA in the Netherlands. This study
was approved by the UMC Utrecht Medical Ethical Committee (no.
09–307/NL29692.041.09). We obtained additional written and oral
informed consent for skin biopsies from each adult patient and
from both parents of each participating minor.

Study population and genetics

Patient characteristics were collected during interviews with parents
using standardized questionnaires and physical examination as part
of our ongoing population-based study.4,78,79 Patients were classified
as SMA types 1–4 based on the highest achieved motor milestone,
following the international SMA classification system with some rele-
vant additions.4,78,80 For all the subjects included, SMN1 and SMN2
copy number were confirmed using the SALSA multiplex ligation-
dependent probe amplification (MLPA) kit P021 version B1 (MRC
Holland) according to the manufacturer’s protocol and Coffyalyser.
Net software (MRC Holland).

We selected samples from a cross-section of patients with varying
SMN2 copy number (2x SMN2: n = 4, 3x SMN2: n = 23; 4x SMN2:
n = 8). Of these patients, nine had SMN1-SMN2 gene hybrids (three
SMN2 copies with one hybrid: n= 5; four SMN2 copies with one hybrid:
n = 4) and one had SMN1 exon 1–6 deletion as determined by MLPA.
The cell lineswere frompatientswith SMA type 1b (n=4), SMA type 1c
(n = 5), SMA type 2 (n = 14), SMA type 3 (n = 8), and SMA type 4
(n = 4). In addition, we analyzed cell lines from 10 healthy donors.
Healthy donors had varying SMN1 (2x SMN1: n = 8, 3x SMN1: n = 1,
4x SMN1: n = 1) and SMN2 (1x SMN2: n = 5, 2x SMN2: n = 5) copies.
Two controls had one full SMN2 copy and one copy lacking exon 7 and
exon 8 (SMN2D7–8); these are indicated in the figures as having 1x
SMN2. The following cell lines were obtained from theNIGMSHuman
Genetic Cell Repository at the Coriell Institute for Medical Research:
GM00232, GM03813, GM09677, GM03814, GM05659, GM03651,
GM01650. The copy numbers for these cell lines were as indicated in
the corresponding figure.

Culture of primary fibroblasts

Primary fibroblasts were obtained from explants of 3-mm dermal bi-
opsies. After 4–6 weeks, fibroblast outgrowths from the explants were
enzymatically passaged (Accutase, Sigma-Aldrich, A6964). Fibro-
blasts were cultured in DMEM containing 4.5 g/L glucose,
L-glutamine, and pyruvate (Gibco, 41966-029) with 10% fetal bovine
serum (Cytvia, SH30073.03) and 1% penicillin-streptomycin (Sigma-
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
Aldrich, 0000165820). All cell lines were monitored and negative for
mycoplasma (Merk, MP0035). We noticed changes in cellular growth
rate and morphology at higher passages (>P13) and all our analyses
were therefore performed on cells collected with low passage numbers
(between P4 and P7). To maintain low passage numbers, and to
collect cells for DNA, RNA, protein, andmorphology at the same pas-
sage number, we developed the following workflow: cells were
cultured and passaged up to 4xT175 flasks and grown until 80% of
confluency. Cells were collected, counted, and seeded as follows:
200,000 cells per 10-cm dish for protein collection; 100,000 cells in
each well of a six-well culture plate well for RNA isolation; 5,000 cells
in each well of a 24-well plate well for morphological analysis; 400,000
cells in a T175 culture flask for DNA isolation (MLPA and bio-
banking). After treatment, cells were pelleted by washing twice with
1x PBS (Gibco, 10010-015), dissociated using Accutase, and centrifu-
gated for 10 min at 1,000 � rcf (relative centrifugal force) at room
temperature (RT). The pellet was again washed with 1x PBS and
centrifuged for 10 min at 1,000 � rcf at RT before storage at
�80�C. To determine the relation among cell number, confluency,
and SMN expression, cells were collected and counted after 3, 4
and 5 days in culture. Subsequently, they were pelleted as described
previously, stored at �80�C, and SMN expression was determined
as described below.

Treatment with SMN2 splice-modifying drugs

Each cell line was cultured in three different conditions: untreated,
treated with nusinersen (Biogen) or treated with risdiplam (Sanbio,
29028-1). Treatment with nusinersen and risdiplam was performed
at 75% to 80% confluency. Given that high concentrations of nusi-
nersen and risdiplam have been associated with off-target effects,81,82

we treated the cells with the minimal concentration sufficient
to achieve complete inclusion of SMN2 exon 7 (Figure S6A).81,83

For nusinersen treatment, Lipofectamine LTX Reagent with PLUS
Reagent (Invitrogen, A12621) was used following the manufacturer’s
recommendations at a final concentration of 10 nM. A 20-O-methox-
yethyl-modified scrASO (AGTTAGATGCCTATTCCU) was designed
using GenScript (https://www.genscript.com/tools.html#biology) and
used as lipofection control. For risdiplam treatment, cells were treated
at a final concentration of 0.5 mM and the treatment was repeated after
24 h. The total treatment time for both treatments was 48 h. After that,
cells from 10-cm dishes and six-well plates were pelleted and stored at
�80�C for later analysis.

RNA quantification using droplet digital PCR

RNA was isolated using the RNeasy mini kit (Qiagen, 74104)
following the manufacturer’s recommendations. RNA concentration
was determined using a spectrophotometer (Nanodrop 2000, Thermo
Scientific). Potential DNA contamination was prevented by DNaseI
treatment (Thermo Scientific EN0521) of total RNA. cDNA was syn-
thesized from 100 ng of RNA using the High-capacity cDNA reverse
transcription kit (Applied Biosystems, 4368814) according to the
manufacturer’s instructions. Primers and probes used for quantifica-
tion of SMN1, SMN2, SMN2D7, and TBP (housekeeping for normal-
ization) were obtained from IDT or Thermo Scientific (sequences as
ber 2024

http://Coffyalyser.Net
http://Coffyalyser.Net
https://www.genscript.com/tools.html#biology


www.moleculartherapy.org
published previously,10,11 see Table S1). Reactions of 22 mL contained
1 mL cDNA, 0.05 mL SMN-specific probe (100 mM), 0.05 mL TBP
probe (100 mM), 1 mL of forward and reverse SMN- and TBP-specific
primers (10 mM), 11 mL of 2x ddPCR Supermix for probes (no dUTP,
Bio-Rad 186-3024) and 5.9 mL of RNase/DNase free water. Droplets
were prepared using a QX200 Automated droplet generator (Bio-Rad
1864101). PCR was performed using a Bio-Rad T100 thermal cycler
(95�C for 10 min, followed by 40 cycles of 95�C for 30 s and
61.1�C for 1 min; followed by 98�C for 10 min; ramp rate 2�C/s). Af-
ter amplification, the droplets were analyzed using a QX200 droplet
reader (Bio-Rad 1864003). Expression level of each SMN product
(SMN1, SMN2, SMN2D7) was normalized to TBP expression using
QuantaSoft Software (Bio-Rad 1864011). All experiments were run
in technical triplicates. RT-PCR to assess exon 7 inclusion using gel
electrophoresis (for nusinersen concentration optimization) was car-
ried out using BioTaq DNA polymerase (Meridian Bioscience BIO-
21060) and 100 ng of cDNA template following the manufacturer’s
recommendations. PCR products were separated on native 1.5% poly-
acrylamide gels and visualized by SYBR Safe DNA Gel Stain (Invitro-
gen S33102). Primer sequences were as follows: SMN FW: CTGC
CTCCATTTCCTTCTG; SMN RV: TGGTGTCATTTAGTGCTG
CTC; GAPDH FW: TCCCTGAGCTGAACGGGAAG; GAPDH
RV: GGAGGAGTTTGGTCGCTGT.

Protein quantification

Semi-quantitative western blotting was performed as described
before.9 Cell pellets from 10-cm dishes were thawed on ice and ho-
mogenized in RIPA buffer (Thermo Scientific, 89900) with 1x prote-
ase inhibitor (Thermo Scientific, 1861278). Following incubation on
ice for 10 min, the samples were centrifuged for 10 min at 4�C at
18,620� rcf. The supernatants were collected, and protein concentra-
tion was determined using the micro BCA protein assay kit (Thermo
Scientific, 23235) following the manufacturer’s recommendations.
Protein concentration was normalized for all samples at 1 mg/mL in
MilliQ water with 1x Bolt LDS sample buffer (Invitrogen, B0007) con-
taining 1:20 b-mercaptoethanol (Sigma-Aldrich, M3148) and sam-
ples were incubated at 70�C for 10 min. Next, 20 mg of protein was
loaded onto a Bolt bis-tris plus mini protein 4%–12% gradient gel
(Invitrogen, NW04125BOX), and samples were size-separated by
running for 27min at 200V in Bolt MES-SDS running buffer (Invitro-
gen, B0002). Proteins were subsequently transferred to a transfer
stack containing a PDVF membrane (Invitrogen, IB24001) using
the iBlot 2 gel transfer device (Invitrogen IB21001). Immediately after
transfer, PDVF membranes were incubated in Revert 700 total pro-
tein stain (Li-Cor, 926–11011) for 5 min at RT, washed twice with
washing buffer (30% methanol and 6.7% glacial acetic acid) and
blocked in Odyssey PBS blocking buffer 1:3 in 1x PBS (Li-Cor,
927–40000) or EveryBlot blocking buffer 1:3 in 1x PBS (Bio-Rad,
12010020) for 30 min (Odyssey) or 5 min (EveryBlot) at RT. Mem-
branes were imaged with the Odyssey M imaging system (Li-Cor).
Next, membranes were incubated in freshly made SMN-antibody so-
lution (mouse-anti-SMN, BD Bioscience 610647, 1:1,000 in blocking
buffer) and incubated overnight at 4�C on rotation. After primary
antibody incubation, membranes were washed three times for
Molecular T
10 min in PBS at RT and incubated in donkey-anti-mouse IRDye
800 (Li-Cor, 926–32212) secondary antibody diluted 1:2,500 in block-
ing buffer with 0.02% SDS for 1 h at RT. Membranes were finally
washed three times for 30 min in PBS at RT and imaged with the Od-
yssey M imaging system. All experiments were run in technical trip-
licates. To facilitate reliable comparison of quantifications obtained
from different membranes, results were normalized to an internal
standard (SMN levels from HEK293 cell lysates) that was the
same across all membranes included in our analyses. The internal
standard allows for correction of technical variation caused by
transfer, handling, and processing of the individual western blotting
membranes. Briefly, total protein staining (TPS) and SMN intensity
were first determined using ImageStudio v5.2 software (Li-Cor).
Then, SMN levels were normalized to the TPS intensity to control
for loading variation. After normalizing SMN expression levels us-
ing TPS intensity for all samples, including the internal standard,
the average intensity value of the internal standard was calculated
and defined as 1 on each of the membranes. The SMN levels
were then divided by the average value of the internal standard
on each of the membranes, thus allowing comparison of SMN levels
across membranes.84 These values (in arbitrary units, a.u.) were
used in the further statistical analyses as described later. All un-
cropped western blots used for quantification are included in
Figure S8.

SMN ELISA was performed using the standardized SMN ELISA
kit (2012, #ADI-900-209, Enzo Life Sciences, Farmingdale, NY)
following the manufacturer’s instructions.10
Immunofluorescence and microscopy

For morphological analysis, fibroblasts were stained for F-actin and
DAPI. First, when cells reached 30% to 40% confluency, cells were
fixed with 4% paraformaldehyde (PFA, Elektron Microscopy Sci-
ences, 15710) at RT for 15 min and washed three times with 1x
PBS. Next, cells were permeabilized with 0.1% Triton X-100 (Rie-
del-de Haën, 56029) for 5 min at RT, washed three times with 1x
PBS and blocked with 2.5% bovine serum albumin (BSA) (Sigma-
Aldrich, CAS: 9048-46-8) for 60 min at RT. After blocking, the
coverslip was incubated with 1.5% BSA containing 1:50 phalloidin
A488 (Invitrogen, A12379) for 60 min at RT. Coverslips were
washed three times with 1x PBS and incubated in 1.5% blocking
buffer containing 300 nM DAPI (Invitrogen, D3571) for 10 min. Af-
ter three washes with 1x PBS, the coverslips were mounted on a mi-
croscope slide with Mowiol 4–88 mounting medium (Sigma-
Aldrich, 81381) with 2.5% DABCO (Sigma-Aldrich, D27802) and
dried overnight. Three coverslips per cell line were imaged on a Le-
ica DM inverted epifluorescent microscope. The nuclear and soma
area were measured using Fiji (ImageJ2) version 2.3.0/1.53q by
thresholding (Huang method) followed by measurement of the
area and perimeter of the nucleus and soma. For confluency mea-
surements, pictures were taken across a 10-cm tissue culture dish
with a phase-contrast microscope. Images were thresholded manu-
ally to ensure coverage of the entire cell surface. Subsequently, the
herapy: Methods & Clinical Development Vol. 32 December 2024 11
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percentage of the image area covered by cells was quantified using
Fiji (ImageJ2) version 2.3.0/1.53q.

Statistical analysis

Statistical analysis was performed in R version 4.2.2 (2022-10-31). All
data were tested for normality using the Shapiro-Wilk test. If normality
was established, the appropriate parametric test was performed. For
paired analysis, a two-tailed Welch’s t test was conducted. In case of
multiple comparisons, one-way ANOVA test followed by Tukey post
hoc test was performed. For treatment outcomes, a Welch pairwise
t test with Bonferroni’s correction for multiple testing was performed.
For correlation analysis, Pearson correlation coefficient (R), p value
(p), and the coefficient of determination (R2) were estimated. For linear
regression model building, the backward stepwise approach was used.
Check of linearity of the data, independence, and constant variance of
residues was performed after the model building.
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