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Abstract

Copy number variation of the peripheral nerve myelin gene Peripheral Myelin Protein 22 (PMP22) causes multiple forms of
inherited peripheral neuropathy. The duplication of a 1.4 Mb segment surrounding this gene in chromosome 17p12 (c17p12)
causes the most common form of Charcot-Marie-Tooth disease type 1A, whereas the reciprocal deletion of this gene causes
a separate neuropathy termed hereditary neuropathy with liability to pressure palsies (HNPP). PMP22 is robustly induced in
Schwann cells in early postnatal development, and several transcription factors and their cognate regulatory elements have
been implicated in coordinating the gene’s proper expression. We previously found that a distal super-enhancer domain
was important for Pmp22 expression in vitro, with particular impact on a Schwann cell-specific alternative promoter. Here,
we investigate the consequences of deleting this super-enhancer in vivo. We find that loss of the super-enhancer in mice
reduces Pmp22 expression throughout development and into adulthood, with greater impact on the Schwann cell-specific
promoter. Additionally, these mice display tomacula formed by excessive myelin folding, a pathological hallmark of HNPP, as
have been previously observed in heterozygous Pmp22 mice as well as sural biopsies from patients with HNPP. Our findings
demonstrate a mechanism by which smaller copy number variations, not including the Pmp22 gene, are sufficient to reduce
gene expression and phenocopy a peripheral neuropathy caused by the HNPP-associated deletion encompassing PMP22.

Introduction
Proper myelination by Schwann cells in the peripheral nervous
system depends in part on coordinated expression of key struc-
tural myelin proteins (1). One of these proteins is encoded by the
peripheral myelin protein 22 (PMP22) gene, which is included in a
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1.4 Mb duplication that causes the most common form of inher-
ited peripheral neuropathy, called Charcot-Marie-Tooth disease
type 1A (CMT1A) (2–5). This progressive sensorimotor polyneu-
ropathy is marked by dysmyelination with shortened intern-
odes (6–9), ultimately leading to degeneration of the myelin and
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axons, and weakness and atrophy in those denervated limb
muscles. The reciprocal 1.4 Mb deletion, resulting in inheri-
tance of only one copy of the PMP22 gene, causes a distinct
neuropathy known as hereditary neuropathy with liability to
pressure palsies (HNPP) (10–14). HNPP is pathologically charac-
terized by paranodal hypermyelination, causing tomacula for-
mation. The disease commonly manifests as focal sensory loss
and muscle weakness when the affected nerves are exposed
to mild mechanical compression innocuous to healthy people
but resulting in conduction block (failure of action potential
propagation) in HNPP patients. Though less severe phenotypi-
cally, HNPP may cause severe limb paralysis when asymptomatic
patients with unknown diagnosis of HNPP are challenged by
strenuous physical activities (15). This imposes a catastrophic
risk in a fraction of patients with HNPP.

Given that PMP22 gene dosage variation in either direction
may cause peripheral neuropathy, it is of interest to understand
endogenous mechanisms that regulate the gene’s expression,
which could have therapeutic implications (16). PMP22 encodes
one of the most abundantly expressed transcripts in mature
peripheral nerve in RNA-seq studies (17). Two major promoters
P1 and P2 drive the expression of PMP22 using two alternate non-
coding exons (1A or 1B, respectively) and the relative abundance
of these alternative transcripts is approximately 3:1 in rodents
(18) and 1:1 in human Schwann cells (as recently confirmed
in gtexportal.org). The P1 promoter is expressed exclusively in
myelinating Schwann cells, although both P1 and P2 transcripts
are induced during myelination. In other tissues where PMP22 is
expressed at a lower level, the P2 transcript is the major form.
Transgenic analysis identified an enhancer region upstream of
the P1 promoter (19, 20), known as the late myelination Schwann
cell-specific element (LMSE). However, neither the promoters nor
the LMSE could recapitulate the large developmental induction
of Pmp22 in transgenic assays.

Using ChIP-seq analysis, we had identified a ∼40 kb super-
enhancer domain termed Pmp22-SE upstream of the rat Pmp22
gene (21, 22). This domain falls within a larger 168 kb region
in overlapping upstream duplications (not including the PMP22
gene) identified in patients presenting with mild CMT-like symp-
toms (23, 24). The enhancers are largely absent from oligoden-
drocytes where PMP22 is expressed at a much lower level (4,
18, 21), and enhancer marks are significantly diminished after
nerve injury when the expression of Pmp22 declines precipi-
tously (25, 26). Using clustered regularly interspaced short palin-
dromic repeats/CRISPR associated protein 9 (CRISPR/Cas9), we
deleted this super-enhancer in the S16 rat Schwann cell line and
found that the loss of this super-enhancer significantly reduced
Pmp22 transcription, with stronger impact on transcription from
the Schwann cell-specific P1 promoter (27).

Since its discovery as a causative agent in inherited neu-
ropathies, several studies have probed the molecular function
of PMP22 using rodent models possessing Pmp22 deletion (28–
35). This led to the discovery that conduction block occurs in
these models well before the appearance of segmental demyeli-
nation (stripping myelin off the axon) (30). This early ‘functional
demyelination’ (31) was traced to a disruption of myelin junction
protein complexes by hyperactive p21-activated kinase (PAK1)-
driven actin polymerization in the absence of sufficient levels
of PMP22 protein (33). Interestingly, the elevated activation of
PAK1 observed in Pmp22+/− mice is further increased following
ablation of β4 integrin (34), a laminin receptor subunit linked to
myelin stability (36, 37). The improper formation of these junc-
tion complexes prevents sealing of the myelin sheath, increasing
myelin permeability and therefore reducing its capacitance to

function as an insulator (31). In the present study, we explore the
presentation of this HNPP phenotype at different levels of Pmp22
expression in mice possessing heterozygous and homozygous
loss of the upstream super-enhancer.

Results
Effects of Pmp22-SE deletion on Pmp22 expression

To assess the physiological relevance of the Pmp22 super-
enhancer in vivo, we used CRISPR-Cas9 to create a 40.5 kb
deletion encompassing the super-enhancer domain in C57BL/6
mice (Fig. 1). The figure depicts the position of the super-
enhancer relative to ChIP-seq analysis of the active enhancer
mark, histone H3K27 acetylation, and the binding sites for EGR2,
SOX10 and TAZ transcription factors that have been shown to
regulate PMP22 expression (21, 22, 38–40). The shaded super-
enhancer region contains injury-sensitive enhancers that are
specifically identified in Schwann cells but not oligodendrocytes
(21, 22). There are several genes in the vicinity of these
enhancers, but the active ones are shown by ChIP-seq analysis
of the active promoter mark, histone H3K4 trimethylation (41).
The bottom line depicts the approximate homologous endpoints
for the minimal region of overlap of the neuropathy-associated
duplications identified upstream of human PMP22 (23, 24). Most
of the intergenic regions are not conserved, but there are high
levels of conservation between rat, mouse and human genomes
within the previously defined enhancers (21, 22).

Upon identification of the desired deletion, litters were gen-
erated containing heterozygous and homozygous deletion of
the Pmp22 super-enhancer along with wild-type littermates. We
collected the sciatic nerves from mice at postnatal Days 0, 10
and 56 (P0, P10 and P56 respectively). The P0 time point precedes
the period of active myelination and PMP22 levels along with
myelin genes are relatively low in contrast to their peak during
active myelination P10-P20. As myelination completes within a
few weeks after birth, PMP22 levels and myelin genes decline
somewhat but still remain at high levels in mature nerve (42).

At the perinatal time point (P0), we observed no significant
change in total Pmp22 messenger RNA (mRNA) in either Pmp22-
SE+/− or Pmp22-SE−/− mice relative to wild-type littermates
(Fig. 2A). However, when Pmp22 becomes highly induced at both
P10 and P56, we found significant reduction in total Pmp22 mRNA
in both Pmp22-SE+/− mice (relative to wild-type littermates) and
Pmp22-SE−/− mice (relative to both wild-type and Pmp22-SE+/−
littermates) (Fig. 2B and C). To evaluate the possibility that this
decrease in Pmp22 expression could be attributable to changes
in transcription factors regulating Pmp22, we also measured
expression of other myelin genes, which are controlled by
many of the same transcription factors (16, 21, 22, 43–46). We
found no changes in either Mag or Mpz expression at any time
point. Finally, we measured expression of the Tvp23b transcript,
the next closest expressed gene to the super-enhancer. We
found a slight but significant increase in Tvp23b mRNA at P0,
although this effect disappeared by P10, indicating that the
super-enhancer’s activity is primarily focused on Pmp22. The
nearby Tekt3 gene is inactive in Schwann cells (21, 22). In addition
to levels of Pmp22 transcript, we also assessed PMP22 protein
levels by western blot (Fig. 2D) and observed a commensurate
decrease in those levels.

Because our in vitro model had demonstrated a more
pronounced effect of enhancer deletion on the Schwann cell-
specific P1 promoter in contrast to the P2 promoter (27), we
measured relative expression of transcripts from the P1 and P2
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Figure 1. Deletion of Pmp22-SE in mice. ChIP-seq analysis in rat peripheral nerve highlights homologous rat sequence deleted in C57/BL6 mice (blue shaded region,

corresponding to mm10 chr11:63, 001, 867-63, 042, 405. The super-enhancer region is marked by H3K27ac and contains binding sites for transcription factors SOX10

and EGR2. The absence of H3K4me3, a histone mark associated with active promoters, indicates that Pmp22-SE-proximal genes Cdrt4 and Tekt3 are not expressed in

peripheral nerve.

promoters in nerve at these same ages (Fig. 2A–C). At P0, we
found a significant decrease in the P1 transcript exclusively
in Pmp22-SE−/− mice. At P10 and P56, the P1 transcript was
significantly reduced in both Pmp22-SE+/− mice (relative to
wild-type littermates) and Pmp22-SE−/− mice (relative to both
wild-type and Pmp22-SE+/− littermates). Conversely, although
the P2 transcript appeared slightly reduced in P0 nerve, we
only observed significant reduction of this transcript in P10
nerve from Pmp22-SE−/− mice. At P56, the P2 transcript was
significantly reduced in both Pmp22-SE+/− and Pmp22-SE−/−
mice. As the P2 transcript is the predominant Pmp22 transcript
in the early postnatal period (18), these results are consistent
with our finding that total Pmp22 is not significantly lower in
Pmp22-SE+/− or Pmp22-SE−/− mice at P0. Therefore, the super-
enhancer does not affect Pmp22 expression in premyelinating
Schwann cells. Accordingly, some of the transcription factors
that bind to the super-enhancer (such as EGR2) (21, 22) do not
become fully induced until later time points (47–49).

We also evaluated additional genes linked to changes in
Pmp22 expression in nerve from P56 Pmp22-SE+/− and Pmp22-
SE−/− mice (Fig. 2D). Consistent with prior reports showing PAK1
mice protein levels are unchanged in heterozygous Pmp22 dele-
tion mice (33), we detected no significant change in PAK1 mRNA.
Plekha1, which was reduced by antisense oligonucleotide therapy
targeting the Pmp22 transcript in a rodent model of CMT1A (50),
was similarly not affected by deletion of the super-enhancer. We
examined Sipa1l2 expression because this was recently identi-
fied as a modifier gene for CMT1A. Sipa1l2 expression is SOX10-
regulated and positively correlated with Pmp22 expression (51)
and was slightly but significantly reduced in Pmp22-SE−/− mice.

Socs3 and Id2, which were previously found to be upregulated
in Pmp22 knockout mice (52), are both significantly elevated in
nerve from P56 super-enhancer deletion mice, with Socs3 tran-
scripts increased in both Pmp22-SE+/− and Pmp22-SE−/− mice
and Id2 transcripts increased in Pmp22-SE−/− mice. Finally, ApoE
and Abca1, genes related to cholesterol efflux, are both elevated
in Pmp22-SE−/− mice at P56, in line with a recent study of Pmp22
KO mice (35).

Tomacula formation and aberrant F-actin
polymerization in Pmp22-SE+/− and Pmp22-SE−/− nerve

Previous studies of rodent models of heterozygous Pmp22 dele-
tion (12, 13, 29, 33, 34) showed tomacula formation and aberrant
F-actin polymerization. Similarly, there are myelin structural
abnormalities in nerve from adult Pmp22-SE+/− and Pmp22-SE−/−
nerve (Fig. 4A). In teased nerve fibers, increased tomacula in both
Pmp22-SE+/− and Pmp22-SE−/− mice are evident relative to wild-
type littermates (Fig. 3A and B). Consistent with the elevated
actin polymerization in heterozygous Pmp22 knockout mice (33),
F-actin was elevated at mesaxons (Fig. 3C). We also measured
F-actin levels in Schmidt-Lanterman incisures. Again, it was
increased in both heterozygous and homozygous Pmp22-SE dele-
tion mice (fluorescence intensity: Pmp22-SE+/+ 630.5 ± 71.9 ver-
sus Pmp22-SE+/− 958.0 ± 88.1 or Pmp22-SE−/− 1105.7 ± 225.0; 80–
100 fibers per mouse; n = 3 mice per genotypic group; P < 0.05).
Notably, with respect to tomaculous prevalence, the proportion
of F-actin positive mesaxons and F-actin fluorescence inten-
sity in incisures, there were no significant differences between
Pmp22-SE+/− and Pmp22-SE−/− mice (Fig. 3D).
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Figure 2. Pmp22-SE contributes to peripheral nerve Pmp22 transcription throughout development. Expression analysis indicates the relative expression of noted genes

in heterozygous and homozygous Pmp22-SE deletion mice relative to wild-type littermates at (A) P0 (Wt/Het/Hom n = 3/6/4), (B) P10 (Wt/Het/Hom n = 5/5/3) and (C) P56

(Wt/Het/Hom n = 9/7/4). Relative expression levels in P56 sciatic nerve are shown for the indicated genes. Error bars represent the standard deviation. Statistical analysis

denotes results for the comparison of values in heterozygous or homozygous deletion animals to wild-type littermates (∗P < 0.05) or comparison of homozygous to

heterozygous littermates (§P < 0.05). (D) The western blot shows levels of PMP22 protein along with β-actin as a normalization control in the indicated genotypes. The

quantitation of normalized bands relative to wild type is shown in the bar graph.

Morphometric analysis demonstrates axon loss in
Pmp22-SE+/− and Pmp22-SE−/− nerve

Axon loss has been observed in humans with HNPP and
Pmp22+/− mice during aging (13, 14, 53), even though the axon

loss was subtle or not significant in some Pmp22+/− mice prior
to 6 months of age (33). We therefore performed morphometric
analysis in Pmp22-SE+/− and Pmp22-SE−/− mice (Fig. 4A, 4–
6 month old; n = 5 for each genotypic group). Again, results
confirmed a mild, but statistically significant decrease of axon
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Figure 3. Increased tomacula formation and actin polymerization in Pmp22-SE deletion mouse sciatic nerve. (A) Images depicting tomacula formation in teased nerves

of 3- to 5-month-old wild-type, Pmp22-SE+/− and Pmp22-SE−/− nerve. (B) The quantitation of prevalence of tomacula as the percentage of counted nerve fibers (150–300

fibers per mouse, n = 3 mice per genotypic group). (C) Teased nerve fibers of mouse sciatic nerve were stained with fluorescent phalloidin. Arrows indicate increases

in Rhodamine-labeled F-actin polymerization at and mesaxons. (D) Quantification of the prevalence of F-actin-positive mesaxons in 3- to 5-month-old wild-type,

Pmp22-SE+/− and Pmp22-SE−/− nerve. Scale bars = 20 μm.

density in Pmp22-SE+/−, compared with that in wild-type nerves.
As expected, the axon loss was more severe in Pmp22-SE−/−
nerves, (Table 2). This axon loss predominantly affected the
small and intermediate myelinated nerve fibers, whereas larger
nerve fibers were increased because of tomacula (Fig. 4B). The
increase was in line with the analysis of g-ratio (axon diameter
divided by outer diameter of the myelinated nerve fiber, which
reflects myelin thickness). It showed a significant decrease of
g-ratio in larger diameter nerve fibers (Table 2 and Fig. 4C).

Impaired recovery from conduction block in
Pmp22-SE+/− and Pmp22-SE−/− nerve

The heterozygous deletion of Pmp22 renders nerve susceptible
to conduction block induced by mechanical compression (30).
We therefore employed a model of mechanically induced nerve
compression to establish whether this phenotype is present at
different levels of reduced Pmp22 expression resulting from het-
erozygous or homozygous deletion of Pmp22-SE. This was carried
out by applying a precalibrated vessel clamp to compress the
surgically exposed mouse sciatic nerve. Electrical stimuli were
delivered to the nerve both distal and proximal to the compres-
sion site. Over time, the amplitude of nerve responses by proxi-
mal stimulation gradually declined. The latency for the decline

to reach 60% of amplitude by the distal stimulation was used
as a marker to compare the nerve susceptibility to mechanical
compression between wild-type and mutant mice. Consistent
with prior work (30), we observed significantly shorter latency
in achieving 60% conduction block in mechanically compressed
nerves from both Pmp22-SE+/− and Pmp22-SE−/− mice compared
with that in wild-type mice (Fig. 5A).

To evaluate the ability of these mice to recover from con-
duction block, we measured compound muscle action potential
(CMAP) amplitude and nerve conduction velocity at Days 1, 3, 7
and 14 following mechanical nerve compression. In this method,
surgically exposed sciatic nerve was compressed, and CMAP
amplitudes were measured using both proximal stimulation
(i.e. requiring transmission across compression site) and distal
stimulation (i.e. with stimulus and recording being on the same
side relative to the compressed point). Interestingly, despite
Pmp22-SE+/− and Pmp22-SE−/− mice showing similar patholog-
ical changes, we observed significant differences in recovery
from conduction block only in Pmp22-SE−/− mice. In wild-type
and Pmp22-SE+/− mice, proximal CMAP amplitudes declined
relative to distal stimulation at Days 1 and 3 before recovering
to baseline levels by Day 14, and no significant differences were
apparent between these two groups (Fig. 5B). In contrast, Pmp22-
SE−/− mice displayed much lower baseline CMAP amplitude.
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Figure 4. Morphometric analysis demonstrates axonal loss in Pmp22-SE deletion mouse sciatic nerve. (A) Images of the semithin section were taken from 3- to 5-

month-old wild-type, Pmp22-SE+/− and Pmp22-SE−/− nerve. (B) Axon-diameter distributions in 3- to 5-month-old wild-type, Pmp22-SE+/− and Pmp22-SE−/− nerve.

(C) g-Ratios were plot against axon diameters. The slope of the scatter plot reflects myelin thickness.

Although CMAP amplitude in these mice similarly decline from
baseline to Day 3, there was no recovery as of Day 14 (Fig. 5B).
The changes were quantitated using the proximal/distal CMAP
amplitude ratio, which helps to control for differences in probe
placement across multiple recording sessions. We observed sig-
nificantly reduced P/D ratio only in Pmp22-SE−/− until Day 7
after nerve compression (Fig. 5C). Similarly, although wild-type
and Pmp22-SE+/− mice displayed no significant changes in con-
duction velocity over this period, mice possessing homozygous
deletion of Pmp22-SE displayed reduced conduction velocity at
Days 1 and 3 after compression, with recovery to baseline levels
by Day 7 (Fig. 5D).

Discussion
In this study, we describe a new mouse model of reduced Pmp22
expression that recapitulates phenotypic and pathological

hallmarks of HNPP observed in previous rodent models of
heterozygous Pmp22 loss (12, 13, 31). We have demonstrated
that a distal super-enhancer domain previously shown to
regulate Pmp22 expression in vitro is similarly required for full
endogenous expression in vivo. We find that the super-enhancer
contributes to gene expression at all time points evaluated
and appears to selectively regulate Pmp22 expression without
affecting the nearby Tvp23b gene. As in our cell culture model
(27), transcription from the Schwann cell-specific P1 promoter
is more significantly affected by the loss of this super-enhancer
throughout development. The histone H3K27 acetylation that
marks the super-enhancer in peripheral nerve is absent in the
central nervous system (21, 54), and this super-enhancer is
required for the high expression of the Schwann cell-specific P1
promoter. However, super-enhancer deletion did not reduce total
Pmp22 mRNA levels to <30% at any age, indicating that other
regulatory elements, such as the intronic regulatory element
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Figure 5. Impaired recovery from conduction block in Pmp22-SE−/− mouse sciatic nerve. (A) Time to achieve 60% conduction block in 3- to 5-month-old wild-type,

Pmp22-SE+/− and Pmp22-SE−/− nerves (P < 0.05; n = 12 mice per genotypic group). (B) CMAP amplitudes before nerve compression (baseline) and at 1, 3, 7 and 14 days

following the compression. Two-way ANOVA with repeated measures showed a significant effect of genotype (F2,30 = 60.96, P < 0.0001) in CMAP amplitudes at all time

points (F3.177,95.30 = 7.665, P < 0.0001), but not for CMAP recovery (F8,120 = 1.309, P > 0.05). Tukey’s multiple comparisons showed significantly smaller CMAPs at all time

points between Pmp22-SE−/− and wild-type mice (P < 0.0001), but not different between Pmp22-SE+/− and wild-type mice (P > 0.05). (C) Proximal/distal CMAP amplitude

ratio (a measure of conduction block). The two-way ANOVA showed a significant effect of genotype (F2,30 = 8.402, P < 0.01) and recovery (F6,90 = 6.170, P < 0.0001) in P/D

ratio. This difference in Day 1 was significant between Pmp22-SE−/− and wild-type (P < 0.0001) or between Pmp22-SE−/− and Pmp22-SE+/− mice (P < 0.01), but not

significant for the remaining time points (P > 0.05). (D) Nerve conduction velocity. The ANOVA showed a significant effect of genotype (F2,30 = 82.01, P < 0.0001), over

time (F2.704,81.13 = 4.958, P < 0.01) and recovery (F8,120 = 2.509, P < 0.05). Tukey’s multiple comparisons showed significantly decreased CVs at all recovery time points in

Pmp22-SE−/− animals in contrast to wild-type (P < 0.01) but not between wild-type and Pmp22-SE+/− animals at any time point (P > 0.05).

and promoter proximal regions (20–22, 46), are also involved in
maintaining proper levels of Pmp22 expression.

Previous work evaluating ‘functional demyelination’ in
Pmp22+/− models has developed a model in which reduction
of PMP22 protein disrupts the formation of junction protein
complexes and produces hyper-permeable myelin, leading to
lost internodal current and conduction block (31, 33). Here,
we demonstrate a Pmp22-dosage-dependent progression of
this mechanism, including Pmp22-dosage-dependent axon
loss. Although both Pmp22-SE+/− and Pmp22-SE−/− mice
also displayed tomacula and abnormal F-actin assembly, the
functional consequences of conduction block and its recovery
were only visible in nerves from Pmp22-SE−/− mice. Together,
these findings suggest that severity of the neuropathy is a
function of the level of Pmp22 expression.

Several different agents have been developed that can reduce
PMP22 expression and improve the CMT1A neuropathy in rodent
models (16, 50, 55, 56), some of which have entered clinical
trials (57, 58). It has been appreciated that there is a potential
risk in the development of therapeutics for CMT1A if an overly
efficacious treatment reduces a patient’s level of Pmp22 expres-
sion below normal levels in healthy individuals (59). However,
it remains to be determined whether development of HNPP
symptoms requires reduced PMP22 levels during early myelin
formation or whether a switch to reduced expression later in life
is sufficient to induce the disease. In addition, a novel skin biopsy
assay has been developed that can be used to evaluate levels of
PMP22 expression as a target engagement assay in clinical trials
(60).

In summary, we have found that a super-enhancer domain
previously identified in a cultured rat Schwann cell line is
an important regulator of Pmp22 expression in vivo. Our data
show that the loss of this super-enhancer is sufficient to
induce the morphological and electrophysiological phenotype
commonly associated with HNPP, which is also Pmp22-dosage
dependent. This evidence indirectly supports the notion that
previously observed upstream duplications, inclusive of the
super-enhancer but not the PMP22 gene itself (23, 24), can induce
a mild form of neuropathy by promoting overexpression of
PMP22. More importantly, the mouse model offers a new tool
to scale the levels of PMP22 in vivo and examines how dosages
of PMP22 affect different aspects of pathogenic mechanisms in
HNPP.

Materials and Methods
Experimental animals

All procedures described here were conducted in compliance
with the Institutional Animal Care and Use Committees
at University of Wisconsin and Wayne State University.
C57BL/6 embryos and CRISPR/Cas9 reagents were electro-
porated at the University of Wisconsin-Madison Biotech-
nology Center. Guide RNA sequences are as follows: 5′-
GAGGCTCAGCAAGGTCACGGGGG-3′ for upstream target; 5′-
GCTGCTGAGGGGCAGATTCGGGG-3′ for downstream target. Mice
from implanted embryos were genotyped to detect successful
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Table 1. qPCR primers used

Gene Forward Reverse

Actb GGGATGTTTGCTCCAACCAA GGCGCTTTTGACTCAGGATTTA
Cnp GCACCATCATCTGAGGGTTCA TGGAAGGCATGTTGCTGTGT
Gldn CCTCCACCTCCCACATTATTT CAGAGTCTGAGGTGTCTCTTTC
Pmp22pan GGCAATGGACACACGACTGA GCTCCCAAGGCGGATGT
Pmp22-P1 TTGACTGCAGAGACATCCAAGTG GGGCTCGGGATCAGAGGA
Pmp22-P2 AGATAGCTGTCCCTTTGAACTGAAA GTTGGGCTCGGGATCAGA
Mag GTCCGGCACCATACAACTGA TGGTTCCCCCGGAAGTG
Mpz CCCTGGCCATTGTGGTTTAC CCATTCACTGGACCAGAAGGAG
Tvp23b TGGCTACGTCGTATCTTGGA GAATCGTGTCCATTGCTCCC
Pak1 AACCGCTGTCTTGAGATGGA GCAGCAATCAGTGGAGTCAG
Plekha1 TAGCCCTGAAGAGATGCACA GGACGGACAGTGAATTTGGG
Sipa1L2 GGAACCTGAAGTGACGGAATG ATCTTTGGATAGGACATGCTGAG
Socs3 GGAGATTTCGCTTCGGGACT GGAAACTTGCTGTGGGTGAC
Id2 ACCACCCTGAAGACGGACAT GAATTCAGACGCCTGCAAGG
Abca1 CAACAAACTCTGCCACGTGA GCTCACTTGAACTTTGCCCA
ApoE CAGTGGCCCAGGAGAATCAAT ATGTTGTTGCAGGACAGGAGAA
Pmp2 TGCTGGATGGGAGAATGGTAG TGCAGACCACACCCTTCATTAT

deletion using primers flanking the excised sequence: 5′-
ACACACACACACATGCCCAGTAAATAG-3′ and 5′-TTCTCCGTGAC-
TTCTGCCTCCTCATTC-3′. A single founder was identified, and
F1 and F2 generation mice were backcrossed to C57/BL6 mice to
generate heterozygote breeding pairs, which produced wild-type
mice along with heterozygous and homozygous deletion of the
Pmp22 super-enhancer.

Genotyping

Genomic DNA was isolated from tail snips using the DNeasy
Blood and Tissue kit (Qiagen). Genotyping assay was per-
formed using GoTaq master mix (Promega) with the shared
primer 5′-CATTTTGGGATGTGCTCTTAGTCT-3′ and genotype-
specific reverse primers: 5′-CAAGAGAAGGTTAAAGCTATGCCA-
3′ (for detection of deletion postrepair junction) and 5′-
CATTCAGTGAAGGAGAACAACGG-3′ (for amplification of wild-
type sequence). Sex determination of P0 mice was performed via
PCR with the following primers: 5′-TGCAGCTCTACTCCAGTCTTG-
3′ and 5′-GATCTTGATTTTTAGTGTTC-3′ to amplify a portion of
the Sry gene on the Y chromosome.

Reverse transcription-quantitative polymerase
chain reaction

RNA was isolated from sciatic nerves using TRIzol reagent
(Ambion) and the RNEasy MinElute cleanup kit (Qiagen)
according to the manufacturer’s protocol. RNA was converted
to complementary DNA using MMLV reverse transcriptase
(Invitrogen). Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) experiments were performed using
Power SYBR Green master mix (Thermo Fisher Scientific) on
the StepOne Plus and/or ViiA7 systems (Applied Biosystems).
Relative expression was calculated using the comparative Ct
method (61). Primers are listed in Table 1.

Nerve compression and nerve conduction studies

Nerve conduction studies were performed as described pre-
viously (30, 33). Sciatic nerve was surgically exposed and

compressed with a precalibrated vessel clamp (cat#: TKF-1-
15g, AROS Surgical Instruments Co.). CMAP was recorded with
both proximal and distal stimulation, and the proximal/distal
(P/D) CMAP amplitude ratio was calculated to define the
degrees of conduction block and minimize effects of variation
in electrode placement for multiple trials with the same
animal.

Semithin section

As described (62), tissues were fixed with 4% paraformalde-
hyde. Nerves were embedded in Epon and sectioned to semithin
sections for morphometric analysis.

Teased nerve fiber imaging and immunofluorescence

As described (31, 33), nerves were fixed in 4% paraformalde-
hyde and teased into individual nerve fibers on glass slides.
Immunostaining with antibodies against myelin proteins was
visualized under confocal microscopy. Tomacula were counted
under light microscopy. For F-actin staining, teased fibers were
stained with rhodamine-conjugated phalloidin and imaged with
a fluorescent microscope.

Morphometric analysis

Morphometric analysis was performed as described previously
(63). All ×63 bright field images of mouse sciatic nerves were
taken using a Leica microscope. A trained deep learning model
was applied to the images to generate semantic segmentations
with isolated myelin or axon. Each nerve fiber’s inner area
around the axon and outer areas (axon + myelin) were mea-
sured. Then, each fiber’s diameter, myelin thickness and g-ratio
were calculated. Myelinated fiber density, myelin thickness and
g-ratio were analyzed using paired two-tailed t-tests (n = 5 for
each of the 3 genotypes) (Table 2). A histogram with 1 μm bin
size reflecting a proportion of fibers of certain diameter was
generated for each genotype to better visualize axon loss of
specific fiber diameters in the mutant nerves.
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Table 2. Axon density and g-ratio in Pmp22-SE deletion sciatic nerve

Pmp22-SE+/+ Pmp22-SE+/− Pmp22-SE−/−

Mouse number 5 5 5
Fiber number 8503 7243 5196
Axon density 19 939 ± 1328 16 904 ± 1556 12 958 ± 1394
P-value 0.018a 0.000a; 0.006b

g-Ratio 0.67 ± 0.01 0.61 ± 0.03 0.54 ± 0.04
P-value 0.021a 0.004a; 0.038b

aPmp22-SE+/− or Pmp22-SE−/− versus Pmp22-SE+/+ .
bPmp22-SE−/− versus Pmp22-SE+/− .

Western blot

To prepare western blot lysates, a single nerve from each study
animal was briefly thawed on ice then disrupted with a micro-
centrifuge pestle in 200 μl of ×1 Laemmli buffer containing 5%
β-mercaptoethanol v/v, protease (Sigma P8340) and phosphatase
inhibitors. Following tissue lysis, samples were heated at 95◦C for
5 min and then centrifuged at 15 000g for 15 min. Supernatants
were run on a 12% TEO-Tricine SDS gel (Expedeon BCG01212)
and transferred to nitrocellulose membrane (Amersham Protran
10 600 015). Membrane was blocked with 5% non-fat dry milk,
then incubated overnight at 4◦C with primary antibodies: Mouse
anti-ACTB (AbClonal AC004) 1:5000 and Rabbit anti-PMP22 (LsBio
LS-C383645) 1:250. Membrane was washed 3 times with Tris-
buffered saline with Tween 20 (TBST), then incubated for 1 h
at room temperature with secondary antibodies: Gt anti-Mouse
IR 800CW (Licor 925-32210) 1:10 000 and Donkey anti-Rabbit IR
800CW (Licor 925-32213) 1:10 000. Blot was imaged using the
Odyssey imaging system, and PMP22 bands were normalized to
ACTB.

Statistical analysis

The data are represented as the mean ± SD. Statistical analysis
was performed using SPSS software. P-values were obtained
from the Student’s two-tailed t-test or repeated measures anal-
ysis of variance (P < 0.05 is considered to be statistically signifi-
cant).
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