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HDAC1 and HDAC2 control the transcriptional program
of myelination and the survival of Schwann cells

Claire Jacob!, Carlos N Christen!, Jorge A Pereira>4, Christian Somandin!, Arianna Baggiolini!,
Pirmin Lotscher!, Murat Ozgelik!, Nicolas Tricaud', Dies Meijer?, Teppei Yamaguchi?,

Patrick Matthias® & Ueli Suter!

Histone deacetylases (HDACs) are major epigenetic regulators. We show that HDAC1 and HDAC2 functions are critical for
myelination of the peripheral nervous system. Using mouse genetics, we have ablated Hdac1 and Hdac2 specifically in Schwann
cells, resulting in massive Schwann cell loss and virtual absence of myelin in mutant sciatic nerves. Expression of Sox10 and
Krox20, the main transcriptional regulators of Schwann cell myelination, was greatly reduced. We demonstrate that in Schwann
cells, HDAC1 and HDAC2 exert specific primary functions: HDAC2 activates the transcriptional program of myelination in synergy
with Sox10, whereas HDAC1 controls Schwann cell survival by regulating the levels of active B-catenin.

HDAGC:s are chromatin-remodeling proteins. They exert epigenetic
regulations by removing acetyl groups from histone tails, favor-
ing condensed chromatin architecture that is less accessible for
transcription factors. HDACs are commonly believed to act as
transcriptional co-repressors!~® but they can also contribute to tran-
scriptional activation®®. In addition, HDACs act non-epigenetically
by deacetylating non-histone targets®, including various transcrip-
tion factors, implying that HDACs regulate transcriptional activity
at different levels. HDACs are of particular interest to neurobiol-
ogists because HDAC inhibitors enhance neural regeneration”-
and control oligodendrocyte differentiation®~!!. In contrast to
oligodendrocytes in the CNS, Schwann cells, the myelination-
competent cells of the peripheral nervous system (PNS), promote
regeneration of damaged PNS and CNS axons and are contemplated
in transplantation-based repair strategies after CNS injury'2. In
addition, Schwann cells are affected by common tumors!? and
in peripheral neuropathies'®. Thus, a detailed understanding of
Schwann cell biology is of major importance for uncovering their
regenerative properties and developing efficient repair of damage
to the CNS and PNS, and for treatment of peripheral nerve tumors
and peripheral neuropathies.

Here we show that HDAC1 and HDAC?2 are essential for Schwann
cell myelination and survival: HDACI maintains Schwann cell sur-
vival by limiting the levels of active B-catenin (ABC), and HDAC2 is
an inducer of the transcriptional program of myelination.

RESULTS

HDAC1 and HDAC2 control Schwann cell myelination and survival
HDAC1 and HDAC2, coexpressed in Schwann cell nuclei
(Supplementary Fig. la-d), were upregulated at postnatal day 1
(P1) and remained high until P5 in mouse sciatic nerves (referred

to as nerves hereafter; Supplementary Fig. 1e), suggesting postnatal
functions of these proteins. To determine their functions, we depleted
HDACI1 and/or HDAC2 in Schwann cells using loxP-flanked Hdacl
and/or Hdac2 alleles!> and mice expressing the Cre recombinase
under control of Desert Hedgehog gene regulatory elements (DihC"e).
DhhC is active in developing PNS glial cells, but not in neural crest
cells or neurons'®!7. Dhh“Hdacl or Hdac2 homozygous knockout
mice (HI~/~ or H27/~) were indistinguishable from their control lit-
termates. HDAC1 and HDAC2 can compensate for each other in
other systems!"8. Thus, we analyzed Dhh“Hdacl-Hdac2 double
homozygous knockout (H1/27/7) mice.

H1/27'~ mice showed tremor and reduced hind limb mobility, and
died around P17. Structural analyses revealed a partial axonal sort-
ing delay at P1 (Fig. 1a). At P5, most axons in control mice (Dhh*"¢")
were myelinated, whereas many H1/27/~ axons were sorted in a one-
to-one relationship with Schwann cells but remained mostly unmy-
elinated (Fig. 1b). No myelin was found at P10 or P16 (data not
shown and Supplementary Fig. 2a,b). At P5, many H1/27/~ Schwann
cells showed signs of damage such as cytoplasm vacuolization and
fragmentation, and at P10 empty basal lamina remnants were com-
monly found around axons (Fig. 1c). Massive apoptosis occurred
in H1/27/~ nerves, with onset at P2 (Fig. 1d and Supplementary
Table 1), resulting in virtual absence of Schwann cells at P16 (Fig. 1e
and Supplementary Fig. 2a,b). Apoptotic cells were positive for the
Schwann cell markers!® GFAP, S100 (Supplementary Fig. 3a) and
Oct-6 (Supplementary Fig. 3b). At P16, nerves were exclusively
composed of aberrant mini-fascicles of axons (Supplementary
Fig. 2a,b), surrounded by cells with perineurial-like characteristics
such as prominent caveolae (data not shown) and expression of the
tight junction proteins ZO-1 (ref. 20) and Claudin-1 that stain perineu-
rial cells in control nerves (Supplementary Fig. 2¢). In the absence of
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Figure 1 Partial axonal sorting delay, absence

of myelination and massive Schwann cell loss

in H1/27~ nerves. (a—c) Semithin (a,b) and

ultrathin (b,c) sections of H1/2-~ and DhhCre-
control nerves at P1, P5 and P10, and relative area
covered by bundles (axon bundle area/total nerve
area on cross-sections) quantified in P1 semithin
sections of three control and three H1/2-~ sciatic
nerves. In b, images on the left were taken from
semithin sections and images on the right from
ultrathin sections. In a,b, white arrows highlight
one-to-one relationships of axons with Schwann
cells and black arrows point to myelinated axons in
control nerves. Asterisks indicate axon bundles. In c,
black arrows highlight Schwann cell cytoplasmic
vacuoles and white arrows denote Schwann cell
basal lamina remnants. (d) Percentage of TUNEL-
positive cells in sections of P1, P2, PS5 and P11
H1/27~ and control (Co) nerves (three control and
three H1/27/- mice per age group) and staining
examples (TUNEL, red; DAPI, blue) at P2.

(e) Immunofluorescence of S100 (red) on sections
of P16 H1/2-"- and control nerves. Nuclei are
labeled in blue with DAPI. S100 is a Schwann cell
marker. Scale bars, 10 um. Two-tailed Student’s
ttest; *P< 0.05, ***P < 0.001. Error bars, s.e.m.

Schwann cells, perineurial cells seem to be able to support axonal sur-
vival, at least in the short term, as we found no signs of axonal degen-
eration in H1/27/~ nerves up to P16, the latest time point examined. We
conclude that the loss of HDAC1 and HDAC2 in Schwann cells results
in severe hypomyelination and Schwann cell apoptosis.

HDAC2 induces the Schwann cell myelination program

As expected from the genetic lesions, HDAC1 and HDAC2 were
decreased in H1/27/~ nerves (Fig. 2 and Supplementary Fig. 1b).
We then sought to identify the molecular mechanisms responsi-
ble for the severe hypomyelination caused by loss of HDACI and
HDAC?2. First, we examined known transcriptional regulators of

Figure 2 In sciatic nerves and long term— a n
transduced RSCs, loss of HDAC1 induces Co Hil2
upregulation of HDAC2, and vice versa, whereas HDAC2 e HDAC
in H2+~ or H1*~ sciatic nerves and in short voac R HAC

term—transduced cells, expression of the
targeted HDAC is reduced without substantial
upregulation of the untargeted HDAC.

(a—d) Western blots of HDAC1 and HDAC2 in
P5 H1/2-=, H2-=, H17/~ and Dhh®®= control b
(Co) nerves (a), in P5 H2+~, HI*/~ and control
nerves (b), and in RSCs transduced for 3 d (c)
or 2 weeks (d) with nontargeting control (Co),
Hdac2 (H2sh) or Hdacl (H1sh) shRNA
lentiviruses. In a,b, graphs represent the ratio
of HDAC1 or HDAC2 levels normalized to the
loading control B-actin or GAPDH. This ratio has
been multiplied by an arbitrary factor to set the c

P5
H2+/—

HDAC2
GAPDH

HDAC1

Co
—
| —— —

B-actin

control value to 100. In ¢,d, graphs represent Cih:;;:msh
the percentage of HDAC1 or HDAC2 levels HDAC2 e

(normalized to B-actin) compared to the control
(set to 100%). Nerves of at least three control
and three mutant mice were run and analyzed
on the same gel, and each lane was loaded with
one or two sciatic nerves from a single mouse
(a,b). Three independent experiments were performed for each graph prese

HDAC1 weee e

B-aCtin we— — —

B-actin e s GAPDH s sswwe GAPDH s s

= N W A O
© © O o o

o

Relative bundle area (%)

&)
A
3

o

OoO=NWrOIO

Percentage TUNEL" cells

peripheral nerve myelination: Oct6, Sox10 and Krox20 (ref. 21).
Western blot analysis of P5 HI/27/~ nerves revealed markedly
reduced Sox10 and Krox20 levels while Oct6 was increased (Fig. 3a
and Supplementary Fig. 4a). Increased Oct6 expression is likely
secondary to reduced Krox20, as Krox20 is involved in Oct6 down-
regulation at the promyelination stage??, but it might contribute to
the observed phenotype because Oct6 overexpression causes hypo-
myelination?®. Consistent with reduced Sox10 and Krox20, expres-
sion of the myelin proteins MAG, MBP and P0 was not detectable
or barely detectable (Fig. 3a and Supplementary Fig. 4a). Further
analyses revealed reduced Sox10, Krox20 and PO from birth onwards
(Supplementary Fig. 5). Taken together, our data indicate that
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Figure 3 HDAC2 is an inducer of Schwann cell differentiation. B-actin em—— Sox10 PO
(a) Western blots of Sox10, Krox20, PO and B-actin (loading
control) in P5 H1/27~, H2+~, HI*/~ and DhhC® control e . . 6001
(Co) nerves. (b) Semithin sections of P5 control, H2*~ and & (L@"‘\o&” & (LOA":\S\“" 500 OGFP O H2over mH1over
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group, 50 axons per nerve). (c) Krox20 immunolabeling (red) HDAC2 == ®8 s SOX10 e e
and percentage of Krox20-expressing RSCs transduced with
nontargeting control, Hdac2 (H2sh) or Hdac1 (H1sh) (green,
expressing GFP or DsRed) shRNA lentiviruses in differentiating
conditions. For H1sh, Krox20 is false-colored red and DsRed
green. Nuclei appear blue. The graph quantifies the percentage
of cells expressing detectable Krox20, regardless of the
expression level, and thus includes cells with reduced Krox20 expression. White arrows indicate transduced cells; at least 100 transduced cells counted
per experiment (three independent experiments). (d) Western blots of Sox10, PO and B-actin in RSCs transduced with nontargeting control (Co), H2sh
or H1sh lentiviruses. (e) Western blots of HDAC2, HDAC1, Krox20, Sox10, PO and B-actin in differentiated RSCs transfected with GFP (control),

HDAC2 (H2 over) or HDAC1 (H1 over) overexpressing constructs. In a,d, samples were run on the same gel but not always in consecutive lanes. In a, the
graph represents the ratio of the proteins normalized to B-actin (ratio multiplied by an arbitrary factor to set the control to 100; at least three nerves of
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Student’s t-test; *P < 0.05, **P < 0.01, ***P < 0.001. Error bars, s.e.m. Full-length blots are presented in Supplementary Figure 10.

reduced expression of myelination inducers and myelin proteins
contributes to the hypomyelination in P5 H1/27/~ nerves.

To identify potential defects resulting from the loss of a single
HDAC, we analyzed P5 HI™/~ and H27/~ and Dhh®" single Hdacl
or Hdac2 heterozygous (HI*/~ or H2*/7) nerves. In HI~/~ and H2™/~
nerves, the targeted HDAC was decreased, but the untargeted HDAC
was upregulated (Fig. 2a). No alteration of Sox10, Krox20 and myelin
proteins was detectable (Supplementary Fig. 6), indicating compen-
satory mechanisms between the two HDACs. Of note, in P5 HI1t/-
and H2*/~ nerves, the targeted HDAC was decreased and no upreg-
ulation of the untargeted HDAC occurred (Fig. 2b). H2*/~ nerves
showed reduced Sox10, Krox20 and myelin proteins (Fig. 3a and
Supplementary Fig. 4a) and increased g ratios (axon diameter / (axon
+ myelin diameter)) of myelinated axons, whereas we found no such
alterations in H1*/~ (Fig. 3b), HI~/~ or H2~~ nerves (data not shown).
These findings identified HDAC?2 as a regulator of myelination.

Complementary in vitro experiments using acute (short-term, with
minimal upregulation of the untargeted HDAC; Fig. 2¢) but not pro-
longed (long-term, with pronounced upregulation of the untargeted
HDAG; Fig. 2d) downregulation of HDACI or HDAC2 by specific
short hairpin RNA (shRNA) in primary rat Schwann cells (RSCs) cor-
roborated these results. Downregulation of HDAC2, but not HDACI,
resulted in decreased Sox10, Krox20, PO and MAG (Fig. 3c,d and
Supplementary Fig. 4b). Conversely, overexpression of HDAC?2,
but not HDACI, increased Sox10, Krox20 and PO (Fig. 3e) under
differentiating conditions.

HDAC2 acts in synergy with Sox10

We next investigated the molecular mechanisms by which HDAC1
and HDAC2 regulate Schwann cell myelination. HDACs modify
transcription. Thus, we performed comparative transcriptome
microarray analyses of H1/27/~ nerves versus control littermates at
P2 (Supplementary Table 1). As expected, we found severely reduced
Krox20 (Egr2) mRNA levels and a trend toward decreased Sox10
mRNA. Increased myelin inhibitor expression could cause hypo-
myelination?%, and HDACs regulate the expression of inhibitors of
myelination in oligodendrocytes!®. In H1/27/~ nerves, however, Id2
mRNA was reduced, Pax3, Hesl and Hes5 not affected, and Sox2,
Jun and Notchl only slightly increased (Supplementary Table 1).
We confirmed reduced Id2 protein levels in P5 H1/27/~ nerves;
c-Jun and Sox2 were not detectably changed (Supplementary Fig. 7a).
Schwann cell proliferation, usually correlating with myelination
inhibitor expression4, was not significantly altered in P2 H1/27/~
nerves (Supplementary Fig. 7b) or in RSCs transduced with Hdac2 or
Hdacl shRNA (Supplementary Fig. 7c). We conclude that upregula-
tion of myelination inhibitors is unlikely to account for the observed
hypomyelination.

Next, we asked whether HDACI1 and/or HDAC2 regulate Sox10,
Egr2 (Krox20) and/or Mpz (P0) transcription. Using chromatin
immunoprecipitation in RSCs, we found both HDAC1 and HDAC2
bound to the Sox10 promoter and intron 1, the Krox20 promoter and
Krox20 MSE (myelinating Schwann cell element? controlling Krox20
expression in Schwann cells after birth), and the PO promoter and
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Figure 4 Transcriptional regulation of the
myelination program by HDACs. (a) Relative
binding of antibodies specific for HDAC2
(anti-HDAC2), anti-HDAC1 or rabbit IgG
(negative control) to Sox10 promoter (pro),
Sox10intron 1 (intl), Krox20 pro, Krox20
MSE, PO pro, PO intl, control sequence
(Cont seq) 1 or Cont seq 2, compared to histone
H3 (HH3) antibody (positive control, set equal
to 1). (b) Luciferase fold induction of SoxI0
MCS1C, Sox10 MCS1, Krox20 pro, Krox20 - o0 A I d Proieraing Diferentated
MSE, PO pro and PO int1 constructs by HDAC2 400 100 25 o FFos® PSS
or HDAC1 overexpression, compared to that 300 3 80 220 \Q\Q\Q K g(’ \Q%\QQ‘Q\)‘
seen with GFP expression (set equal to 1), in g 60 515 100- 100~
differentiated RSCs. (c) Sox10, Krox20 and 100 3 gg . %;g 75- Jsoxto 75 @@~ _ Jsox10
PO mRNA fold induction, normalized to 0 Ty * 50- pt <166 s0-
Gapdh, in RSCs overexpressing HDAC1 L &L L &£ L g W 37-
(H1 over) or HDAC2 (H2 over), compared to D AR L 100- 100-
that in RSCs expressing GFP (set equal to 1). i . 75- 75-
(d) Immunoprecipitation (IP) of HDAC2, € oGrr | HDACZ{;O_?--GHDAC1 HDAC%&O_?-":.(_HDAC1
HDAC1, Sox10 or negative control IP (IgG) 251 ; zg’ﬂgﬁ;iw a7- a7-
in proliferating or differentiated RSCs, and 204 B Sox{0/HDACH
western blot (WB) analysis of Sox10, HDAC2
and HDAC1. For reblots of HDAC1 and HDAC2,
the membranes were sliced to incubate each IP
with the corresponding antibody. (e) Luciferase . - 100- 100-
fold induction of Sox10 MCS1C, Sox10 MCS1C 51 [T Te, s [ I o i P
mutants A155-585 and A469-470, Krox20 hd 50- - 50-
MSE and Krox20 M.SE mutant constructs by Sox10  MCS1C  MCS1C  Krox20 Krox20 MSE 37- 37-
double overexpression of Sox10/GFP, Sox10/ 57 MCS1C A155-585 A469-470  MSE mutant

WB HDAC1 WB HDAC2
HDAC2 or Sox10/HDAC1, compared to that
seen with GFP expression, in differentiated RSCs. At least three independent experiments per graph or IP. Two-tailed Student’s t-test, unless stated
otherwise in the figure; *P < 0.05, **P< 0.01, ***P < 0.001. Error bars, s.e.m. Full-length blots are presented in Supplementary Figure 10.
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B-actin (a, Co set equal to 100%; b, for P1 Co and H1/2--, percentages calculated compared to ABC at birth in control nerves, and for P5 Co and
H1*~, ratios multiplied by an arbitrary factor to set the control to 100; f, birth level set equal to 100%). In d,e, at least three independent experiments
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not the Krox20 promoter (Fig. 4b). To determine whether these acti-
vations resulted in more transcripts, we performed quantitative RT-
PCR analyses. HDAC2 overexpression markedly increased Sox10 and
Krox20 mRNAs and slightly increased PO mRNA, whereas HDAC1
overexpression only minimally increased Krox20 mRNA (Fig. 4c).
This indicates that HDACI, despite its ability to bind to and activate
regulatory regions of Sox10, Krox20 and PO genes, is not able to induce
the production of the corresponding mRNAs, or is less efficient than
HDAC?2 at doing so.

HDACs have not been shown to bind DNA directly. Thus, we
searched for binding partners that may allow binding of HDAC1
and/or HDAC2 to regions of SoxI10, Krox20 and P0 that they acti-
vate. Sox10 autoactivates its own transcription by binding to elements
located upstream of the transcription start site?”. Sox10 also binds to
and activates the Krox20 MSE, as well as the PO promoter and intron 1
(ref. 28). Oct6 can bind to the Krox20 MSE and activate Krox20
transcription?®. Thus, we asked whether HDAC1 and HDAC?2 interact with
Sox10 and/or Oct6. Using coimmunoprecipitation in RSCs, we found that
both HDAC1 and HDAC?2 interacted with Sox10 under differentiating,
but not proliferating, conditions (Fig. 4d). No coimmunoprecipitation
of HDAC1 or HDAC2 was detected with Oct6 (data not shown).
In luciferase gene reporter assays, Sox10 overexpression significantly
activated the Sox10 MCS1C and Krox20 MSE regions, and only
co-overexpression of HDAC2, but not of HDAC1, with Sox10 resulted

ARTICLES

in synergistic activation (Fig. 4e). When Sox10 was overexpressed
alone or together with HDAC1 or HDAC2, we found no or minimal
activation of SoxI10 MCS1C and Krox20 MSE mutants having their
Sox10 binding sites deleted or mutated (Fig. 4e). Taken together, these
data indicate that HDAC?2 activates Sox10 and Krox20 transcription
by interacting with Sox10.

HDAC1 maintains survival by limiting the levels of ABC

Next, we searched for potential specific functions of HDACI in
Schwann cells. We found that knocking down HDAC1 in RSCs resulted
in increased ABC, whereas HDAC2 knockdown had no such effect
(Fig. 5a). Consistent with these findings, ABC was increased in vivo
at P5 in HI*/~ nerves, and it was already increased at P1 in Hi1/27/-
nerves (Fig. 5b), though not at P1 in HI*/~ nerves (data not shown).
No ABC increase was detectable in H2*/~, HI™/~ or H2™/~ nerves
(data not shown). This caught our interest because HDAC inhibitors
induce carcinoma cell apoptosis through an increase in ABC?°, and
we had observed a sharp increase of apoptosis in HI/27/~ nerves com-
pared to controls starting at P2 (Fig. 1d and Supplementary Table 1).
To determine whether increased ABC at P5 in HI*/~ nerves also
correlated with increased apoptosis, we analyzed HI*/~ nerves at
P2 and P5. We found increased apoptosis at P5 (Fig. 5¢) but not at
P2 (data not shown). Apoptosis was not altered in H2*/~, HI”/~ or
H27'~ nerves at P2 or P5 (data not shown). On the basis of these data,
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MSE, and PO pro or intron 1 (int1). < ABC Sox10 Krox20

(c) Fold increase of SoxI0 and Krox20
mRNA, normalized to Gapdh, in RSCs
overexpressing ABC compared to GFP

(set equal to 1). (d) ABC, Sox10 and B-actin (loading control) western blots in RSCs overexpressing GFP or ABC and quantification (normalized to B-actin)
compared to GFP control (set equal to 100%). (e) Co-labeling of GFP or ABC (green) and Krox20 (red) in differentiated RSCs overexpressing (over) GFP
or ABC. (f) ABC, Sox10, Krox20 and B-actin western blots in control mouse sciatic nerves treated with Dikkopf-1 (Dkk1) or not treated (NT), and graph
representing the ratio of the proteins normalized to B-actin. This ratio has been multiplied by an arbitrary factor to set the control to 100. Sciatic nerves
of at least three NT and three Dkk1 mice were used (one sciatic nerve of a single mouse per lane). In a,e, at least three immunostainings were done and
at least 100 cells were analyzed in each case per experiment; white arrows represent some overexpressing cells; nuclei are labeled in blue with DAPI

(see text). In b—d, at least three independent experiments were carried out. Error bars, s.e.m. Two-tailed Student’s t-test; *P < 0.05, **P< 0.01. In d,f,
samples were run on the same gel but not in consecutive lanes. Full-length blots are presented in Supplementary Figure 10.

NATURE NEUROSCIENCE VOLUME 14 | NUMBER 4 | APRIL 2011

433



@l © 2011 Nature America, Inc. All rights reserved.

ARTICLES

we hypothesized that the HDAC1-ABC connection regulates Schwann
cell survival. Indeed, knocking down HDACI, but not HDAC2, resulted
in increased apoptosis of RSCs. This effect was largely prevented
by the Wntl inhibitor sFRP1 (secreted frizzled-related protein 1)
(Fig. 5d). Furthermore, Wntl overexpression induced Schwann cell
apoptosis, which was synergistically increased by HDAC1 down-
regulation (Fig. 5e). Similarly, overexpression of constitutively active
B-catenin resulted in massive apoptosis: all ABC-overexpressing
Schwann cells were either dead or TUNEL-positive 3 d after trans-
fection (data not shown).

Additionally, and consistent with previous findings in oligodendro-
cytes'!, ABC co-immunoprecipitated with the transcription fac-
tor Tcf-4 in RSCs. Overexpression of HDACI, but not of HDAC2,
decreased this interaction (Supplementary Fig. 8). Taken together,
our data indicate that HDACI regulates Schwann cell survival and
that loss of HDACI induces Schwann cell apoptosis through increases
in ABC. Of note, quantification of ABC during development in post-
natal mouse nerves revealed that ABC was maintained at steady state
from birth until at least P2. At P5, ABC was increased and remained
high until at least P21 (Fig. 5f). These findings suggest that limita-
tion of ABC by HDACI in Schwann cells is critical within the first
postnatal days but not in later development.

Sox10 regulates ABC, promoting differentiation of Schwann cells
Because ABC levels were dynamically regulated in mouse nerves,
we examined the potential function of ABC in Schwann cell dif-
ferentiation. We found that Sox10 overexpression resulted in
robust upregulation of ABC in RSCs. All Sox10-overexpressing
cells also expressed levels of ABC above a fixed arbitrary thresh-
old, while none of the GFP-expressing cells showed ABC levels
above threshold (Fig. 6a). Furthermore, ABC overexpression rap-
idly induced the activation of promoters and regulatory regions
of Sox10, Krox20 and P0 in RSCs (Fig. 6b) and increased Sox10
and Krox20 expression at mRNA (Fig. 6c) and protein levels
(Fig. 6d,e). Upregulation of Krox20 by overexpressed ABC was
robust and consistent, as all cells overexpressing ABC showed
Krox20 expression higher than a fixed arbitrary expression thresh-
old, whereas none of the GFP-expressing cells showed Krox20 above
threshold. These findings indicate that ABC can promote Schwann
cell differentiation.

To further assess the relevance of ABC function in Schwann cells,
we used an acute in vivo pharmacological approach. We reduced ABC
levels by administering Dickkopf-1 (Dkk1, an inhibitor of the Wnt
canonical pathway) to mice at birth and collected their nerves at P2.
DKkK1 strongly decreased ABC, Sox10 and Krox20 expression (Fig. 6f),
without apparent toxicity or changes in apoptosis (data not shown),
supporting our findings that the Wnt/B-catenin pathway contributes
to PNS myelination.

DISCUSSION

We have found that HDACI and HDAC2 are essential for
Schwann cell myelination and survival after birth. Myelination is
primarily promoted by HDAC2 through transcriptional regulation
of myelination-related gene expression. Cell survival is primarily
controlled by HDACI in connection with ABC regulation, and ABC
also functions in differentiation. In Schwann cells, HDACI1 and
HDAC?2 can efficiently compensate for the loss of each other under
special circumstances owing to dynamic compensation mechanisms.
However, we were able to dissect the distinct functions of HDAC1
and HDAC2 in H1*/~ and H2*/~ mice in combination with comple-
mentary in vitro approaches.

Severe hypomyelination and apoptosis in H1/2-/~ nerves

The deletion of both HDACs in Schwann cells resulted in partial
axonal sorting defects. However, many axons were successfully
sorted at P5 and expressed high levels of Oct6, but myelination was
blocked. This is likely due to reduced expression of the main tran-
scriptional regulators controlling these events, Sox10 and Krox20.
Consequently, myelin protein expression was also low. In contrast
to findings in Schwann cell-specific Sox10-deficient mice??, loss of
HDACI and HDAC?2 allowed Schwann cells to progress beyond the
immature stage to promyelination. This may be due to residual Sox10
expression in H1/27/~ nerves, or other unknown mechanisms that
may relate to the maintained expression of Oct6, as Oct6 was not
expressed in Sox10~/~ nerves3). Markedly reduced Krox20 expres-
sion is in line with the arrest of Schwann cells at the promyelinating
stage in H1/27/~ nerves, as this phenocopies effects of loss of Krox20
in Schwann cells?>31,

Loss of HDAC1 and HDAC2 in Schwann cells resulted in increased
apoptosis with onset at P2. This increase was massive, and at P16
(the end stage analyzed), no more Schwann cells or endoneurial
fibroblasts were detectable in H1/27/~ nerves. Instead, cells with
perineurial-like characteristics were present in the endoneurium
and had surrounded mini-fascicles of naked axons. A similar phe-
nomenon has been described in Dhh knockout nerves??, but Dhh
levels were not changed in H1/27/~ nerves (data not shown). We
cannot exclude the possibility that loss of HDAC1 and HDAC?2 in
Schwann cells produced a fate switch into perineurial-like cells.
However, we favor the interpretation that perineurial cells have
invaded H1/27/~ nerves owing to Schwann cell loss, as Schwann
cells in HI/27/~ nerves showed signs of damage accompanied by
massively increased apoptosis.

HDAC2, but not HDAC1, primarily induces myelination
HDACI and HDAC2 were upregulated in P1 nerves, remained high
during early postnatal development, and decreased progressively until
adulthood. This regulation suggests that HDACI and HDAC2 might
have important functions during early postnatal PNS development.

We found that both HDACs bound to and activated regulatory
regions of Sox10, Krox20 and PO, and that they both associated with
Sox10 in Schwann cells upon induction of differentiation. However,
only HDAC2 expression increased the levels of Schwann cell differ-
entiation markers. Sox10 is key in this critical regulatory mechanism
by activating its own transcription and the transcription of Krox20
in synergy with HDAC2, but not with HDACI1. Consistent with this
regulatory function of HDAC2, we observed reduced myelin sheath
thickness in early postnatal H2*/~ but not HI1*/~ nerves. We conclude
that primarily HDAC2, but not HDACI, is an inducer of the tran-
scriptional program of Schwann cell myelination.

HDAC1 maintains Schwann cell survival by limiting ABC

In contrast to findings in double mutants of Hdacl and Hdac2 in oli-
godendrocyte precursors!!, but in accordance with studies of double
mutants in other systems!>!8, we found strongly increased Schwann
cell apoptosis. Onset in HI/27/~ nerves was at P2 and correlated with
increased ABC. In HI*/~ nerves, but not in H2*/~ nerves, increased
apoptosis also occurred, but with onset at P5, again correlated with
increased ABC. In RSCs, knockdown of HDAC1, but not of HDAC2,
resulted in increased ABC and increased apoptosis. This effect was
largely rescued by a Wnt1 inhibitor and synergistically enhanced by
concomitant Wntl overexpression. Thus, we conclude that during
early postnatal Schwann cell development, HDAC1 maintains survival
by limiting ABC.
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In RSCs, Sox10 overexpression induced a marked increase of ABC,
and ABC initially promoted Schwann cell differentiation before
causing apoptosis. Removal of HDACI did not affect myelination
but resulted in increased ABC. We interpret these findings to mean
that HDAC1 may not primarily promote differentiation because the
primary function of HDACI is to limit the levels of ABC, which also
limits ABC-induced Schwann cell differentiation. ABC was expressed
at steady-state levels in mouse nerves from birth till at least P2, and
at P5 increased and remained high until at least P21. It seems likely
that ABC is increased by Sox10 to enhance the myelination process.
However, the molecular mechanisms by which ABC induces Schwann
cell differentiation remain to be identified. The active form of
[B-catenin translocates to the nucleus and associates with a member of
the TCF/LEF1 family of transcription factors to activate a specific set
of downstream genes®2. A potential mechanism by which ABC could
increase differentiation is direct regulation of Sox10 transcription,
as several potential binding sites for LEF1 are present in the Sox10
gene?”33, Moreover, overexpression of ABC in neural crest cells can
induce ectopic expression of Sox10 (ref. 33). ABC may also activate
Krox20 transcription by a direct mechanism, not only through Sox10
upregulation, because we found that overexpression of ABC could
activate both the Krox20 promoter and Krox20 MSE, whereas Sox10
activates the Krox20 MSE but not the Krox20 promoter (ref. 21 and
data not shown).

We note that in a related study®*, activation of Wnt signaling by
[B-catenin stabilization did not affect Schwann cell myelination. The
reasons for this difference are not clear.

HDAC1/2 levels in Schwann cells are dynamic and interdependent
An unexpected result in our study is the finding that single HDAC
heterozygous nerves showed a detectable phenotype, whereas
single HDAC homozygous knockout nerves did not. This indicates
compensatory mechanisms in single HDAC homozygous but not in
single heterozygous knockout nerves. These compensatory mech-
anisms appear to occur, at least partly, through upregulation of
HDACI when HDAC?2 is absent, and vice versa. The compensation
seems to be time dependent, as long-term downregulation of one
HDAC resulted in strong upregulation of the other HDAC, whereas
short-term downregulation induced only a minimal increase. Other
HDACs may also participate in the compensation, but we did not
detect increases of HDAC3 or HDACS (data not shown), the other
class I HDAC members.

In single heterozygous nerves, there was no upregulation of the
untargeted HDAC, suggesting that upregulation of the untargeted
HDAC is induced only when the targeted HDAC is expressed below
a threshold level. In single heterozygous nerves, the targeted HDAC
was only transiently reduced (data not shown), and, consistent with
this, we found only transient hypomyelination and increased apop-
tosis in H2*/~ and H1t/~ nerves, respectively. This indicates that
Schwann cells, when possible, preferentially increase expression of
the partially missing HDAC species, rather than upregulating the
untargeted HDAC. This is in line with the hypothesis that HDAC1
is more efficient than HDAC2 at fulfilling its primary functions,
and vice versa. As a result, when one HDAC is completely lacking,
the remaining HDAC may need to be substantially upregulated to
efficiently compensate for the missing HDAC. Thus, the expression
of HDACI1 and HDAC2 in Schwann cells is dynamic and can be
appropriately adjusted depending on the need and the availability
of HDAC1 and HDAC?2 in the cell. Regardless of the molecular
basis for these observations, our findings emphasize that when pro-
teins with HDAC-like general functions are analyzed in transgenic
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mice, heterozygous nulls should be examined, even when no
alterations are detected in homozygous nulls.

Conclusion

HDACI and HDAC?2 are essential for myelination of the PNS and
Schwann cell survival (Supplementary Fig. 9). Although both
HDACs can compensate for the loss of the other if one of them is
fully removed, they have distinct specific main functions under
normal physiological conditions: HDAC2 is a principal inducer
of differentiation, whereas HDACI regulates survival. HDACs are
commonly thought to act through transcriptional repression. We
demonstrate, in line with other recent studies®>, that HDACs also
cause transcriptional activation. Additionally, we provide mechanistic
understandings of how HDAC:s activate transcription in Schwann
cells and identify their functions in these cells during postnatal PNS
development. This knowledge is important for our understanding of
basic nerve biology and potential medical application and will also
help unravel the functions of HDACs in other cellular systems.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Accession codes. Gene Expression Omnibus: Microarray data have
been deposited with accession code GSE27451.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Generation of conditional knockout mice. Mice homozygous for Hdac1'0xP/loxP
and/or Hdac2'oP1oxP floxed’ alleles!® were crossed with mice expressing Cre
recombinase under control of Dhh gene regulatory sequences (DhhC"; ref. 35)
to ablate HDAC1 and/or HDAC?2 in Schwann cells. Genotypes were determined
by PCR on genomic DNA. Animal use was approved by the veterinary office of
the Canton of Zurich, Switzerland.

Electron microscopy. Processing of mouse sciatic nerves was carried out as pre-
viously described>¢.

Cell culture. Purified primary RSCs were obtained as described®” and grown in
DMEM containing 10% FCS (Gibco), 1:500 penicillin/streptomycin (Invitrogen),
4 pg ml™! crude glial growth factor (bovine pituitary extract, Biomedical
Technologies), and 2 uM forskolin (Sigma), at 37 °C in 5% CO,/95% air. For
differentiation, RSCs were growth-arrested in defined medium?” for 8 to 15 h,
1 mM dibutyryl cyclic AMP (dbcAMP; Sigma) was added and cells were incu-
bated in this medium for another 6-7 h (transfection experiments and immu-
noprecipitations) or 2 d.

Generation of lentiviruses. We designed an Hdac2-specific shtRNA (H2sh),
using Dharmacon siDESIGN Center and 2-shRNA Oligo Designer (http://
www.unc.edu/~cail/biotool/2shRNA.html). We also generated an Hdacl-
specific ShRNA (H1sh) and a nontargeting shRNA as control. Targeting and
nontargeting sequences: H2sh, 5-GTACTACGCTGTCAACTTT-3"; Hlsh, 5’-
GCCAGTCATGTCCAAAGTAAT-3’; control, 5-GCGTTCTTAACTTTGAACC-
3’ (H1sh and control both Sigma-designed). We cloned the corresponding shRNA
oligonucleotides (synthesized by Microsynth) into the pLentiLox 3.7 lentiviral
plasmid (ATCC) using either Hpal/Xhol or Hpal/NotlI. For the H1sh construct,
we replaced GFP by DsRed2. pLentiLox 3.7 was digested with EcoR1, blunted,
and then digested with Nhel. pDsRed2-N1 (Clontech) was digested with Not1,
blunted, and then digested with Nhel. Excised DsRed2 was ligated into linearized
pLentiLox 3.7. Wntl- and ABC-overexpressing lentiviral constructs, originally
produced by Z. Werb and B. Welm?® and T. Reya®”, respectively, were obtained
from Addgene (plasmids 18983 and 20673, respectively). pLentiLox expressing
DsRed or GFP was used as a control for Wntl and ABC overexpressions.

To produce lentiviral particles, HEK293T cells were transfected with each
lentiviral construct together with the packaging constructs pLP1, pLP2 and
pLP/VSVG (Invitrogen) using Lipofectamine 2000 (Invitrogen), according to
the recommendations of the manufacturer (ViraPower Lentiviral Expression
Systems Manual).

Transduction of Schwann cells with lentiviruses. Lentiviruses were incubated
for 8-15 h with Schwann cells in culture medium containing 8 jtg ml~! Polybrene
(Sigma), at a multiplicity of infection of 2-5. Cells were then washed and main-
tained in culture medium for an additional day when transduced with Wnt1
or ABC-overexpressing lentiviruses, or for another 2 d when transduced with
shRNA lentiviruses. Depending on the experiment, cells were either assayed
immediately (proliferating conditions) or differentiated before being analyzed.

Immunofluorescence. Mouse sciatic nerves were fixed in situ with 4% parafor-
maldehyde (PFA) for 10 min, dissected, embedded in O.C.T. compound (Tissue-
Tek), and stored at —80 °C. Rat sciatic nerves were dissected, fixed with PFA
for 10 min, washed in PBS, dehydrated in 30% sucrose overnight, embedded in
OCT, and stored at —80 °C. Cryosections (5 pm thick) were permeabilized and
blocked for 30 min at 20-25 °C in blocking buffer (0.3% Triton X-100 and 10%
goat serum in PBS), and incubated with primary antibodies overnight at 4 °C in
blocking buffer. Antibodies: ZO-1 and Claudin-1 (both rabbit, 1:500, Zymed),
GFAP (mouse, 1:300, Sigma) and S100 (rabbit, 1:200, DakoCytomation; mouse,
1:200, Sigma). To double-stain HDACI (rabbit, 1:3,000, Affinity BioReagents)
and HDAC2 (mouse, 1:300, Sigma), rat cryosections (5 um thick) were first
incubated in citrate buffer for 2 h at 65 °C. To co-label HDAC2 and S100, or
Oct6 (rabbit, 1:300, ref. 40) and apoptotic cells (TUNEL), cryosections were first
treated with 100% acetone at —20 °C for 10 min.

Cells were fixed with 4% PFA for 20 min at 4 °C, washed in PBS, blocked
for 15 min in blocking buffer, and incubated with primary antibodies (rabbit
anti-HDACI, 1:1,000, Affinity BioReagents; goat anti-HDACI, 1:200, Santa Cruz

Biotechnology; mouse anti-HDAC2, 1:200, Sigma; rabbit-anti-HDAC2, 1:200,
Santa Cruz Biotechnology; mouse anti-Sox10, 1:100, R&D Systems; goat anti-
Sox10, 1:100, Santa Cruz Biotechnology; rabbit anti-Krox20, 1:200, Covance;
mouse anti-ABC, 1:100, Chemicon; rabbit anti-MAG, 1:200, Zymed) overnight
at 4 °C in blocking buffer.

In all cases, sections and cells were washed in PBS, incubated with secondary
antibodies coupled to Alexa 488 (1:500, Invitrogen), fluorescein isothiocyanate
(FITG; 1:500, Jackson ImmunoResearch), Cy3 (1:500, Jackson ImmunoResearch)
or Cy5 (1:50, Jackson ImmunoResearch) for 1 h at 20-25 °C, washed in
PBS, incubated 5 min with DAPI (to label nuclei), and mounted in Citifluor
(Agar Scientific).

Staining was observed using a fluorescence microscope (Axioplan2 Imaging, Carl
Zeiss) with 20x 0.50 numerical aperture, 40x 0.75 numerical aperture or 63x 1.25
numerical aperture (oil immersion) Plan Neofluar objectives. Images were digitized
with a PowerShot G5 camera (Canon) and acquired with AxioVision 4.5 software
(Carl Zeiss). Brightness and contrast of images were adjusted using Adobe Photoshop
CS5 Extended version 12.0.1 x64 (Adobe Systems, Macintosh version).

For confocal analyses, staining was observed using a Leica DMIRE2 inverse
microscope and a Leica SP2 AOBS point laser scanning confocal, with a 63x
1.4 numerical aperture, differential interference contrast, oil immersion, HCX
Plan-Apo objective. Optical sections were collected at 0.2 pm intervals using
Leica LCS software. Images were assembled, and the brightness and contrast
were adjusted using Adobe Photoshop CS5 Extended version 12.0.1 x64. Single
optical sections are shown.

TUNEL assay. Longitudinal sciatic nerve sections (7 um thick) or cells were
fixed in 4% PFA for 10 min and blocked for 1 h with 10% goat serum, 2% Triton
X-100 and 0.1% BSA in PBS. TUNEL assay was performed according to the
manufacturer’s instructions (Roche).

BrdU and EdU (5-ethynyl-2’-deoxyuridine) assays. BrdU (100 mg per kilogram
body weight) was administered to mouse pups by intraperitoneal injection
2 h before death. Longitudinal sciatic nerve sections (7 um thick) were fixed in
4% PFA for 10 min, washed in PBS and incubated for 15 min at 95 °C in citrate
buffer using a microwave histoprocessor. Sections were then washed in PBS and
incubated in 0.2% Triton X-100 in PBS for 1 h at 20-25 °C. DNA was denatured
by two successive incubation steps of 8 min in 2 N HCI, and the reaction was
neutralized by two successive incubations of 8 min in 0.1 M sodium tetraborate,
pH 8.5. Sections were then blocked for 2 h at 20-25 °C in blocking buffer (0.2%
Triton X-100, 10% goat serum in PBS), and mouse anti-BrdU antibody (1:250,
Sigma) was incubated overnight at 4 °C. Sections were then washed in PBS, incu-
bated for 1 h at 20-25 °C with goat anti-mouse-Cy3 antibody (1:500) in blocking
buffer, washed again in PBS, and mounted with Citifluor. Nuclei were detected
with DAPI and counted on adjacent sections.

For EdU labeling, EAU reagent (Click-iT EdU, Invitrogen) was added to the
cells in culture medium and incubated for 1 h at 37 °Cand 5% CO,/95% air. Cells
were then fixed with 4% PFA for 15 min at 20-25 °C and labeled following the
recommendations of the manufacturer (Invitrogen).

Immunoprecipitation and western blotting. Sciatic nerves were dissected and
the perineurium removed. Tissues and cells were lysed and immunoprecipitations
carried out as described” with modifications: in the lower panel of Figure 4d,
immunoprecipitating antibodies were cross-linked to Protein A/G PLUS Agarose
beads (Santa Cruz Biotechnology) according to the online protocol (http://www.
neb.com/nebecomm/products/protocol52.asp, New England Biolabs). Proteins
were eluted by 0.1 M glycine, pH 2.5, and the eluted material was neutralized by
1 M Tris, pH 8.0. Lysates and immunoprecipitations were subjected to SDS-PAGE
and analyzed by western blotting, as described’’.

Antibodies for immunoprecipitation and western blotting. Primary antibodies:
rabbit anti-HDAC2 (1:1,000, Santa Cruz Biotechnology), mouse anti-HDAC2
(1:2,000, Sigma), rabbit anti-HDACI (1:2,000, Affinity BioReagents), goat
anti-HDACI (1:1,000, Santa Cruz Biotechnology), rabbit anti-Krox20 (1:500,
Covance), mouse anti-Sox10 (1:500, R&D Systems), rabbit anti-P0 (1:2,000,
kind gift from D.R. Colman), mouse anti-P0 (1:1,000, ASTEXX), rabbit anti-
Oct6 (1:1,000, ref. 40), rabbit anti-MAG (1:1,000, Zymed), rat anti-MBP (1:500,
Serotec), mouse anti-ABC (1:500, Chemicon), rabbit anti-Id2 (1:500, Santa Cruz
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Biotechnology), rabbit anti-c-Jun (1:1,000, Cell Signaling), rabbit anti-Sox2
(1:5,000, kind gift from M. Wegner), mouse anti-Tcf-4 (1:1,000, Millipore),
mouse anti-f-actin (1:5,000, Sigma), mouse anti-GAPDH (1:5,000, Hytest).

All secondary antibodies were from Jackson ImmunoResearch. For west-
ern blots of sciatic nerves, light chain-specific goat anti-mouse-horseradish
peroxidase (HRP) and goat anti-rabbit-HRP and total IgG-specific donkey
anti-goat—-HRP were used. Two micrograms of antibody were used per immu-
noprecipitation.

RT-PCR. Isolation of mRNA, cDNA reverse transcription, quantitative real-
time PCR and primer sequences for Sox10 and PO have been described?.
Primer sequences for Krox20 and Gapdh: Krox20, forward 5-TTTTTTCC
ATCTCCGTGCCA-3, reverse 5-GAACGGCTTTCGATCAGGG-3"; Gapdh,
forward 5'-GTATCCGTTGTGGATCTGACAT-3’, reverse 5'-GCCTGCTTCA
CCACCTTCTTGA-3".

Chromatin immunoprecipitation. Five immunoprecipitations were per-
formed with one confluent 15-cm dish of RSCs. Cells were washed with PBS
and cross-linked for 10 min with formaldehyde (1.42%). Glycine (125 mM) was
added for 5 min to quench formaldehyde. Samples were then processed using
MagnaChip G kit according to the guidelines of the manufacturer (Millipore).
Antibodies: rabbit anti-HDAC2, goat anti-HDACI, mouse anti-HH3 (posi-
tive control, Upstate Biotechnology) or rabbit anti-mouse IgG (negative con-
trol, Sigma); 2 ug were used per immunoprecipitation. Quantitative real-time
PCR analyses were performed on a Sequence Detection System (ABI 7000;
Applied Biosystems) using the 2x SYBR Green PCR Master Mix (Applied
Biosystems) according to the manufacturer’s reccommendations. Amplification
program: 10 min at 95 °C, 45 cycles of 15 s at 95 °C, 1 min at 60 °C. A disso-
ciation step was added to verify the specificity of the products formed. Primer
sequences: Krox20 promoter, forward 5-GGTCGGTGATCGCGCCTTCC-3,
reverse 5-TCGCCCGGAACGATTCGCTG-3"; Krox20 MSE, forward 5’-GGC
ACATGCCGTCCGTGTCA-3, reverse 5-ATTCCTGGACCCGCTCGCAC-3';
Krox20 exon 2, forward 5-CCGTAATTTTACTCTTGGGGG-3’, reverse 5~
CACTGCTGCAGACCCACTG-3"; Sox10 promoter, forward 5-AACCCATG
CTCCTCTGTTTG-3’, reverse 5'-CTCTTCTTAGCGAAGGCAGC-3"; Sox10
intronl, forward 5-GGGTTCTCCATCTGTCCTGA-3’, reverse 5-CATTCC
TTTGCAGCTTAGCC-3". PO promoter, PO intronl and P0 —2.3-kb primer pairs
have been described previously?’.

Constructs, transfections and luciferase gene reporter assay. We generated two
mutant constructs from the mammalian expression plasmid named pelb-Sox10
MCSIC (plasmid 20240, Addgene). In these mutants, the Sox10 binding site
ACAAA*! was deleted either completely (A155-585) or partially (A469-470). To
generate pelb-Sox10 MCS1C A155-585, pelb-Sox10 MCS1C was digested with
Pst1, purified on gel and religated. We generated the mutant pelb-Sox10 MCS1C
A469-470 by site-directed deletion of pelb-Sox10 MCS1C, using PicoMax DNA
polymerase (Stratagene) and the following primers: forward 5-GCATGGACA
GTTGAAAGGACTGGAGAG-3’, reverse 5-CTCTCCAGTCCTTTCAACTG
TCCATGC-3".

Primary RSCs were transfected in defined medium3> with Fugene 6 (Roche) at
a3:1 ratio (luciferase assay) or 5:1 ratio (western blots and immunofluorescence)
of Fugene 6 to DNA. The DNA was incubated in Optimem medium (Invitrogen)
for 5 min at 20-25 °C before addition of Fugene 6. The mix of Fugene 6 and
DNA was incubated for 25 min at 20-25 °C before being added to the cells.

Eighteen hours after transfection, we added 1 mM dbcAMP. Cells (in six-well
dishes) were lysed in 180 pul reporter lysis buffer (Promega) 6 h after dbcAMP
addition, and assayed for luciferase activity. Twenty microliters of lysate were
subjected to two consecutive injections of 25 ul luciferase substrate and values
were recorded after an integration time of 30 s. Efficiency of transfection
was evaluated by measuring [B-galactosidase activity of a co-transfected
[B-galactosidase construct (Promega). RSCs were co-transfected with 2 ug
luciferase construct (SoxI0 MCS1 (plasmid 20238, Addgene), Sox10 MCS1C
(plasmid 20240, Addgene), Sox10 MCS1C A155-585, Sox10 MCS1C A469-470,
Krox20 promoter (plasmid 21260, Addgene), Krox20 MSE (plasmid 21261,
Addgene), Krox20 MSE carrying the mutations I, II, VI, VII, VIII, IX and XI*?
(kind gift from M. Wegner), PO promoter (plasmid 21259, Addgene), or PO intron1
(plasmid 21630, Addgene)), 2 ug overexpressing construct (GFP, HDAC1 (kind
gift from S. Schreiber), HDAC2 (kind gift from E. Seto) or ABC), and 300 ng
[-galactosidase construct. Luciferase activity was normalized to a luciferase-
empty control (transfected with the overexpressing construct), and then nor-
malized to B-galactosidase activity. For B-galactosidase activity, we followed the
instructions of the manufacturer (Promega). Endogenous 3-galactosidase activ-
ity (from cells transfected with overexpression construct only) was subtracted.
Results are expressed as a percentage of the GFP control value. We verified that
no significant change of luciferase activity of the empty luciferase construct pGL3
(Promega, backbone construct of Krox20 and PO luciferase constructs) occurred
when GFP, HDACI, HDAC?2, Sox10 or ABC-overexpressing constructs were

co-transfected. Luciferase constructs have been described previously*>~#4,

Microarray. Sciatic nerves of P2 H1/27/~ and control littermate mice were
collected, washed in PBS, and frozen in liquid nitrogen after removal of their
perineurium. RNA was extracted using RNeasy Lipid Tissue Mini kit (Qiagen),
and comparison between H1/27/~ and control nerves was performed using an
Affimetrix GeneChip Mouse Genome 430 2.0 array, in collaboration with the
Functional Genomic Center Zurich.
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