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The POU domain transcription factor Oct-6 is a
major regulator of Schwann cell differentiation and
myelination. During nerve development and regener-
ation, expression of Oct-6 is under the control of axo-
nal signals. Identification of the cis-acting elements
necessary for Oct-6 gene regulation is an important
step in deciphering the complex signalling between
Schwann cells and axons governing myelination. Here
we show that a fragment distal to the Oct-6 gene, con-
taining two DNase I-hypersensitive sites, acts as the
Oct-6 Schwann cell-specific enhancer (SCE). The SCE
is sufficient to drive spatially and temporally correct
expression, during both normal peripheral nerve
development and regeneration. We further demon-
strate that a tagged version of Oct-6, driven by the
SCE, rescues the peripheral nerve phenotype of Oct-6-
deficient mice. Thus, our isolation and characteriza-
tion of the Oct-6 SCE provides the first description of
a cis-acting genetic element that responds to conver-
ging signalling pathways to drive myelination in the
peripheral nervous system.

Keywords: enhancer/myelination/POU factor/Schwann
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Introduction

The development and proper function of peripheral nerves
in vertebrates depend on the intimate interactions and
continued signalling between Schwann cells and associ-
ated nerve fibre(s). In recent years, much progress has been
made in identifying components of cell-cell interactions
necessary in early stages of peripheral nerve development
(Jessen and Mirsky, 1999). In contrast, very little is known
about extracellular signals and intracellular signalling
pathways that initiate myelination. Earlier work has
indicated that the myelination programme of Schwann
cells is under the control of the associated axon and
correlates with axonal diameter (Aguayo et al., 1976a,b;
Voyvodic, 1989). The nature of the axonal signal that
drives myelination by Schwann cells remains unclear
(Eldridge et al., 1989; Bunge et al., 1990). Whatever the
exact nature of this signal, ultimately it must be relayed to
the Schwann cell nucleus where transcription factors
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respond by co-ordinate regulation of sets of genes that
mark and drive myelination.

Of particular interest are the transcription factors
Krox-20 (Egr-2) and Oct-6 (SCIP or Tst-1), which are
pivotal regulators of the transcriptional programme of
myelination (Topilko et al., 1994; Bermingham et al.,
1996; Jaegle et al., 1996). Neither of the two genes is
expressed in the neural crest, the tissue from which the
Schwann cells arise. However, within the sciatic nerve of
the mouse, Schwann cells begin to express appreciable
levels of Oct-6 from embryonic day 16 onwards
(Blanchard er al., 1996; this study). Expression levels
peak around birth, after which expression is extinguished
gradually. Fully differentiated cells do not express the
gene (Scherer et al., 1994; Zorick et al., 1996;
Levavasseur et al., 1998). This down-regulation of Oct-6
gene expression is dependent on the Oct-6 gene product
itself and on myelination per se (Jaegle and Meijer, 1998).
Krox-20 expression is induced shortly after the first
appearance of Oct-6 and becomes restricted to the
myelinating lineage in which expression is maintained
into adulthood (Zorick et al., 1996; Topilko et al., 1997).
Expression of both genes is regulated by axonal contact
(Monuki et al., 1990; Scherer et al., 1994; Zorick et al.,
1996). Following nerve crush and Wallerian degeneration,
when axonal contact is disrupted, reactive Schwann cells
extinguish Krox-20 expression in denervated nerves.
During nerve regeneration, axonal contact with Schwann
cells is restored and Oct-6 expression is re-induced
rapidly, and subsequently is followed by Krox-20 induc-
tion (Scherer et al., 1994; Zorick et al., 1996). In fully
regenerated nerves, Oct-6 expression is down-regulated
while Krox-20 expression remains high. Thus, both in
development and regeneration, Schwann cell differenti-
ation from early to late promyelinating to myelinating
stages corresponds to the phenotypic progression from
Oct-61/Krox-20-, to Oct-6*/Krox-20* to Oct-6-/Krox-20*.

Analysis of postnatal sciatic nerve development in
Krox-20 and Oct-6 null mice indicates that both genes are
required for normal progression of Schwann cell differ-
entiation through the promyelin stage and initiation of the
myelination programme. In both genetic mutants,
Schwann cells appear morphologically arrested at the
promyelin stage (Topilko et al., 1994; Bermingham et al.,
1996; Jaegle et al., 1996). Oct-6 null Schwann cells
eventually overcome this block and myelinate their
associated axon normally, while Krox-20 null Schwann
cells are blocked permanently at the promyelin stage.
Induction of Oct-6 expression in Schwann cells does not
require Krox-20 gene activity as Oct-6 is highly expressed
in Krox-20 null Schwann cells (Zorick et al., 1999). Oct-6
and Krox-20 gene activity represent two subsequent steps
in a genetic hierarchy that regulates progression of
Schwann cell differentiation through the promyelin

© European Molecular Biology Organization



stage. Thus, Oct-6 is the first transcription factor in this
cascade responding to axonal signalling. Hence, it is of
importance to understand how this regulator itself is
regulated.

As a first step in the systematic dissection of the
regulation of Oct-6 gene expression during Schwann cell
development, we set out to define the cis-acting genetic
elements in the Oct-6 locus involved in the temporal and
Schwann cell-specific expression of the gene. Through
DNase I-hypersensitive site (HSS) mapping and deletional
analysis in transgenic mice, we identified a fragment,
located ~12 kb downstream of the Oct-6 structural gene,
which is sufficient to activate temporally correct expres-
sion in the Schwann cells of transgenic mice. Thus,
Schwann cell specificity resides solely within this DNA
fragment, which we named SCE for Oct-6 Schwann cell-
specific enhancer. Furthermore, we show that the SCE/
Oct-6 promoter-driven transgene is down-regulated in
myelinating cells and re-induced in reactive Schwann cells
of regenerating nerves following nerve crush. In addition,
we show that the temporal delay in Schwann cell
differentiation in Oct-6 null mice is rescued by a
haemagglutinin (HA)-tagged Oct-6 gene expressed under
the control of the SCE.

Results

A chromatin region spanning 45 kb of the Oct-6
locus contains eight DNase I-HSSs
The mouse Oct-6 gene is a single exon gene located on the
distal arm of chromosome 4. The entire 3 kb long
transcription unit is contained within a 7 kb EcoRI DNA
fragment, and the promoter and 5" part of the gene are
located in a CpG island (Kuhn et al., 1991; Mandemakers
et al., 1999). Previously, we have shown that the Oct-6
gene promoter is highly active in transient transfection
assays irrespective of whether the transfected cell
expresses endogenous Oct-6 or not (Mandemakers et al.,
1999). In addition, this promoter does not drive specific
expression of a reporter gene in transgenic mice. These
preliminary experiments suggested that important regula-
tory elements are located outside the promoter region.
To begin a systematic dissection of the regulatory
sequences within the Oct-6 locus, we first cloned and
mapped an extensive region flanking the mouse Oct-6
gene (Figure 1A). Single copy DNA probes were isolated
from this region and used to detect DNase I HSSs within
chromatin of Oct-6-expressing versus non-expressing cells
and tissues. HSSs are often found in the vicinity of
promoter and enhancer regions of transcriptionally active
genes and represent nucleosome-free sites in chromatin
that are readily accessible to regulatory proteins (Gross
and Garrard, 1988; Svaren and Chalkley, 1990; Felsenfeld
et al., 1996). Thus, mapping HSSs within chromatin of the
Oct-6 locus will reveal the position of DNA elements
potentially involved in regulated Oct-6 gene expression.
We analysed Oct-6-expressing embryonic stem (ES)
cells, MES-68 (an adenovirus El region transform P19
embryonic carcinoma cell derivative; Meijer ef al., 1990),
TR6B (a mouse Schwannoma cell line; Fields er al., 1975),
adult mouse brain, and non-expressing mouse liver and the
MES-1 (a P19 derivative) cell line. Nuclei from mouse
cells were prepared and treated with DNase I. The
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Fig. 1. DNase I HSS mapping in the mouse Oct-6 locus. (A) Map

of the mouse Oct-6 locus. Several diagnostic restriction enzyme
recognition sites are indicated. Black arrows and numbers above the
locus indicate the positions of the corresponding HSSs. Bars below
the map (#15 and #9) show the probes that were used for the HSS
mappings presented in (B), (D) and (E). (B) Mapping of HSS8 in
various cell lines and tissues. The band demonstrating the presence of
HSS8 is indicated with a black arrow. This band is absent in untreated
samples (0), but emerges with increasing intensity in samples treated
with increasing amounts of DNase I (indicated by the triangle above
the panels). HSS8 could only be detected in Oct-6-expressing cells.
(C) The same samples for ES cells, brain and liver were used to verify
whether any HSS could be detected in the liver series. Southern blots
with EcoRI-digested DNA were hybridized with a probe derived from
exon 1 of the albumin gene, to resolve the previously identified HSS
coinciding with the mouse albumin promoter region (Liu et al., 1988).
The band coinciding with this HSS was indeed only detected in the
liver samples (black arrowhead). (D and E) The mapping of HSS6,
HSS7 and HSS8 in ES cells and TR6B cells, respectively. Samples
were digested with Hpal and hybridized with probe #15. These panels
show that in ES cells, HSS6 and HSS8 are the most prominent sites,
while in TR6B cells, HSS7 and HSS8 seem to be more sensitive than
HSS6. (F) Relative degree of sensitivity of all HSSs in different cell
lines and tissues.

presence of HSSs in chromatin is revealed by the
appearance of discrete hybridizing bands on Southern
blots with increasing DNase I concentration (Figure 1B—
E). For example, HSS8 is detected with probe #9 in
chromatin of MES-68, ES cells and brain, all of which
express Oct-6, but not in non-expressing liver and MES-1
cells. The absence of HSS8 in chromatin of liver cells
indeed correlates with the expression status of the Oct-6
gene in these cells and is not simply due to limited DNase I
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digestion as the albumin enhancer-associated HSS is
readily detected in the same liver DNA samples
(Figure 1C).

In total, we mapped eight HSSs within the Oct-6 locus
(Figure 1A). The degree of DNase I sensitivity of these
sites differs from cell line to cell line. For example, in ES
cells, HSS6 is more pronounced than HSS7, while in
TR6B cells HSS6 is less pronounced (also compare HSS8
sensitivity in ES cells and MES-68 cells in Figure 1B). The
relative degree of sensitivity of the sites in different cell
types is summarized in Figure 1F. The relatively low
sensitivity of certain sites in brain most probably reflects
the great diversity of cell types in this tissue, with only a
small subset of cells expressing the Oct-6 gene.

A Schwann cell-specific enhancer resides in a DNA
fragment containing two HSSs

The relevance of these HSSs for Oct-6 gene regulation was
tested in transgenic mice. The bacterial B-galactosidase
gene was inserted in-frame in the Oct-6-coding region of a
32 kb genomic DNA construct containing all eight mapped
HSSs (construct I, Figure 2). Three transgenic mouse lines
were generated with this construct. Mice from all three
lines expressed the B-galactosidase gene in the Schwann
cells of their peripheral nerves. In addition, expression of
LacZ was observed in many other tissues where Oct-6 is
normally expressed, such as brain and skin, in particular
the hair follicles. Next we generated transgenic mice with
a smaller construct, lacking all HSSs except site 1
(construct II). These mice do not express the transgene
in Schwann cells, although variable ectopic expression is
seen in other tissues. These results indicate that the
element necessary for Schwann cell-specific expression
resides within the 32 kb region, but outside the 7 kb EcoRI
fragment containing the Oct-6 structural gene.

Schwann cell-specific expression was tested in founder
animals, containing the other deletion constructs shown in
Figure 2, at 18 days post-coitus (d.p.c.), a time at which
Oct-6 is highly expressed in Schwann cells of the sciatic
nerve. Construct III is 8 kb shorter than construct I at the
5" end of the gene and lacks HSS4. This site was present
in ES and MES-68 cells, but absent in the Schwannoma
TR6B, brain and liver. All three transgenic founders
obtained with construct III express LacZ in the Schwann
cells of the sciatic nerve, indicating that HSS4 is
dispensable for Schwann cell-specific expression. In
addition, these three transgenics expressed LacZ in the
hair follicles. Injections of construct IV, which contains
only HSS2 and HSSI, yielded seven founder animals.
None of these animals expressed the transgene in Schwann
cells, but five showed variable expression in the brain and
no expression in the hair follicles. Two transgenic lines
and one founder, containing construct V, in which HSS6, 7
and 8 are missing, express LacZ in the hair follicles.
However, neither of the construct V animals expressed the
transgene in Schwann cells. These results pointed to the
3’ region encompassing HSS6, 7 and 8 as the region
containing the DNA elements necessary for Schwann cell-
specific expression. From this region, we isolated a 4.3 kb
restriction fragment containing HSS6 and 7 and cloned it
downstream of the Ocz-6 structural gene in the Schwann
cell non-expressing construct II. We generated five
founders and two lines with construct VI. Four of the
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five founders and one of the two lines showed expression
of the transgene in the sciatic nerve. Two of these founders
expressed only in the nerves while the two other founders
and the other line also showed brain and neural tube
expression. None of the transgenic mice expressed the
transgene in the hair follicles. In an attempt to narrow
down this region further, we generated two constructs that
contain either HSS6 (VII) or HSS7 (VIII). Four founders
were obtained for construct VIII, none of which expressed
in the Schwann cells of the sciatic nerve. Seven founders
were obtained for construct VII, of which only one
expressed in the sciatic nerve. In summary, these results
show that a 4.3 kb fragment, containing HSS6 and HSS7
and located ~12 kb downstream of the Oct-6 transcription
initiation site, is sufficient to drive transgene expression
from the Oct-6 promoter. We now refer to this fragment as
the Oct-6 SCE.

The Oct-6 SCE confers Schwann cell specificity on
the non-cell type-specific hsp68 promoter

Although the 4.3 kb SCE is sufficient for Schwann cell-
specific expression of the transgene, it is possible that
specific Oct-6 promoter-proximal elements contribute to
the Schwann cell specificity of these transgenic constructs.
To test this, we generated a construct in which the SCE is
linked to the mouse minimal heat shock protein 68 (sp68)
gene promoter (construct IX in Figure 2B). This promoter
contains a TATA-box, an SP1 site, a CCAAT box and
three heat shock response elements downstream of the
transcription initiation site. Others have shown that
transgenic mice carrying hsp68 promoter-driven [3-
galactosidase transgenes show expression patterns that
differ from line to line, the specific pattern depending on
the site of integration (Kothary et al., 1989; Rossant et al.,
1991). We generated three lines and six founders with
construct IX. One of these lines and five founders express
the transgene in the Schwann cell lineage, indicating that
the SCE enhancer contains all the DNA elements to drive
Schwann cell-specific expression from a basic promoter.
Thus, it is unlikely that Oct-6 promoter-proximal elements
contribute to full enhancer function of the SCE.

The SCE is conserved in humans

The Oct-6 gene is highly conserved among vertebrates and
we have shown previously that the chicken and zebrafish
Oct-6 genes are expressed in Schwann cells of both species
(Levavasseur et al., 1998). We also showed that the
dynamics of Oct-6 expression in the chick Schwann cell
lineage are identical to those in mouse and rat, suggesting
conservation of regulatory mechanisms as well. We took
advantage of the relatively short evolutionary distance
between human and mice to isolate, from a human cosmid
library, clones that cover the 3’ part of the human Oct-6
gene. We generated an extensive restriction map of this
region and isolated a 5 kb DNA fragment that cross-
hybridizes to probe #15 and that we tentatively named
human SCE (data not shown). This fragment was cloned in
construct II, to generate construct X (Figure 2B) from
which three transgenic lines were established. All three
lines expressed the transgene at high levels in Schwann
cells of the peripheral nerves (Figure 2C), indicating that
the homologous human sequence has the same functional
properties as the mouse SCE, corroborating the suggestion
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Fig. 2. Deletion analysis. (A) Schematic representation of the mouse Oct-6 locus as described in Figure 1A, with the deletion constructs drawn to
scale below. The E.coli B-galactosidase reporter gene (lacZ) was cloned in-frame into the Oct-6 coding region in every construct, as indicated for
construct I. The number of transgenic animals displaying X-gal staining in the peripheral nerves out of the total number of transgenics obtained is
shown to the right of each construct. (B) Schematic representation of the mouse SCE hsp68—LacZ construct (IX), the human SCE-LacZ construct (X)
and the triple HA-tagged Oct-6 SCE construct (XI). (C) X-gal staining of peripheral nerves. Strong blue staining is observed at E18 in peripheral
nerves of huSCE-LacZ (X) transgenic animals, as shown here, and in construct I, III, VI and IX transgenic animals (not shown). SN, sciatic nerve;

ICN, intercostal nerve.

that Oct-6 regulatory mechanisms in the Schwann cell
lineage are conserved.

The SCE is sufficient to drive temporally correct
expression in the Schwann cell lineage

Thus far, our analysis has established that the Oct-6 SCE is
sufficient to induce expression in the Schwann cell
lineage. We then asked whether the SCE-directed expres-

sion is also temporally correct and, importantly, whether
the SCE also mediates down-regulation of the reporter
gene in cells that have exited the promyelin stage. Within
the Schwann cell lineage of the mouse, Oct-6 protein
expression can first be detected, using sensitive Oct-6
antibodies, in Schwann cell precursors that populate the
sciatic nerve around embryonic day 12/13 (Blanchard
et al., 1996). Oct-6 expression is strongly up-regulated at
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Fig. 3. Developmental expression of reporter gene activity in sciatic
nerves of Oct-6/8¢* and SCE-LacZ mice. Sciatic nerves were isolated
at various embryonic (E) and postnatal (P) stages, and stained for
B-galactosidase activity. Whole-mount X-gal-stained sciatic nerves
from Oct-6P8¢o’+ animals are presented in (A), (C), (E), (G), (I) and
(K). SCE-LacZ nerves are shown in (B), (D), (F), (H), (J) and (L).
Low levels of expression could be detected at E16 in both mouse
lines (A and B). High B-galactosidase expression is observed between
E18 and P14 in both lines (C-H). At P32, few expressing cells could
still be detected in the SCE-LacZ line (J), while X-gal staining was
absent in the sciatic nerves of Oct-6%¢¢’+ animals of the same age (I).
LacZ expression could not be detected in nerves of adult animals from
both lines (K and L). The scale bar for each panel is 100 um.

later embryonic stages, peaks during early postnatal stages
and is extinguished in fully differentiated cells.
Previously, we and others have described the inactivation
of the mouse Oct-6 locus by insertion of a B-galactosi-
dase-neomycin fusion gene (S-geo) (Bermingham et al.,
1996; Jaegle et al., 1996). Expression of this fusion gene
can be visualized easily in the developing embryo using
the X-gal substrate, and recapitulates the Oct-6 expression
profile as determined with Oct-6-specific antibodies and
Oct-6 cRNA in situ hybridization (see Arroyo et al., 1998).
As can be seen in Figure 3, essentially the same
B-galactosidase expression profile is observed in
nerves of transgenic mice carrying construct VI (the
SCE-LacZ transgene) as in nerves of Oct-6F8¢+ mice.
Thus, the Oct-6 SCE does drive dynamic expression of a
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[-galactosidase transgene in the Schwann cell lineage in a
temporal profile that is qualitatively identical to that of the
endogenous Oct-6 gene. Importantly, the SCE-LacZ
transgene is also down-regulated in mature nerves.

Schwann cells express the SCE-LacZ transgene in
response to cAMP in vitro

Oct-6 and myelin genes are detected together in actively
myelinating Schwann cells of peripheral nerves during the
first 2 weeks after birth. Disruption of axonal contact
during this period, through either nerve transection or
dissociation and culture of Schwann cells, results in a rapid
down-regulation of Oct-6 and myelin gene expression
(Scherer et al., 1994). Previously, it has been shown that
elevation of intracellular levels of cAMP in cultured
Schwann cells leads to a rapid induction of Oct-6 gene
expression followed shortly afterwards by expression of
myelin genes such as Py, and P, (Monuki et al., 1989).
These and related observations led to the suggestion that
axonal signals operating during nerve development and
regeneration are transduced, at least in part, through the
adenylyl cyclase pathway. To test whether the cAMP
signalling pathway could activate expression of the
[B-galactosidase transgene through the SCE, we established
primary Schwann cell cultures from postnatal day 5 sciatic
nerves from wild-type and SCE-LacZ transgenic mice.
Cultures were exposed to different concentrations of
forskolin, an activator of adenylyl cyclase. When
Schwann cells are brought into culture, they rapidly
down-regulate expression of the endogenous Oct-6 gene
and the transgene. However, when cultured for 48 h in
defined medium supplemented with 5% neu differentiation
factor-B (NDF-B) conditioned medium, endogenous
Oct-6 gene expression is re-induced in a forskolin
concentration-dependent manner (compare Figure 4E
and F). Under these conditions, LacZ expression is
induced similarly in transgenic Schwann cells (compare
Figure 4G and H), suggesting that cAMP induction of
Oct-6 gene expression in vitro is mediated through the
SCE.

Induction of Oct-6 gene expression in reactive
Schwann cells during nerve regeneration is
mediated through the SCE

Following nerve damage, axons disintegrate distal to the
lesion, resulting in loss of axon—Schwann cell contact and
dedifferentiation of Schwann cells (Wallerian degener-
ation). Denervated myelinating Schwann cells cease
expression of myelin-related genes and reactivate expres-
sion of genes typical of immature cells, such as the low
affinity neurotrophin receptor p75 and GAP-43 (Scherer
and Salzer, 1996). Upon regeneration, axonal contact is
restored and regrowing axons are ensheathed and myelin-
ated by Schwann cells whose differentiation recapitulates
the events during normal development, including the
transient re-expression of Oct-6 (Scherer et al., 1994;
Zorick et al., 1996).

To test whether the SCE also mediates re-induction of
Oct-6 expression in Schwann cells during regeneration, we
performed X-gal staining of whole sciatic nerves at4, 8, 16
and 32 days following crush lesion of the nerve in
Oct-6P¢eo% and SCE-LacZ transgenic mice (Figure 5). Re-
activation of Oct-6 expression in Oct-658¢* nerves occurs
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Fig. 4. Induction of B-galactosidase expression in SCE-LacZ transgenic
Schwann cells parallels induction of Oct-6 protein expression in
response to forskolin. Primary Schwann cell cultures were established
from wild-type and SCE—LacZ transgenic animals at postnatal day 4.
Cells were cultured in defined medium (DF) supplemented with 5%
NDF-f conditioned medium and exposed to 10 uM forskolin (A, C, E
and G) or 20 uM forskolin (B, D, F and H) for 48 h (see Materials and
methods). (A and B) Phase contrast photographs of primary Schwann
cell cultures derived from wild-type animals. (C and D) 4’,6-
Diamidino-2-phenylindole (DAPI) staining of nuclei of the cells shown
in (A) and (B), respectively. (E and F) Many Schwann cells express
Oct-6 (green) when exposed to 20 uM forskolin (F), while only few
Schwann cells express Oct-6 when exposed to 10 uM forskolin (E).
Fibroblasts, which are easily recognized by their flattened morphology
and large nucleus, never express Oct-6. (G and H) Bright-field images
of X-gal-stained SCE-LacZ primary Schwann cells. In cultures exposed
to 20 uM forskolin (H), many cells with a Schwann cell morphology
show a blue precipitate, while only few such cells are observed in the
culture exposed to 10 uM forskolin. Fibroblasts, which are recognized
by their flattened morphology and their pronounced nucleoli, do not
express the transgene. Cells were counterstained with eosin.

between days 4 and 8 post-crush, and correlates with the re-
ensheathment and myelination of regenerating axons.
Expression of the Oct-6Fs¢ allele is then extinguished
gradually and only low levels of expression are observed in
nerves 32 days post-crush. In SCE-LacZ transgenic mice,
reactivation of expression is seen during the same interval
as in Oct-658°°+ mice. Staining levels are most intense at
16 days post-crush, after which they begin to fade. The
difference in staining intensity between the two different
mouse lines probably reflects the difference in 3-galacto-
sidase copy numbers (one copy in Oct-658¢+ and seven
copies in SCE-LacZ mice). However, qualitatively, the
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Fig. 5. Axonal regulation of reporter gene expression during nerve
regeneration. Whole-mount X-gal staining was performed on crushed
sciatic nerves of adult Oct-6/¢¢* and SCE-LacZ animals at 4, 8, 16
and 32 days (d) after crush injury. (A and B) At 4 days after crush, no
staining was visible in the nerve of Oct-6P-8¢0+ animals, while some
patchy staining could be observed distal to the site of crush in the
SCE-LacZ nerve. (C and D) At 8 days after crush, strong staining can
be detected in both mouse lines, but staining is more intense in the
SCE-LacZ animal. (E and F) After 16 days, staining is already fading
in the crushed Oct-658¢+ sciatic nerve, while lacZ expression is still
high in the SCE-LacZ nerve. (G and H) Only low levels of lacZ
expression could be detected in the Oct-6 heterozygous animal 32 days
after crush injury. Also, staining intensity in the SCE-LacZ nerve at
32 days has decreased compared with 16 days after crush (F). The
scale bar is 1 mm and applies to all panels.

SCE-driven transgene shows the same expression profile
as the Oct-658* mice. Thus, the SCE also mediates
reactivation of Oct-6 expression in Schwann cells during
nerve regeneration. It is, therefore, likely that the same
intracellular signalling pathway induces Oct-6 gene
expression during development and during regeneration.

An SCE-driven HA-tagged Oct-6 transgene rescues
the Oct-6 null peripheral nerve phenotype

Since the SCE is sufficient to mediate temporal regulation
of Oct-6 gene expression within the Schwann cell lineage,
it should be possible to rescue the peripheral nerve
phenotype in Oct-6-deficient mice by expressing a tagged
Oct-6 gene under the control of this enhancer element. To
test this hypothesis, a DNA construct in which a triple HA-
tagged Oct-6 gene is linked to the SCE (HA-Oct-6-SCE;
construct XI in Figure 2) was used to generate three
independent transgenic mouse lines, named HA-1, HA-2
and HA-3 and carrying 12, seven and three copies of the
transgene, respectively. Using antibodies against the Oct-6
protein and the HA tag (data not shown), immunohisto-
chemistry on sciatic nerves of newborn pups shows that all
three lines expressed the transgene. These lines were
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crossed with Oct-658* mice to generate compound
heterozygotes and offspring were backcrossed to
Oct-65-¢eo’* mice. Viable HA/Oct-65¢¢/F¢eo animals were
born from each line. The number of surviving HA/
Oct-6Pseo/fseo animals was lower than expected (one-
third of the expected number out of 200 live births), but
higher than that of surviving Oct-65¢¢/Fs¢0 animals (one-
twentieth). It is possible that the higher survival rate of
HA/Oct-688¢0/Fs¢0 animals is caused by a partial rescue of
the breathing defect, which is thought to cause the high
lethality in Oct-65¢¢o/f-¢c0 newborn animals (Bermingham
et al., 1996). Apart from a slight reduction in size, HA/
Oct-6P-seo/fse0 animals appeared normal.

Pursuing our analysis with transgenic line HA-2, we
observed that the expression profile of HA-Oct-6 in sciatic
nerves of Oct-658¢0/Fs¢0 animals at P1, P11 and in adults
(Figure 6A, panels A, C and E) was indistinguishable from
the endogenous Oct-6 expression in Oct-658¢/+ animals
(Figure 6A, panels B, D and F). From P1 to P11, many
Schwann cells express the transgene in the Oct-6 null
background, while in adult Oct-6 null mice the transgene is
expressed in only a small number of cells.

Previously, we have reported that the expression of one
of the major structural myelin proteins, Py, is delayed in
Schwann cells of Oct-6 null mice (Jaegle et al., 1996). We
therefore examined whether the expression of Py protein
would be restored to normal in nerves from HA-2/
Oct-6P-seo/fse0 mice. As is evident from Figure 6A (panels
G-0), this is indeed the case, suggesting that the Schwann
cells of HA-2/Oct-6Fs/Fseo  animals are actively
myelinating. Also, light microscopic examination
and comparison of semi-thin sections of sciatic nerves
derived from HA-2/Oct-65-8¢/Bgeo  Qct-6Pseo/Bse0 and
Oct-6Pseo’+ animals show that myelination is restored in
Oct-6 null animals by SCE-driven HA-Oct-6 expression
(Figure 6B). These data clearly demonstrate that the Oct-6
SCE is sufficient to mediate correct temporal expression at
physiologically relevant levels of the Oct-6 gene during
development as well as during nerve regeneration.

Discussion

Schwann cells are induced to adopt a one-to-one relation-
ship with axons and initiate myelination under the
influence of continued axonal signalling. The exact
molecular nature of this signalling is not understood.
However, one major target is the POU domain gene Oct-6.

Oct-6 function is required in Schwann cells for normal
progression of cell differentiation and myelination. We
describe a cis-acting element, the SCE, within the Oct-6
locus on which intracellular signalling pathways converge
to activate Oct-6 gene expression in response to this
elusive axonal signal.

DNase | HSSs are associated with major
regulatory elements in the Oct-6 locus

The mouse Oct-6 gene is expressed in a highly dynamic
and complex pattern during embryonic development
(Alvarez-Bolado et al., 1995; Zwart et al., 1996). Our
preliminary experiments had shown that the gene pro-
moter itself did not carry sufficient information to direct
regulated expression in cell lines or transgenic mice
(Mandemakers et al., 1999), suggesting that remote cis-
acting elements regulate the Oct-6 expression pattern. As a
first approach, we used DNase I hypersensitivity mapping
to identify potential cis-acting elements in the Oct-6 locus.
DNase I-hypersensitive regions in chromatin are often
associated with important gene regulatory sequences such
as enhancers, promoters and locus control regions (LCRs)
(Gross and Garrard, 1988; Svaren and Chalkley, 1990;
Felsenfeld et al., 1996). Eight such sites were mapped
in the Oct-6 locus, six of which are only observed in
Oct-6-expressing cells. The relevance of these HSSs for
regulated Oct-6 expression in the Schwann cell lineage
was assessed in transgenic mice using the bacterial
[-galactosidase gene as a reporter. Differences in copy
number between our transgenes (usually multicopy)
and the one allele in the Oct-6#8¢* mice resulted in
quantitative differences in [-galactosidase expression
levels. Hence, B-galactosidase expression was used only
as a qualitative indicator for temporo-spatial expression of
Oct-6. We have made no attempt to correlate expression
level (B-galactosidase activity) with copy number since
most animals were analysed as founders and thus were
potentially mosaic.

HSSI is associated with the Oct-6 gene promoter, which
consists of an atypical TATA-box (TTTAA) at position
—23 and a GCCAAT-box at —80 relative to the transcrip-
tional start site, and is embedded in a CpG island that
extends well into the coding region of the gene. The
presence of this site, together with HSSS5, is not strictly
correlated with Oct-6 gene expression. Both sites are also
present in chromatin of cells that do not express Oct-6. The
fact that this region is DNase I hypersensitive might reflect

Fig. 6. The SCE-driven HA-tagged Oct-6 transgene is expressed in Schwann cells and rescues the congenital hypomyelination phenotype in
Oct-6Pseo/Bgeo animals. (A) Developmental expression of HA-Oct-6 in the Schwann cells of Oct-65$¢/Fseo animals (panels A, C and E) is qualitatively
indistinguishable from that of endogenous Oct-6 in Oct-65%¢/+ animals (panels B, D and F). Both the HA-tagged Oct-6 protein encoded by the
transgene and the endogenous Oct-6 protein are detected here with an Oct-6-specific antibody (red fluorescence signal). Py protein (green fluorescence
signal) could not be detected in sciatic nerves of Oct-65¢¢/Fs¢0 animals at P1 (panel G), while few Schwann cells express high levels of P, protein in
nerves of Oct-68s¢’+ (H) and HA/Oct-6P-s¢o/Fs¢o (1) animals at this stage. At P11, high levels of P, expression are seen in HA/Oct-65¢¢/Bseo and
Oct-65¢¢* nerves (K and L), whereas in the Oct-658¢’Fs¢ only a small number of Schwann cells express high levels of the Py protein (J). In adult
sciatic nerve, high levels of P, protein expression are observed in Schwann cells of all three genetic backgrounds, consistent with their myelination
status (panels M, N and O; see also part B). The scale bar represents 10 um. (B) Myelin appears on schedule in sciatic nerves of Oct-65¢¢o/fseo mice
expressing the HA-Oct-6 transgene. Myelin is clearly visible as dark blue rings around axons in micrographs of nerves stained with methylene blue.
At P1, no myelin could be detected in Oct-6P8eo/Bseo perves (A), while few Schwann cells have elaborated a myelin sheath around axons in
HA/Oct-683¢0/Bse0 and Oct-6F¢eo/+ mice (B and C, respectively). At P11, myelin formation is well advanced in nerves of HA/Oct-65s¢/Bs¢0 and
Oct-6P¢¢o’+ animals (E and F), while only a few myelin figures could be detected in nerves of Oct-658¢/fse0 animals. Although with considerable
delay, myelination in Oct-6/8¢”/Fs¢ animals does commence (Bermingham et al., 1996; Jaegle et al., 1996). The microscopic morphology of adult
sciatic nerves of Oct-68s¢/Fseo animals is nearly indistinguishable from that of adult HA/Oct-68¢¢/Bs¢0 and Oct-6Ps¢o'* sciatic nerves (H and I). The

scale bar represents 10 um and applies to all panels.
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the unusual chromatin conformation associated with
regions of high CG content (Antequera and Bird, 1999).
Alternatively, it is possible that HSS1 is related to
proliferation, as it has been suggested recently that CpG
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islands are associated with origins of DNA replication
(Delgado et al., 1998; Antequera and Bird, 1999).
However, HSS1 (and HSS5) is also present in chromatin
of non-proliferating brain and liver cells. A third possibil-
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ity is that HSS1 is part of a different unidentified
transcription unit in the vicinity of the Oct-6 gene.
Recently, we have identified such a transcription unit 3’
of the Oct-6 gene. This gene, which overlaps with HSSS, is
expressed in heart, ES cells and testis, but not in liver or
brainstem (our unpublished observations). Thus, the
relationship between HSS1 and this new unidentified
gene remains obscure.

The presence of HSS2 is correlated with Oct-6 expres-
sion in the panel of cell lines and tissues we examined.
This site contains a previously identified oestrogen- and
12-O-tetradecanoylphorbol-13-acetate (TPA)-responsive
enhancer (Renner ef al., 1996). Oestrogen and TPA were
shown to enhance Oct-6 expression synergistically in
oligodendroglia cell lines. Subsequent co-transfection in
these cell lines indicated that the synergistic effect of TPA
and oestrogen on Oct-6 expression was mediated through
this enhancer. Earlier studies had shown that the oestrogen
receptor is expressed in Schwann cells and oligodendro-
cytes and that oestrogens have an effect on Schwann cell
proliferation and myelin gene expression (Jung-Testas and
Baulieu, 1998). Together, these results led Renner et al.
(1996) to suggest that this element mediates oestrogen
regulation of Oct-6 gene expression and myelogenesis.
However, our results demonstrate that this element is not
required for regulated expression of the Oct-6 gene in the
Schwann cell lineage in vivo.

HSS3 and HSSS5 are both present in chromatin of the
Schwannoma cell line TR6B, but are not sufficient or
required to drive Schwann cell expression of the transgene
that contains both these sites (construct V). This construct,
together with constructs I and 111, is, however, expressed in
the hair follicles, another prominent site of Oct-6 expres-
sion (data not shown). It is, therefore, possible that either
of the two sites, or both of them, is necessary for this
aspect of the Oct-6 expression pattern.

Our analysis did not reveal any obvious function for
HSS4 and HSS8. Both sites are dispensable for Schwann
cell-specific expression. It is possible that these sites are
involved in some other aspect of the Oct-6 expression
pattern not analysed here.

Within the central nervous system (CNS), Oct-6 is
expressed prominently in layers 2 and 5 of the cortex, the
hippocampus and brainstem. None of the constructs that
we tested was expressed consistently in these areas of the
CNS (data not shown). Instead, transgene expression in the
brain was highly variable from transgenic animal to
animal, suggesting that these patterns result mainly from
integration position effects. It is therefore likely that these
aspects of Oct-6 expression are regulated by elements
outside the region tested.

A 3’ distal enhancer in the Oct-6 locus mediates
axonal regulation and Schwann cell-specific
expression in a promoter-independent fashion
Schwann cell-specific expression was observed with most
constructs that contained HSS6 and HSS7. A DNA
restriction fragment containing these HSSs was termed
the Oct-6 SCE and was shown further to be sufficient to
drive temporally correct expression of a transgene, both
during normal development and during nerve regener-
ation, and in vitro following stimulation by forskolin.
Apparently, Oct-6 promoter-specific sequences are not

3000

required as the SCE also drives Schwann cell-specific
expression from the Asp68 promoter. Furthermore, an HA-
tagged version of the Oct-6 gene under the control of the
SCE rescues the peripheral nerve phenotype observed in
Oct-6 null animals. These results provide strong evidence
that the Oct-6 SCE is sufficient to mediate all aspects of
regulated Oct-6 gene expression in the Schwann cell
lineage. Further deletion analysis of this fragment in which
we separated HSS6 and HSS7 failed to give Schwann cell-
specific expression, suggesting that both sites are neces-
sary for full enhancer activity. In this respect, the Oct-6
SCE resembles other enhancers such as the 3’ enhancer of
the stem cell leukaemia (SCL) gene, which also consists of
two HSSs. Both sites are required for full SCL enhancer
function in mast cells and early haematopoietic progeni-
tors (Fordham et al., 1999; Sanchez et al., 1999). In fact,
this is a rather common feature of many enhancers and
LCRs. It reflects the modular nature of most of these
elements in which bound nuclear factors need to interact to
form a larger holo-complex to stimulate transcription from
the linked promoter (Muller ef al., 1988; Mannervik et al.,
1999).

Despite our demonstration that the SCE is sufficient to
drive all aspects of regulated Oct-6 expression in the
Schwann cell lineage, not all transgenes containing the
SCE are actually expressed in Schwann cells. We gener-
ated eight transgenic lines and 11 founders with various
constructs that contained only HSS6 and HSS7, in addition
to either the Oct-6 promoter or the hsp68 promoter. Of
these 11 founders, nine expressed the transgene in the
Schwann cell lineage. It is possible that the two mice that
did not express this transgene were in fact highly chimeric,
with no or only few transgenic cells contributing to the
Schwann cell lineage. Chimerism, however, cannot
explain why three out of the eight lines we generated do
not express the transgene in Schwann cells. This is not due
to a partial deletion of the transgene since Southern
blotting confirmed the integrity of the transgene. It is most
likely that these transgenes integrated in an unfavourable
chromatin region that is not accessible in Schwann cells.
Apparently, the SCE cannot overcome this negative
integration position effect. In this context, it is of interest
to note that all six transgenic lines generated with
constructs I and IIT express in the Schwann cell lineage.
These constructs contain, in addition to HSS6 and 7,
several other HSSs (see Figure 2). It is possible that one of
these sites contributes to the SCE overcoming negative
position effects. Larger numbers of transgenic animals
need to be generated and analysed to test this possibility.
In addition, deletion of the SCE, through the route of
homologous recombination in ES cells, will reveal
whether HSS6 and HSS7 are required for Schwann cell-
specific regulation or whether additional Schwann cell-
specific elements are present in the Oct-6 locus.

The fact that Oct-6 gene expression in Schwann cells is
under the control of axonal signals is perhaps illustrated
most graphically during nerve regeneration when axonal
contact with reactive Schwann cells is restored and Oct-6
gene expression is re-induced rapidly (Scherer et al.,
1994). Thus, axonal signals are ultimately relayed to the
Oct-6 SCE. This signalling does not involve the transcrip-
tion factor Krox-20, as Krox-20 null promyelin-arrested
Schwann cells express large amounts of Oct-6 (Zorick



et al., 1999). It is, therefore, possible that Krox-20 is
regulated in parallel with Oct-6 or that Krox-20 regulation
depends on Oct-6. One possible intracellular signalling
pathway involved in up-regulation of Oct-6 is the adenylyl
cyclase—protein kinase A (PKA) pathway (Lemke and
Chao, 1988; Monuki et al., 1989; Mirsky and Jessen,
1996). Elevation of cAMP, through activation of adenylyl
cyclase with forskolin, in the presence of NDF-f leads to
induction of Oct-6 expression in cultured Schwann cells
and this induction is forskolin dose dependent (Figure 6).
One major target of cAMP signalling is PKA, which in
turn activates the transcription factor cAMP response
element-binding protein (CREB) through phosphorylation
on Ser133 (Gonzalez and Montminy, 1989). Also, NDF-f3
signalling has been shown to result in phosphorylation of
CREB through a P2lras- and MAP kinase-dependent
pathway (Kim er al., 1997; Tabernero et al., 1998). It is
therefore possible that these pathways synergize in
activation of CREB and stimulation of Oct-6 gene
expression. As CREB is expressed in the Schwann cell
lineage, this is a likely candidate nuclear factor to bind to
the Oct-6 SCE. Indeed, potential CREB-binding sites are
present in the SCE, while no such sites are found in the
Oct-6 proximal promoter and this promoter is not active in
Schwann cells of transgenic mice. The involvement of the
cAMP pathway in this activation in vivo is, however,
unclear as it has been shown that cAMP levels increase in
the distal nerve stump only after activation of P, expres-
sion (Poduslo et al., 1995). A critical assessment of the
role of the PKA pathway in myelination will require the
Schwann cell- and stage-specific inhibition of this path-
way, for example by stage-specific expression of a
dominant-negative form of the regulatory subunit of PKA.

Further detailed characterization of the Oct-6 SCE will
identify transcription factors that bind to this element and
on which intracellular signalling pathways converge to
regulate Oct-6 gene expression and myelination. The
identification of this unique enhancer does provide us with
an important tool, not only to study those transcription
factors and the signalling pathways that regulate their
activity, but also to manipulate the expression of
transgenes in Schwann cells during a defined period of
their differentiation. It is, in particular, this last character-
istic that makes this human SCE element very attractive in
future gene therapy strategies for Schwann cells to be
transplanted into lesioned nerves. Also, the demonstration
here that an SCE-driven Oct-6 transgene rescues the
peripheral nerve phenotype of Ocz-6 null animals provides
an experimental setting for the in vivo mapping of
functional domains of the Oct-6 protein and to test
possible Oct-6 redundant genes (Jaegle and Meijer, 1998).

Materials and methods

DNAse | HSS mapping and cloning

DNase I hypersensitvity mapping in chromatin was performed according
to established methods with only minor modifications (Lichtsteiner et al.,
1987). All DNA manipulations were carried out following described
methods (Sambrook et al., 1989).

Transgenesis

DNA fragments were excised from constructs I-XI using appropriate
restriction enzymes, separated on agarose gels, isolated by electroelution
and purified using elutip-D-mini columns (Schleicher and Schuell). The

Schwann cell-specific enhancer

DNA was dissolved in injection buffer (10 mM Tris—HCI pH 7.5,
0.08 mM EDTA pH 8.0) and introduced, by pronuclear injection, into
fertilized eggs derived from an FVB/N X FVB/N mating as described
(Hogan et al., 1994). Transgenic animals were analysed as founders or as
lines. DNA samples of all animals were analysed by Southern blotting
and hybridization to appropriate probes to confirm transgenesis. LacZ
expression was visualized by whole-mount X-gal staining of EI18
embryos or nerves dissected from transgenic animals at different stages
of postnatal development.

Whole-mount X-gal staining

Embryos or dissected nerves (N. ischiaticus) were fixed for 30 min at
room temperature in 2% formaldehyde (BDH), 0.2% glutaraldehyde
(Sigma), 2 mM MgCl,, 5 mM EGTA pH 8.0, 0.02% NP-40 in phosphate-
buffered saline (PBS) and processed further as described (Arroyo et al.,
1998).

Primary Schwann cell cultures

Cultures of Schwann cells were set up as has been described before, with
some modifications (Brockes et al., 1979; Kleitman et al., 1991).
Dissected nerves were collected in L-15 Leibovitz. Nerves were
transferred to L-15 medium containing 1 mg/ml collagenase (Roche),
teased with dissection needles and incubated for 30 min at 37°C, with
repeated pipetting to disrupt the nerves. Cells were washed once with
L-15 containing 10% fetal calf serum (FCS), plated onto uncoated tissue
culture dishes in Cb medium (Einheber et al., 1993), and incubated
overnight at 37°C and 5% CO,. The next day, Schwann cells were
harvested using the ‘Cold jet’ method (Jirsova et al., 1997), and plated
onto collagen-coated coverslips. Cells were incubated for 48 h at 37°C
and 5% CO, in either Cb medium (containing 10% FCS) or in Defined
medium (DF) (Murphy et al., 1996) supplemented with 5% NDF-B
conditioned medium in the presence of 0, 10 or 20 uM forskolin (Sigma).
A CHO cell line expressing a soluble form of NDF-f was cultured in
Dulbecco’s modified Eagle’s medium (DMEM)/F12, 5% FCS for 7 days.
Medium was collected and filter sterilized (NDF-f conditioned medium).
Cells were fixed in a solution containing 35% acetone, 35% methanol, 5%
acetic acid and 25% H,O for 10 min at room temperature and
subsequently processed for immunochemistry or X-gal staining.

Sciatic nerve crush

Adult Oct-6#82"+ and SCE-LacZ mice were anaesthetized with halothane
and the sciatic nerve was exposed. The sciatic nerve was crushed by tight
compression with flattened Biology forceps no. 5 for 10 s at mid-femoral
level just before the point where the sciatic nerve bifurcates. The mice
were killed at 4, 8, 16 and 32 days after surgery, and their sciatic nerves
were isolated and processed for whole-mount X-gal staining, with the
unlesioned contralateral nerve serving as a control for background X-gal
staining.

Immunohistochemistry

Sciatic nerves were isolated from mice derived from crosses between HA/
Oct-6Pse0* and Oct-658¢0’+ mice at the desired developmental stages,
fixed overnight at 4°C in 35% acetone/35% methanol/5% acetic acid/25%
H,O0, dehydrated and paraffin embedded. All subsequent procedures have
been described (Jaegle et al., 1996; Zwart et al., 1996). Primary
antibodies used were: rabbit polyclonal anti-Oct-6 serum (Zwart et al.,
1996), goat anti-HA serum (Santa Cruz Biotechnology), mouse
monoclonal anti-P, (Archelos et al., 1993) and mouse monoclonal anti-
HA (12CAS; Roche). Fluorochrome-coupled secondary antibodies used
were: goat anti-rabbit-Texas red (Molecular probes) and goat anti-
mouse—Oregon green (Molecular probes). Both were used at 1:200
dilution.

Microscopy

Animals were perfused with PBS for 3 min, followed by fixative [3%
paraformaldehyde (Sigma) and 1% glutaraldehyde buffered by 100 mM
sodium cacodylate at pH 7.2] for 10 min. Sciatic nerves were isolated,
washed with cacodylate buffer, osmicated in 1% osmium tetroxide and
embedded in Epon. Semi-thin sections (1 um) of Epon-embedded sciatic
nerves were mounted on glass slides and stained with methylene blue.
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