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Abstract
Schwann cells are the myelinating glia of the peripheral nervous system and dysfunction of these cells causes motor and
sensory peripheral neuropathy. The transcription factor SOX10 is critical for Schwann cell development and maintenance, and
many SOX10 target genes encode proteins required for Schwann cell function. Loss-of-function mutations in the gene encod-
ing myotubularin-related protein 2 (MTMR2) cause Charcot-Marie-Tooth disease type 4B1 (CMT4B1), a severe demyelinating pe-
ripheral neuropathy characterized by myelin outfoldings along peripheral nerves. Previous reports indicate that MTMR2 is
ubiquitously expressed making it unclear how loss of this gene causes a Schwann cell-specific phenotype. To address this, we
performed computational and functional analyses at MTMR2 to identify transcriptional regulatory elements important for
Schwann cell expression. Through these efforts, we identified an alternative, SOX10-responsive promoter at MTMR2 that dis-
plays strong regulatory activity in immortalized rat Schwann (S16) cells. This promoter directs transcription of a previously
unidentified MTMR2 transcript that is enriched in mouse Schwann cells compared to immortalized mouse motor neurons
(MN-1), and is predicted to encode an N-terminally truncated protein isoform. The expression of the endogenous transcript is
induced in a heterologous cell line by ectopically expressing SOX10, and is nearly ablated in Schwann cells by impairing SOX10
function. Intriguingly, overexpressing the two MTMR2 protein isoforms in HeLa cells revealed that both localize to nuclear
puncta and the shorter isoform displays higher nuclear localization compared to the longer isoform. Combined, our data war-
rant further investigation of the truncated MTMR2 protein isoform in Schwann cells and in CMT4B1 pathogenesis.

Introduction
Charcot-Marie-Tooth (CMT) disease is a heterogeneous group of dis-
orders that represents the most common class of inherited periph-
eral neuropathies. Patients with CMT disease show varying degrees
of muscle weakness and sensory loss in the extremities (1). CMT dis-
ease is broadly categorized into two types; axonal CMT (CMT2) is

caused by a primary defect in peripheral neurons, whereas demye-
linating CMT (CMT1) arises from a primary defect in Schwann cells
(2,3). Schwann cells—the myelinating cells of the peripheral nervous
system—produce a myelin sheath that allows saltatory conduction
along axons. For a recent review of Schwann cell development and
myelination, see Monk et al. 2015 (4). Consistent with a defect in
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these cells, patients with CMT1 typically present with slow nerve
conduction velocities (5). CMT1 often manifests early in life, with on-
set by 10 years of age in more than 60% of patients (5), and can be de-
bilitating to the point of rendering patients wheelchair-bound. To
date, over 80 genes have been implicated in CMT disease with over
20 implicated in demyelinating forms (CMT1) (6). Genes mutated in
CMT1 include those encoding myelin proteins (e.g. MPZ) (7) and
others with known functions in Schwann cells (e.g. EGR2) (8), but
many have poorly understood roles in Schwann cell biology.
Furthermore, there is no effective treatment for CMT disease, which
will likely require gene- and mutation-specific therapies. Thus, char-
acterizing the genes associated with CMT1 will provide a better un-
derstanding of Schwann cell physiology and the pathology of
demyelinating neuropathies.

Loss-of-function mutations in the myotubularin-related protein
2 (MTMR2) gene cause CMT4B1 (OMIM #601382), an autosomal reces-
sive, demyelinating CMT disease distinguished by myelin outfold-
ings in the peripheral nerves (9). CMT4B1 is particularly severe, as
both proximal and distal limbs are affected and symptoms begin at
�34 months of age (10). Consistent with the Schwann cell-specific
phenotype in CMT4B1 patients, studies have shown an important
role for MTMR2 in Schwann cell biology. In mice, conditional loss of
Mtmr2 in Schwann cells causes neuropathy with myelin outfoldings
reminiscent of CMT4B1, whereas the loss of the gene in motor neu-
rons does not cause axonal or myelination phenotypes (11).
Furthermore, Mtmr2 expression is developmentally regulated during
peripheral myelination (12), and knock-down of Mtmr2 in cultured
Schwann cells decreases proliferation and increases cell death (13).
However, there is evidence that Mtmr2 is important for neurons
in vivo, based on genetic interactions between Mtmr2 and Fig4 in
mouse models of CMT4B1 and CMT4J, respectively (14).

MTMR2 encodes a ubiquitously expressed lipid phosphatase,
which converts phosphatidylinositol 3-phosphate (PI(3)P) and PI(3,5)P2
to PI and PI(5)P, respectively (15). The protein contains a PH-GRAM do-
main, conferring substrate specificity, a PTP catalytic phosphatase do-
main, a SET-interacting domain (SID), a coiled-coil domain allowing
oligomerization, and a PDZ binding domain for protein-protein inter-
actions (16). As such, it is thought that MTMR2 plays a role in mem-
brane trafficking and cell signalling (17). Interestingly, MTMR2 localizes
to the nucleus of myelinating and non-myelinating Schwann cells co-
cultured with sensory neurons (18). However, finer details on the cyto-
plasmic or nuclear function(s) of MTMR2 remain unclear.

Currently, little is known about the transcriptional regulation of
MTMR2. Deciphering the regulation of this locus will be important
for understanding the function of MTMR2 and will also be particu-
larly salient in determining how the loss of a ubiquitously expressed
gene causes a Schwann cell-specific phenotype. Here, we report
computational and functional analyses of the MTMR2 locus, which
revealed an alternative, SOX10-dependent promoter; SOX10 is a
transcription factor that is essential for all stages of the Schwann
cell lineage (19). The activity at this promoter directs the expression
of a previously unreported, alternate transcript that encodes an N-
terminally truncated protein isoform. Collectively, our findings re-
veal a SOX10-dependent MTMR2 gene product in Schwann cells,
which should stimulate future studies on the role of MTMR2 protein
isoforms in Schwann cells and CMT4B1 pathogenesis.

Results
The MTMR2 locus harbours four putative transcriptional
regulatory elements

Multiple-species comparative sequence analysis is a powerful
tool for predicting cis-acting transcriptional regulatory elements

(20). To identify evolutionarily conserved sequences at MTMR2,
we scrutinized aligned genomic sequences spanning MTMR2 and
extending to the flanking loci (MAML2 and CEP57) from human,
mouse, and chicken using the UCSC Human Genome Browser
(http://genome.ucsc.edu/) (21). Specifically, we identified non-
coding, non-repetitive genomic sequences that are conserved
among these three species. This analysis revealed three multi-
ple-species conserved sequences (MCSs)—two upstream of the
predicted transcription start site (TSS) of MTMR2 and one within
the first intron of the major MTMR2 transcript (Table 1 and
Figure 1A). We also included the putative proximal promoter
(‘Prom1’ in Table 1 and Figure 1A) and considered these four ge-
nomic segments to be candidate MTMR2 regulatory elements.

MTMR2-MCS3 displays strong enhancer activity in
cultured Schwann cells

To determine if the four candidate regulatory elements de-
scribed above (Table 1 and Figure 1A) are important for MTMR2
expression in Schwann cells, we tested each for regulatory po-
tential in S16 cells—a rat immortalized Schwann cell line that
expresses myelin-related genes (e.g. PMP22, MPZ, and SOX10)
(22–24). Briefly, we cloned each genomic segment upstream of a
minimal promoter directing the expression of a firefly luciferase
reporter gene (25). Next, we transfected the resulting constructs
into cultured S16 cells along with a renilla luciferase expression
construct to control for variable cell viability and transfection
efficiency. These experiments revealed that MTMR2-MCS3 has
strong enhancer activity as indicated by a �22-fold increase in
luciferase activity compared to a control vector with no genomic
insert (Figure 1B). In contrast, the promoter (Prom1), MCS1, and
MCS2 did not dramatically increase luciferase activity above the
control expression vector. To determine the specificity of these
findings to Schwann cells, we repeated the above experiments
in a non-glial cell line (the mouse motor neuron-derived cell
line MN-1) (26) that does not express transcription factors im-
portant for myelination (e.g. SOX10) (24). While MTMR2-MCS1
and MTMR2-MCS2 showed some activity, none of the elements
directed luciferase activity above a 3-fold increase and MTMR2-
MCS3 displayed less activity than the empty vector (Figure 1C).
In sum, these data are consistent with MTMR2-MCS3 being im-
portant for the transcription of this locus in Schwann cells.

MTMR2-MCS3 is a previously unreported, alternative
MTMR2 promoter

Upon scrutinizing MTMR2-MCS3 on the UCSC Rat Genome
Browser we noted three spliced ESTs (two from brain, one from
E11-12 embryos) with 5’ ends that overlap the last 75 base pairs
of MCS3 (Figure 2A). These findings suggested that MTMR2-
MCS3 may act as a promoter to express alternative MTMR2 tran-
scripts. To test this, we performed 5’-rapid amplification of
cDNA ends (5’-RACE). Briefly, Mtmr2 cDNA was generated using
RNA isolated from cultured rat Schwann (S16) cells and a re-
verse primer in exon 5. Subsequently, 5’-RACE was performed
using reverse primers in exons 4 and 2 of rat Mtmr2. The result-
ing PCR products were cloned and sequenced, and a total of 19
individual clones mapped to the rat Mtmr2 locus. These studies
revealed the presence of two Mtmr2-related transcription start
sites (Figure 2A). One of these represents the known exon 1 of
Mtmr2 (7 of the 19 sequences map to this first exon; Figure 2A)
and the other matches the ESTs that map directly adjacent to,
and downstream of, MCS3 (12 of the 19 sequences map to this
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alternative first exon; Figure 2A). Importantly, this region does
not map to any annotated exons for MTMR2, including the pre-
viously reported, alternatively spliced exons at the 5’ end of the
locus (9,27). We also scrutinized RNA-seq data generated using
five unique passages of S16 cells (Law and Antonellis, manu-
script in preparation). This revealed abundant reads that map
to either the annotated exon 1 or the newly identified exon just
downstream of MCS3. An average of 124 reads per sample map
to exon 1 (S.D. 6 21) including an average of 32 split reads to
exon 2 (S.D. 6 9). An average of 60 reads per sample map to the
region downstream of MCS3 (S.D. 6 33) including an average of
11 split reads to exon 2 (S.D. 6 7). Moreover, no split reads
mapped to the 5’ end of the newly identified exon, indicating
that this is a transcription start site, and not an alternatively
spliced exon; these findings are consistent with the above 5’-
RACE data. Combined, our findings indicate that MTMR2-MCS3
represents a previously unreported alternative promoter that
directs expression of a newly identified first exon at MTMR2.
Therefore, we renamed this regulatory element MTMR2-Prom2
and the adjacent transcribed region MTMR2 exon 1B.

The MTMR2-2 mRNA is expressed in Schwann cells

To define the expression of MTMR2 transcripts with respect to the
associated CMT phenotype, we performed first-exon-specific RT-
PCR on cDNA samples from cells relevant to the peripheral ner-
vous system and CMT disease: mouse sciatic nerve (mSN), MN-1
cells, and immortalized mouse muscle cells (C2C12) (28).
Importantly, the majority of mRNA from sciatic nerve is from
Schwann cells, which provides information about Schwann cell
gene expression in vivo. While all of the tested cells express exon
1A-containing Mtmr2 transcripts, only sciatic nerve expresses
Mtmr2 exon 1B-containing transcripts (Figure 2B); note that the
original detection of transcripts harbouring exon 1B was per-
formed on cDNA from immortalized rat Schwann (S16) cells (see
above and Figure 2A). In addition, we routinely detected multiple
bands in Mtmr2 RT-PCR products, reflecting mRNA isoforms pro-
duced by the alternative inclusion of multiple ‘second exons’; this
was confirmed by sequencing each PCR product (data not shown).

The above findings raised the question of whether the two
Mtmr2 isoforms, both expressed in Schwann cells in vivo, are dif-
ferentially expressed during development (i.e. myelination). To
determine the relative levels of the exon 1A- and 1B-containing
transcripts in vivo, we compared the two isoforms in rat sciatic
nerve to the levels found in S16 cells (both transcripts are ex-
pressed at similar levels in these cells, see below) via quantita-
tive RT-PCR experiments on sciatic nerve samples from P1 and
P15 rats with first-exon specific primers. After normalization to
18S rRNA, the ratio of exon 1A transcript in vivo to that found in
S16 cells was approximately 1 in both P1 and P15 sciatic nerve.
In contrast, the exon 1B transcript was �5-fold elevated in the
sciatic nerve samples compared to S16 cells, at both P1 and P15.
Therefore, the exon 1B isoform is expressed in vivo at least at

the same level as, or even higher than, the exon 1A transcript
(Figure 2C). However, while Mtmr2 is developmentally regulated
(12), this does not appear to be due to an increase in either tran-
script, which makes Mtmr2 similar to Pmp22 (29).

To ensure that exon 1B-containing transcripts represent a
full-length MTMR2 mRNA, we performed long-range RT-PCR on
cDNA isolated from S16 cells with a forward primer designed in
Mtmr2 exon 1B and a reverse primer designed in the last coding
exon of Mtmr2. This revealed a single PCR product of the ex-
pected size of 1.8 kilobases (Figure 2D). We then cloned the
above PCR product and subjected it to DNA sequence analysis,
which revealed the presence of all protein-coding exons down-
stream of exon 1B (Figure 2A); we were also able to amplify and
sequence-verify a full-length cDNA initiated from exon 1A in
S16 cells (data not shown), which we used for protein localiza-
tion studies (see below). To investigate whether this full tran-
script is expressed in Schwann cells in vivo, we repeated the
long-range RT-PCR with cDNA isolated from mouse sciatic
nerve and primers specific to mouse Mtmr2 exon 1B and the last
coding exon. Similarly, this generated a single PCR product
(Figure 2E) that was subject to DNA sequence analysis, again re-
vealing the presence of all protein-coding exons. These data
confirmed that the MTMR2-2 mRNA is expressed in Schwann
cells in vivo and encodes a shorter, N-terminally truncated pro-
tein isoform (see below and Figure 3).

MTMR2 transcripts initiated from exon 1B (Figure 3A) are pre-
dicted to encode a shorter protein isoform (MTMR2-2), which lacks
the first 72 amino acids at the N-terminus (Figure 3B). This protein
isoform has been noted in the literature previously (9) and was pro-
posed to originate from exon 1A-containing transcripts when an al-
ternatively spliced exon that contains a stop codon (exon 2A) is
included (27). Importantly, the N-terminally truncated MTMR2-2
isoform retains all of the known functional domains of the protein,
but lacks a phosphorylation site (serine 58; S58 in Figure 3B) pro-
posed to regulate the localization of MTMR2-1 to endosomes (30).
Considering the enrichment of exon 1B-containing transcripts in
sciatic nerve compared to cultured motor neurons (Figure 2B), it is
possible that there is also an enrichment of MTMR2-2 proteins in
Schwann cells relative to motor neurons. Unfortunately, due to our
inability to acquire a specific antibody against endogenous MTMR2,
we were unable to address this possibility (Supplementary Figure
1A–C). However, our data show that the MTMR2-Prom2 is active in
Schwann cells and directs the expression of an alternative MTMR2
mRNA (MTMR2-2; Figure 3A) that is predicted to encode for the
MTMR2-2 protein isoform (Figure 3B).

SOX10 regulates MTMR2-Prom2 activity in Schwann cells

SOX10 is an important regulator of gene expression in Schwann
cells and many SOX10 target genes are known to be important
for Schwann cell function. To investigate if SOX10 plays a role
in the activity of MTMR2-Prom2 in Schwann cells, we analysed
this region for evidence of SOX10 binding in vivo using a previ-
ously published data set. ChIP-seq analyses from rat sciatic
nerve, which is enriched for Schwann cell nuclei, contained evi-
dence of SOX10 binding at this promoter (Figure 4A), indicating
that SOX10 binds to this element in vivo (31). Furthermore, this
region is recognized by an antibody against H3K27Ac (31), which
marks active regulatory elements, and by an antibody against
H3K4me3, indicative of an active promoter element (Figure 4A).
These findings led us to analyse this region for binding by EGR2/
KROX20, which is a transcription factor that works synergisti-
cally with SOX10 at adjacent binding sites to regulate gene

Table 1. Putative transcriptional regulatory elements at MTMR2

Element ID Genomic Locationa Size (bp)

MTMR2-Prom1 chr11:95,657,371-95,658,478 1,108
MTMR2-MCS1 chr11:95,694,768-95,695,577 810
MTMR2-MCS2 chr11:95,687,566-95,688,075 510
MTMR2-MCS3 (Prom2) chr11:95,643,795-95,644,453 659

aCoordinates are from the February 2009 UCSC Human Genome Browser (hg19).
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expression during myelination (32,33). This did not reveal any
evidence of EGR2/KROX20 binding within the alternative pro-
moter or anywhere else at MTMR2 (data not shown). In sum-
mary, our data support the conclusion that MTMR2-Prom2 is an
active promoter that is bound by SOX10 in rat sciatic nerve.

SOX10 binds to a well-characterized consensus sequence (34)
as a monomer or as a dimer when two consensus sequences are
arranged in a head-to-head fashion (35). We therefore visually
examined the MTMR2-Prom2 element for conserved SOX10 con-
sensus sequences, which revealed a dimeric SOX10 consensus
site that is conserved between human and chicken (Figure 4B;
note that ‘ACAAT’ is also a highly confident SOX10 consensus se-
quence). To determine if the dimeric consensus sequence is im-
portant for the regulatory activity of MTMR2-Prom2 in Schwann
cells, we generated a luciferase reporter construct containing
MTMR2-Prom2 with the dimeric SOX10 consensus sites and the
intervening sequences deleted (DSOX10). When this construct
was transfected into S16 cells, the regulatory activity was re-
duced by �90% compared to wild-type MTMR2-Prom2 (Figure
4C), indicating that the dimeric SOX10 consensus sequence is
critical for the full activity of the alternative promoter.

To determine the sufficiency of SOX10 in activating MTMR2-
Prom2, wild-type and DSOX10 MTMR2-Prom2 constructs were
transfected into MN-1 cells, which lack endogenous SOX10 (24).
In agreement with earlier results (Figure 1C), both reporter con-
structs show very little regulatory activity in MN-1 cells (Figure
4D). However, upon overexpression of exogenous SOX10 in these
cells, MTMR2-Prom2 directs luciferase expression �100-fold
higher than MTMR2-Prom2 in the absence of SOX10 (Figure 4D).
Furthermore, deletion of the dimeric SOX10 binding site reduces
the responsiveness to SOX10 by �60% (Figure 4D). Notably, the
MTMR2-Prom2 element contains other conserved and non-

conserved SOX10 consensus sequences (Supplementary
Material, Fig. 2A), which may explain the remaining 40% of activ-
ity associated with DSOX10 MTMR2-Prom2 upon overexpression
of SOX10 in MN-1 cells. We also found that MTMR2-Prom2 can be
stimulated by expression of SOX8 and SOX9, which bind to simi-
lar sequences as SOX10 (36); however, SOX10 has the largest ef-
fect on regulatory activity (Supplementary Material, Fig. 2B).
Upon examining MTMR2-Prom2 at the UCSC Human Genome
Browser, we identified two annotated SNPs within MTMR2-
Prom2; however, neither reside within the dimeric SOX10
binding site and neither affect the regulatory activity of MTMR2-
Prom2 (data not shown). Combined, these data indicate that
SOX10 is sufficient to activate MTMR2-Prom2 in MN-1 cells.

To investigate the necessity of SOX10 for MTMR2-Prom2 activity
in Schwann cells, wild-type and DSOX10 Prom2 were each trans-
fected into S16 cells along with a construct to express dominant-
negative (E189X) SOX10, which interferes with the function of en-
dogenous SOX10 (37). The levels of luciferase induction from each
construct alone were consistent with our previous experiments
(Figure 4C and E). In contrast, expression of the dominant-negative
SOX10 protein nearly ablates the regulatory activity of wild-type
MTMR2-Prom2 (Figure 4E). These data indicate that SOX10 is neces-
sary for the activity of this element in Schwann cells.

SOX10 is required for expression of endogenous MTMR2
transcripts harbouring exon 1B

Based on our findings that exon 1B-containing transcripts are
not expressed in MN-1 cells (Figure 2B) and that overexpression
of SOX10 induces the activity of MTMR2-Prom2 in MN-1 cells
(Figure 3D), we tested if SOX10 is sufficient to induce the
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expression of endogenous exon 1B-containing transcripts in
these same cells. MN-1 cells were transfected with constructs to
express SOX10 or dominant-negative (E189X) SOX10, or were
mock transfected in the absence of a SOX10 expression con-
struct. Remarkably, exon-specific RT-PCR assays showed that
the expression of exogenous SOX10 is sufficient to induce en-
dogenous Mtmr2-2 mRNA expression in cultured MN-1 cells
(Figure 4F; the specificity of PCR products was confirmed by
DNA sequence analysis, not shown).

To assess the requirement of SOX10 for the expression of each
MTMR2 transcript (MTMR2-1 vs. MTMR2-2), we performed siRNA
knockdown of SOX10 in S16 cells and in cultured primary rat
Schwann cells. The expression levels of endogenous rat Mtmr2
exon 1A- and exon 1B-containing transcripts were measured us-
ing quantitative RT-PCR and primers specific to each first exon. In
S16 cells, exon 1A-containing transcripts were �40% reduced with
SOX10 knockdown compared to control siRNA. However, exon 1B-
containing transcripts were almost completely eliminated with
SOX10 knockdown (Figure 4G). These analyses also indicate that
exon 1A- and 1B-containing transcripts are expressed at approxi-
mately equal levels in S16 cells; exon1B transcripts are virtually
absent in siSox10-treated S16 cells (Figure 4G) whereas total
Mtmr2 levels are reduced �50% in siSox10-treated S16 cells (data

not shown). Similarly, in primary rat Schwann cells, exon 1A-con-
taining transcripts were not significantly affected by SOX10 knock-
down, while exon 1B-containing transcripts show near-complete
abolishment (Figure 4H). Taken together, our data indicate that
SOX10 is necessary and sufficient for the expression of Mtmr2-2.

Overexpressed MTMR2 protein isoforms differentially
localize to the nucleus in cultured cells

Our data suggest an important role of the shorter MTMR2 pro-
tein isoform (MTMR2-2) in Schwann cells. To investigate the
functional differences between the two MTMR2 protein iso-
forms, we transiently transfected HeLa cells with constructs to
express each isoform with an N-terminal GFP tag and per-
formed fluorescence microscopy. We found that both proteins
localize diffusely in the cytoplasm as well as to discrete puncta,
and that these puncta are more clearly visualized upon treating
the cells with saponin to deplete cytosolic proteins (Figure 5A).
Interestingly, cells expressing GFP-MTMR2-2 exhibited puncta
more frequently than those expressing GFP-MTMR2-1 (Figure
5B). Approximately 20% of GFP-positive cells expressing GFP-
MTMR2-1 have at least five distinct cellular puncta. In contrast,
�75% of cells expressing GFP-MTMR2-2 met this criteria
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(GFP-MTMR2-1 n¼ 542, GFP-MTMR2-2 n¼ 554, test for two-
sample proportions, z¼ 18.709, P< 0.0001).

Our fluorescence microscopy analyses also revealed that the
MTMR2 puncta frequently overlap with nuclear DAPI staining
(Figure 5A). To assess for nuclear localization of MTMR2 protein
isoforms, we isolated cytosolic and nuclear protein fractions
from cells transiently transfected with constructs to express
GFP-MTMR2-1 or GFP-MTMR2-2. We found that both MTMR2
isoforms localize to the cytosolic and nuclear fractions, but that
a larger fraction of GFP-MTMR2-2 is present in the nucleus com-
pared to GFP-MTMR2-1 (Figure 5C). To confirm that the MTMR2
puncta are nuclear, we performed confocal fluorescent micros-
copy on HeLa cells expressing either GFP-MTMR2-1 or GFP-
MTMR2-2. This revealed that both MTMR2 isoforms localize to
nuclear puncta (Figure 5D), again with a larger percentage iden-
tified in cells expressing GFP-MTMR2-2. The perinuclear locali-
zation of some MTMR2 puncta raised the question of whether
these proteins localize to the endoplasmic reticulum (ER). To as-
sess this possibility, we visualized the ER in GFP-MTMR2-
transfected HeLa cells with an antibody against the ER resident
protein Calnexin, and found no consistent indications of co-
localization (Supplementary Material, Fig. 3). To rule out a GFP-
specific effect in localization, the above protein studies were re-
peated with constructs expressing N-terminally Flag-tagged
MTMR2 protein isoforms, with results completely consistent
with GFP-tagged proteins (Supplementary Material, Fig. 4). As
mentioned above, the lack of a specific MTMR2 antibody pre-
cluded us from determining the nuclear localization of either
endogenous protein isoform in vitro or in vivo. Taken together,
our data suggest that MTMR2 has a nuclear function; indeed,
MTMR2 has been previously reported to localize to the nucleus
(18).

Discussion
Loss-of-function mutations in MTMR2 cause autosomal reces-
sive CMT4B1, a Schwann cell-specific demyelinating peripheral
neuropathy; however, MTMR2 is a ubiquitously expressed gene
(38). To investigate this discrepancy and clarify any specific role

of MTMR2 in Schwann cells, we used evolutionary conservation
to identify candidate transcriptional regulatory elements at
MTMR2. These studies identified an alternative MTMR2 pro-
moter that is active in immortalized Schwann cells and that
mediates the expression of a novel mRNA transcript; this mRNA
is enriched in Schwann cells compared to motor neurons.
Closer analysis of the promoter element revealed a predicted di-
meric SOX10 binding site that is evolutionarily conserved.
SOX10 is essential for long-term Schwann cell function and di-
rectly regulates many genes important for myelination in the
peripheral nerve (36,39). Our functional studies revealed that
the SOX10 consensus sequence is responsible for a large portion
of the regulatory activity of this alternative promoter.
Furthermore, we showed that the regulatory activity and the
generation of the associated mRNA transcript are reduced with
disruption of SOX10 function in Schwann cells and induced
with the expression of exogenous SOX10 in motor neurons.
These data indicate that SOX10 is both necessary and sufficient
for the activity of a Schwann cell promoter at MTMR2 that di-
rects the expression of a previously unreported transcript.
Interestingly, we found that the Mtmr2 isoforms are not differ-
entially expressed across the postnatal myelination period in
rat sciatic nerves. However, as SOX10 is expressed throughout
the Schwann cell lineage, beginning in migrating neural crest
cells and persisting in the mature myelinating Schwann cell, we
cannot rule out differential expression at other stages in
Schwann cell development.

Mutations in non-coding transcriptional regulatory se-
quences can cause or modify human disease and the identifica-
tion of regulatory elements at disease-associated loci increases
the genomic space to screen for disease-associated mutations.
Indeed, CMT-associated loci have been shown to harbour non-
coding mutations that cause or modify CMT disease, including
GJB1and SH3TC2 (40–42). Because CMT4B1 is a recessive disease
caused by loss-of-function MTMR2 mutations, we predict that
patients with a CMT4B1 phenotype but who do not carry
MTMR2 protein-coding mutations (or who carry only one coding
mutation) may carry non-coding mutations at this locus.
Regulatory elements important for MTMR2 expression, includ-
ing the alternative promoter reported here, are excellent candi-
date regions for disease-causing mutations.

The findings presented here support a new model of tran-
scriptional regulation at the MTMR2 locus, with at least three
mRNA products produced from two promoters (Figure 3A),
which allow variable expression of two protein isoforms
(Figure 3B). The first (MTMR2-1) and third (MTMR2-3) transcripts
are expressed from MTMR2-Prom1 and include exon 1A.
MTMR2-1 excludes exon 2A, which harbours an in-frame stop
codon and results in expression of the full-length MTMR2-1 pro-
tein. MTMR2-3 includes the stop codon in exon 2A, which results
in the expression of the N-terminally truncated MTMR2-2 pro-
tein isoform. Finally, the novel mRNA described here (MTMR2-2)
is generated from MTMR2-Prom2, includes exon 1B, and only
encodes the shorter protein isoform MTMR2-2.

Our transcriptional regulatory data suggest that the MTMR2-
2 protein plays an important role in Schwann cells. To investi-
gate this possibility, we analysed the localization of each pro-
tein isoform when overexpressed in HeLa cells. These studies
revealed that both isoforms localize both diffusely in the cyto-
plasm and to discrete puncta. However, MTMR2-2 shows a
greater propensity toward puncta formation than MTMR2-1.
Furthermore, we found that each isoform localizes to puncta
within the cell nucleus, and that MTMR2-2 shows greater nu-
clear localization compared to MTMR2-1. While these findings

1A 2A 1B 2 3 4 5 6 7 8 9 10 11 13 14 1512
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Figure 3. A new model of transcriptional activity at the MTMR2 locus. (A)

Schematic of the MTMR2 locus including transcription start sites (arrows), trans-

lation start codons (green), and stop codons (red). Exon numbers are provided

along the bottom. Multiple mRNA isoforms (MTMR2-1, MTMR2-2, and MTMR2-3)

are produced via alternative splicing and alternative promoter use. (B) MTMR2

protein isoforms are shown indicating the pleckstrin homology/glucosyltrans-

ferases, Rab-like GTPase activators, and myotubularins (PH-GRAM; yellow), pro-

tein tyrosine phosphatase (PTP; blue), active site (red), SET interaction (SID;

aqua), coiled coil (magenta), and PSD-95, Discs-large, ZO-1 binding (PDZ; purple)

domains. Please note that isoform 2 lacks 72 amino acids at the N terminus, in-

cluding the phosphorylation site Serine 58 (S58).
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Figure 4. SOX10 regulates the activity of MTMR2-Prom2 and the expression of the MTMR2-2 mRNA. (A) A �6.6 kb region of MTMR2 intron 1 is shown along with ChIP-

Seq data for histone 3 lysine 4 trimethylation (H3K4me3; green), SOX10 (red), and histone 3 lysine 27 acetylation (H3K27Ac; blue) all performed on rat sciatic nerve.

RNA-Sequencing reads, showing per-base read depth across 2 samples of S16 cells, MTMR2-Prom2, and spliced rat MTMR2 ESTs are also indicated. (B) The 659 base pair

MTMR2-Prom2 is shown along with the position of the two SOX10 monomeric consensus sequences (red ovals and red text). The seven species utilized for comparative

sequence analysis are shown on the left, with lower-case letters indicating bases not conserved among all seven species. Half arrows indicate the position and orienta-

tion of the two monomeric SOX10 consensus sequences. (C) MTMR2-Prom2 with or without (DSOX10) the dimeric SOX10 sequence was cloned upstream of a luciferase

reporter gene, transfected into cultured Schwann (S16) cells, and tested for activity in luciferase assays compared to an empty vector containing no genomic insert.

The fold induction of luciferase activity is indicated along the y axis and error bars indicate standard deviations. (D) Wild-type and DSOX10 MTMR2-Prom2 were evalu-

ated for regulatory activity in MN1 cells using luciferase assays as in (C) in the presence and absence of a construct to express SOX10. (E) Wild-type and DSOX10

MTMR2-Prom2 were evaluated for regulatory activity in S16 cells using luciferase assays as in (C) in the presence and absence of a construct to express dominant-nega-

tive (E189X) SOX10. (F) RT-PCR assays were performed as in Figure 2B using cDNA prepared from MN-1 cells transfected with a construct to express either wild-type or

dominant-negative SOX10, or mock transfected without a SOX10 expression construct. Note that transfection of the wild-type SOX10 expression construct was suffi-

cient to allow detection of endogenous Mtmr2 exon 1B-harbouring transcripts. (G and H) S16 cells and rat Schwann cells were treated with siRNA targeted against

SOX10 (red) or control siRNA (blue). Quantitative RT-PCR was used to measure expression levels of Mtmr2 exon 1A- and exon 1B-containing transcripts. Error bars indi-

cate standard deviations.
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support the notion that there are physiological differences be-
tween the two protein isoforms and provide evidence for a nu-
clear function of MTMR2, further studies on the function of
MTMR2 isoforms in Schwann cells in vivo are required (e.g. de-
veloping isoform-specific antibodies and generating mouse
models with targeted disruptions of each MTMR2 isoform in
isolation).

The studies described here reveal strong evidence for a pre-
viously unappreciated transcriptional regulation mechanism at
MTMR2 in Schwann cells. Our findings provide a better under-
standing of the biology of the MTMR2 locus, increase the muta-
tional screening space for patients with CMT4B1, and raise
questions about the global use of alternative promoters in the
development and function of glial cells (24,29,43,44).

Materials and Methods
Comparative sequence analysis at MTMR2

To identify non-coding multiple species conserved sequences
(MCSs) at MTMR2 we scrutinized the human MTMR locus on
chromosome 11 including genomic sequences up to the two
flanking genes using the UCSC Human Genome Browser (21):
CEP57 (centromeric) and MAML2 (telomeric). This resulted in
the assessment of a 143,901 base pair genomic region
(chr11:95,565,857-95,709,757; hg19). Next, we visually examined
the ‘Multiz Alignments of 100 Vertebrates’ track (21) for non-
coding genomic sequences that aligned between human,
mouse, and chicken – three vertebrate species relevant for the

study of peripheral nervous system myelination. These efforts
revealed three regions of interest (MSC1, MCS2, and MCS3; Table
1 and Figure 1A); however, we also included the MTMR2 proxi-
mal promoter (Table 1 and Figure 1A) in our functional studies.

Generation of reporter gene and expression constructs

Oligonucleotide primers containing attB1 and attB2 Gateway
cloning sequences (Invitrogen Life Technologies, Carlsbad, CA)
were designed for PCR-based amplification of the MTMR2
Promoter and each MCS (Table 1) and of the two Mtmr2 open
reading frames (ORFs; all primer sequences available upon re-
quest). Putative regulatory sequences were amplified from hu-
man genomic DNA and the Mtmr2 ORFs were amplified from a
cDNA library generated from RNA extracted from rat S16 cells
(see below) using Phusion High-Fidelity DNA Polymerase (New
England Biolabs Inc., Ipswich, MA). Subsequent to PCR amplifi-
cation and purification, each genomic segment was cloned into
the pDONR221 vector using BP Clonase (Invitrogen). Resulting
constructs were genotyped by digestion with BsrGI and sub-
jected to DNA sequence analysis to ensure the integrity of the
insert. For luciferase assays, each resulting pDONR221 construct
was recombined with an expression construct (pE1B-luciferase)
(25) using LR Clonase (Invitrogen) to clone each region upstream
of a minimal promoter directing expression of a luciferase re-
porter gene. For localization studies, each resulting pDONR221
construct was recombined with an expression construct using
LR Clonase to clone each ORF in frame with an N-terminal GFP
(pcDNA-pDEST53, Invitrogen) or Flag tag [pEZYflag, Addgene
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Figure 5. MTMR2 protein isoforms differentially localize to subcellular puncta and to the cell nucleus. (A) HeLa cells were transfected with constructs to express GFP-

MTMR2 isoforms and imaged with standard fluorescence microscopy. Cells were untreated or treated with 0.02% saponin to remove cytosolic proteins and stained

with DAPI to visualize nuclei prior to fixation. Scale bars, 20 lm. (B) Quantification of puncta formed by the two MTMR2 isoforms. Statistical analysis: significance test

for two-sample proportions (MTMR2-1 n¼542, MTMR2-2 n¼554, P<0.0001). Error bars represent margin of error for 95% confidence interval. (C) Western blot using an

anti-GFP antibody and 20 lg of cytosolic (C) or nuclear protein (N) fractions isolated from HeLa cells transfected with constructs to express either GFP-MTMR2 isoform 1

or isoform 2. Rab7 and cJun antibodies were used on the same blot to assess protein loading and fraction purity. A protein marker in kilodaltons (kDa) is indicated on

the left. (D) HeLa cells were transfected with constructs to express either GFP-MTMR2 isoform, treated with 0.02% saponin to clear cytosolic proteins and DAPI to visual-

ize nuclei (blue), and imaged with a confocal fluorescence microscope. Each image was taken from a single 0.3 lm-depth slice in the z-stack. Scale bars, 30 lm.
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plasmid #18700 (45)]. In each case, successful recombination
was confirmed via digestion of DNA with BsrG1 (New England
Biolabs Inc.). DNA sequencing analysis was employed to con-
firm that the ORFs were in-frame with the tag.

Site-directed mutagenesis was performed using the
QuikChange II XL Site-Directed Mutagenesis Kit (Agilent
Technologies, Inc., Santa Clara, CA). Mutagenesis primers (avail-
able upon request) were designed to delete the dimeric SOX10
binding site within MTMR2-Prom2 and produce the minor al-
leles of the two SNPs identified in MTMR2-Prom2. Mutagenesis
was performed in pDONR221 constructs (see above) and DNA
from each resulting clone underwent sequence analysis to ver-
ify that only the desired mutation was produced. Verified clones
were then recombined into pE1B-luciferase using LR Clonase
(Invitrogen).

Cell culture, transfection and luciferase assays

Immortalized rat Schwann cells (S16) (22), mouse spinal motor
neurons (MN-1) (26), and HeLa cells were grown under standard
conditions in DMEM with 10% fetal bovine serum, 2mM L-gluta-
mine, 50 U/ml penicillin, and 50 g/ ml streptomycin. For lucifer-
ase assays, �1�104 S16 or MN-1 cells were plated in each well of
a 96-well plate. For RT-PCR and Western blot experiments,
�3.5�105 S16, MN-1, C2C12, or HeLa cells were plated in each
well of a 6-well plate. For localization studies, �5�104 HeLa cells
were plated in each chamber of a 4-chamber slide. For all exper-
iments, cells were cultured for 24 h under standard conditions
prior to transfections.

Lipofectamine 2000 (Life Technologies) was diluted 1:100
in OptiMEM I reduced serum medium (Life Technologies) and
incubated at room temperature for 10 min. Each DNA con-
struct to be transfected was individually diluted in OptiMEM
to a concentration of 8 ng/ll (96-well plates), 4 ng/ll (6-well
plates), or 12 ng/ll (4-chamber slides). For luciferase assays,
an internal control renilla construct was added to the solu-
tion at 8 pg/ll. For co-expression in luciferase assays, 100 ng
of a construct to express either wild-type or dominant-
negative (E189X) SOX10 (37) was co-transfected in each well.
One volume of lipofectamine solution was added to each
DNA solution and allowed to sit for 20 min at room tempera-
ture. Cells were incubated with transfection solution for 4 h
under standard conditions and then the media was changed
to standard growth medium.

For luciferase assays, S16 or MN-1 cells were washed with 1X
PBS 48 h after transfection and lysed for 1 h shaking at room
temperature using 1X Passive Lysis Buffer (Promega, Madison,
WI). 10 ll of lysate from each well was transferred into a white
polystyrene 96-well plate (Corning Inc., Corning, NY). Luciferase
and renilla activities were determined using the Dual Luciferase
Reporter 1000 Assay System (Promega) and a Glomax Multi-
Detection System (Promega). Each reaction was performed at
least 24 times. The ratio of luciferase to renilla activity and the
fold change in this ratio compared to a control luciferase ex-
pression vector with no genomic insert were calculated. The
mean (bar height) and standard deviation (error bars) of the fold
difference are represented in the figures.

Fluorescence microscopy

For localization studies, cells were cultured under standard condi-
tions for 24 h after transfection. Cells were then washed with 1X
PBS for 5 min, fixed with 4% paraformaldehyde in PBS for 10 min

at room temperature, washed 3 times with PBS, permeabolized
with 0.1% Triton X-100 in PBS for 10 min at room temperature, and
washed 3 times again with PBS. Cells were blocked with 1% BSA in
PBS for 2 h, shaking at room temperature. To enhance GFP signal,
GFP-MTMR2-transfected cells were incubated for 1.5 h at 37 �C
with a monoclonal mouse GFP antibody (Clone 3E6, Invitrogen) di-
luted 1:200 in 1% BSA. Similarly, Flag-MTMR2-transfected cells
were incubated under the same conditions with a monoclonal
mouse Flag antibody (Clone M2, Sigma) diluted 1:2000. For colocal-
ization experiments with Calnexin, transfected cells were incu-
bated with a rabbit GFP antibody conjugated to AlexaFluor 488
(Invitrogen) diluted 1:1000 and a monoclonal mouse Calnexin an-
tibody (EMD Millipore, C8.B6) diluted 1:250. After washing, cells
were incubated for 1 h at 37 �C with AlexaFluor 488 or 555 goat
anti-mouse secondary antibody (Invitrogen) diluted 1:1000 in 1%
BSA. All cells were stained with DAPI to visualize nuclei. ProLong
Gold anti-fade reagent (Invitrogen) was applied and slides were
covered with glass coverslips. For saponin treatment, cells were
incubated in 0.02% saponin (Sigma-Aldrich, St. Louis, MO) in 1X
PBS for 2 min at room temperature, then washed three times with
PBS prior to fixation. For standard fluorescent microscopy, cells
were imaged with an Olympus IX71 inverted microscope using
cellSens Standard image software (Olympus, Center Valley, PA).
For confocal fluorescent microscopy, cells were imaged with a
Leica Upright SP5X Confocal Microscope or a Nikon A-1 Confocal
Microscope in the University of Michigan Microscopy & Image
Analysis Core Laboratory. Cell counts to quantify puncta forma-
tion were done across three independent transfections, and were
confirmed by additional counts from an observer naı̈ve to the na-
ture of the experiments.

RNA isolation, cDNA library preparation, and 5’RACE

RNA was isolated from S16, MN1, C2C12, or HeLa cells (immedi-
ately or 24 h after transfection) or from fresh mouse sciatic nerve
or whole brain from animals of either sex using the RNeasy Mini
Kit (Qiagen, Vinlo, Limburg) according to manufacturer’s instruc-
tions, eluted into 50 ll of RNase-free water, and stored at �80 �C.
RNA concentration and purity were determined using a
NanoDrop Lite (Thermo Scientific, Waltham, MA). A cDNA library
was generated from each sample using 1 lg of RNA and the high-
capacity cDNA reverse transcription kit (Life Technologies), with
the provided random reverse-transcription primers.

For 5’RACE experiments, first-strand cDNA was generated
from RNA isolated from S16 cells using an oligonucleotide primer
designed in exon 5 of the rat Mtmr2 locus. The cDNA sample was
subsequently TdT-tailed using the 5’RACE System (Invitrogen)
and sequential PCR reactions were performed using nested pri-
mers in exon 4 and exon 2 of Mtmr2. PCR products were size sepa-
rated by gel electrophoresis, excised, purified using the QIAquick
Gel Extraction Kit (Qiagen, Venlo, Netherlands), and subjected to
TA cloning. A total of 28 DNA samples extracted from individual
clones were subjected to DNA sequence analysis, 19 of which
mapped to the rat Mtmr2 locus.

RT-PCR

cDNA samples were analysed by PCR using species- and gene-specific
primers. For studies in rat we used the following primers: Exon
1A_RT_F, 5’-ATGGAGAAGAGCTCGAGCTG-3’’; Exon 1B_RT_R, 5’-
AAGCAAGTGGTTTAGATCTCACTGT-3’; and RT_R, 5’-
TTGATGTTCTCTCCTGGAAGC-3’ (mouse primer sequences available
upon request). For each reaction, 23 ll of PCR Supermix (Life
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Technologies) was combined with 0.5 ll of each 20lM primer solution
and 1 ll of cDNA. Reactions to amplify the full-length Mtmr2-2 tran-
script from S16 cells and mouse sciatic nerve were done with phusion
high-fidelity polymerase (NEB). Blank (cDNA-negative) controls were
included for each primer pair. Standard PCR conditions were used.

Western blot analysis

Cytosolic and nuclear protein fractions were isolated using the
NE-PER kit (Thermo Scientific) according to the manufacturer’s
instructions. For sciatic nerve lysates, nerves were sonicated in
200 ll of lysis solution containing 25 mM Tris-HCl/150mM NaCl/
1% NP-40/1% sodium deoxycholate/0.1% SDS (Thermo Scientific)
and protease inhibitor cocktail (Thermo Scientific). Protein con-
centrations were quantified using the BCA Protein Assay Kit
(Pierce). 20 lg samples from cellular fractions or 13.5lg samples
from nerve lysates were combined with SDS loading buffer (Life
Technologies) and b-mercaptoethanol (MP Biomedicals, Santa
Ana, CA) and incubated at 99 �C for 5 min. The samples were elec-
trophoresed on 4–20% Tris-Glycine gels (Life Technologies) at
125V for 3 h in running buffer containing SDS (Life Technologies)
at 4 �C. Protein samples were transferred onto PVDF membranes
at 25 V for 1.5 h in Tris-Glycine Transfer Buffer (Life
Technologies). Membranes were blocked in 2% non-fat milk in
TBST overnight at 4 �C. Primary antibodies included: rabbit anti-
GFP (1:2000, Sigma), mouse anti-JUN (1:500, BD Biosciences, San
Jose, CA), rabbit anti-RAB7 (1:1000, Sigma), rabbit anti-MTMR2
[1:250, (46)], mouse anti-MTMR2 (1:5000, Abnova), or rabbit anti-
MTMR2 [1:1000, (47)] and were applied in blocking solution for 1 h
at room temperature. Membranes were washed 3 times with
TBST, incubated for 1 h at room temperature with an anti-mouse
or anti-rabbit secondary antibody conjugated to horseradish per-
oxidase (Millipore, Billerica, MA), washed three times with TBST,
and incubated with SuperSignal West Dura substrate (Thermo
Scientific) according to manufacturer’s instructions.

siRNA transfections and qRT-PCR

Control siRNA (siControl 1, Ambion catalogue number AM4611)
or Sox10 siRNA (siSox10 1, Ambion catalogue number s131239)
were transfected into S16 or primary rat Schwann cells (48) us-
ing the Amaxa Nucleofection system following the manufac-
turer’s instructions. At 48 h post-transfection, RNA was isolated
using Tri-Reagent (Ambion) and analysed by quantitative RT-
PCR. The relative amounts of each Mtmr2 isoform were deter-
mined by the comparative Ct method and normalized to 18S
rRNA. The sequences of the primers used for qRT-PCR are as fol-
lows: 18S rRNA, 5’-CGCCGCTAGAGGTGAAATTCT-3’ and 5’-
CCAACCTCCGACTTTCGTTCT-3’; Mtmr2 Exon1A, 5’-GAGGAC
TCACTGTCCAGCCAAA-3’ and 5’-TTTGTGACAGTCAGCGTCCCT-
3’; Mtmr2 Exon1B, 5’-GAAATTGAATTGGCAGTGAAAA-3’, and 5’-
TACAGCACCAGTGAACGGAC -3’. To study the developmental
regulation of Mtmr2 mRNA isoforms, the above primers were
used in qRT-PCR assays on cDNA samples generated from RNA
isolated from P1 and P15 rat sciatic nerves.

Micrococcal nucleases (MNase)-aided chromatin
immunoprecipitation (ChIP) in vivo

Snap-frozen sciatic nerves (P30) were ground and incubated in 1
ml of lysis buffer (50 mM Hepes–KOH, pH 7.5; 140 mM NaCl;
4 mM MgCl2; 10% Glycerol; 0.5% Igepal CA-630; 0.25% Triton X-
100; Protease Inhibitor Cocktail) (49) rotating for 20 min at 4 �C.

After 15 strokes with a Dounce homogenizer, samples were cen-
trifuged at 18,000 x rcf for 10 min at 4 �C. Pellets were washed
with 1 ml of MNase digestion buffer (0.32 M sucrose; 50 mM
Tris-HCl, pH 7.5; 4 mM MgCl2; 1 mM CaCl2; Protease Inhibitor
Cocktail) (50). Insoluble material was pelleted by centrifugation,
samples were resuspended in 200 ml of MNase digestion buffer,
and were incubated with 1 ml (2000 gel units) of MNase (New
England Biolabs, M0247) for 7 min at 37 �C. Digestion was termi-
nated by the addition of EDTA to a final concentration of 0.05 M.
Samples were centrifuged at 18,000 x rcf for 20 min at 4 �C, and
supernatants containing small fragments of chromatin were
pooled. The majority of digested chromatin was about 150 base
pairs in length (data not shown). �1.5 mg of chromatin DNA was
mixed with 5 mg of anti-H3K4me3 antibody (Millipore 04-745) in
ChIP incubation buffer (50 mM NaCl; 50 mM Tris-HCl, pH 7.5;
Protease Inhibitor Cocktail; 5 mM EDTA) with a final volume of
1 mL. Samples were allowed to incubate for 12–16 h at 4 �C on a
rotator. 60 ml of Dynabeads Protein G (Invitrogen, 10004D) slurry
was washed twice with 0.5% BSA in PBS and then incubated
with each ChIP sample for 4 h at 4 �C on a rotator. ChIP samples
were washed with washing buffer 1 (WB1, 50 mM Tris-HCl,
pH7.5; 10 mM EDTA; 125 mM NaCl) once, WB2 (50 mM Tris-HCl,
pH7.5; 10 mM EDTA; 250 mM NaCl) once, and WB3 (50 mM Tris-
HCl, pH7.5; 10 mM EDTA; 500 mM NaCl) twice. The samples were
eluted at 65 �C with elution buffer (50 mM NaCl; 50 mM Tris-HCl,
pH 7.5; 5mM EDTA; 1% SDS) for 15 min. DNA was purified by
phenol chloroform extraction and subjected to sequencing.

Supplementary Material
Supplementary Material is available at HMG online.
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