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ACTL6a coordinates axonal
caliber recognition and myelination
in the peripheral nerve

Hye-Jin Park,1 Eric Tsai,1,2 Dennis Huang,1,3 Michael Weaver,4 Luciana Frick,4 Ace Alcantara,3,5 John J. Moran,7

Julia Patzig,1 Carmen V. Melendez-Vasquez,3,5 Gerald R. Crabtree,6 M.L. Feltri,4 John Svaren,7

and Patrizia Casaccia1,2,3,8,*

SUMMARY

Cells elaborate transcriptional programs in response to external signals. In the
peripheral nerves, Schwann cells (SC) sort axons of given caliber and start the pro-
cess of wrapping their membrane around them. We identify Actin-like protein 6a
(ACTL6a), part of SWI/SNF chromatin remodeling complex, as critical for the inte-
gration of axonal caliber recognition with the transcriptional program of myelina-
tion. Nuclear levels of ACTL6A in SC are increased by contact with large caliber
axons or nanofibers, and result in the eviction of repressive histone marks to
facilitate myelination. Without Actl6a the SC are unable to coordinate caliber
recognition and myelin production. Peripheral nerves in knockout mice display
defective radial sorting, hypo-myelination of large caliber axons, and redundant
myelin around small caliber axons, resulting in a clinical motor phenotype. Over-
all, this suggests that ACTL6A is a key component of the machinery integrating
external signals for proper myelination of the peripheral nerve.

INTRODUCTION

Cells are constantly exposed to a variety of physical and chemical stimuli in their local microenvironment.

These different signals are integrated and transduced into transcriptional changes that ultimately generate

a biological response. The transduction of chemical and physical signals has been studied extensively in

stem cells, whose fate can be modulated by both soluble factors and matrix elasticity (Chaudhuri et al.,

2016; Engler et al., 2006). Schwann cells in the peripheral nervous system (PNS) must similarly integrate

and respond to a wide range of external signals. During development, myelination of peripheral nerve re-

sults from the response of Schwann cells to a diverse array of physical (e.g., axonal caliber recognition, ten-

sile strain, extracellular matrix (ECM) stiffness), and chemical signals (e.g., neuregulins and ECM proteins)

(Wilson et al., 2021).

Within the peripheral nerve, axons can be either myelinated (caliber greater or equal to 1mmdiameter) and

in close contact with myelinating Schwann cells or unmyelinated (small caliber) and organized in clusters,

surrounded by the membrane of non-myelinating Schwann cells in histological structures called ‘‘Remak

bundles’’. This specialized cellular architecture of the peripheral nerve results from a sequence of events

occurring during development, which includes radial sorting and myelination. During radial sorting, imma-

ture Schwann cells extend protrusions into axonal bundles and, after identifying those with a caliber greater

or equal to 1mm, they establish a 1:1 relation and start an elaborate transcriptional program which eventu-

ally leads to formation of the specialized myelin membrane (Feltri et al., 2016). These two inter-related pro-

cesses (i.e., radial sorting and myelination) require the integration of physical and chemical signals (Feltri

et al., 2002; Pellegatta et al., 2013; Poitelon et al., 2016; Yu et al., 2005) and the responsible molecular com-

ponents remain incompletely understood.

The recognition of large caliber axons has thus far been shown to be mediated by a chemical signal known

as neuregulin-1 type III (NRG1-III). NRG1-III is a transmembrane protein that is present on axonal mem-

branes and activates Schwann cell ErbB2/ErbB3 receptor complexes. The amount of NRG1-III present

on the axonal surface has been shown to dictate myelination and the thickness of the myelin sheath
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(Michailov et al., 2004; Taveggia et al., 2005). NRG1-III therefore functions as a signal of axonal size with

larger axons expressing higher levels. It remains unclear, however, whether Schwann cells are also able

to ‘‘sense’’ axonal caliber independently of chemical signals. Schwann cells are mechano-sensitive and

they respond to both tension and substrate stiffness, by modulating gene expression (Poitelon et al.,

2016; Urbanski et al., 2016). The mechano-sensitivity of these cells has been mostly attributed to the

HIPPO pathway and shown to require the presence of two co-activators: Yes-Associated Protein 1

(YAP1) and WW domain containing transcription regulator 1 (TAZ/WWTR1) (Poitelon et al., 2016). YAP

and TAZ nuclear localization, in response to mechanical stimuli leads to their association with the transcrip-

tion factor TEA Domain Transcription Factor 1 (TEAD1) and regulates gene expression (Dupont et al.,

2011). Both YAP1 and TAZ were demonstrated to be required for radial sorting and myelination, but it is

unclear if the same pathway may also be involved in sensing of axonal caliber, a process which is crucial

for the development of the peripheral nerve.

Process extension during radial sorting and membrane wrapping during myelination require extensive

morphological changes that are mediated by actin cytoskeleton remodeling (Jin et al., 2011; Montani

et al., 2014; Nawaz et al., 2015; Novak et al., 2011; Sparrow et al., 2012; Zuchero et al., 2015). However,

the potential role that nuclear actin and related proteins play in these processes, remains virtually unex-

plored. Actin-Like Protein 6a (ACTL6a) is a nuclear actin-related protein which is part of several ATP-depen-

dent chromatin remodeling complexes, such as the SWItch/Sucrose Non-Fermentable (SWI/SNF) com-

plexes. Among some of these complexes, one containing Brahma-related Gene 1 (BRG1) as the core

ATPase, has been previously shown to be - essential in Schwann cells, for radial sorting and for the expres-

sion of the pro-myelinating transcription factors Pou3f1 and Egr2 (Limpert et al., 2013; Weider et al., 2012).

ACTL6A facilitates BRG1 optimal ATPase activity and is also part of other SWI/SNF complexes (Szerlong

et al., 2008; Zhao et al., 1998).

In this study we asked whether ACTL6a could integrate the recognition of axonal caliber - with the tran-

scriptional program regulating radial sorting and myelination in the peripheral nerve.

RESULTS

ACTL6a is highly expressed during developmental myelination in the sciatic nerve

Previous studies on the role of SWI/SNF complexes in neural progenitors identified an important dynamic

exchange of ACTL6a for its homolog ACTL6b during their differentiation into post-mitotic neurons (Les-

sard et al., 2007). However, a time course of the expression of Actl6a and Actl6b transcripts in the devel-

oping sciatic nerve, identifiedActl6a as the only subunit (Figure 1A). This finding was consistent with several

previous reports, includingmicroarray data in Schwann cells (Verdier et al., 2012), RNA sequencing datasets

in neural crest cells (Clements et al., 2017), and single cell RNAsequencing of Schwann cells in postnatal

nerves (Gerber et al., 2021). Thus, Schwann cells did not display the subunit switch between Actl6a and

Actl6b like neural progenitors. ACTL6A was the only subunit expressed in the developing sciatic nerve,

with the highest levels detected postnatally (Figures 1B and S1A) during the temporal window character-

ized by the selection of axons of proper caliber and onset of myelination (Feltri et al., 2016). Immunohisto-

chemical analysis of developing nerves further validated the expression of ACTL6a in the nuclei of Schwann

cells, identified by immunoreactivity for the lineage marker SOX10 (Figure 1C). These data collectively sug-

gested a prominent role for ACTL6a, and not ACTL6b, in peripheral myelination at a time consistent with

the recognition of axonal caliber by Schwann cells and the integration with the complex transcriptional pro-

gram of myelination.

Schwann cell-specific ablation of ACTL6a induces a phenotype characterized by motor

impairment and altered developmental myelination of the peripheral nerve

To investigate ACTL6a function in myelin formation, we generated a conditional mouse line by breeding

Actl6a floxed mice (Actl6afl/fl), with loxP-sites flanking exons 4 and 5 of the gene (Krasteva et al., 2012),

with a mouse line with the Cre recombinase knock-in within the Cnp1 promoter (Cnp1-cre) to target myeli-

nating cells in the peripheral and central nervous system (Lappe-Siefke et al., 2003).Cnp1-cre;Actl6afl/flmice

showed a recombination efficiency of 76% +/� 0.06 (Figures S1B and S1C). They were born at expected

Mendelian ratios and were indistinguishable from Actl6afl/fl littermates during the first few postnatal weeks.

Over the course of development, however, mutant mice displayed abnormal hindlimb clasping upon tail

suspension (Figure 1D), and developed a progressive motor phenotype, characterized by gradual loss of

strength in hindlimbs and, to a lesser extent, also of the forelimbs. By age 8 weeks, mutant mice were
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unable to grasp onto an inverted grid. This loss of hindlimb strength progressively deteriorated into com-

plete hindlimb paralysis by age 16 weeks (Figure 1E). To further characterize the motor deficit, we assessed

the mice using a grip strength meter over the course of development. Grip strength of Cnp1-cre;Actl6afl/fl

mice was significantly impaired at 12 weeks compared to control littermates (Figure 1F). The motor defects

were highly suggestive of peripheral neuropathy, consequent to aberrant PNS myelination , since myelina-

tionin the mutant spinal cord was indistinguishable from controls (data not shown). To further validate this

interpretation, we generated a second mouse line, selectively targeting myelinating cells in the PNS, by

crossing the Actl6afl/fl mice with the Mpz-cre line (Feltri et al., 1999) The recombination efficiency in this

line was 66% +/� 0.03 (Figures S1D and S1E), and we detected a similar, albeit milder motor phenotype

characterized by hindlimb clasping (Figures 1G and 1H) and subsequent reduction in grip strength at

Figure 1. ACTL6a is detected in the developing sciatic nerve and its ablation in Schwann cells induces a progressive motor phenotype

(A) The scatterplot represents the average transcript levels GSEM of Actl6a and Actl6b in sciatic nerves at postnatal day 3, 5, 10, 30 and 60 (n = 3 per age),

normalized to the geometric mean of three reference genes (Gapdh, Wdr33, and 18s). Statistical analysis was performed using one-way ANOVA with

multiple comparisons.

(B) Western blot of ACTL6a protein levels in the developing sciatic nerve at postnatal day 3, 5, 10, 15, 30 and 60. GAPDH levels were used as loading control.

(C) Confocal images of postnatal day 5 mouse sciatic nerve sections stained for ACTL6a (red) and SOX10 (white). DAPI (blue) as nuclear stain. Scale bar, 5mm.

(D) Tail suspension test showing abnormal hindlimb clasping reflex in Cnp1-cre;Actl6afl/fl mice, compared to controls.

(E) The curve represents the average clinical scoreGSEM inmutantCnp1-cre;Actl6afl/f (n = 6), heterozygousCnp1-cre;Actl6afl/+(n = 4), and wildtypeActl6afl/fl

(n = 12) controls. Motor scoring was performed starting at P15 and conducted for 14 weeks, until mice were 16 weeks old. Scoring was as follows: 1 – hindlimb

clasping, 2 – unable to hold on to inverted grid, 2.5 – can only grip upright grid with front paws, 3 – not able to hold on to upright grid, 3.5 no forelimb

resistance when pulled across grid, 4 – hindlimb paralysis, 5 – dead. Statistical analysis was performed using two-way ANOVA.

(F) Average grip strength values GSEM obtained in Cnp1-cre;Actl6afl/fl mice (n = 5) and control littermates (n = 7) at age 12 weeks. Statistical analysis was

performed using Student’s t-test.

(G) Tail suspension test results in Mpz-cre;Actl6afl/fl mice and relative controls.

(H) Motor scoring represents the average clinical scoreGSEM over time (from 2 to 16 weeks) for mutantMpz-cre;Actl6afl/f (n = 4), compared to heterozygous

Mpz-cre;Actl6afl/+(n = 3), and Actl6afl/fl (n = 4) controls. Statistical analysis was performed using two-way ANOVA.

(I) Average grip strength valuesGSEM forMpz-cre;Actl6afl/fl mice (n = 4) and control littermates (n = 4) at 12 weeks of age. Statistical analysis was performed

using Student’s t-test. **p< 0.01, ***p< 0.001, ****p< 0.001.
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12 weeks of age (Figure 1I). Overall, the similar clinical phenotype detected in the two lines of mouse mu-

tants was highly suggestive of altered myelination in the developing peripheral nerves, an interpretation

supported by the immunohistochemical data in adult sciatic nerves (Figures S2A and S2B). To determine

whether the phenotype detected in adult mice was the result of aberrant development of the peripheral

nerves, we conducted a similar analysis in neonatal sciatic nerves.Reduced MBP immunoreactivity was de-

tected at postnatal day 5 (P5) in Cnp1-cre;Actl6afl/fl (Figures 2A and 2B) and Mpz-cre;Actl6afl/fl mice

(Figures 2D and 2E), compared to controls.and it was not accompanied by decreased SOX10+ Schwann

cell numbers(Figures 2C and 2F). Quantification of caspase-3+/SOX10+, to measure apoptosis and

Ki67+/SOX10+ cells, to measure proliferation in Schwann cells, did not reveal significant differences be-

tween mutants and controls (Figures S2C and S2D). Thus, the phenotype detected in Actl6a mutants

was consequent to an alteration of Schwann cell biological processes, rather than a putative reduction

in their number secondary to an apoptotic or proliferative phenotype Figures S2.

Consistent with the immunohistochemical data, ultrastructural analysis of adult P60 nerves revealed

a �50% reduction of myelinated fibers in mutants, compared to controls (Figures 3A and 3B). Besides

Figure 2. Impaired myelination in the neonatal sciatic nerve following ACTL6a ablation

(A) Confocal image of postnatal day 5 sciatic nerve sections from Actl6afl/fl controls and Cnp1-cre;Actl6afl/fl null mutants, stained with antibodies specific for

neurofilament light chain (NFL, red) and MBP (white) in the upper panels, and for SOX10 (white) and DAPI (blue) counterstain in the lower panels sciatic

nerves at P5.

(B) Quantification of the average MBP immunoreactive area GSEM measured in at least two sections per mouse in Actl6afl/fl control (n = 4 mice) and Cnp1-

cre;Actl6afl/fl (n = 4 mice) at postnatal day 5.

(C) Quantification of the average number of SOX10+ Schwann cells determined in at least 2 sections from each Actl6afl/fl control (n = 4 mice) and Cnp1-

cre;Actl6afl/fl (n = 3) mice. Data represent the percentage relative to DAPI nuclei GSEM.

(D) Confocal image of postnatal day 5 sciatic nerve sections from Actl6afl/fl control and Mpz-cre;Actl6afl/fl mice stained as described in (A).

(E) Quantification of the average MBP immunoreactive area GSEM measured as described in (B) in controls (n = 4) and Mpz-cre;Actl6afl/fl mutants (n = 4

mice).

(F) Quantification of the average number of SOX10+ Schwann cells in at least 2 sections from Actl6afl/fl control (n = 4 mice) andMpz-cre;Actl6afl/fl (n = 3) mice.

Data represents the percentage relative to DAPI nuclei GSEM. Student’s t-test. ***p< 0.001. Scale bars in panels A and D, 20mm.
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Figure 3. Impaired myelination in the adult sciatic nerve of Actl6a mutants

(A) Representative electron micrographs showing impaired myelination in Cnp1-cre;Actl6afl/fl sciatic nerves at P60 with fewer myelinated exons and myelin

outfoldings. Scale bars, 2mm.

(B) Average numbers GSEM of myelinated axons per square millimeter in sciatic nerve sections from adult Actl6afl/fl control (n = 6) and Cnp1-cre;Actl6afl/fl

(n = 6) nerves.

(C) Quantification of axons with myelin outfoldings calculated as percentages of myelinated axons GSEM in adult Actl6afl/fl control (n = 6) and Cnp1-

cre;Actl6afl/fl (n = 6) nerves.

(D) Representative electron micrographs showing radial sorting defects in Cnp1-cre;Actl6afl/fl sciatic nerves at P60. Note the difference in caliber of the

naked axons within bundles. Scale bars, 100nm.

(E) Quantification of the average diameter GSEM of axons in bundles in control (n = 6) and mutant (n = 6) nerves. A total of 100 axons were measured per

animal. Statistical analysis was performed using Student’s t-test *p< 0.05, ***p< 0.001, ****p< 0.0001.
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Figure 4. Dysregulated transcriptome in Actl6a mutant neonatal nerves

(A) Volcano plot depicting the log2 fold change plotted against –log10 p values of transcripts with differential expression (p,0.05 and FC < or > than 1) in

postnatal day 3 nerves from Cnp1-cre;Actl6afl/fl (n = 3) compared to controls (n = 3). The number on top indicates the total transcripts.
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hypomyelination of large caliber axons (Figure S3A), we detected a higher number of smaller caliber axons

with myelin outfoldings (Figures 3A and 3C), consistent with production of redundant myelin membranes

(Figures 3A and S3B), a feature indicative of lack of coordination between axonal caliber and myelin syn-

thesis. An additional feature of themutant nerves was the presence of large caliber axons tightly associated

in clusters (Figure 3A). Although control nerves displayed the characteristic ‘‘Remak bundles’’, character-

ized by clusters of small caliber axons, the bundles in mutant nerves were characterized by the presence

of large caliber axons (Figures 3D and 3E), and suggested that Schwann cells were unable to select and

sort axons of caliber proper for myelination. Since aberrant sorting had been previously reported in laminin

and integrin mutants (Feltri et al., 2002; Yang et al., 2005), we also analyzed the basal lamina integrity in the

Actl6a mutants. Our analysis revealed an intact basal lamina in pro-myelinating Schwann cells and in

myelin-forming Schwann cells (arrows in Figure S3C), while the basal lamina was discontinuous or even ab-

sent in immature mutant Schwann cells that were unable to sort (arrowhead in Figure S3D). Defective sort-

ing and altered myelination were already detected in the neonatal mutant nerves (Figure S4), suggesting

that hypomyelination and radial sorting defects began early in peripheral development and persisted in

adulthood. Based on these results we suggest that the presence of ACTL6a is necessary for the ability of

Schwann cells to recognize axonal caliber and integrate it with the transcriptional program allowing for

proper sorting and coordinated myelin synthesis and wrapping.

Analysis of the ACTL6a mutant nerve transcriptome provides mechanistic insights on its role

in Schwann cells

To begin characterizing the transcriptional consequences of Actl6a deletion in Schwann cells, we per-

formed RNA-sequencing of P3 sciatic nerves in Cnp1-cre;Actl6afl/fl and compared it with that of Actl6afl/fl

control mice. The analysis identified 1,256 dysregulated transcripts, of which 599 were significantly

decreased (Table S1) and 657 were significantly increased (Table S2) in mutant nerves (Figures 4A and

S5A). A Gene Set Enrichment Analysis (GSEA) of these transcripts (Figure 4B) identified decreased levels

of myelination-related genes and increased levels of inflammation-related genes. More specifically, the

transcript levels of myelin protein (e.g., Pmp22, Mbp, Mpz), pro-myelinating transcription factors (e.g.,

Egr2, Pou3f1) and cholesterol biosynthesis (e.g., Lss, Hmgcs1, Hmgcr, Dhcr24) encoding genes were all

significantly decreased whereas the markers of pre-myelinating Schwann cells (e.g., Egr1, Gap-43, c-Jun,

and GFAP) were increased in the P3 mutant nerves compared to control. These results suggested that

the absence of Actl6a impacted the coordinated synthesis of pro-myelinating transcription factors myelin

proteins and lipids. However, it is important to note that ACTL6A is part of the SWI/SNF complex, which

contains BRG1 as the ATPase motor and previously reported to be critical for Schwann cell development

(Limpert et al., 2013; Weider et al., 2012). Complexes containing BRG1 were previously reported in

Schwann cells to bind to NF-kB and activate Sox10 expression (Limpert et al., 2013), but also bind to

SOX10 and increase transcription of Pou3f1 and Egr2 (Weider et al., 2012) and bind to SOX10 and EGR2

to activate myelin gene expression in other cell types (Marathe et al., 2013). Importantly, the transcriptome

of Actl6amutant nerves was different from that of Brg1mutant because transcript levels of genes increased

in Brg1 null Schwann cells (e.g., Sox2), were decreased in Actl6a mutants. Validation of the transcriptome

analysis was conducted by using immunohistochemistry which identifies a significant reduction in the levels

of myelin protein zero (MPZ) immunoreactive nerve fibers in Actl6a mutants (Figure 4C). The levels of the

pro-myelinating transcription factor POU3F1 were also reduced in mutant nerves compared to controls

(Figure 4D) whereas markers of pre-myelinating stage, such as GFAP protein levels were increased (Fig-

ure 4E). Consistent with increased expression of transcripts involved in inflammatory response, the number

Figure 4. Continued

(B) Gene set enrichment analysis (GSEA) of downregulated transcripts in Actl6amutant nerves identifies myelination genes (GO:0042552) whereas GSEA of

upregulated transcripts identifies inflammatory response genes (GO:0006954). Blue bars signify downregulated genes and red bars signify upregulated

genes.

(C) Quantification of MPZ immunoreactivity in Actl6afl/fl control, Cnp1-cre;Actl6afl/fl, and Mpz-cre;Actl6afl/fl sciatic nerves at P5. The graph represents the

average area of immunoreactivity GSEM measured in at least 2 sections per mouse.

(D) Quantification of POU3F1+ cells per square millimeter in P5 nerve sections from mice of the indicated genotype. Data represent average number of

POU3F1 immunoreactive cells GSEM.

(E) Quantification of GFAP immunoreactivity expressed as mean fluorescence intensity (MFI)G SEM in postnatal day 5 sciatic nerves in mice of the indicated

genotype. GFAP immunoreactivity was quantified as percentages of the total section area from 2 sections per mouse and then averaged.

(F) Quantification of total number of macrophages (CD68+) per square millimeter in P5 nerve sections from mice of the indicated genotype. Data represent

the average number GSEM of CD68+ cells in at least 2 sections per animal. Statistical analysis was performed using Student’s t-test, *p< 0.05, **p< 0.01,

***p< 0.001, ****p< 0.0001.
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of nerve macrophages (CD68+) was increased in the neonatal nerves of Cnp1-cre;Actl6afl/fl, although this

was not observed in theMpz-cre;Actl6afl/fmutant mice with a milder clinical phenotype (Figure 4F). Analysis

of enriched transcription factor binding sites in genes with decreased expression in Actl6a mutant nerves,

using the Transcriptional Regulatory Relationships Unraveled by Sentence-based Text mining (TRRUST)

(Han et al., 2015), identified an enrichment for SOX10 and POU3F1 binding sites (data not shown), thereby

suggesting an important functional relation between ACTL6A and these transcription factors.

The TRRUST analysis also identified the presence of binding sites for the Sterol regulatory element binding

transcription factor (SREBF) in the genes with decreased expression in mutant nerves (data not shown).

Genes within the SREBF pathway were previously reported to be expressed at lower levels also in the pe-

ripheral nerves of mutants in the HIPPO mechano-transduction pathway (Mpz-cre;Tazfl/fl;Yapfl/+) (Poitelon

et al., 2016). Therefore, we compared the transcriptome of Actl6a mutant nerves with that of P3 sciatic

nerves Yap/Taz mutants. We detected a significant overlap (p = 8.9e-189), as one third of the transcripts

were decreased in both Actl6a and Yap/Taz mutants neonatal nerves, compared to controls (Figure S5B).

Common transcripts expressed at lower levels in mutants (Table S3) included several cholesterol biosyn-

thesis genes (Hmgcr, Dhcr24, Lss), myelin genes (Mpz, Pmp22, Mbp), and extracellular matrix components

(Col28a1, CollagenType XXVIII Alpha 1 Chain). This overlap suggested the existence of a synergism be-

tween ACTL6a-containing SWI/SNF complexes and the mechano-sensing YAP1/TAZ pathway, as also re-

ported in cancer (Chang et al., 2018). However, the fact that the overlap was limited to 27% of the transcripts

and that Pou3f1 expression was only affected in the Actl6a and not in the Yap1/Tazmutants, supported the

interpretation that ACTL6a containing SWI/SNF complexes may be part of the HIPPO mechanotransduc-

tion pathway, but also exert a distinct function in Schwann cells.

Nuclear ACTL6a levels in schwann cells in response to mechanostimulation

Based on the transcriptional overlap between Actl6a and Yap/Taz mutant nerves and the similar histolog-

ical features of the peripheral nerve (i.e. hypomyelination and altered sorting ) we asked whether stiffness of

growth substrate, a mechanical stimulus previously reported to affect nuclear localization of YAP in

Schwann cells (Poitelon et al., 2016), also affected ACTL6A nuclear immunoreactivity. Indeed, Schwann

cells cultured on stiffer (40 kPa) laminin 211-coated polyacrylamide hydrogels showed higher ACTL6A nu-

clear levels compared to softer (2 kPa) matrices (Figure 5A and 5B), and further supported the role of

ACTL6A in the mechano-transduction pathway in Schwann cells. To further define whether higher

ACTL6A nuclear immunoreactivity was achieved by any sort of mechano-stimulation, we cultured Schwann

cells on 2D deformable silicone membrane coated with laminin 211 and subjected them to stretching for

varying amounts of time. The levels of nuclear ACTL6A remained the same in the two conditions, thereby

underscoring the specificity of the response to distinct physical signals (Figures 5C and 5D). The sorting

phenotype detected in mice suggested that ACTL6a could act as potential axonal caliber recognition

molecule. This question was initially approached by assessing ACTL6A nuclear levels in Schwann cells

plated on dorsal root ganglia (DRGs) axons of different caliber, due to differential supplementation either

with brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3), to promote survival of neurons

Figure 5. ACTL6a nuclear immunoreactivity is regulated by substrate stiffness and fiber caliber

(A) Confocal imaging of rat Schwann cells cultured on either soft (2 kPa) or stiff (40 kPa) laminin-coated polyacrylamide hydrogels and then stained for

ACTL6a (green) and DAPI (blue) as nuclear counterstain.

(B) The scatterplot represents the mean fluorescence intensity (MFI) of nuclear ACTL6a in individual cells, measured in 100 nuclei for each condition. Average

value is represented by a line GSEM.

(C) Confocal imaging of rat Schwann cells exposed to 12% substrate elongation (tension) using the Flexcell FX-5000 Tension system for either 24 or 48 h and

then stained for ACTL6a (red) and DAPI (blue) as nuclear counterstain.

(D) The scatter plot represents the individual determinations of fluorescence intensity, measured for 100 nuclei for each condition in three independent

experiments. Statistical analysis was performed using one-way ANOVA with multiple comparisons.

(E) Immunofluorescent imaging of ACTl6a (red), neurofilament heavy chain (NFH, green), andMBP (white) in rat Schwann cells co-cultured with rat dorsal root

ganglia (DRG) neurons grown either in 50 ng/mL NGF or in 25 ng/mL BDNF and 10 ng/mL NT3.

(F) Distribution of axonal calibers of unmyelinated fibers in DRG explants supplemented with either NGF or BDNF/NT3. Axonal calibers were measured in

NFH + fibers.

(G) The scatterplot represents the mean fluorescence intensity of ACTL6a in individual Schwann cells cultured on NGF-supplemented and BDNF/NT3-

supplemented DRGs. The average value is represented by a line GSEM.

(H) Immunofluorescence of ACTL6a (red) in rat Schwann cells cultured for 48 h on 0.5 and 1 mm diameter polylactic acid (PLA) nanofibers with or without

laminin 211 coating.

(I) The scatterplot represents the mean fluorescence intensity (MFI) for ACTL6a measured in at least 60 nuclei in each condition and in experiments per-

formed 3 times. The meanG SEM are shown. Statistical analysis was performed by Student’s t-test. ****p < 0.0001. Scale bars in panels A, C, E, H and I, 5mm.
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with large caliber axons or with nerve growth factor (NGF) to promote survival of neurons with small caliber

axons (Taveggia et al., 2005). The nuclear levels of ACTL6a were higher in Schwann cells co-cultured on the

large caliber BDNF/NT3-supplemented DRG axons than in Schwann cells co-cultured on NGF supple-

mented DRG neurons (Figures 5E–5G). However, since distinct neurotrophins differentially affect the levels

of NRG1 type III (Taveggia et al., 2005) we could not rule out the possibility that the increased levels of

ACTL6A in Schwann cells co-cultured with neurons grown in BDNF and NT3 were related to neuregulin

signaling.

To establish the relationship between ACTL6A levels and caliber recognition independently of NRG

signaling, we then used a reductionist approach and cultured Schwann cells on polylactic acid (PLA) nano-

fibers of different caliber (0.5mm, 1mm), either coated with laminin 211 (Figure 5H) or uncoated (Figure 5I).

The levels of ACTL6a nuclear immunoreactivity were significantly higher in Schwann cells cultured on large

caliber (1mm) nanofibers than those cultured on nanofibers of smaller caliber (0.5mm), regardless of whether

nanofibers were coated with laminin or poly-lysine (Figures 5H and 5I). This supported the relation between

ACTL6A nuclear levels and the caliber of the nanofibers.

ACTL6a integrates axonal caliber recognition and regulation of gene expression during

developmental myelination of peripheral nerves

Insights regarding the molecular mechanism of ACTL6a function in Schwann cells were suggested by the

results of the ChEA (Chip sequencing Enrichment Analysis), which identified within the list of transcripts

decreased in the Actl6a mutant nerve, an enrichment for previously published ChIP Seq datasets for Poly-

comb Repressive Complex 2 (PRC2) subunits (SUZ12, EZH2, EED), PRC1 subunits (RNF2) and for BRG1 (Fig-

ure 6A). This was of extreme interest, as it had been previously reported that ACTL6A containing SWI/SNF

complexes regulate gene expression through opposition of PRC2 complexes and eviction of its repressive

trimethylation mark on lysine 27 in histone H3 (H3K27me3) (Ho et al., 2011; Kadoch et al., 2017; Kennison

and Tamkun, 1988; Kia et al., 2008; Stanton et al., 2017). H3K27me3-mediated repression had been shown

to play critical roles in repressing gene expression in Schwann cells (Ma et al., 2016) and H3K27me3 chro-

matin immunoprecipitation (ChIP)-sequencing studies revealed the importance of this mark for the repres-

sion of alternative lineages in adult sciatic nerves and neural crest cells (Ma et al., 2016; Rada-Iglesias et al.,

2012). We therefore asked whether ACTL6A integrates mechanosensing to the coordinated production of

myelin membrane by removal of the repressive H3K27me3 marks from genes regulating the myelination

program.

Consistent with a role for ACTL6a in evicting H3K27me3 repressive marks in Schwann cells, we detected

increased global H3K27me3 immunoreactivity in SOX10+ cells in the mutant nerves compared to controls

(Figures 6B and 6C). Higher nuclear levels of H3K27me3 were also detected in Actl6a silenced rat Schwann

cells that were cultured on large caliber (1mm) nanofibers (Figure 6D–DF). The levels of H3K27me3 in

Schwann cells cultured on nanofibers of different caliber were inversely proportional to the nuclear levels

of ACTL6A, with higher levels of repressive histone marks in cells cultures on low caliber nanofibers and

lower levels in those cells cultured on nanofibers with a diameter equivalent to that of myelinated nerve

fibers (Figure 7A), which also showed higher nuclear levels of the pro-myelinating transcription factor

POU3F1 (Figure 7B). The correlation between high nuclear levels of ACTL6A and POU3F1 in Schwann cells

cultured on large caliber nanofibers was no longer detected when Actl6a was silenced (Figure 7C). To

define the dynamic interplay between ACTL6A chromatin occupancy and the eviction of repressive

H3K27me3 marks, we performed ChIP-qPCR of chromatin samples isolated from neonatal mutant (P3

Cnp1-cre;Actl6afl/fl) and control nerves. We used antibodies specific for ACTL6a and for H3K27me3 and

primers directed at genomic locations containing genes with reduced transcript levels in mutant nerves,

such as the Pou3f1 promoter and cell-specific enhancer region (SCE) approximately 10 kb downstream

of the transcriptional start site. Activation of Pou3f1 expression, is driven by the activity of the distal SCE

region (Ghazvini et al., 2002; Jagalur et al., 2011; Mandemakers et al., 2000) and regulated by SOX10 (Ja-

galur et al., 2011) and SOX10/BRG1 complexes (Weider et al., 2012). Consistent with the concept that

ACTL6A containing SWI/SNF complexes render chromatin transcriptionally competent by removal of

repressive histone marks, we noted that the absence of ACTL6a in mutant nerves resulted in the accumu-

lation and persistence of the H3K27me3 repressive histone marks, compared to control nerves (Figure 7D).

These results further consolidated the mechanistic interpretation of ACTL6a as modulator of Pou3f1

expression levels, due to eviction of H3K27me3, allowing key gene regulatory regions to become compe-

tent for transcription . Additional validation for this mechanism was provided by qRT-PCR analysis of nerves
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from mice lacking the enzyme EED, part of the PRC2 complex responsible for depositing the H3K27me3

repressive mark. The levels of Pou3f1 transcripts in Actl6a mutant nerves, characterized by increased

H3K27me3 marks, were significantly lower than wildtype control, while the levels in theMpz-cre;Eedfl/fl mu-

tants, characterized by reduced H3K27me3marks (Ma et al., 2015), were similar to control levels (Figure 7E).

Because high levels of H3K27me3 (Cnp1-cre;Actl6afl/fl andMpz-cre;Actl6afl/fl nerves) resulted in low Pou3f1

expression, whereas low H3K27me3 ( Mpz-cre;Eedfl/fl nerves) resulted in high Pou3f1 levels, we conclude

that the eviction of H3K27me3 from key regulatory regions of target genes is a key mechanism by which

ACTL6a coordinates axonal caliber recognition and a transcriptional program driving myelin synthesis in

Schwann cells.

DISCUSSION

During development, Schwann cells transduce multiple signals into transcriptional programs that are

responsible for coordinating proper radial sorting and myelination of axons with caliber greater or equal

to 1mm. Overall, our data support ACTL6a as a mechanosensitive regulator of transcription in Schwann

cells, that is required for proper radial sorting and developmental myelination. ACTL6a expression is

higher in neonatal sciatic nerves, and in Schwann cells plated on large caliber axons or nano fibers of equiv-

alent caliber, and its genetic ablation results in defective radial sorting and myelination. Thus, we identify

ACTL6a, an actin-binding subunit and component of SWI/SNF complexes, as a critical molecule for the

integration of physical and chemical signals in myelinating Schwann cells. Mammalian SWI/SNF complexes

Figure 6. ACTL6a regulates developmental myelination by opposing H3K27me3-mediated gene repression

(A) Enrichment analysis of downregulated genes performed using Enrichr.

(B) Confocal images of neonatal nerves stained with antibodies specific for the repressive histone mark H3K27me3 (green) and for the SC marker SOX10

(white) cells.

(C) Average immunofluorescence intensity (MFI) G SEM of H3K27me3 immunoreactivity measured in at least 150 nuclei in postnatal day 5 neonatal nerves

from mutant Cnp1-cre;Actl6afl/fl (n = 3) and Actl6afl/fl controls (n = 3).

(D) Western blot analysis of protein extracts from cultured rat Schwann cells after siRNA-mediated silencing of ACTL6a. GAPDH used as loading control.

(E) Confocal images of rat Schwann cells in control conditions of after silencing of Actl6a, stained with antibodies for H3K27me3 (green) and DAPI (blue) as

nuclear counterstain. Cells were cultured for 48 h on 1 mm diameter polylactic acid (PLA) nanofibers without laminin 211 coating before fixation and staining.

(F) Scatterplot represents the average immunofluorescence intensityGSEM of H3K27me3 in Schwann cells with or without Actl6a silencing. Student’s t-test,

***p< 0.001, ****p< 0.0001. Scale bars in panels B and E, 5mm.

ll
OPEN ACCESS

iScience 25, 104132, April 15, 2022 11

iScience
Article



comprise a multitude of ATP-dependent chromatin remodelers that use energy to modify the interaction

between histones and DNA and alter chromatin competence states. Complexes containing the BRG1

ATPase as enzymatic activity have been previously reported to regulate multiple steps of Schwann cell

development. However, all previous studies focused on the interaction of BRG1 with specific transcription

factors, leading to localized expression of specific genes. For instance, in response to neuregulin signaling,

BRG1 was shown to complex with the p65 and p50 subunits of NF-kB and modulate Sox10 expression (Lim-

pert et al., 2013). BRG1 was also shown to bind with SOX10 to activate myelin gene expression in Schwann

cells (Weider et al., 2012). However, it is important to note that not all SWI/SNF complexes contain BRG1

and that the chromatin remodeling activity of the complex is the result of several other subunits, which are

able to recognize and bind to chromatin domains and control gene expression. This study addresses the

role of one subunit of a subset of SWI/SNF complexes, the actin-bindingmolecule ACTL6A, which has been

reported to bind and regulate the enzymatic activity of BRG1 and also synergize with mechano-sensing

Figure 7. ACTL6a-mediated eviction of H3K27me3 is a critical driver of Pou3f1 and myelin gene expression

(A and B) Confocal imaging and relative quantification of H3K27me3 (green) and POU3F1 (red) in rat Schwann cells cultured for 48 h on 0.5 and 1 mmdiameter

polylactic acid (PLA) nanofibers without laminin 211 coating. Scatterplot represents the average immunofluorescence intensity GSEM of H3K27me3 or of

Pou3f1 in individual cells. Average GSEM is represented by a line.

(C) Confocal imaging and relative MFI quantification of POU3F1 (red) in rat Schwann cells after Actl6a silencing and cultured for 48 h on 1 mm diameter

polylactic acid (PLA) nanofibers without laminin 211 coating. Scatterplot represents the average immunofluorescence intensityGSEM of Pou3f1 in individual

cells after Actl6a silencing. Average GSEM is represented by a line. Panels A-D, statistical analysis was performed by Student’s t-test.

(D) ChIP-qPCR for ACTL6a and H3K27me3 in postnatal day3 Actl6afl/fl control vs. Cnp1-cre;Actl6afl/fl sciatic nerves. qPCR was performed with primers de-

signed to target the promoter (positions �393 to �223 relative to transcriptional start site) and enhancer (SCE) (positions +10,043 to +10,288 relative to

transcriptional start site) regions of the Pou3f1 gene loci (black bars). The results represent three independent experiments and are expressed as percentage

of chromatin input GSEM.

(E) Average Pou3f1 transcript levelsGSEM in postnatal day 3Cnp1-cre;Actl6afl/fl (n = 3),Mpz-cre;Actl6afl/fl (n = 3) andMpz-cre;Eedfl/fl (n = 3) nerves relative to

wildtype controls (n = 3). Statistical analysis was performed using one-way ANOVA with multiple comparisons. Data represents mean G SEM *p < 0.05,

**p < 0.01, ***p < 0.0001. Scale bars in panels A, B and C, 5mm.
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pathways in cancer cells (Chang et al., 2018, 2021). Schwann cells are the myelin forming cells in the periph-

eral nerve, a structure which is highly susceptible to mechanical forces.

Previous studies in these cells had focused on the role of the transcriptional co-activators YAP1 and TAZ, in

sensing the stiffness of substrates and lineage-specific ablation of these molecules in Schwann cells re-

sulted in hypomyelination and defective radial sorting in the neonatal sciatic nerve (Poitelon et al.,

2016). We report here that ACTL6A levels are also sensitive to stiffness and its ablation in Schwann cells

results in a phenotype characterized by impaired radial sorting and hypomyelination of large caliber

axon. However, ACTL6A nuclear levels in Schwann cells do not vary in response to physical forces, like ten-

sion or stretching, whereas they are very sensitive to the caliber of axons or of uncoated PLA nanofibers.

Increased levels of nuclear ACTL6A were detected in Schwann cells cultured in the presence of fibers

with a diameter equal or greater to 1mm, which represent the minimal size requirement for peripheral nerve

myelination. The phenotype of the Actl6amutants also differs from that of the Yap/Taz mutant mice in the

presence of aberrant myelination of smaller caliber axons, with redundant myelin and membrane outfold-

ings. Together these results suggestthe existence of several signaling pathways in response to physical sig-

nals. Mechanotransduction regulates gene expression and we detected a significant overlap in the tran-

scriptome of Schwann cells from Yap/Taz and Actl6a mutant nerves. For instance, in both mutants we

detected downregulation of Col28a1, a collagen that is enriched in Schwann cell basal lamina (Veit

et al., 2006) and also downregulation of the SREBF pathway (Poitelon et al., 2016), a critical transcription

factor that activates expression of cholesterol and fatty acid synthesis in myelinating Schwann cells (Horton

et al., 2002; Leblanc et al., 2005; Verheijen et al., 2003).

Mechanistically, however, YAP/TAZ are co-activators , binding to the transcription factor TEAD whereas

ACTL6A is part of chromatin remodeling complexes, including the one containing BRG1 (Limpert et al.,

2013; Weider et al., 2012). In Schwann cells, BRG1 was previously reported to bind several transcription fac-

tors, and activate Sox10 (Limpert et al., 2013), and Pou3f1 expression (Weider et al., 2012). Here, we show

that ACTL6a can bind to the same genomic regulatory regions of the Pou3f1 gene locus (Weider et al.,

2012), suggesting that Pou3f1 is regulated by the SWI/SNF complex containing both ACTL6A and

BRG1. The phenotype of mice lacking Brg1 in Schwann cells shared several phenotypic similarities with

Actl6a mutants such as hypomyelination, aberrant radial sorting and significant reduction in POU3F1+

cell numbers (Limpert et al., 2013; Weider et al., 2012). However, BRG1 is also part of other complexes

which may activate the expression of Pou3f1 in response to NRG1-III dependent and independent

signaling pathways (Leimeroth et al., 2002; Monk et al., 2009; Monuki et al., 1989), -while ACTL6a is able

to remove the repressive histone marks from Pou3f1 regulatory regions, in response to axonal caliber

recognition. In both cases, the reduced levels of expression of the pro-myelinating transcription factor

Pou3f1, arrest the Schwann cell at an immature stage, characterized by the increased levels of Gap43,

Egr1, cJun. Finally, the data on the declining levels of ACTL6A in the adult sciatic nerve, are also consistent

with previous reports of enrichment of the repressive marks H3K27me3 on Pou3f1 (Ma et al., 2016) and

further strengthen the conclusion that ACTL6A plays a central role in removing repressive histone marks

from Pou3f1 gene regulatory elements to ensure that the chromatin is open and accessible to transcrip-

tional activators.

However, it is important to underscore the fact that Pou3f1 is only one of several ACTL6A gene targets and

therefore it is not surprising that the phenotype of Actl6amutants is far more complex than the phenotype

of mice with deletion of a single transcription factor. Besides hypomyelination of large caliber axons, the

phenotype of Actl6a mutants show a paradoxical overproduction of myelin at small caliber axons, as indi-

cated by redundant myelin and several outfoldings, collectively suggesting a role of ACTL6a in coordi-

nating the caliber of the axon to the amount of myelin being produced by the Schwann cells. This pheno-

type is highly reminiscent of that observed in double transgenic mice with Schwann cell specific deletion of

laminin 211 and overexpression of NRG1 type III, to mimic a dysregulated response of Schwann cells to

opposing signals from the extracellular matrix and the axon (Ghidinelli et al., 2017). Similar to our mutant,

the phenotype of thedouble transgenic mice was characterized by the presence of clusters of large naked

axons with diameter >1mm and redundant myelin with outfoldings around small diameter axons (Ghidinelli

et al., 2017). The authors concluded that Schwann cells in the double transgenic mice were unable to appro-

priately interpret and integrate the distinct signals. Mechanistically, the authors suggested that in imma-

ture Schwann cells, proper sorting depends on signals derived from the basal lamina, such as Laminin

211, which inhibits NRG1 function in order to prevent precocious myelination of inappropriate caliber
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axons, whereas in large caliber axons favors the fine-tuning of the myelin sheath components necessary for

adequate wrapping. Because ACTL6a has several gene targets, including components of the basal lamina,

based on the similarity of the Actl6a phenotype with that previously reported for the double transgenic

(with dysregulated response of Schwann cells to opposing signals from the extracellular matrix and the

axon), we suggest that both mutants may be characterized by a profound dysregulation between axonal

size recognition and expression of genes related to myelination, basal lamina and lipid and myelin protein

synthesis.

In summary, our data identify the chromatin remodeling complex containing ACTL6A in Schwann cells, as a

point of signal convergence and transcriptional integration, functioning at multiple stages of peripheral

nerve myelination. In immature Schwann cells during axonal sorting, in response to mechanical signals

(such as axonal caliber and stiffness of the extracellular matrix), nuclear ACTL6A levels are increased

and, together with other mechanosensitive complexes, such as TEAD/YAP1 complexes, facilitate the syn-

thesis of basal lamina components that contribute to successful sorting. Once premyelinating cells have

reached a 1:1 ratio with the axon, the production of myelin proteins and lipids needs to be coordinated

by integrating chemical signals (such as Laminin 211 and NRG1 type III) and physical signals (axonal caliber

recognition). The nuclear levels of ACTL6A respond to the size of the axonal caliber, and this leads to the

removal of repressive histone marks at gene loci critical for the transcriptional program of myelination. The

proper amount of myelin proteins and lipids is then carefully orchestrated in myelinating Schwann cells by

the integration of chemical and physical signals. In the absence of ACTL6a, the expression of ECM compo-

nents in immature Schwann cells is compromised, leading to discontinuity of the basal lamina and defective

radial sorting. The levels of Pou3f1 in many cells are insufficient to initiate a myelination program, thereby

leaving them at an immature stage. In the few cells which have been able to overcome these hurdles and

successfully sort, the fine-tuning mechanism of membrane production in response to axonal caliber is

impaired and this results in deficient myelin production for large caliber axons and redundant myelin for

small caliber axons.

Future studies will be needed to further decipher the molecular nature of the mechanism of integration of

chemical and physical signals in the PNS and understand whether similar or distinct mechanisms occur in

the central nervous system.

Limitations of the study

A potential caveat of this study is that we relied on RNA-Seq analysis to define the overall effect of ACTL6a

on the Schwann cell transcriptome; however, a ChIP-seq analysis would be needed to define the exact

genome-wide distribution of ACTL6a in chromatin isolated from Schwann cells at distinct stages of devel-

opment. It would be of great interest to compare and contrast with the results of BRG1 Chip-Seq in the

same samples to define the degree of overlap between the distributions of the two SWI-SNF complex com-

ponents. Finally, it would be important to define the role of ACTL6A in the integration of ECM and neure-

gulin signaling, possibly creating existent transgenic mouse lines or designing new ones.
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18s Forward: AGT CCC TGC CCT TTG TAC ACA18s Reverse:

GAT CCG AGG GCC TCA CTA AAC

Scaglione et al. (2018) N/A

Actl6b Forward: AAA TGC CCA ATG GCT ACA ACActl6b Reverse:

GGC GAA TGT CAA TGT CAC AC

This paper N/A

Actl6a Forward: GGA TAG AGC CAC CAA TCC ATActl6a Reverse:

TCT CTA CGG CAG TGT GAT CG

This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Patrizia Casaccia (pcasaccia@gc.cuny.edu).

Materials availability

This study did not generate any new unique reagents. RNA-Seq data have been deposited into suitable

repositories.

Data and code availability

d RNA-Seq data have been deposited at the Gene Expression Omnibus database (GEO) with number

GSE179340 . The data are publicly available as of March 8th 2022.

d This study does not report any original code.

d All data reported in this study and any additional information required to reanalyze the data reported in

this study is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

6-8 weeks-old male and female mice were used for breeders. All breeding and experiments were per-

formed according to approved protocols by the Institutional Animal Care and Use Committee (IACUC)

at Mount Sinai Medical Center, at the Advanced Science Research Center (ASRC) of the Graduate Center

of The City University of New York (CUNY). Mice from either sex were used and mutants were checked for

survival and weight every day from birth to weaning. For conditional knockout mouse lines, we crossed and

bred the ACTL6afl/fl line (Gift from Dr. Gerald Crabtree) with either the Cnp1-cre (Gift from Dr. Klaus Nave)

or theMpz-cre (Gift fromDr. Laura Feltri) lines. Male and femalemice at postnatal day 3 (P3), 5 (P5), 7 (P7), 10

(P10), 15 (P15), 30 (P30), 60 (P60) were used for sample collection. Motor scoring was conducted on mice

starting at P15 (2 weeks) until age 16 weeks. Sample size (n) is mentioned in each figure legend.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Egr2 Forward: CAG TGA CTG CCA CCC CTT ATEgr2 Reverse:

TAC TTT CGA GGT CGC AGG AT

He et al. (2010) N/A

Wdr33 Forward: CAG GCA CAT AAG GAG GCG ATTWdr33 Reverse:

CCG TCA TCA GAG CAT GTA GCA

This paper N/A

Pou3f1 Forward: CAA GCA GTT CAA GCA ACG ACPou3f1 Reverse:

TGG TCT GCG AGA ACA CGT TA

He et al. (2010) N/A

Gapdh Forward: CAA GGT CAT CCC AGA GCT GAAGapdh Reverse:

CAG ATC CAC GAC GGA CAC

This paper N/A

Pou3f1 Promoter (ChIP-qPCR)Forward: GGAAATTGAGCTTGTGTG

GAAReverse: GCCCGCGTACACATTCACGC

Weider et al. (2012) N/A

Pou3f1 SCE (ChIP-qPCR)Forward: CCCCTGACACAAACAATReverse:

GCAGGACAATAGCTGCA

Weider et al. (2012) N/A

Software and algorithms

ImageJ-Fiji NIH Image

https://imagej.net/software/fiji/

RRID:SCR_002285

GraphPad Prism 9 GraphPad Software

http://www.graphpad.com/

RRID:SCR_002798

R Project for Statistical Computing R Software

http://www.r-project.org/

RRID:SCR_001905

Other

Poly-L-Lactic Acid nanofiber inserts Nanofiber Solutions N/A; Customized
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METHOD DETAILS

Motor scoring

Motor scoring was performed on mice starting at P15 (2 weeks) until age 16 weeks, using the following

scoring system: 1 – hindlimb clasping, 2 – unable to hold on to inverted grid, 2.5 – can only grip upright

grid with front paws, 3 – not able to hold on to upright grid, 3.5 – no forelimb resistance when pulled across

grid, 4 – hindlimb paralysis, 5 – dead. For grip strength measurements, mice were loaded onto a Bioseb

GT3 grip strength meter and pulled in a horizontal direction until forelimbs were released from the meter.

For each mouse, 3 measurements were taken and then averaged.

Cell culture and in vitro studies

Schwann cells (SC) were isolated from P2 rat sciatic nerves and expanded in vitro for 3 weeks in medium

composed of MEM, 10% FBS and 2 mM L-glutamine (M media), supplemented with 4 mM forskolin (Sigma)

and 5 ng/mL of the EGF domain of rhNRG-1-b1 (R&D Systems) (M+ media). Cells were maintained at 37�C
in a 5% CO2 incubator with fresh medium change every 2-3 days.

For nanofiber experiments, electrospun poly-L-lactic acid (PLA) nanofiber inserts (NanoAlignedTM) were

provided by Nanofiber Solutions, Inc. with diameters of either 0.5 or 1 mm. Before the cell culturing, nano-

fiber inserts were loaded in 12-well cell culture plates and coated with poly-D-lysine (PDL, 0.1 mg/mL) and

laminin 211 (10 mg/mL). Rat Schwann cells were seeded at a density of 3 3 105 cells/well (insert) and

cultured in M media for 48 h, then processed for immunocytochemistry.

For substrate stiffness experiments, polyacrylamide (PA) hydrogels were produced using the following pro-

tocol. 18-mm round coverslips were coated with 3-aminopropyltriethoxysilane and then incubated with

0.5% glutaraldehyde (ACROS organics, 233,280,250) for 30 min. PA gels of differing rigidities were then

produced using differing mixtures of Acrylamide:Bis-acrylamide (7.5:0.05% and 8:0.48% were used to

create 2 and 40 kPa PA gel substrates, respectively) and coated with PDL (0.01 mg/mL) and laminin 211

(10 mg/mL). Rat Schwann cells were then seeded at a density of 3 3 105 cells/well. For stretching experi-

ments, six well BioFlex culture plates (Flexcell) were coated with PDL (0.01 mg/mL) and laminin 211

(10 mg/mL). Rat Schwann cells were then seeded at a density of 9 3 105 cells/well and cultured with M me-

dia. 12% static tension was then applied for up to 48 h using the Flexcell FX-5000 Tension system.

For co-culture experiments, DRG neurons were isolated from E16 rat spinal cords and either trypsinized or

directly plated as explants on collagen-coated coverslips (BD Biosciences). Cultures were maintained in

neurobasal medium (2% B27 supplement, 2 mM L-glutamine, 0.4% glucose) supplemented with either

50 ng/mL NGF (Peprotech) or 25 ng/mL BDNF (Peprotech) and 10 ng/mL NT3 (Peprotech). Nonneuronal

cells were removed by feeding the cultures with NB medium containing 5-fluorodeoxyuridine and uridine.

Myelinating cocultures were established by seeding purified DRG neuron cultures with 100,000 SCs in C

medium (MEM, 10% FBS, 2 mM L-glutamine, 0.4% glucose) supplemented with either 50 ng/mL NGF (Pe-

protech) or 25 ng/mL BDNF (Peprotech) and 10 ng/mL NT3 (Peprotech). After 3 days, cocultures were

changed to medium supplemented with 50 mg/mL ascorbic acid (Sigma-Aldrich) and further cultured for

18 days.

siRNA transfection

Rat Schwann cells were transiently transfected for 6 h with either siRNA targeting Actl6a or non-targeting

control at a final concentration of 25 nM using MISSION siRNA Transfection Reagent (Sigma). After 48 h of

knockdown, cells were harvested and protein extracted and processed for western blot analysis to verify

knockdown efficiency. For the nanofiber experiment, cells were first seeded on 12-well cell culture plates

containing PDL-coated nanofiber inserts, followed by transfection as described. After 48 h of knockdown,

cells were prosessed for immunocytochemical analysis.

Western blot

Protein lysates from mouse sciatic nerves and rat Schwann cells were separated by precast 8-16% Bis-Tris

gradient gels (GenScript). After electrophoresis, proteins were transferred onto PVDF membrane (Milli-

pore), followed by 1 h blocking in blocking buffer (5% milk, 0.1% TBS-Tween) at room temperature, then

incubated overnight at 4�C with primary antibodies in blocking buffer with 0.02 Sodium Azide. After

washing with 0.1% TBS-Tween, membranes were incubated with secondary light-chain specific antibodies
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in blocking buffer for 2 h at room temperature, followed by washing. Immunoreactivity of target protein was

detected using an ECL reagent (Amersham) with ChemiDoc Imaging System (Bio-Rad). GAPDH was used

as loading control for normalization. Primary and secondary antibodies used are listed in the key resources

table.

Immunohistochemistry

Sciatic nerves were fixed in 4% PFA and embedded in optimal cutting temperature (OCT) compound. 12mm

thick longitudinal sections were cut and stored at �80�C. Before staining, tissue sections were permeabi-

lized and blocked by incubation with PGBA (0.1M pH 7.4, 0.1%Gelatin porcine type A, 1% BSA, and 0.002%

Sodium Azide), 10% normal goat or donkey serum and 0.1% Triton X-100 at room temperature for 1 h. Sec-

tions were incubated overnight at 4�C with primary antibodies and then Alexa Fluor secondary antibodies

for 2 h at room temperature. Primary and secondary antibodies used are in key resources table. Stained

tissue was cover-slipped in DAPI Fluoromount G mounting medium (Thermo Fisher). Confocal images

were captured using the Zeiss LSM-800 system and quantification was performed using ImageJ.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature and non-specific binding

was blocked by incubation in PGBA, 10% normal goat serum, and 0.1% Triton X-100 at room temperature

for 1 h. Cells were then incubated with primary antibodies overnight at 4�C and then fluorescent-dye-con-

jugated secondary antibodies for 2 h at room temperature. Antibodies used are in key resources table.

Stained cells were the cover-slipped in DAPI Fluormount G mounting medium (Thermo Fisher). Confocal

images were captured using the Zeiss LSM-800 system. Quantification of the immunofluorescent intensity

was performed on captured images, using ImageJ.

In situ hybridization with basescope red

In situ hybridization combining immunohistochemistry was performed using BaseScope probe and co-

detection reagents from Advanced Cell Diagnostics in accordance with guidelines provided by the manu-

facturer. Sections were first fixed in chilled 4% paraformaldehyde for 15 min at 4�C, dehydrated in

increasing gradients of ethanol baths and left to air dry for 5 min. Endogenous peroxidase activity was

quenched with hydrogen peroxide reagent for 10 min, followed by co-detection antigen retrieval for

5 min in boiling buffer. Immunohistochemistry was performed afterward using SOX10 (Cell Signaling,

#89356) to detect Schwann cells, followed by protease digestion for 30 min at 40�C. BaseScope probe,

BA-Mn-Actl6a-1zz-st-C1 targeting exon junction between exon 4 and 5 of Actl6a, was then hybridized

for 2 h at 40�C in a humidity-controlled oven (HybEZ II, ACDbio) before signal amplification steps with series

of proprietary AMP reagents. The signal of target RNA was visualized through probe-specific horseradish-

peroxidase-based detection by signal amplification with BaseScop Red solution. Slides were then counter-

stained with DAPI, coverslippedwith ProlongGold Antifade (Thermofisher), and we proceeded for imaging

analysis with Zeiss LSM-800 system.

Electron microscopy

For electron microscopy, the EM fixative used consisted of 4% glutaraldehyde and 4% PFA in PBS contain-

ing 0.4 mM CaCl2. For EM of neonatal nerves, P7 mice were immersion fixed in EM fixative and then post-

fixed in the same solution at 4�C for 2 weeks. For EM of adult nerves, 8 week animals were perfused with EM

fixative and then post-fixed in the same solution at 4�C for 2 weeks. Neonatal and adult sciatic nerves were

then dissected out for sectioning following post-fixation protocol. Cross sections of sciatic nerves were

sliced at 1 mm thickness and treated with 2% osmium tetroxide overnight followed by epoxy resin embed-

ding. The nerve sections were then sectioned at 1 mm and stained with toluidine blue. Ultrathin sections of

the nerves were cut onto copper grides and stained with uranyl acetate. Imaging was performed with a Hi-

tachi H-600 transmission electron microscope. G-ratios were calculated by dividing the diameter of the

axon by the diameter of the entire myelinated fiber. Radius (R) measurements used for G ratio calculations

were obtained from Area (A) measurements using the following formula: R = O(A/p) as is used in other pub-

lications (Dillenburg et al., 2018; Kaiser et al., 2021).

RNA isolation, qRT-PCR, and RNA-seq

RNA was extracted from sciatic nerves using TRIzol (Invitrogen) and the RNeasy Mini Kit (Qiagen, 74,106)

with on-column DNase treatment. RNA purity was assessed by measuring the A260/A280 ratio using a
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NanoDrop, and RNA quality checked using an Agilent 2100 Bioanalyzer (Agilent Technologies). For quan-

titative real-time PCR (qRT-PCR), RNA was reverse-transcribed with qScript cDNA Supermix (Quantabio,

95,047). qRT-PCR reactions were run in triplicates using PerfeCTa SYBR GREEN FastMix, ROX reagent

(Quantabio, 95,072) at the ASRC Epigenetic Core facility. Expression levels for each transcript were normal-

ized to the geometric mean of three housekeeping genes: Gapdh, 18S, and Wdr33. After normalization to

housekeeping genes, CT values of technical triplicates were average for each biological replicate. Data was

presented as either relative to either transcript levels in controls or transcript levels of housekeeping genes.

Primer sequences used are listed in Table S2.

For RNA-sequencing, approximately 150 ng of total RNA per sample was used for library construction and

sequenced using the Illumina HiSeq 4000 instrument. Raw reads were trimmed and filtered using sickle

(v0.7) and remaining reads aligned to the mm10 reference genome with the subjunc aligner from the sub-

read package (v2.0). Resulting BAM files were used for gene counts against the ENSEMBL GRCm38 v95

annotation with the featureCounts tool also from the subread package. Counts included only unique

aligned fragments falling on exons. Gene count matrices were moved into an R environment where differ-

ential expression analysis and enrichment analysis was done. Differential Expression was performed with

DESeq2 (v1.3). Enrichment analysis was performed with the clusterProfiler package (v3.16). All downstream

analysis of differentially expressed genes were filtered by an adjusted pvalue% 0.05. Gene ontology anal-

ysis was performed using Enrichr (Kuleshov et al., 2016) and geneset enrichment analysis was performed

against the KEGG database. The overall mapped reads and sample names are listed in Table S6. Data

deposited in GEO: accession number GSE179340.

Chromatin immunoprecipitation

Sciatic nerves were harvested from P3 Cnp1-cre;Actl6afl/fl and Actl6afl/fl nerves and flash frozen. Nerves

were minced and cross-linked with 1% formaldehyde for 7 min. Cross-linked nerves were then sonicated

into 200-500 bp fragments using a Bioruptor (Diagenode). Chromatin was then immunoprecipitated using

either 2 ug anti-H3K27me3 anti-H3K27me3 antibody (Diagenode, rabbit polyclonal c15410195) or 5 mg anti-

ACTL6a antibody (Abcam, rabbit polyclonal ab3882) and Dynabeads (Invitrogen). 5 mg Rabbit IgGwas used

as a negative control. Following reverse cross-linking, DNA was purified using phenol:chloroform:isoamyl

alcohol (Invitrogen) extraction and ethanol precipitation. DNA purified from unprecipitated chromatin was

used as input. qPCR was performed using PerfeCTa SYBR Green FastMix, ROX (Quanta) at the Epigenetics

Core at the ASRC. Primers used to target Pou3f1 are listed in Table S4. Abundance of target genome DNA

was calculated as the percentage of input. 3 biological replicates were performed for each experiment. For

each biological replicate, nerves from 7-10 mice were pooled together. 3 technical replicates were per-

formed for each biological replicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

All images were analyzed using FIJI-Image J and all graphs and statistical tests were carried out using

GraphPad Prism. Student’s t-test was used to compare 2 datasets. 2-way ANOVA was used to compare

the motor scoring datasets. 1-way ANOVA was used to compare qRT-PCR measurements of Actl6a and

Pou3f1 transcript levels. For all graphs, error bars are mean GSEM. For image quantifications, n= 3-6

mice were examined (2 images were analyzed and averaged per mouse, for each staining). Significance

levels are indicated as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. All statistical details for each graph

can be found in the figure legends. The pvalue of the overlap between genes with decreased expression

in the Actl6amutants (compared to controls) and YAP/TAZ downregulated genes (Poitelon et al., 2016) was

calculated using two-tailed Fisher tests in R.
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