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Abstract
Peripheral myelin protein 22 (PMP22) is a dose-sensitive, disease-associated protein primarily
expressed in myelinating Schwann cells. Either reduction or overproduction of PMP22 can result
in hereditary neuropathy, suggesting a requirement for correct protein expression for peripheral
nerve biology. PMP22 is post-transcriptionally regulated and the 3′untranslated region (3′UTR) of
the gene exerts a negative effect on translation. MicroRNAs (miRNAs) are small regulatory
molecules that function at a post-transcriptional level by targeting the 3′UTR in a reverse
complementary manner. We used cultured Schwann cells to demonstrate that alterations in the
miRNA biogenesis pathway affect PMP22 levels, and endogenous PMP22 is subjected to miRNA
regulation. GW-body formation, the proposed cytoplasmic site for miRNA-mediated repression,
and Dicer expression, an RNase III family ribonuclease involved in miRNA biogenesis, are co-
regulated with the differentiation state of Schwann cells. Furthermore, the levels of Dicer
inversely correlate with PMP22, while the inhibition of Dicer leads to elevated PMP22.
Microarray analysis of actively-proliferating and differentiated Schwann cells, in conjunction with
bioinformatics programs, identified several candidate PMP22-targeting miRNAs. Here we
demonstrate that miR-29a binds and inhibits PMP22 reporter expression through a specific
miRNA seed binding region. Over-expression of miR-29a enhances the association of PMP22
RNA with Argonaute 2, a protein involved in miRNA function, and reduces the steady-state levels
of PMP22. In contrast, inhibition of endogenous miR-29a relieves the miRNA-mediated
repression of PMP22. Correlation analyses of miR-29 and PMP22 in sciatic nerves reveal an
inverse relationship, both developmentally and in post-crush injury. These results identify PMP22
as a target of miRNAs and suggest that myelin gene expression by Schwann cells is regulated by
miRNAs.
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Introduction
Peripheral myelin protein 22 (PMP22) is a 22 kDa tetraspan glycoprotein that is
predominantly expressed by the myelinating Schwann cells (Snipes et al. 1992). PMP22 was
first identified as growth arrest-specific 3 (gas-3) gene in NIH 3T3 fibroblasts (Schneider et
al. 1988) and its expression increases as cells reach density-dependant inhibition
(confluency) (Manfioletti et al. 1990; Zoidl et al. 1995). The significance of the growth
arrest-specific expression is still undetermined. Although PMP22 protein expression is
highly restricted, the mRNA is present ubiquitously throughout the body, including the
CNS, kidney, heart, muscle and lung (Amici et al. 2006; Baechner et al. 1995; Suter et al.
1994). PMP22 is detected in Schwann cells, at epithelial and endothelial cell junctions, and
in specific motor and sensory neurons (Baechner et al. 1995; Maier et al. 2003; Notterpek et
al. 2001; Roux et al. 2004). In the developing rat sciatic nerve, PMP22 message steadily
increases and reaches maximal expression at around postnatal day 21, which correlates with
the completion of myelination and Schwann cell differentiation (Garbay et al. 2000). In
comparison, PMP22 levels drop significantly post-nerve crush injury (Snipes et al. 1992) in
accordance with the de-differentiation of Schwann cells. These findings suggest the
involvement of post-transcriptional mechanisms in controlling PMP22 expression.

Point mutations, gene duplication, and deletion of PMP22 are associated with demyelinating
neuropathies, including Charcot-Marie-Tooth disease type 1A (CMT1A) (Lupski and Garcia
1992). CMT1A has been linked with a duplication of a 1.5 Mb region on chromosome
17p11.2 (Patel et al. 1992) which includes PMP22. Since the PMP22 gene does not suffer a
loss of function with the duplication, the phenotypes are likely the result of altered gene
dosage. In hereditary neuropathy pressure palsies (HNPP), one copy of the PMP22 gene is
deleted (Chance et al. 1993). The Schwann cells in the neuropathic models and in patients
show an impaired ability to myelinate (Nobbio et al. 2004). Therefore, PMP22 levels must
be tightly controlled as it is estimated that a 50% reduction in expression will result in
HNPP, while a 50% increase leads to CMT1A (Maier et al. 2002). Recent data suggest that
the PMP22 transcript is misregulated in a number of diseases, including schizophrenia,
depression (Aston et al. 2005; Dracheva et al. 2006) and cancer (van Dartel and Hulsebos
2004). These findings may imply leaky transcription and a requirement to regulate undesired
message at a post-transcriptional level.

The 5′-untranslated region (5′UTR) of PMP22 contains two known promoters, which result
in two transcripts that differ only in the inclusion of UTRs, primarily untranslated exon 1.
The two mRNA transcripts, P1 and P2, appear to have tissue specific functions (Maier et al.
2003; Suter et al. 1994). In addition, the 3′UTR exerts a negative effect on RNA translation,
which is observed even after the three AU-rich elements have been removed (Bosse et al.
1999). A recently elucidated mechanism of post-transcriptional gene control involves
microRNAs (miRNAs). MiRNAs are small, non-coding regulatory RNA molecules that
bind to the 3′UTR of target genes based upon reverse complementarity (Grimson et al. 2007;
He et al. 2005; Valencia-Sanchez et al. 2006). MiRNAs are transcribed via RNA polymerase
II, cleaved by Drosha, exported into the cytoplasm, and then processed by Dicer to form the
mature miRNA. The binding of the miRNA to the target site on mRNA can either signal for
the degradation via the RNA induced silencing complex (RISC), which contains the
Argonaute proteins, or repress translation without degradation through other less defined
mechanisms (Bagga et al. 2005; Pillai et al. 2005). The RISC has been localized to
structures termed processing bodies (P-bodies) or GW bodies (GWB). These cytoplasmic
foci contain the RNA-binding protein GW182 and serve as the sites where miRNAs are
believed to exert the majority of their function (Ding and Han 2007; Liu et al. 2005).
Mutations creating or deleting miRNA target sites can result in abnormal phenotypes in vivo
(Clop et al. 2006). Recently it was reported that autoimmunity to the GW-bodies is

Verrier et al. Page 2

Glia. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



associated with motor and sensory neuropathy in humans (Bhanji et al. 2007) although the
histopathology remains undefined. Coincidentally, it has been hypothesized that PMP22
RNA may be degraded by a non-coding RNA molecule (Manfioletti et al. 1990).

In this study we characterize the miRNA expression profile (miRNAome) of Schwann cells
in response to different growth conditions and demonstrate that miR-29a represses the
expression of both endogenous and reporter PMP22. In addition, we examine the expression
of miR-29 during sciatic nerve development and in response to nerve crush injury. The
elucidation of the mechanism of post-transcriptional regulation of PMP22 provides novel
insight into the etiology of myelin-associated diseases and may identify new therapeutic
targets in controlling myelin gene regulation.

Materials and Methods
Plasmids and miRNA Precursors and Inhibitors

The psicheck2 luciferase vector (Promega, Madison, WI) was used for the luciferase assays.
The 3′UTR of PMP22 was inserted using the Xho1/Not1 sites. Site directed deletion of the
miR-29a seed region was performed using the Genetailor™ site directed Mutagenesis
System (Invitrogen, Carlsbad, CA) with specific primers designed using the PrimerX
program (http://www.bioinformatics.org/primerx/): 5′-
ACAAGCAATCTGTGAAAATAGATTTACCAT-3′ and 5′-
TTTCACAGATTGCTTGTCTCTGACGTCT-3′. The c-myc-Ago2 plasmid was a kind gift
from Dr. Hannon’s Laboratory (Cold Springs Harbor, NY) (Karginov et al. 2007). Pre-
miRNA precursors and anti-miRNA inhibitors were obtained from Ambion (Austin, TX)
and used at the indicated concentrations. Fragments of the 3′UTR of PMP22 were obtained
by PCR using the rat PMP22 cDNA as template. For PMP400, the primers were 5′-
AGGCCTCTCGAGGCGCCCGACGCACCATCCGTCTAGGC-3′ and 5′-
GAGCGGCCGCTGAGCAAAACAAAAAGATGA-3′. For PMP800, the primers were 5′-
AGGCCTCTCGAGGCGCCCGACGCACCATCCGTCTAGGC-3′ and 5′-
GAGCGGCCGCTAAAACTGTTAATTGAGTT-3′. PCR products were digested by Xho I/
Not I and cloned into the psicheck2 plasmid (Promega).

Cell Culture and Transfection
Primary Schwann cell cultures were established from newborn rat pups (Ryan et al. 2002).
Schwann cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal calf serum (FCS) (Hyclone, Logan, UT), 5 μM forskolin (Calbiochem, La Jolla,
CA) and 10 μg/ml bovine pituitary extract (Biomedical Technologies Inc, Stoughton, MA).
To analyze proliferating Schwann cells, the cell were harvested at ~75% confluency. To
stimulate differentiation, the cells were subjected to 0.5% FCS/DMEM for 72 h prior to
collection (Yang et al. 2004). Alternatively, the cultures were switched to a defined medium
(DMEM-F12, 100 U/ml Penicillin, 100 μg/ml Streptomycin, 100 μg/ml BSA, N2
supplement, 38 ng/ml dexamethasone, 50 ng/ml thyroxine, 50 ng/ml tri-iodothyronine) for
48 h to promote growth-arrest and differentiation (Cheng and Mudge 1996). Schwann cells
cultured under these conditions are primarily non-dividing, as determined by
bromodeoxyuridine incorporation (Cheng and Mudge 1996).

Transient transfections of Schwann cells were performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. In brief, the cells were split the day
before and then transfected with either RNA and/or DNA at the indicated concentrations.
Transfection efficiency was approximately 30 %, as judged by the expression of a plasmid
encoding enhanced green fluorescent protein (EmGFP). RNA transfection efficiency was
over 90% as determined using a fluorochrome-conjugated scrambled miRNA (Ambion).
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Cells were harvested for RNA analysis using TRIzol (Invitrogen). Protein samples were
obtained by harvesting cells in gel sample buffer and protein concentrations were
determined using the BCA assay kit (Pierce, Rockford, IL).

Bioinformatics
Bioinformatic scans of the rat 3′UTR of PMP22 were conducted using three web based
miRNA target prediction programs (Targetscan (http://www.targetscan.org/), miRbase
(http://microrna.sanger.ac.uk/targets/v5/), and Pictar (http://pictar.bio.nyu.edu/)). MiRNAs
were chosen based upon their prediction by more than one program, conservation of the
binding region, and the strength of predicted interaction.

Luciferase and Gel Shift Assays
Luciferase assays were performed using the Dual-Luciferase assay kit (Promega). Schwann
cells were co-transfected in 24-well plates with the indicated psicheck2 luciferase construct
(0.4 μg/well) and miRNA precursor (10 nM). After 48 h, the cells were harvested in passive
lysis buffer and luciferase activities were determined using a Bio-Tek Synergy HT
luminometer (Bio-Tek Instruments Inc, Winooski, VT). The luciferase data is expressed as a
ratio of Renilla Luciferase (RL) to Firefly Luciferase (FL) to normalize for transfection
variability between samples. Luciferase experiments were repeated at least three
independent times, in triplicate or greater, as indicated.

Gel shift assays were performed with in vitro transcribed PMP22 RNA using a T7 in vitro
transcription kit (Promega). The RNA was incubated for two hours with biotin-labeled
miRNAs (1 pmol) at 42° C. The samples were separated on 3% agarose gels, transferred to a
nylon membrane, and the complexes revealed using a nucleic acid detection kit HRP-
streptavidin substrate (Pierce). Total RNA loading was monitored using SYBR Gold
(Invitrogen) staining of the gel.

Primary Antibodies
A previously characterized mouse monoclonal antibody (Chemicon, Temencula, CA),
(Notterpek et al. 1999) was used to detect PMP22 in the immunolabeling experiments. For
the PMP22 Western blots, we utilized a rabbit polyclonal antibody raised against synthetic
peptide of the rat PMP22 (amino acids 117–132) (Pareek et al. 1993). We used a human
anti-GWB antibody (Eystathioy et al. 2002) to detect GW bodies in cells (kind gift from the
Chan lab, Gainesville, FL) and a mouse anti-GW182 antibody (Abcam, Cambridge, MA) for
the Western blot. Antibodies against c-myc (Santa Cruz, CA), phospho-histone H3 (Ser10)
(Upstate, Temecula, CA), Dicer (Santa Cruz, CA) and GAPDH (Encore Technologies,
Alachua, Florida) were obtained from the indicated suppliers.

Immunoblotting
Equal amounts of protein lysates (40 μg for cells or 5 μg for nerves) were separated on
sodium dodecyl sulfate gels and transferred to nitrocellulose membranes. Endoglycosidase
digestion with PNGase F (New England Biolabs, Beverly, MA) was performed overnight at
37°C prior to Western blot (Pareek et al. 1997). After transfer, the membranes were
incubated with primary and then horseradish peroxidase (HRP) conjugated secondary
antibodies (Sigma, St. Louis, MO) (Amici et al. 2006). Films were digitally imaged using a
GS-800 densitometer (Bio-Rad Laboratories, Hercules, CA) and figures assembled using
Adobe Photoshop 5.5. Quantification of Western blot data was performed using Scion
Image (Frederick, MD). The specific band intensities were obtained and the data was
normalized for GAPDH to obtain relative protein expression levels.
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Immunostaining of Schwann cells
Immunofluorescence experiments were performed as described (Notterpek et al. 1999).
Bound primary antibodies were detected using Alexa Fluor 594 (red) anti-mouse and Alexa
Fluor 488 (green) anti-human antibodies (Molecular Probes, Eugene, OR; Zymed, San
Francisco, CA). Hoechst dye (10 μg/ml, Molecular Probes) was included in the secondary
antibody solution to visualize nuclei. Control samples without primary antibodies were
processed in parallel. Coverslips were mounted on slides using the Prolong Anti-fade kit
(Molecular Probes). Images were acquired with a SPOT digital camera (Diagnostic
Instrumentals, Sterling Heights, MI) attached to a Nikon Eclipse E800 microscope (Tokyo,
Japan).

Immunoprecipitation
For the c-myc-Ago2 immunoprecipitation experiments, rat Schwann cells were transfected
with the c-myc-Ago2 plasmid and either the negative (Neg.) scrambled miR or miR-29a
(Karginov et al. 2007). Two days post-transfection, the cells were incubated in lysis buffer
(10 mM Tris, pH 7.5, 10 mM KCl, 2 mM MgCl2, 5 mM DTT) supplemented with a mixture
of protease inhibitors (Complete™; Roche, Indianapolis, IN) for 15 min on ice and lysed by
pipetting. Five-fold concentrated ATP depletion mix (4 units/ml RNaseIn (Promega), 100
mM glucose, 0.5 units/ml hexokinase (Sigma), 1 mg/ml yeast tRNA (Invitrogen), 450 mM
KCl) was added and the cell lysates were centrifuged at 16,000×g for 30 min at 4°C. Prior to
the immunoprecipitation, anti-c-myc beads (Sigma, St. Louis, MO) were preblocked for 30
min in wash buffer (0.5% Nonidet P-40, 150 mM NaCl, 2 mM MgCl2, 2 mM CaCl2, 20
mM Tris, pH 7.5, 5 mM DTT, with EDTA-free protease inhibitors) containing 1 mg/ml
yeast tRNA and 1 mg/ml BSA. Wash buffer was added to the lysates and samples were
incubated and agitated with the beads for 4 h at 4°C. The beads were washed first in wash
buffer and then with wash buffer containing 650 mM NaCl two times. Next, the slurry was
transferred to a fresh tube and bound RNA was extracted with TRIzol (Invitrogen) and the
RNA concentrations were determined.

Sciatic nerve crush injury
Experiments were performed on 8-weeks old male CD1 mice obtained from Charles River
Laboratories (Wilmington, MA, USA) (Islamov et al. 2004). The animal use protocol was
approved by Animal Care and Use Committee of East Carolina University. Mice were
anesthetized and an incision was made on the right thigh. The right sciatic nerve was
exposed and crushed at the level of the sciatic notch for 15 sec with a fine hemostat. The
wound was closed and the animals were allowed to recover for 4 or 5 days. After specified
time periods, the mice were euthanized and sciatic nerves were quickly removed, snap
frozen in liquid nitrogen. The control sample (naïve nerve) was taken from the contralateral
side. The excised crush sample was the injury site, plus ~ 4 mm proximal and 4 mm distal
from the point of injury.

MiRNA Expression Analysis
Expression of mature miR-29a was verified using real-time PCR and normalized to
miR-125a, using the 2−ΔΔCT method (Livak and Schmittgen 2001). MiR-125a is equally
expressed in proliferating and non-proliferating Schwann cells (see data in Figure 4). Total
RNA was reverse transcribed using the Taqman Reverse Transcription Kit (Applied
Biosystems, Foster City, CA) and PCR was performed in triplicate using Taqman primers
specific for miR-29a and miR-125a (Applied Biosystems). To analyze RNA levels in rat and
mouse sciatic nerves, the animals were sacrificed and the nerves were removed and
immediately frozen in liquid nitrogen. To obtain an adequate yield of total RNA from the
developing rat nerves, at least two animals were pooled for each sample and three
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independent samples were analyzed per time point (postnatal days 2, 4, 8, 16 and 21). For
RNA analysis of mouse nerves, ten crush sites or control nerve sites were pooled. The
nerves were crushed under liquid nitrogen and total RNA was isolated using either the
TRIzol (Invitrogen) or the mirVana miRNA Isolation kit (Ambion). For quantitative RT-
PCR analysis, 0.1 μg of RNA per reaction was employed with the Quantitech SYBR Green
RT-PCR kit (Qiagen) and primers specific for PMP22 (Qiagen). For nerve miRNA analysis,
the NCODE miRNA first-strand cDNA synthesis and qRT-PCR kit (Invitrogen) was used
with primers specific for miR-29a, miR-29b, and miR-24. Each sample was repeated in
triplicate and the results were normalized using primers to GAPDH (Qiagen, for PMP22) or
miR-24 (Invitrogen, for miRNA analysis) MiR-24 was used to control for equal RNA input
because its expression was not affected by either Schwann cell differentiation or crush nerve
injury. The relative expression of each message was determined using the 2−ΔΔCT method
(Livak and Schmittgen 2001).

MiRNA microarrays were performed by isolating total RNA from Schwann cells in
proliferating and defined media (triplicate samples per condition), purified using the
mirVana miRNA Isolation Kit (Ambion, Austin, TX) and analyzed with an Agilent 2100
bioanalyzer (Agilent Technologies, Santa Clara, CA). Total RNA (5 μg) was labeled with a
Cy3-conjugated RNA-linker and hybridized to Locked Nucleic Acid (LNA) based
miRCURY™ arrays (Exiqon, Woburn, MA). Images were acquired using an Axon scanner
(4000B) and processed with Genepix 6 (Molecular Devices, Sunnyvale, CA).

RNA Expression Analysis
Real-time reverse-transcriptase PCR was performed as described (Notterpek et al. 2001).
RNA was isolated from Schwann cells transfected with the indicated plasmid, miRNA-
precursor or inhibitor, or from sciatic nerves using TRIzol (Invitrogen). QuantiTech primers
specific for PMP22 RNA were obtained from Qiagen (catalog number QT00175938).
Control primers for GAPDH (Qiagen QuantiTech assay catalog number QT00199633) were
included. Each sample was analyzed in triplicate (0.2 μg of RNA per reaction) using the
Applied Biosystems 7300 real-time PCR system. The SYBR green QuantiTech kit was
obtained from Qiagen. Data was normalized to GAPDH using the 2−ΔΔCT method (Livak
and Schmittgen 2001).

Statistics
Data from multiple independent experiments were analyzed using Microsoft Excel 2007 and
Graphpad Prism v5.0. For analysis of two independent groups, Student’s t-test was used
with significance at p<0.05. For determination of significance between three or more groups,
one-way ANOVA and post-hoc Tukey’s t-tests were utilized with significance at p<0.05.
All graphs represent the means and the error bars represent the standard deviation of the
mean. For correlation studies, a linear regression analysis was performed and the r2 and p-
values were calculated using Graphpad Prism v5.0.

Results
PMP22 levels inversely correlate with GW-body formation and Dicer expression

To investigate whether PMP22 is regulated by miRNAs, we first determined the formation
of GW-bodies (GWBs) during different growth conditions in rat Schwann cells, where
PMP22 is most expressed (Pareek et al. 1997). Schwann cells were subjected to growth-
arrest by serum starvation, and then stimulated to proliferate by the addition of 10% serum
(Zoidl et al. 1995). At the indicated time points, the cells were fixed and processed for
immunostaining using an anti-GWB antibody (Fig. 1A). Increases in both the size and
abundance of GWBs occur in a time dependent manner upon release of the cells from
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growth-arrest. Western blot analysis on whole cell lysates demonstrates greater GW182
protein expression in actively proliferating, when compared to non-proliferating,
differentiated Schwann cells (Fig. 1B). In addition, we investigated another miRNA
associated protein, Dicer, which is required for mature miRNA biogenesis for differential
expression (Valencia-Sanchez et al. 2006). Similar to GW182, we observe the highest
expression of Dicer when the cells are actively growing. The reduction in the steady-state
levels of phospho-histone H3, a mitotic marker, in samples from the defined medium
confirms that there are fewer cells in division (Fig. 1B). In comparison to the miRNA
pathway associated proteins, the expression of PMP22 is low in proliferating and high in
differentiating Schwann cells (Fig. 1C). To demonstrate that the detected heterogeneous
bands at around ~22 kDa are differentially glycosylated forms of PMP22, we performed N-
glycosidase reactions (Pareek et al. 1997). Upon incubation of the cell lysates with PNGase
F, which completely removes the carbohydrate moiety of PMP22, all the detected bands,
except the top band, shift to the core 18 kDa protein (Pareek et al. 1993). Quantification of
the PMP22 protein bands in three independent experiments reveals that PMP22 expression
is significantly (**p<0.01) elevated in non-proliferating, differentiated cells (Fig. 1D). In
comparison, Dicer expression is high in proliferating, as compared to differentiating
Schwann cells (Fig. 1E). Taken together, these data indicate that the expression of PMP22
inversely correlates with both Dicer and GW182, two essential proteins for miRNA
biogenesis.

To further establish a functional relationship between PMP22 levels and Dicer, we inhibited
Dicer expression in Schwann cells using siRNA (Fig. 2A). We used a negative (Neg.)
scrambled siRNA to control for any non-specific effects of transfection. In the Dicer
inhibited cells, we observe an increase in PMP22 protein levels at 72 h post-transfection
(Fig. 2A), as compared to the Neg. siRNA transfected cells. Densitometric analysis of three
independent experiments indicates an ~60 % increase in PMP22 protein upon the
suppression of Dicer (Fig. 2B). The biochemical results were reinforced by immunostaining
Schwann cells transfected with either the Neg. or Dicer siRNA (Fig. 2C). Cells with Dicer
expression inhibited show less Dicer-like immunoreactivity (green) and an increase in
PMP22-like staining (red) (Notterpek et al. 1999). Therefore, the inhibition of Dicer
enhances PMP22 levels and indicates that mature miRNAs are regulating PMP22 expression
in Schwann cells.

MicroRNAs are predicted to target PMP22 and regulate reporter expression
Bioinformatic scans are the “in silico” standard for assembling a list of candidate miRNAs
predicted to target the 3′UTR of a given RNA. We used three programs (Targetscan,
miRbase and Pictar) to generate a list of ten miRNAs with high probability to bind to the
3′UTR of PMP22. A schematic of where these miRNAs are predicted to bind is shown (Fig.
3A). Since RNA is known to have significant secondary structure and this can affect miRNA
binding (Kertesz et al. 2007), we evaluated the binding ability of the predicted miRNAs to
the 3′UTR of PMP22 using a gel shift assay (Fig. 3B). The presence of intact RNA and
relative loading in each lane is confirmed using SYBR gold staining of the gel. The miRNA/
RNA complexes were resolved using a HRP-conjugated streptavidin. MiR-29a-c, -381, and
-9 all demonstrate strong binding ability, with miRs-199a, -140*, and -322/424 showing
weaker binding. MiR-450 does not possess any detectable binding (Fig. 3B). MiR-124a is
not predicted to target the 3′UTR of PMP22 and is used as a negative control. RNA alone
lane only contains the PMP22 RNA with no labeled miRNA probe.

To investigate which miRNAs may be regulating PMP22 expression in Schwann cells, we
established a PMP22 3′UTR-luciferase construct with the 3′UTR of PMP22 inserted
downstream and in frame with the Renilla Luciferase (RL) gene. This construct allows us to
quickly and quantitatively evaluate miRNA effects on the 3′UTR of PMP22. We utilized the
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psicheck2 dual luciferase vector that contains a separate Firefly Luciferase (FL) gene to
normalize for transfection efficiency. The 3′UTR-luciferase construct was co-transfected in
Schwann cells with 10 nM miRNAs and the cells were harvested at 48 h post-transfection.
MiR-29a, miR-29b, miR-29c, miR-9, and miR-381 all significantly (*p<0.05) reduce
luciferase activity when compared to the Neg. scrambled miRNA, while miR-322/424 and
miR-140* do not (Fig. 3C). As miR-381 and miR-29a are expressed endogenously in
Schwann cells (see below in Fig. 4A), we examined if co-transfection of these two miRs
may have an additive effect on reporter expression. As shown in Figure 3C, the co-
transfection of miR-381 with miR-29a does not significantly enhance the inhibitory activity
of miR-29a. MiR-124a serves as a non-PMP22 targeting control to ensure that activation of
the miRNA pathway alone is not affecting reporter expression. These data demonstrate that
specific PMP22 targeting miRNAs reduce reporter expression in Schwann cells.

MicroRNAs are differentially expressed in Schwann cells upon growth condition
To substantiate the potential functional significance of PMP22 targeting miRNAs, we next
determined the miRNA expression profile (microRNAome) of actively proliferating
compared to non-proliferating Schwann cells. Several miRNAs demonstrate differential
expression based upon growth condition (Fig. 4A). In addition, miRNAs predicted to target
PMP22 are expressed by Schwann cells, including miR-29a, miR-381 and miR-140* (Fig.
3A). The relative expression of these particular miRNAs is consistent among the
independent triplicate samples (Fig. 4B). MiR-9 was not detected in this microarray, nor was
it found to be expressed in Schwann cells by RT-PCR or Northern blot (data not shown)
indicating that this miRNA likely to regulate PMP22 expression in other cell types. We
validated the microarray data for miR-29a, miR-381 and miR140* using RT-PCR (Fig. 4C).
MiR-124a is included as a negative control since it was not detected by the microarray, or by
RT-PCR. In agreement with the microarray data, miR-29a is notably down-regulated when
the cells are promoted to differentiate. We observed a similar repression of miR-29a when
Schwann cells are cultured in a reduced serum medium (data not shown). Based on the
observed inverse correlation of miR-29a and PMP22, we decided to further characterize this
specific miRNA in Schwann cells.

MicroRNA-29a specifically regulates PMP22 reporter expression
To demonstrate that the endogenous Schwann cell miR-29a is regulating the expression of
PMP22, we employed miRNA inhibitors (anti-miRs). As shown in Fig. 3C, miR-29a
reduces the expression of the 3′UTR-luciferase construct (Fig. 5A). More importantly, the
anti-miR-29a relieves the repression by the endogenous miR-29a, as compared to the Neg.
control. In comparison, inhibition of other predicted PMP22 targeting miRNAs, including
miR-381, miR-322/424 and miR-140*, does not (Fig. 5B). These results indicate that
although both miR-29a and miR-381 can reduce luciferase signal when their levels are
elevated via transfection, only endogenous miR-29a is actively repressing PMP22
expression.

To confirm the binding sites for miR-29a in the 3′UTR of PMP22 and demonstrate the
specificity of the interaction, we established constructs with or without the predicted binding
region at 0.66 kb past the stop codon (Fig. 5C). Mir-29a and the Neg. miRNA were
transfected with the base psicheck2 vector which did not contain the 3′UTR of PMP22.
Under these conditions, miR-29a does not reduce reporter signal thus eliminating off-target
effects. However, in agreement with previous studies (Bosse et al. 1999), the 3′UTR of
PMP22 does instill a notable reduction on reporter activity compared to the base vector.
When the PMP800 construct, which contains the predicted miR-29a site, is co-transfected
with miR-29a, a further reduction in luciferase activity is seen. In comparison, the PMP400
construct, in which the predicted miR-29a site is removed, demonstrates significantly greater
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luciferase activity than the full length 3′UTR construct (Fig. 5D). These data indicate that
the endogenous Schwann cell miR-29a regulates PMP22 expression. To demonstrate the
specificity of miR-29a on the 3′UTR of PMP22, we deleted the 7 nt seed region in the
predicted miR-29a binding site (Fig. 5E), which eliminated the reduction in luciferase
activity (Fig. 5F). However, experiments with the non-mutated 3′UTR performed in parallel
still retain the miR-29a associated repression of reporter signal (Fig. 5F). These results
validate the specificity of the interaction between miR-29a and the 3′UTR of PMP22.

Endogenous Schwann cell PMP22 is regulated by miR-29a
A recently developed biochemical approach to validate miRNA targets (Karginov et al.
2007) utilizes the knowledge that the Argonaute proteins of the RISC complex bind to target
RNAs to exert repression (Meister et al. 2004). Thus if the Argonaute (Ago2 in these
experiments) protein is immunoprecipitated ‘primed’ with exogenous miR-29a, the
precipitated protein should show an enhanced association with the PMP22 RNA. To test
this, we co-transfected c-myc-Ago2 with miR-29a, or the scrambled Neg. miRNA. Western
blot analysis with anti-c-myc antibody shows efficient and specific immunoprecipitation
(IP) of the c-myc-Ago2, as compared to beads conjugated to non-specific rabbit IgG (Fig.
6A). The same experiment performed with non-transfected cells is shown on the right, and
serves as a negative control. Next, RNA was isolated from all the IP fractions and semi-
quantitative RT-PCR was performed on equal amounts of RNA. In the input samples, co-
transfection of miR-29a and c-myc-Ago2 significantly reduces the levels of steady-state
PMP22 RNA when compared to the Neg. miRNA (Fig. 6B). In addition, cells with c-myc-
Ago2 primed with miR-29a contain the majority of the PMP22 RNA associated with the
Ago2 protein, detected in the c-myc IP fraction (Fig. 6B). Non-specific rabbit IgG
conjugated beads do not precipitate any detectable PMP22 RNA, which remained in the
post-precipitation supernatant fraction. These data indicate that even in the Neg. miRNA
transfected cells, endogenous PMP22 RNA is associated with Ago2. Significantly, when the
abundance of miR-29a is elevated, the amount of PMP22 in complex with Ago2 further
increases. Therefore, the endogenous PMP22 RNA is regulated via the RISC complex in
Schwann cells and when the levels of miR-29a are increased, this interaction is enhanced.

To further show that miR-29a regulates endogenous PMP22 in Schwann cells, we
transfected the cells with miR-29a, anti-miR-29a or Neg. miR, followed by protein analysis
(Fig. 7A). While miR-29a reduces steady-state PMP22 protein levels within Schwann, when
endogenous miR-29a is inhibited, the steady-state levels of PMP22 are greater than in Neg.
control miRNA cells (Fig. 7A). Quantification of four independent experiments reveals that
miR-29a reduces PMP22 protein levels by approximately 45%, when compared to Neg.
controls. On the other hand, inhibition of endogenous miR-29a results in a significant
increase in steady-state PMP22 (Fig. 7B). Since miRNA-mediated gene regulation can
ultimately reduce the steady-state levels of the target RNA (Wu and Belasco 2008), we used
real-time RT-PCR to determine the effect of miR-29a on PMP22 RNA. In cells with
elevated miR-29a, the levels of PMP22 message are reduced, as compared to control (Fig.
7C). In comparison, when endogenous miR-29a is inhibited, the steady-state levels of
PMP22 RNA are elevated. Taken together, these results demonstrate that miR-29a actively
modulates PMP22 protein and RNA expression within Schwann cells.

PMP22 and miR-29 expression inversely correlate in vivo
The expression of PMP22 RNA and protein increase as peripheral nerves develop and the
Schwann cells differentiate into myelin forming cells (Garbay et al. 2000; Snipes et al.
1992). To investigate a potential relationship between PMP22 and miR-29a, we isolated
sciatic nerves from rat pups at postnatal days 2, 4, 8, 16 and 21. Quantitative RT-PCR
reveals that PMP22 RNA expression steadily increases during early postnatal nerve
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development, reaching maximal level at around P16 (Fig. 8A). Analyses of the same
samples for miR-29a shows the highest levels at P2, followed by reduced expression already
at P4 (Fig. 8B). Linear regression analysis between the two RNAs detected a statistically
significant correlation, with increased miR-29a levels being associated with decreased
PMP22 expression (r2=0.78, p<0.05) (Fig. 8C). These data indicate an inverse relationship
between PMP22 and miR-29a in vivo, supporting that Schwann cell differentiation state
affects the miRNA profile during sciatic nerve development.

To further investigate a functional relationship between PMP22 and miR-29, we analyzed
RNA and protein from control and injured mouse sciatic nerves. Post-crush injury, myelin
genes, including PMP22, are down regulated and the Schwann cells de-differentiate and
proliferate allowing the axons to heal (Bosse et al. 2006; Snipes et al. 1992). In agreement,
we found that PMP22 RNA (Fig. 9A) and protein (Fig. 9B) are reduced post-injury when
compared to control. MiRNA microarray analyses of control and crush injured mouse nerves
identified miR-29b as the predominate form of miR-29 expressed in response to injury (data
not shown). MiR-29 levels are low in mature myelinated nerves, while there is an
approximately 2-fold increase in miR-29b expression at four day post-injury (data not
shown). To validate the microarray results, miR-29b levels were determined using
quantitative RT-PCR on RNA isolated from crush and control nerves (Fig. 9C). In
agreement with the microarray data, miR-29b levels are elevated in samples subjected to
crush injury when compared to control. MiR-29a and miR-29b are located within the same
miRNA cluster in the mouse, rat and human genome, and miR-29b has the same predicted
binding site in the 3′UTR of PMP22 as miR-29a (Fig. 3C). These data further support a
functional relationship between miR-29 and PMP22 in the PNS and implicate the miRNA
pathway in peripheral nerve development and repair.

Discussion
Myelin gene expression is regulated by transcriptional and post-transcriptional events
(Svaren and Meijer 2008; Wegner 2000) and here we show that functional RNA molecules
within glia are involved in this process. Specifically, we found differential miRNA
expression profiles based upon Schwann cell phenotype, which also correlates with an
induction of Dicer and GWB formation. The expression of PMP22 inversely correlates with
Dicer, and steady-state PMP22 levels can be increased by the inhibition of Dicer. In
addition, we demonstrate that several miRNAs present in Schwann cells bind to the 3′UTR
of PMP22 and are able to reduce the expression of a luciferase reporter. Although a number
of miRNAs had negative effects on reporter expression, only the inhibition of endogenous
miR-29a relieved the miRNA-mediated repression, supporting a functional relationship
between miR-29a and PMP22. MiR-29a specifically interacts with the 3′UTR of PMP22 and
regulates the expression of the endogenous PMP22 protein and RNA, while the levels of
miR-29 and PMP22 inversely correlate in vivo.

GWBs are the main sites of miRNA-mediated gene regulation in the cell and the formation
of these structures appears to be regulated with the cell cycle (Lian et al. 2006; Yang et al.
2004). We detected GWBs in Schwann cells, and in agreement with previous reports (Lian
et al. 2006; Yang et al. 2004), their formation is increased when cellular division is
stimulated (Fig. 1). These data indicate that although GWBs are present in non-proliferating
Schwann cells, they may be more important during cellular division. It will be of interest to
determine if Schwann cells require GWBs and/or miRNA regulation to retain their mitotic
ability in the mature peripheral nerve, which is necessary for repair upon axonal injury
(Clemence et al. 1989). An impairment of miRNA processing may reduce the ability of the
cells to divide and remyelinate post-injury. Dicer, an essential miRNA biogenesis protein, is
required for developmental processes and has been implicated in disease states, including
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retinal degeneration, abnormal neuronal spine length, heart failure, and skeletal muscle
development (Chen et al. 2008; Damiani et al. 2008; Davis et al. 2008; O’Rourke et al.
2007). Our data indicate that Dicer expression in Schwann cells is differentially regulated
depending on the growth condition. In agreement with the growth regulatory activity of
PMP22 (Zoidl et al. 1995), Dicer and PMP22 protein levels have an inverse relationship,
which can be utilized to modify PMP22 expression (Figs. 1 & 2). Our data suggest that loss
of Dicer expression or function could be detrimental to Schwann cell biology by leading to
alteration in PMP22 levels.

Using biochemical and molecular approaches, we have identified miR-29a as a regulator of
PMP22 in Schwann cells. We employed current prediction programs to assemble a list of
potential PMP22-targeting miRNAs (Fig. 3) and compared their relative expression to
PMP22 using microarrays (Fig. 4). MiR-29a expression inversely correlates with PMP22,
which may signal a functional relationship. Although three miRNAs are able to down
regulate the 3′UTR-luciferase reporter (Fig. 3C), miR-29a is the only tested endogenous
miRNA whose inhibition leads to increased luciferase activity (Fig. 5B). While miR-381 is
also present in Schwann cells and can reduce reporter expression (Figs. 3 and 4), inhibition
of endogenous miR-381 does not relieve the repression (Fig. 5B). Therefore, mere binding
ability alone does not necessarily dictate functionality in vitro. The de-repression observed
with miR-29a anti-miRNA and the maximal effects on the luciferase assays identify
endogenous miR-29a as a critical miRNA governing PMP22 expression in Schwann cells. In
addition, deletion of the predicted miR-29a binding site on the 3′UTR of PMP22, which is
conserved between rat, mouse, human, and chicken (http://www.targetscan.org/), abolishes
the miR-29a dependent repression. However, since the miR-29a seed deletion construct did
not have greater luciferase signal then the intact 3′UTR (Fig. 5F), we cannot eliminate the
contribution of other regulatory domains in the 3′UTR of PMP22. AU-rich elements have
been implicated in miRNA-mediated repression (Jing et al. 2005) and the 3′UTR of PMP22
contains three such regions (Bosse et al. 1999), including one in close proximity to the
predicted miR-29a seed target site. We validated a functional role for miR-29a in regulating
endogenous PMP22 by co-immunoprecipitating Ago2 ‘primed’ with exogenous miR-29a,
and PMP22 RNA (Fig. 6). Future studies will examine if other myelin gene RNAs are
associated with this complex in Schwann cells.

Schwann cells exist in at least two different phenotypes in the adult nervous system,
myelinating and non-myelinating, and can transition between the two states upon injury
(Garbay et al. 2000; Jessen and Mirsky 2008). Both of these processes, namely myelination
and cellular division, require a rapid and extensive change in gene expression (Scherer
1997). Here we characterize the miRNAome of actively-dividing Schwann cells and
compare it to non-proliferating cells cultured in defined media (Cheng and Mudge 1996).
There is unique expression of miRNAs based upon growth condition (Fig. 4), suggesting
there are different subsets of genes that are post-transcriptionally regulated depending on the
cells phenotype. It is also possible that certain genes are preferentially regulated by miRNAs
in one of these growth conditions. Our data suggest that PMP22 is regulated by miRNAs
primarily in proliferating cells where the expression of miR-29a is highest (Fig. 4). It will be
of interest to determine the target messages of the additional differentially regulated
miRNAs in Schwann cells and search for their possible roles in neuropathic states or in
developmental abnormalities. Other PMP22 binding miRNAs that did not change their
relative expression levels might be implicated in conferring cellular identity and controlling
leaky transcription (Mattick and Makunin 2005). Such mechanism would support the
detection of PMP22 RNA throughout the body and the restricted distribution of the protein
(Amici et al. 2006; Baechner et al. 1995).
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MiRNAs have been implicated in several disease phenotypes, including Alzheimer’s
disease, cancer and heart disease (Blenkiron and Miska 2007; Hebert et al. 2008; van Rooij
and Olson 2007), which quickly led to novel therapeutic approaches utilizing artificial
miRNAs for treatment (Hammond 2006; McBride et al. 2008). Although no reports have
directly associated miRNA regulation with peripheral nerve health, recent observations
show that PNS axons contain functional effector complexes (Murashov et al. 2007) as
transfection with siRNAs into distal axons selectively downregulated the target and
abolished Sema3A-dependent growth cone collapse (Hengst et al. 2006). Since siRNA and
miRNA pathways share common effector proteins, these observations indicate that
peripheral nerve function may be regulated by the miRNA biosynthetic pathway. The
identification of neuropathic patients with auto-immunity to GWBs supports this concept
(Bhanji et al. 2007). Although it is not known whether the neuropathy is axonal or glial in
origin, it is tempting to hypothesize that any impairment in the miRNA machinery in
Schwann cells may alter myelin gene expression and lead to neuropathy. Since certain
myelin genes, including PMP22, are dose-sensitive (Berger et al. 2006), loss of a required
regulatory process could result in abnormal gene dosages, a mechanism known to lead to
disease (Roa et al. 1991). The elevated levels of miR-29 in response to sciatic nerve crush
injury and the inverse relationship to PMP22 (Fig. 9) suggest that the miRNA pathway
responds to nerve injury and may be involved in regulating the demyelination process.

MiRNAs have been shown to exert their function by either signaling for mRNA degradation
via siRNA-like mechanisms, or inhibiting translation (Bagga et al. 2005; Pillai et al. 2005).
We provide evidence that miR-29a ultimately does lead to reduced steady-state PMP22
RNA levels (Fig. 7C). It is currently unknown if other myelin genes, such as myelin basic
protein or myelin protein zero, are co-regulated by the same miRNAs. Myelin basic protein
message has been shown to be translationally repressed and transported for local synthesis in
oligodendrocytes (Gould et al. 2000), a mechanism that may involve miRNAs. Nevertheless,
the miRNA regulation of PMP22 appears to be cell-type specific, as in oligodendrocytes we
identified additional brain-enriched miRNAs that target PMP22 (Lau et al. 2008). Together,
these data show that the individual miRNAome of the cell may contribute to refining the
genetic profile, whereas more than one miRNA may target a specific RNA dependent on cell
type.

In conclusion, here we demonstrate that a disease-associated peripheral myelin gene is
regulated by miRNAs. Elucidating this pathway will provide novel insights to the
understanding of the molecular signals and mechanisms required for myelination. In
addition, miRNAs may be therapeutic tools for diseases associated with altered gene dose in
glial cells, such as in demyelinating neuropathies. Future studies will seek to characterize the
role of miRNAs in the myelination process, and peripheral nerve development and injury.
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DMEM Dulbecco’s Modified Eagle’s Medium

FCS Fetal calf serum

3′UTR 3′untranslated region

RL Renilla luciferase

FL Firefly luciferase

GWB GW-bodies

RISC RNA-induced silencing complex

Neg negative
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Figure 1. GW body formation and Dicer expression are enhanced in actively-proliferating
Schwann cells
(A) Rat Schwann cells were subjected to growth arrest, followed by the addition of serum
(for time-points indicated) to induce cellular growth. Cells were fixed and labeled with a
human anti-GWB antibody. Hoechst dye is used to visualize nuclei. The inset in the upper
right corner represents a no primary antibody control. Scale bar, 10 μm. (B) Western blot
analysis on total lysates (40 μg/lane) of proliferating and non-proliferating (non-prolif.) cells
are shown using the indicated antibodies. Phospho-Histone H3 (pH-H3) serves as a mitotic
marker. (C) On the anti-PMP22 Western blot, the arrowhead indicates a non-specific (n.s.)
band whereas the bracket denotes differentially glycosylated isoforms of PMP22. Upon
incubation of the cell lysates with PNGase F (N), the indicated ~22 kDa PMP22 bands shift
to the core 18 kDa core protein (*). C: no enzyme control. (B, C) GAPDH serves as a
loading control. Molecular mass in kDa. Quantification of three independent experiments
reveals increased PMP22 (D) and decreased Dicer (E) expression in non-proliferating, as
compared to proliferating cells (**p<0.01; *p<0.05). (D, E) Values are expressed as relative
units normalized for GAPDH.
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Figure 2. Suppression of Dicer increases PMP22 levels
(A) In whole cell lysates (40 μg/lane), the suppression of Dicer by siRNA is confirmed using
an anti-Dicer antibody, as compared to scrambled Neg. siRNA. Increased PMP22 protein is
observed in cells transfected with Dicer siRNA. The arrowhead corresponds to a non-
specific (n.s.) band and the bracket indicates PMP22. GAPDH serves as a loading control.
Molecular mass in kDa. (B) Quantification of three independent experiments reveals that
inhibition of Dicer expression results in an increase in PMP22 levels, as compared cells
transfected with Neg. siRNA (*p<0.05). PMP22 levels were normalized to GAPDH as a
loading control. (C) Dicer suppression is confirmed using an anti-Dicer antibody (green), as
compared to Neg. siRNA transfected cells. Increased PMP22 in cells treated with Dicer
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siRNA is detected using an anti-PMP22 antibody (red). The arrow signifies the same cell in
both panels for comparison. Hoechst dye is used to visualize nuclei. Scale bar, 10 μm.
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Figure 3. The binding and regulatory ability of predicted PMP22 targeting miRNAs
(A) MiRNAs that are predicted to bind to the 3′UTR of PMP22 are shown. (B) Binding of
candidate miRNAs are detected as miRNA/PMP22 RNA complexes by a gel shift assay.
The RNA alone lane contains PMP22 RNA only, whereas miR-124 serves as an additional
negative control. Total RNA input is shown using SYBR gold staining. (C) Luciferase
assays were performed after co-transfection of the PMP22 3′UTR luciferase reporter and the
indicated miRNA-precursors. Luciferase signal is shown after Renilla Luciferase (RL)
readings were normalized to Firefly Luciferase (FL). Neg. miR does not code any known
miRNA, and miR-124 is used as a non-PMP22 targeting control. (*p<0.05, n=3), n.s.: not
significant.
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Figure 4. Growth conditions alter the miRNA expression profile of Schwann cells
(A) The miRNA expression profiles of Schwann cells grown in serum-containing
(proliferating) or defined medium (non-proliferating) were determined using an Exiqon
microarray (n=3 for each condition, color scale bar indicates fold-change). (B) Three
miRNAs predicted to target the 3′UTR of PMP22 are expressed in Schwann cells and show
unique profiles upon growth condition. (C) The fold-change in the expression of predicted
PMP22 regulating miRNAs in proliferating, as compared to non-proliferating Schwann cells
(*p<0.05, n=3, 2−ΔΔCT method). MiR-124a serves as a negative control.
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Figure 5. miR-29a regulates PMP22 3′UTR-luciferase reporter expression through one specific
binding site
(A) Schwann cells were co-transfected with the 3′UTR luciferase reporter and either
miR-29a or anti-miR-29a, and luciferase activity was quantified (**p<0.01, n=4). (B)
Inhibition of miR-322/424, miR-381, and miR-140* does not significantly increase PMP22
3′UTR reporter expression when compared to Neg. control (n=3, p>0.05). (C) Schematic
representation of PMP22 3′UTR truncation constructs. The predicted miR-29a binding site
is at 0.66 kb after the stop codon (grey line). (D) Quantification of luciferase assays after
transfection with the indicated constructs (**p<0.01; *p<0.05; ***p<0.001, n=4). (E) A
schematic depicting the deletion of the predicted 7 nt seed region for the miR-29a binding
site. (F) Luciferase assays were performed after transfection with either the full length or the
29a seed Del PMP22 3′UTR construct in the presence of miR-29a (*p<0.05) (n=3).

Verrier et al. Page 22

Glia. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Endogenous PMP22 RNA associates with Ago2 and the interaction is enhanced by
miR-29a
(A) C-myc-Ago2 transfected and non-transfected Schwann cells were processed for
immunoprecipitation (IP) using either a non-specific rabbit IgG (Rbt IgG) or rabbit anti-c-
myc conjugated (c-myc IP) agarose beads. Western blot using an anti-c-myc antibody is
shown. The lack of signal in the non-transfected cells confirms the specificity of the IP. (B)
RNA was isolated from total cell lysates (input), IP fractions (IP) and post-
immunoprecipitation supernatants (Sup), from the samples analyzed in panel A. Semi-
quantitative RT-PCR was performed using primers specific for PMP22 RNA. GAPDH was
used as a control for equal total RNA input (*p<0.05; ***p<0.001; n=4).
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Figure 7. miR-29a regulates endogenous PMP22 levels in Schwann cells
(A) Schwann cells were transfected with Neg. miR, miR-29a, or anti-miR-29a and processed
for Western blotting (40 μg/lane) with the indicated antibodies. Arrowhead corresponds to a
non-specific (n.s.) band and the bracket indicates differentially glycosylated forms of
PMP22. GAPDH is shown as a loading control. (B) Quantification of PMP22 protein levels,
after normalization to GAPDH, in cells transfected with the indicated constructs (*p<0.05;
**p<0.01; n=4). (C) Quantification using the 2−ΔΔCT method of real-time RT-PCR
experiments on RNA from Schwann cells transfected with Neg. miR, miR-29a, or anti-
miR-29a (***p<0.001; *p<0.05; n=4). Data is normalized to GAPDH and expressed in
relative units.
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Figure 8. PMP22 and miR-29 expression are inversely correlated in the developing rat sciatic
nerve
(A) Total RNA was isolated from rat sciatic nerves at the indicated time points and the
expression of PMP22 was quantified by RT-PCR. GAPDH was used to normalize for
loading and relative change in expression was determined using the 2−ΔΔCT method (n=3,
*p<0.05, ***p<0.001). (B) RT-PCR on the same RNA samples determines the expression of
miR-29a in sciatic nerves during development. MiR-24 was used to normalize for equal
loading (*p<0.05, ***p<0.001; n=3). (C) Data from the relative expression of PMP22 (x-
axis) and miR-29a (y-axis), as determined in panels A and B, were analyzed by linear
regression (p<0.05, r2 = 0.078).
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Figure 9. Nerve crush injury reduces PMP22 expression and elevates miR-29 levels
(A) Total RNA was isolated from control or crush injured mouse sciatic nerves and relative
expression of PMP22 was determined using quantitative RT-PCR. GAPDH was used to
normalize for RNA loading (n=10 nerves, triplicates used for each run; ***p<0.001). Data
are expressed as relative units. (B) Western blot analysis of total nerve lysates (5 μg/lane) at
5 d post-crush injury. GAPDH is shown as a loading control. Molecular mass, in kDa. (C)
Relative quantitative RT-PCR was used to determine the levels of miR-29b at 4 d post-
injury in mouse nerves. MiR-24 was used to normalize for equal loading (n=3 for each run
and n=10 nerves for each condition, *p<0.05).
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