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Myotonic dystrophy RNA toxicity alters
morphology, adhesion and migration of
mouse and human astrocytes
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Brain dysfunction in myotonic dystrophy type 1 (DM1), the prototype of toxic RNA disorders,
has been mainly attributed to neuronal RNA misprocessing, while little attention has been
given to non-neuronal brain cells. Here, using a transgenic mouse model of DM1 that
expresses mutant RNA in various brain cell types (neurons, astroglia, and oligodendroglia),
we demonstrate that astrocytes exhibit impaired ramification and polarization in vivo and
defects in adhesion, spreading, and migration. RNA-dependent toxicity and phenotypes are
also found in human transfected glial cells. In line with the cell phenotypes, molecular ana-
lyses reveal extensive expression and accumulation of toxic RNA in astrocytes, which result
in RNA spliceopathy that is more severe than in neurons. Astrocyte missplicing affects
primarily transcripts that regulate cell adhesion, cytoskeleton, and morphogenesis, and it is
confirmed in human brain tissue. Our findings demonstrate that DM1 impacts astrocyte cell
biology, possibly compromising their support and regulation of synaptic function.
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ARTICLE

rain dysfunction in neurological diseases is frequently

mediated by the impairment of neuronal and non-neuronal

cells!2. However, the contribution of non-neuronal cells to
many of these disorders has been poorly investigated. Myotonic
dystrophy type 1 (DM1) is a complex multisystemic disease that
affects patients of all ages®*. In addition to the typical involve-
ment of the skeletal and cardiac muscle, the neurological mani-
festations are a prominent feature®. The DM cognitive profile is
characterized by multiple deficits, such as global cognition,
intelligence, social cognition, memory, language, executive, and
visuospatial functioning. Personality and emotional traits include
avoidant behavior, apathy anxiety-related disorders, and excessive
daytime sleepiness®. The broad and heterogeneous cognitive
neuropsychological profile of DM1 anticipates the involvement of
different brain areas and neuronal circuits, a hypothesis that is
corroborated by imaging studies”8. While the involvement of
frontal lobe is suggested by the prevalent executive dysfunction,
hippocampus neuropathology may contribute to deficits in
visuospatial memory and learning®”.

DM1 is caused by the expansion of a CTG trinucleotide in the
3’ untranslated region (UTR) of the DMPK gene. While unaf-
fected individuals carry 5-37 CTG repeats, pathogenic expansions
are longer than 50 CTG repeats, reaching >1000 CTG in the
congenital form of the condition: larger repeats are associated
with more severe symptoms and earlier onset!?. RNAs containing
expanded CUG triplets accumulate in the nucleus of DM1 cells,
forming RNA foci that perturb the localization and function of
RNA-binding proteins!'!. Among the mediators of disease, MBNL
proteins are sequestered by toxic RNA foci, while CELF (CUG-BP
and ETR-3-like factors) family members are upregulated. The
dysregulation of these RNA-binding proteins perturbs several
gene expression steps, such as transcription, alternative splicing
and polyadenylation, translation, mRNA stability and mRNA
intracellular localization!2.

In the central nervous system (CNS), DMPK is expressed in
neuronal and non-neuronal cell types, which results in the accu-
mulation of RNA foci in cortical neurons, astrocytes, and oligo-
dendrocytes in DM1 brains!314. However, we do not know the
vulnerability of different cell types to disease, nor do we know their
role in brain dysfunction. Interestingly, DMPK gene expression is
higher in cortical astrocytes than in neurons isolated from adult
human and mouse brains!>16. Mouse primary cell cultures con-
firmed the higher levels of DMPK transcripts and protein in cortical
astrocytes, relative to hippocampal neurons!”. Together, these results
predict mechanisms of RNA toxicity in astrocytes and anticipate the
involvement of this cell type in brain disease pathogenesis.

To investigate astrocyte contribution to DM1 brain disease, we
used the DMSXL mouse model. Transgenic DMSXL mice carry
more than 1,000 CTG repeats in the human DMPK locus!®,
display toxic RNA foci and missplicing, in association with
multiple phenotypes, such as myotonia, muscle weakness, cardiac
and respiratory abnormalities!®-2!, as well as behavioral and
electrophysiological defects in the CNS!422, Foci distribution in
DMSXL brains revealed higher frequency in cortical astrocytes
than in neurons!4, while co-culturing systems showed the
reduced capacity of DMSXL astrocytes to protect neurons against
glutamate neurotoxicity, as a result of the defective glutamate
uptake?2, Nevertheless, compelling evidence of astrocyte dys-
function and contribution to DM1 was lacking. In this study, we
first report defective astrocyte morphology and orientation in
DMSXL brains, as well as reduced astrocyte adhesion and
spreading in mouse and human cell culture model systems.
Mechanistically, we found robust MBNL-dependent splicing
defects in astrocytes, affecting relevant transcripts that regulate
cell adhesion, spreading, and membrane dynamics, in line with
the cellular phenotypes of these cells.

Results

Astrocytes display abnormal morphology and polarity in the
brain of DMSXL mice. Given the higher frequency of nuclear
RNA foci in cortical astrocytes relative to neighboring neurons that
we previously observed in DMSXL mouse brains'4, we sought to
investigate the impact of the CTG repeat expansion on astrocyte
phenotypes in vivo. We first estimated astrocyte cell density in the
mouse brain by immunodetection of two astrocyte-specific markers:
SOX9, SRY-Box Transcription Factor 9; and S100B, S100 calcium-
binding protein B (traditionally known as S100)23. The percentage
of co-labeled cells (SOX9+/S100B+) in the frontal cortex was not
significantly different between DMSXL and WT mice at 1 month of
age, suggesting unaltered astrocyte density (Fig. la). Western blot
revealed lower levels of astrocyte-specific GFAP (glial fibrillary acidic
protein) in DMSXL frontal cortex and hippocampus (Fig. 1b). To
investigate the whole-cell morphology of astrocytes, we expressed
cytoplasmic GFP under the control of the Gfap promoter using
AAVs?* in the mouse frontal cortex to observe the thin and complex
ramified morphology of cortical astrocytes (Fig. 1c). Morphological
Sholl analysis of GFP-positive astrocyte processes revealed that
DMSXL astrocytes were significantly less ramified than WT astro-
cytes, with a more severe phenotype in processes distanced 25 pm
from the nucleus. To explore the progression of astrocyte hypo-
trophy, we investigated additional mouse ages. While DMSXL
astrocyte ramification was unaltered at 10 days of age (Supple-
mentary Fig. la), it was significantly reduced at 4 months (Sup-
plementary Fig. 1b). Interestingly, the reduction in astrocyte
processes was more severe at 4 months in processes distanced
10-15um from the nucleus (Supplementary Fig. 1c). GFAP
downregulation appears to precede astrocyte shrinkage, because it
was already detected at 10 days, persisting until the age of 4 months
(Supplementary Fig. 1d). The parallel between GFAP down-
regulation (Fig. 1b) and the shrinkage of GFP-expressing processes
in DMSXL mice (Fig. 1¢) indicates hypotrophy of astrocyte cytos-
keleton in DMSXL brains. In contrast, control mice carrying shorter
130 CTG repeats displayed normal astrocyte ramification (Supple-
mentary Fig. 1e) and GFAP levels in frontal cortex (Supplementary
Fig. 1f). Similarly, transgenic DM20 mice, which express higher
levels of shorter DMPK transcripts with 20 CTG repeats®> did not
show altered GFAP levels (Supplementary Fig. 1g), indicating that
astrocyte changes could not be accounted for by DMPK over-
expression alone.

Starting at the third week of postnatal development, ie., at the
time of hippocampal synaptogenesis, the CAIl astrocytes of the
stratum radiatum change the orientation of GFAP-rich stem
processes to a fusiform orientation, perpendicular to the pyramidal
cell layer29, in a process that depends on the dynamic changes of the
cytoskeleton and cell morphology. We tested whether such astrocyte
polarity was perturbed by the expression of toxic CUG RNA, by
performing GFAP immunohistochemistry in the hippocampus of
DMSXL mice at 1 month (Fig. 1d). The extent of stratum radiatum
astrocyte orientation was estimated by the measurement of a
polarity index, corresponding to the ratio of crossing points between
GFAP-positive processes and parallel or perpendicular axes to the
pyramidal layer, as previously described*4. Hippocampal astrocytes
of DMSXL mice showed a significant reduction in their preferential
orientation regarding the pyramidal layer, when compared to WT
animals, indicative of defective polarization.

In conclusion, the analysis of DMSXL brains revealed postnatal
reduction in astrocyte arborization and defective polarity in vivo,
associated with alterations in cytoskeleton.

DMSXL astrocytes show abnormal growth dynamics, reduced
cell adhesion, and defective cell spreading. Following the char-
acterization of astrocyte phenotypes in vivo, we used primary cell
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Fig. 1 DMSXL astrocytes show abnormal morphology and polarity in vivo. a SOX9 (green) and S100B (red) immunofluorescence in DMSXL frontal

cortex at T month. Nuclei are stained with DAPI (blue). Scale bar, 50 um. Quantification of double labeled astrocytes. Data are means + SEM. N = 4 mice,
n=6867 cells, WT; N =4 mice, n= 6933 cells, DMSXL (p = 0.1143, Two-tailed Mann-Whitney U test). b Western blot quantification of GFAP in whole
frontal cortex and hippocampus tissue lysates from DMSXL mice at 1 month. Representative stain-free protein bands are shown to illustrate total protein
loading. Data are means = SEM. Frontal cortex: n =15, WT; n= 6, DMSXL. Hippocampus: n =4, WT; n=5, DMSXL (p = 0.0165, frontal cortex; p = 0.0097,
hippocampus; Two-way ANOVA, Sidak post hoc test for multiple comparisons). € Sholl analysis of the branching of DMSXL cortical astrocytes at 1 month.
Representative pictures illustrating the specificity of the GFP labeling in astrocytes expressing the GFAP marker. GFP signal was analyzed by applying the
same threshold to all images. Scale bar, 20 um. Data are means + SEM. N =5 mice, n =20 cells, WT; N =4 mice, n = 20 cells, DMSXL (p = 0.0007, Two-
way ANOVA; p = 0.0119, 25 um, Sidak post hoc test for multiple comparisons). d Analysis of astrocyte polarity with respect to the pyramidal cell layer in 1-
month-old mice. Schematic representation of grid-baseline analysis for orientation quantification of GFAP-labeled CA1 stratum radiatum astrocytes. Polarity
index ratio (A/L) larger than one indicates preferential perpendicular orientation towards the pyramidal layer. Scale bar, 20 pm. Data are means + SEM.

N =4 mice, n=159 cells, WT; N=5 mice, n=64 cells, DMSXL (p = 0.0013, Two-tailed Student's t test). n.s. not significant; *p <0.05; **p < 0.071;

*kk

p < 0.001. Source data are provided as a Source Data file.

cultures highly enriched for individual cell types (Supplementary
Fig. 2), to determine to what extend CUG RNA expression affects
other aspects of astrocyte cell biology and investigate the underlying
mechanisms. We first assessed the global impact of the DM1 repeat
expansion using xCELLigence Real-Time Cell Analysis technology,
which measures the electrical impedance of cell cultures, and pro-
vides real-time, non-invasive, quantitative readouts of cell culture
growth?”. DMSXL astrocytes exhibited a significantly lower cell
index relative to control WT astrocytes (Fig. 2a). In contrast,
impedance readings did not reveal significant changes in the
population growth dynamics of primary DMSXL neurons, which
remained unaltered over 72 h.

The lower cell index of DMSXL astrocytes relative to WT
controls can be accounted for by multiple factors: altered
proliferation and cell cycle dynamics, increased cell death,
abnormal adhesion, and/or spreading of cultured cells. We
investigated the contribution of each one of these factors to the
abnormal growth of DMSXL astrocyte cultures. To analyze cell
proliferation, we synchronized primary astrocytes by serum
deprivation prior to bromodeoxyuridine (BrdU) incorporation
and detection assay, combined with propidium iodide (PI)
counterstaining to evaluate DNA content. Florescence-Activated
Cell Sorting (FACS) did not reveal significant changes in the
distribution between different phases of the cell cycle, hence

| (2022)13:3841 | https://doi.org/10.1038/s41467-022-31594-9 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

a
10 7 Astrocytes :]:
8 *
3
E 6
T4
o
2 WT
DMSXL
0 8 1624 324048 56 6472
Time (h)
601 WT
501 'j:.? DMSXL
2 40{ ®
8
5 301
R 20 st
10 000’
0 ; ; ;
G1 S G2/M

Cell Index

2.07 Neurons
1.5
1.0
0.5 WT
DMSXL
0.04
0 8 162432404856 64 72
Time (h)
< *
S 60
@ *% WT
3 50 DMSXL
- 40 °
3 .
30 o
£ 2 -
o °® .
+ S
> 10 N
x
g0
DMSO  Staur.

Fig. 2 Primary DMSXL astrocytes display abnormal population dynamics. a xCELLigence cell index of primary astrocytes and primary neurons over 72 h.
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synthesis (BrdU incorporation). Data are mean £ SEM, n = 3 independent cultures per genotype. ¢ FACS analysis of DMSXL and WT astrocyte cell death
under control conditions (DMSO) and in the presence of Staurosporine (Staur). Percentage of apoptotic cells labeled with annexin V (AnxV+), and

necrotic cells labeled with propidium iodide (PI+). Data are mean + SEM, n = 6 independent cultures per genotype (p = 0.0043, WT; p = 0.0240, DMSXL;
Two-way ANOVA and Sidak post hoc test for multiple comparisons). Source data are provided as a Source Data file. *p <0.05; **p < 0.01; ***p < 0.001.

excluding abnormal cell cycle progression of primary DMSXL
astrocyte cultures (Fig. 2b and Supplementary Fig. 3a). We next
tested the contribution of cell death by AnnexinV binding and PI
incorporation, indicators of early apoptotic and late cell death,
respectively. Similarly, FACS showed no difference in the number
of AnnexinV- and Pl-positive cells between DMSXL and WT
astrocytes under basal culture conditions (Fig. 2c and Supple-
mentary Fig. 3b). To test if DMSXL astrocytes were more
vulnerable to stress, we treated cultures with staurosporine to
induce apoptosis. Staurosporine enhanced the levels of cell death
in both genotypes to a similar extent (Fig. 2c and Supplementary
Fig. 3b). In conclusion, primary DMSXL astrocyte cultures
displayed reduced growth, illustrated by abnormal impedance
readings, which did not result from abnormal cell cycle
progression or increased cell death.

We next asked if the lower cell index of DMSXL astrocytes could
be a consequence of modified cell-substrate interactions. We plated
primary DMSXL or WT astrocytes and monitored their adhesion
and spreading by live cell videomicroscopy?s. To exclude the
confounding effect of different starting cell numbers, we first
confirmed that the cell density of DMSXL and WT cultures was
identical 45 min after plating (Fig. 3a). In spite of the same number
of cells initially plated and attached to the substrate, the total surface
occupied by DMSXL astrocytes was lower 45 min after plating,
relative to control WT cultures (Fig. 3b). The lower confluence of
DMSXL astrocytes persisted up to 48 h (Fig. 3¢). In contrast, control
DM20 and DM130 astrocyte cultures expressing shorter DMPK
transcripts with a lower number CTG repeats?> exhibited normal
growth profiles over time (Fig. 3d, e), indicating that the reduced
confluence of DMSXL astrocytes could not be accounted for by
DMPK overexpression or the transgene integration site. Finally, we
confirmed the defective spreading and abnormal morphogenesis of

DMSXL astrocytes, by measuring cell size over time and the growth
rate of individual living cells, by semi-automated videomicroscopy
(Fig. 3f). We found significantly reduced cell sizes, as well as a lower
rate of cytoplasm spreading of primary DMSXL astrocytes, relative
to WT controls (Fig. 3g). Pairwise comparisons revealed that the
surface of DMSXL astrocytes was ~30-40% smaller throughout the
12h period.

We used an immortalized glial cell line to validate the impact of
toxic RNA on the adhesion and spreading of a human cell model of
DMI. We used stably transfected MIO-M1 cells, which express a
large CTG repeat expansion and accumulated abundant nuclear
RNA foci, following the induction of a doxycycline-responsive
promoter?® (Supplementary Fig. 4a). We induced transgene
expression for 24 h prior to replating. Like DMSXL astrocytes, for
the same number of cells attached (Supplementary Fig. 4b), dox-
induced MIO-M1 cells displayed reduced confluence 45 min after
plating relative to non-induced controls (Supplementary Fig. 4c).
We monitored cell spreading and morphology by live cell
videomicroscopy (Supplementary Fig. 4d) and found that MIO-
M1 cells expressing toxic CUG transcripts showed decreased cell
spreading over a period of 12h (Supplementary Fig. 4e). Pairwise
comparisons revealed that the average cell sizes were reduced by
~35% in CUG-expressing cells at 9 and 12 h after plating.

In summary, DMI1 repeat expansion affects the adhesion,
spreading, and morphogenesis of primary mouse astrocytes and
immortalized human glial cells.

Defective adhesion and spreading of DMSXL astrocytes are
associated with abnormalities in focal adhesion organization,
cytoskeleton reorientation, and cell migration. Cell-substrate
adhesion relies on focal aggregates of specialized proteins that
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quantification of cell culture confluence 45 min after plating. Data are means + SEM, n= 4 independent cultures per genotype (p = 0.0286, Two-tailed
Mann-Whitney U test). ¢ Videomicroscopy semi-automated monitoring of DMSXL and WT astrocyte confluence, from 45 min after plating up to 48 h in
culture. Data are means = SEM, n =4 independent cultures per genotype (p = 0.0048, Two-way repeated measures ANOVA). d Quantification of the
confluence of DM20 and WT astrocyte cultures over time. Data are means + SEM, n =7 independent cultures per genotype. e Quantification of the
confluence of DM130 and WT astrocyte cultures over time. Data are means £ SEM; n=4 WT independent cultures; n =3 DM130 independent cultures.
f Representative time-lapse bright field images of primary DMSXL and WT astrocytes, over 12 h after plating. Scale bar, 50 pm. The experiment was
performed on three independent cultures of each genotype. g Quantification of the surface of individual primary astrocytes over time (N = 3 independent
cultures per genotype; n =72 cells, WT; n= 64 cells, DMSXL). Data are means + SEM (p < 0.001, Two-way repeated measures ANOVA). Source data are
provided as a Source Data file. n.s., not significant; *p < 0.05; **p <0.01; ***p < 0.001.

serve as structural links between the cytoskeleton and the extra-
cellular matrix. To gain insight into the subcellular structures
contributing to the adhesion and spreading phenotypes of
DMSXL astrocytes, we quantified focal adhesions in cultured
cells. We stained clusters of vinculin, one of the first proteins to
be recruited to assembling focal adhesion complexes, and that has
an important role in maintaining focal contacts’. We used
phalloidin to stain the actin cytoskeleton (Fig. 4a). The quanti-
fication of vinculin clusters revealed a significantly lower number
of focal adhesions per cell in DMSXL astrocytes, relative to WT
controls (Fig. 4b), in spite of similar expression levels of total
vinculin (Fig. 4c), suggesting disrupted assembly and main-
tenance of focal adhesion structures. Using the actin fluorescent
signal, we confirmed the reduced size of individual DMSXL
astrocytes 3 h after plating (Fig. 4d). To investigate whether the
adhesion defects in newborn primary DMSXL astrocytes likely
reflect in vivo phenotypes, we plated mature cortical astrocytes
acutely isolated from 1-month-old mice and investigated cell

spreading and focal adhesion organization. The analysis con-
firmed a significant reduction in cell size and number of focal
adhesions per cell in DMSXL astrocytes (Fig. 4e). Together with
reduced ramification of astrocytes in DMSXL brains, these data
provide further evidence of the impact of expanded CUG RNA on
cell adhesion and morphology.

Focal adhesions play an integral role in cell polarity and
migration. Therefore, we asked if the reduced density of focal
adhesions in DMSXL astrocytes affected their polarity and
migration. One of the most frequently used culture systems to
explore cell polarity and migration in culture is the scratch injury
assay, during which cells reorient and extend towards the
wound3!. Prior to migration, the cell reorganizes the
microtubule-organizing center (MTOC) and Golgi apparatus in
front of the nucleus to face the free space, hence directing the
membrane protrusion at the leading-edge perpendicular to the
wound. We performed a wound healing assay to assess DMSXL
astrocyte polarization and migration in culture. Following the
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scratch, we monitored DMSXL astrocyte reorientation by
immunofluorescence staining of the Golgi apparatus and
centrosome and found a mild but significant defect in astrocyte
polarization (Fig. 4f). Overall while 62.8 + 1.6% of WT astrocytes
orientated their Golgi apparatus and centrosome perpendicularly
to the wound, only 55.7 + 0.8% of DMSXL astrocytes were
correctly orientated. Next, we examined the impact of defective
assembly of focal adhesions and cell reorientation on cell
migration, by time-lapse videomicroscopy and tracking of the
trajectories of individual astrocytes (Fig. 4g). DMSXL astrocytes
migrated at a higher speed over 50 h of wound closure (Fig. 4h)
and displayed more random movement characterized by a higher
mean square displacement (Fig. 4i), indicating that they covered a
larger surface area over time until they filled the wound
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completely, when compared to WT control astrocytes. The
labeling of cell-substrate adhesions and the monitoring of cell
movement revealed that the DM1 expansion mutation affects
focal adhesion assembly, the re-orientation of the cytoskeleton,
and the directionality of cell migration in DMSXL astrocytes.
Finally, we investigated whether gap junctions were affected by the
expression of toxic CUG RNA. Gap junctions are specialized
structures of direct intercellular communication that crosstalk with
the cytoskeleton and focal adhesions, hence affecting cell morphol-
ogy, adhesion, polarity, and migration32, Immunofluorescent detec-
tion of GJAl (or connexin 43), the major connexin in cultured
astrocytes33, did not reveal overt changes in cell-to-cell contacts
between primary DMSXL astrocytes (Supplementary Fig. 5a), and the
total GJA1 protein levels were not altered (Supplementary Fig. 5b).
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Fig. 4 DMSXL astrocytes show defects in focal adhesion organization, cytoskeleton reorientation, and cell migration. a Immunofluorescence of
vinculin-rich focal adhesions and staining of actin cytoskeleton with phalloidin in DMSXL and WT astrocytes, following 3 h in culture. Scale bar, 50 pm. The
experiment was performed on two independent cultures of each genotype. b Quantification of focal adhesions, assessed by the number of vinculin-rich
clusters. Tukey whisker plots represent the number of focal adhesions per cell. N = 2 independent cultures per genotype; n = 538 cells, WT; n =609 cells,
DMSXL (p = 0.0144, Two-tailed Student's t test). € Western blot quantification of vinculin expression in primary DMSXL and WT astrocytes.
Representative stain-free protein bands are shown to illustrate total protein loading. Data are means + SEM; n =7 independent cultures per genotype
(p =0.0934, Two-tailed Mann-Whitney U test). d Measurement of actin cytoskeleton spreading. Data are shown as Tukey whisker plots. N =2
independent cultures per genotype; n = 440 cells, WT; n= 487 cells, DMSXL (p < 0.0001, Two-tailed Mann-Whitney U test). e Immunofluorescence of
vinculin and detection of focal adhesions in mouse cortical astrocytes acutely isolated at 1 month of age, 3 days after plating. Scale bar, 20 pm. Tukey
whisker plots represent cell size and number of focal adhesions per cell. N =3 independent cultures per genotype; n =450 cells, WT; n= 543 cells,
DMSXL (p =0.0043, cell surface; p=0.0186, focal adhesions per cell; Two-tailed Mann-Whitney U test). f Analysis of MTOC and Golgi apparatus
orientation through the immunofluorescent labeling of pericentrin and GM130, respectively, 8 h after wound-induced migration. Scale bar, 20 pm.
Quantification of the percentage of cells with centrosome and Golgi orientated perpendicularly to wound. Data are means £+ SEM. N = 4 independent
cultures per genotype; n = 2179 cells, WT; n= 2068 cells, DMSXL (p = 0.0286, Two-tailed Student's t test). g Representative migration tracking plots of
individual DMSXL and WT astrocytes over 50 h, until complete wound closure. h Tukey whisker plots show cell speed of primary astrocytes during
migration. N = 2 independent cultures per genotype; n =39 cells, WT; n=39 cells, DMSXL (p < 0.0001, Two-tailed Student's t test). i Mean square
displacement of primary astrocytes in culture over 50 h of cell migration, until complete wound closure. Data are means + SEM. N = 2 independent cultures
per genotype; n =39 cells, WT; n=39 cells, DMSXL (p < 0.0001, Two-way ANOVA). Tukey whisker plots display the median and extend from the 25th
percentile up to the 75th percentiles. The whiskers are drawn down to the 10th percentile, and up to the 90th percentile. Source data are provided as a

Source Data file. n.s. not significant; *p < 0.05; **p <0.01; ***p<0.001.

DMSXL astrocytes enhance neuritogenesis defects of primary
neurons. Astrocytes can promote neurite growth and synapse
formation34, therefore we tested if DMSXL astrocytes affected
neuritogenesis. We first monitored primary neuron neuritogen-
esis by time-lapse video-microscopy. Bright field tracking of
neurite growth over longer periods of time (7 days in vitro, DIV)
revealed a mild reduction in the growth rate of DMSXL neurites,
which translated into significantly shorter neurites at later points,
from 4.5 DIV onwards (Fig. 5a). The defect in neuritogenesis was
confirmed by the analysis of transfected primary neurons,
expressing mKate2 fluorescent protein under the Synapsin 1
promoter (Fig. 5b).

To investigate the influence of DMSXL astrocytes on
neuritogenesis, we monitored neurite outgrowth of DMSXL and
WT neurons co-cultured with astrocytes of either genotype.
Fluorescent time-lapse videomicroscopy revealed a significant
reduction of neurite outgrowth in DMSXL/DMSXL co-cultures,
relative to WT/WT controls (Fig. 5¢). More importantly, we
found a negative impact of DMSXL astrocytes on the neurite
development of both DMSXL and WT neurons, which resulted in
significant lower neurite growth rates. Interestingly, DMSXL and
WT neurons exhibited similar neurite growth rates in the
presence of DMSXL astrocytes, corroborating the dominant
effect of DMSXL astrocytes on neurite projection development.

Since astrocytes tightly interact and functionally regulate
synapses>4, we investigated synaptic density in DMSXL mouse
brains, as a first indication of potential disrupted synapse
formation or maintenance. Immunolabeling of synapses in
mouse frontal cortex revealed that the number of excitatory
and inhibitory synapses remained unchanged in DMSXL,
indicating similar total synaptic contacts (Fig. 5d and Supple-
mentary Fig. 6a, b).

To conclude, the interplay of DMSXL astrocytes with neurons
affects neuronal development and maturation in culture.

DMSXL astrocytes show high expression of toxic RNA and
abundant nuclear foci. To assess the toxicity of CUG RNA
repeats and investigate the molecular bases underlying the pro-
nounced phenotypes of DMSXL astrocytes, we quantified the
expression of expanded DMPK transcripts in primary cultures
derived from homozygous DMSXL mice, after 6, 12, and 30 DIV.
Transgene expression was significantly higher in DMSXL astro-
cytes, as DMPK expression levels were 4- to 12-fold higher in

astrocytes than in neurons (Fig. 6a, top panel). As expected,
DMPK transgene expression profiles followed the endogenous
Dmpk gene in both types of brain cells. Murine Dmpk gene
expression was also significantly higher in astrocytes, relative to
neurons (Fig. 6a, bottom panel). In agreement with higher
transgene expression, FISH confirmed a higher percentage of
DMSXL astrocytes showing RNA foci, and a higher number of
foci per cell, when compared to DMSXL neurons (Fig. 6b and
Supplementary Fig. 2c).

We investigated if CUG foci accumulation in primary DMSXL
brain cells affected the canonical splicing regulators associated
with DM1 RNA toxicity. We found marked cytoplasmic
localization of MBNLI and MBNL2 in primary brain cells using
fluorescent immunodetection (Fig. 6¢). While both MBNL1 and
MBNL2 co-localized with RNA foci in DMSXL astrocytes, only
MBNL2 displayed co-localization with RNA foci in neurons. We
also found an intriguing reduction in the steady-state levels of
MBNLI and MNBL2 proteins in DMSXL astrocytes by western
blot (Fig. 6d), which was confirmed with two independent
primary antibodies (Supplementary Fig. 7) and equally detected
in DMSXL frontal cortex and hippocampus (Supplementary
Fig. 8). In contrast, MBNL protein levels in primary neurons were
undistinguishable between genotypes and were significantly lower
when compared to DMSXL astrocytes (Supplementary Fig. 7a, b).
No obvious changes in CELF1 and CELF2 protein levels were
found in DMSXL cells (Fig. 6d).

MBNL protein downregulation could not be attributed to lower
transcript levels, since both Mbnll and Mbni2 transcripts were
surprisingly higher in DMSXL astrocytes (Fig. 6e), suggesting
complex mechanisms of gene expression regulation. We studied
the splicing of regulatory alternative exons of Mbnll and Mbni23°
and found noticeably different splicing profiles between WT
astrocytes and neurons. Furthermore, the alternative exons
studied were abnormally spliced only in primary DMSXL
astrocytes, remaining unaffected in DMSXL neurons, relative to
WT control cells (Fig. 6f). Since these alternative exons regulate
the nuclear localization of MBNL proteins, we studied the impact
of missplicing on the intracellular distribution of MBNL1 and
MBNL2 between nucleus and cytoplasm in DMSXL astrocytes.
We found a significant increase in the nuclear to cytoplasmic
ratio of MBNL2 immunofluorescence in DMSXL astrocytes
relative to WT controls. MBNLL1 distribution remained, however,
unchanged between genotypes (Supplementary Fig. 7d).
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Fig. 5 DMSXL astrocytes alter neuronal neuritogenesis. a Representative brightfield images of unlabeled DMSXL and WT neurons at 4 and 7 DIV,
showing neurite arborization in culture. Fire pseudocolor was applied on phase contrast images for clearer visualization of neurites. Scale bar, 50 pm. Semi-
automated, label-free quantification of neurite growth rate and neurite length over 7 DIV. Data are means + SEM. n = 3 independent cultures per genotype
(p =0.0436, Two-tailed Student's t test, neurite growth; p = 0.0103, 4.5 DIV, p = 0.0012, 5.0 DIV, p<0.0001, 5.5-7.0 DIV, Two-way ANOVA, Sidak post
hoc test for multiple comparisons, neurite length). b Representative images of mKate2-expressing neurons in the same DMSXL and WT cultures at 4 and 7
DIV. Scale bar, 50 pm. Fluorescent signal was first detected at 4 DIV, and quantification of neurite growth by semi-automated time-lapse videomicroscopy
was performed from 4 to 7 DIV. Data are means + SEM. n =3 independent cultures per genotype (p = 0.0083, Two-tailed Student's t test).

¢ Representative images of mKate2-expressing red fluorescent DMSXL and WT neurons co-cultured with unlabeled DMSXL and WT astrocytes. Scale bar,
50 pm. Quantification of the impact of astrocyte genotype on DMSXL and WT neurite growth. Tukey whisker plots represent neurite growth relative to
normalized WT/WT co-cultures. N =4 independent co-cultures per experiment, n =22 neurons per condition (p = 0.0032, WTeurons/ W Tastrocytes VS
WTneurons/DMSXLastrocytes; p= 004511 DMSXLneurons/WTastrocytes Vs DMSXLneurons/DMSXLastrocytes; p< 00001: WTneurons/WTastrocytes vs
DMSXLneurons/DMSXLastrocytes; p= 00124: WTneurons/WTastrocytes Vs DMSXLneurons/WTastrocytes; p= 012444 WTneurons/DMSXLastrocytes Vs
DMSXLneurons/ DMSXLastrocytes: One-way ANOVA, Sidak post hoc test for multiple comparisons). The plots display the median and extend from the 25th
percentile up to the 75th percentiles. The whiskers are drawn down to the 10th percentile, and up to the 90th percentile. d Number of excitatory synapses
assessed by co-localized clusters of VGLUTT and HOMER], and inhibitory synapses assessed by co-localized clusters of GAD1/GAD2 (GAD65/GAD67)
and GPHN (gephyrin) in the frontal cortex of DMSXL and WT mice, at 1 month of age. Data are means + SEM. N =5 mice per genotype, n =3 fields per

mouse. Source data are provided as a Source Data file. n.s. not significant; *p <0.05; **p < 0.07; ***p <0.001.

In summary, together with their pronounced phenotypes,
primary DMSXL astrocytes expressed higher levels of expanded
and toxic CUG-containing DMPK transcripts, exhibited more
pronounced accumulation of toxic RNA foci, as well as MBNL
protein sequestration and downregulation.

DMSXL astrocytes exhibit significant splicing variations of
genes involved in cell adhesion, cytoskeleton, and cell mem-
brane dynamics. To decipher the mechanisms behind abnormal
adhesion and spreading of DMSXL astrocytes, we explored the
RNA sequencing of primary cells that we have recently
collected3®. Transcripts from a total of 16,878 genes were detected
in primary astrocytes derived from newborn mouse cortex
(Supplementary Table 1). Stringent selection criteria revealed that
the most severe expression changes affected only five transcripts
in primary DMSXL astrocytes (Supplementary Table 2). Splicing
changes were, however, much more frequent. We found evidence
of missplicing in 128 astrocyte transcripts, including

abnormalities in exon skipping, splicing of mutually exclusive
exons, splicing of multiple exons, as well as changes in the
selection of acceptor and donor sites (Supplementary Table 1).
The same thresholds revealed expression abnormalities in two
genes, and splicing defects in 12 transcripts among the 17,089
transcripts identified in primary cortical DMSXL neurons (Sup-
plementary Table 1).

To investigate the biological functions associated with the 128
transcripts misspliced in primary DMSXL astrocytes, we
performed gene ontology (GO) enrichment analyses and found
69 biological processes, 68 cellular components, and 9 molecular
functions significantly overrepresented. Post-processing methods
identified cell adhesion, cytoskeleton, and plasma membrane as
the low redundancy terms most frequently associated with
enriched biological processes, cellular components, and molecular
functions in primary DMSXL astrocytes (Fig. 7a). We then
selected transcripts associated with representative GO terms for
validation of abnormal exon skipping (Supplementary Table 3)
and confirmed the significant missplicing of all the exons tested in
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Fig. 6 DM1 RNA toxicity is more pronounced in mouse astrocytes than in neurons. a Quantitative RT-PCR expression analysis of human DMPK transgene
and mouse endogenous Dmpk relative to 78S rRNA internal control in primary DMSXL astrocytes and neurons at 6, 12, and 30 days in vitro. Data are
means + SEM, n = 3 independent cultures per group (p < 0.0001, Two-way ANOVA, Sidak post hoc pair-wise comparisons). b FISH analysis of nuclear foci
accumulation in primary DMSXL astrocytes and neurons. Percentage of GFAP-expressing astrocytes and MAP2-expressing neurons containing foci
(p <0.0001, y2 test). Data are means + SEM. Tukey whisker plots represent the number of foci per nucleus in primary DMSXL astrocytes and neurons
(p <0.0001, Two-tailed Mann-Whitney U test). The plots display the median and extend from the 25th percentile up to the 75th percentiles. The whiskers
are drawn down to the 10th percentile, and up to the 90th percentile. N = 3 independent cultures per cell type; n = 217 astrocytes; n =125 neurons. Scale
bar, 10 um. ¢ FISH of RNA foci (magenta) combined with IF detection of MBNL1 and MBNL2 (green) in primary astrocytes and neurons of DMSXL and WT
mice. Scale bar, 10 um. Nuclei are stained with DAPI (blue). The experiment was performed on three independent cultures of each genotype. d Western
blot quantification of MBNL and CELF proteins in primary astrocytes and neurons from DMSXL and WT mice. MBNL1 and MBNL2 were detected with
antibodies raised against recombinant full length human proteins. Representative stain-free protein bands are shown to illustrate total protein loading. Data
are means + SEM, n =7 independent cultures per genotype (p <0.0001, MBNL1, MBNL2; p = 0.9199, CELF1, p = 0.9728; CELF2; Two-way ANOVA, Sidak
post hoc test for multiple comparisons). e Quantification of MbnlT and Mbnl2 transcripts in primary DMSXL astrocytes and neurons, relative to WT
controls. Data are means = SEM, n = 4 independent cultures per genotype (p < 0.0001, MbnlT; p = 0.0054, Mbnl2; Two-way ANOVA, Sidak post hoc pair-
wise comparisons). f Representative RT-PCR splicing analysis of MbnlT and Mbnl2 transcripts in primary astrocytes and neurons. The graphs show the PSI
of alternative exons. Data are means £ SEM, n= 6 independent cultures per genotype (p < 0.0001; Two-way ANOVA, Sidak post hoc test for multiple
comparisons). Source data are provided as a Source Data fi