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POU transcription factors control expression of CNS stem cell-specific genes
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SUMMARY

Multipotential stem cells throughout the developing central  strikingly similar to those of the nestin gene. A hybrid
nervous system have common properties. Among these is POU/Pbx binding site is recognized in vitro by Pbx-1, Brn-1
expression of the intermediate filament protein nestin and and Brn-2. This site is essential for expression in most of
the brain fatty acid binding protein (B-FABP). To the CNS. In addition, a hormone response element is
determine if common mechanisms control transcription in  necessary for forebrain expression. Both the nestin and
CNS stem cells, the regulatory elements of these two genesB-FABP genes therefore depend on POU binding sites for
were mapped in transgenic mice. A 257 basepair enhancer general CNS expression, with hormone response elements
of the rat nestin gene is sufficient for expression throughout additionally required for activity in the anterior CNS.
the embryonic neuroepithelium. This enhancer contains These data indicate that regulation by POU proteins and
two sites bound by the class Ill POU proteins Brn-1, Brn-2, hormone receptors is a general mechanism for CNS stem
Brn-4, and Tst-1. Only one of the two POU sites is required cell-specific transcription.

for CNS expression. An adjacent hormone response

element is necessary for expression in the dorsal midbrain Key words: Neuroepithelium, Precursor cell, Nestin intermediate
and forebrain. The regulatory sites of the B-FABP gene are filament, Brain fatty acid binding protein, Mouse

INTRODUCTION transplantation (Vicario-Abején et al., 1995a; Bristle et al.,
1995; Fishell, 1995; Campbell et al., 1995). These shared
The diversity of cell types in the mammalian central nervousjualities define CNS stem cells.
system (CNS) begins in the neuroectoderm. The neural tube isThe functional properties of stem cells correlate with
patterned from its inception: planar and vertical signals whiclexpression of the intermediate filament protein nestin and the
induce neuroectoderm also impart an initial anteroposteridsrain fatty acid binding protein (B-FABP). Both proteins are
and dorsoventral polarity (for review see Ruiz i Altaba, 1994)expressed in the ventricular zone during the peak of
These and subsequent signals within the neuroectoderm refineurogenesis (Frederiksen and McKay, 1988; Kurtz et al.,
the regionalization and specify the highly localized expressio#994). As cells migrate away from the ventricular zone the
of homeobox genes and other transcription factors (Marshadixpression of nestin and B-FABP is shut down, but expression
et al., 1992; Goulding et al., 1993; Papalopulu and Kintneiis maintained in radial glia (Hockfield and McKay, 1985; Feng
1993). et al., 1994; Kurtz et al., 1994). Both proteins mark the same
However, recent studies on neuroepithelial precursor cellENS cells, except that nestin is present in cells of the floorplate
isolated from many regions of the embryonic or adult brairand dorsal midline while B-FABP is not. Nestin and B-FABP
show that these cells have many common characteristics: (aje also expressed in stem cells which persist in the adult
they can proliferate and self-renew in vitro in response t¢Reynolds and Weiss, 1992; Johe et al., 1996, T.M.,
mitogens such as bFGF or EGF (Gensburger et al., 198unpublished). B-FABP has been shown to have a high affinity
Vicario-Abejoén et al., 1995b; Ghosh and Greenberg, 1995pr docosahexaenoic acid (DHA) (Xu et al., 1996), the major
Reynolds and Weiss, 1992), (2) they are multipotent, able tpolyunsaturated long chain fatty acid in the brain phospholipid
produce differentiated progeny of several types includingpool. Deficiencies in DHA cause severe and progressive
neurons and glia (Johe et al., 1996; Gritti et al., 1996neurological symptoms (Innis, 1991; Martinez, 1996).
Shihabuddin et al., 1997), and (3) they can differentiate intbleanwhile, nestin intermediate filaments may control
neural subtypes appropriate to a new host region aftereuroepithelial cell shape (Matsuda et al., 1996).
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The shared gene expression and functional properties 8f5TGG-3. The resulting plasmid was digested wipé and Xhol,
CNS stem cells suggest that stem cells are defined by soraed the insert ligated intSpé-Sall digested pTKlacZ.
common transcriptional mechanism in all brain regions. The Cons-TKlacZ, SCons-TKlacZ, 257-TKlacZPortions of the second
nestin gene contains two tissue-specific transcriptiondﬂtron were PCR amplified from a rat nestin genomic clone, using
elements: a cis-element in the first intron drives nestir{eNt Polymerase (New England Biolabs) for 30 cycles as follows:

o - . 4°C 30 seconds, 55°C 30 seconds, 72°C 60 seconds, plus a final 8
expression in somitic muscle precursors, while an enhancer inute extension at 72°C. PCR products were isolated using QIAEX

thg second intron directs expression t_O CNS precursor cel iagen) and cloned into the vector pCRII using the TA cloning kit
(Zimmerman et al., 1994). Feng and Heintz (1995) have Shovégvi?rogzan). The resulting plasmidspwere digegsted Vel anc?

the importance of the proximal 0.8 kb of the B-FABP promoteinol, and the inserts ligated inBpd-Sall digested pTKlacZ.

for developmentally regulated expression in the B-FABP pomoter consticts.A Sall site was introduced by PCR
neuroepithelium. We have defined a POU site and an HRE witkt position +82 just before the initiation codon of rat B-FABP. The
similar roles in the nestin and B-FABP genes. The POUWXhol-Sall promoter fragment{66 to +82) was ligated into théhol
binding site is critical for general CNS expression, while thesite of CMV-DF (Clontech), resulting in construct XS-Z. Deletions
HRE is required for full expression in the anterior CNS. Thes@nd point mutations in the XS-promoter fragment were generated by
parallel results in the two genes suggest that a common setQrlapping PCR.

transcriptional controls establish fundamental features of thgyeriapping PCR mutagenesis

stem cell state.

Nestin enhancer base substitutions and B-FABP promoter deletions

were generated by overlapping PCR as described by Higuchi (1990).
MATERIALS AND METHODS The nestin 1868 bp PCR produc_t was subsequently digesteNetlth

andXhol to generate' ®verhanging ends, separated on 1% agarose

All standard molecular biology techniques were performed a&nd purified using GeneClean (Bio 101), then ligated Nud-Sall

described by Maniatis et al. (1989). digested pTKlacZ. To mutate two binding sitést2/3), a plasmid
mutated at a single sit&f(2) was used as the template for a second
Preparation of transgenic mice PCR mutagenesis. All mutated plasmids were confirmed by DNA

Transgenic mice were produced as described by Hogan et al. (1986quencing.

Mice used were C57BI&X3H F embryo donors, C57BI6 or The following oligonucleotides, and their exact complements,
C57BI6xC3H F stud males, and ICR foster mothers. Incorporationwere used to mutate nestin  binding sites: gllUPnot,
of transgene was assayed by yolk sac PCR as previously descritf@dATTTGCGGCCGCAGATCCTGGAAGGTGG-3'  glIDNxho,

(Zimmerman et al., 1994). 5-CCGCTCGAGTTCCAAGGAGAGCAG-3' Aftptl, 5-GGTA-
ACAGACAAAGATATCAGAATTCAGCTCC-3'; Aftpt2, 5-GC-
Whole-mount B-gal procedure AGAGAGAGAGCCATCAGGCCTCAACAGCCTGAGAATTC-3

Nestin enhancer embryos were fixed in 0.2% glutaraldehyde, 2 miftpt3, 5-CTGAGAATTCCCACTTCGGATCCGCAGCCCTCCCT-
MgClz, 0.1% Triton X-100 in phosphate-buffered saline (PBS) afTCTTA-3'; Aftptd, 5-GGGAGGCCGATTCTCAACTAGTTTAT-
room temperature for 60 minutes. They were washed in two chang@&CCTTTTGTCC-3, Aftpts, 5-CTCCCAGAGGAGTAGGCCTT-

of PBS plus 2 mM MgCl soaked 20 minutes in PBS plus 2 mM CGGCCTTGGC-3Wwith phosphothioate linkage at &nd.

MgClz, 0.1% Triton X-100, and stained with 1 mg/ml 5-bromo-4-

chloro-3-indolyl-BD-galactoside (X-Gal), 5 mM #e(CNp, 5 mM  Nuclear extracts

K4Fe(CN), 2 mM MgCh, 0.1% Triton X-100 in PBS at 37°C. Timed pregnant Sprague-Dawley rats (Taconic) or CD1 mice (Charles
Embryos were stained for 90 minutes to 3 hours, then washed wiiver) were killed by C@asphyxiation. Embryos were dissected in
70% ethanol to stop the reaction. B-FABP promoter embryos werkank’s Balanced Salt Solution (Gibco BRL) with 3.7 g/l Nak@@d
fixed in 1% formaldehyde, 0.1% glutaraldehyde, processed as abov&9 g/l HEPES (pH 7.2). Nuclear extracts were prepared by the
and stained overnight at 30°C. For frozen sections, dissected braimethod of Dignam et al. (1983). Protein concentration was
were soaked in 20% sucrose until loss of buoyancy, frozen and cut lolgtermined using a Pierce BCA kit and BSA standards.

cryostat into 4qum sections. These were fixed for 40 minutes in 0.2% o

glutaraldehyde and processed for X-Gal histochemistry as describ&NAse | footprinting

above. The plasmid pCRII-5669, containing 257 bp of the nestin second
] ) intron, was digested witidindlll or EcoRV and labeled withaf
Construction of plasmids 32p]dCTP and Klenow fragment. Unincorporated label was removed

BSp-TKlacZ. The nestin second intron was cut wipel andBbsl. via a sephadex G-50 spin column (5 Prig® Prime). A second
The 587 bp fragment was isolated using Geneclean Il (Bio101) ardigestion with EcBV or Hindlll released the single end-labeled
ligated into Spel-Hindlll digested pBluescriptKS+ (Stratagene). A probe, which was separated from the vector on low-melting agarose
615 bp Sall-Ndtfragment of this plasmid was isolated and ligatedand purified on an Elutip column (Schleicher & Schuell) before being
into Sall-Not digested pTKlacZ (Zimmerman et al., 1994). ethanol-precipitated and resuspended in TE (pH 8.0).
YSt-TKlacZ. The plasmid RglltklacZ (Zimmerman et al.,, 1994) 10000 disints/minute of probe was mixed with (g of tissue
was cut withStul andSall. The overhangs were filled in with Klenow nuclear extract or 1fg of bovine serum albumin (BSA) plug.g of
fragment and religated. poly(dI-dC) in footprint buffer (12 mM Tris-HCI [pH 8.0], 50 mM
NY-TKlacZ. The plasmid glITKlacZ (Zimmerman et al., 1994) was KCI, 1 mM MgChk, 1 mM CaC}, 5 mM NaCl, 1 mM dithiothreitol
cut with Nsil and Sall. The ends were blunted with bacteriophage T4DTT), 5% glycerol (vol/vol)). This reaction was incubated for 30
polymerase or Klenow, and religated. minutes at room temperature. One volume (B0of footprint buffer
NY-pBt. An 857 bpHindllI-BstYl fragment of NY-TKlacZ was was added just before the addition of DNAse | (RQ1l DNAse;
isolated and ligated intdlindlll-BamHI digested pBluescriptKS+. Promega). BSA controls received 0-u§ DNAse |, while nuclear
NYA257-TKlacZ. The 257 bp enhancer was deleted from theextract samples received 0.4-Qu§. Digestion proceeded at room
plasmid NY-pBt using an oligo-directed mutagenesis kit (Bio-Rad)temperature for exactly 2 minutes before being stopped with an equal
The oligo used was' &5 CTAACACTTTATATCA-GTCAAACGCC- volume of stop buffer (50 mM EDTA, 0.2% SDS, 100 mg/ml yeast
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tRNA). The reaction was extracted once in phenol, and ethand|, rabbit anti-Brn-4, rabbit anti-Pit-1, and guinea pig anti-Brn-3a
precipitated. The DNA was resuspended in formamide loading dyesere kind gifts from Dr M. G. Rosenfeld. Rabbit anti-Cns-1 (Brn-5)
and heated 5 minutes at 90°C before analysis on a 6% acrylamidewas generously provided by Dr R. Bulleit. Rabbit anti-Pbx1 was a

M urea sequencing gel. considerate gift from Dr M. Kamps. Rabbit ante@-retinoic acid
o receptor beta (RXB was kindly provided by Dr K. Ozato. Rabbit
Methylation interference anti-chicken ovalbumin upstream promoter transcription factor
1-2x10f disints/minute of probe was methylated as described byCOUP-TF) was a generous gift from Dr M-J. Tsai. Mouse anti-AP-
Baldwin (1988). 2 was a kind gift from Dr T. Williams. Rabbit antie®s-retinoic acid

100,000 disints/minute of methylated probe andudOof tissue receptor alpha (RX&) and rabbit anti-thyroid receptor alpha (@R
nuclear extract were combined in binding buffer (12% glycerolwere purchased from Santa Cruz Biotechnical. Anti-CREB and anti-
[vol/vol], 12 mM HEPES [pH 7.9], 4 mM Tris-HCI [pH 7.9], 60 mM phosphoCREB (New England Biolabs), anti-phosphoCREB (Upstate
KCI, 1 mM EDTA, 1 mM dithiothreitol [DTT]) for 1 hour at room Biotechnical), and anti-c-fos (Oncogene Science) were used as a 1:10
temperature (23°C). Binding reactions were electrophoresed at 2@dution in 10 mM Tris-HCI (pH 8.0), 1 mM EDTA.
volts on a 4% 80:1 acrylamide/bis-acrylamide gel. The bound and free The following double-stranded oligonucleotides were used as
probes were located using a phosphor screen (Molecular Dynamicgpmpetitors (complementary strand not shown):
cut out and electrophoresed into NA45 paper (Schleicher anMBP-TRE 5-:CAGAACAATGGGACCTCGGCTGAGGACACGGG
Schuell). Probe was eluted at 65°C in 50 mM Tris-HCI (pH 8.0), 1.G5-3' (Huo et al., 1997), TR (DR-4) EETGAGGTGGAGGG-

M NacCl, 10 mM EDTA, and cleaved in piperidine as described byCATCTGAGGACATTGAC-3' (Thompson and Bottcher, 1997),
Baldwin (1988). Equal activities of bound and free probes werectamer YCTAGGACAAAAGGCAATAATTTGCATGAGAATC-3',
analyzed by denaturing PAGE on a 12% acrylamide, 7 M uretailless 5TCGGCAATTAAGAAGTCAAATTTCT-3' (Yu et al,
sequencing gel. A Maxam and Gilbert G+A sequencing reaction wak994), bs8mut(c g) 5-CCTTAAGGAAATGAATCTCAAT-
run alongside as a positional marker. The dried gel was visualized @®CCCTATTATC-3" The following competitors were obtained from

X-OMAT AR film (Kodak). Santa Cruz Biotechnical: Pbx-RE-GGAATTGATTGATGCAC-

_ _ _ o TAATTGCAG-3, Octl-RE  5TGTCGAATGCAAATCACTAG-
Oligonucleotides used in methylation interference and AA-3', TR (IR-0) 5:AAGATTCAGGTCATGACCTGAGGAGA-3,
electrophoretic mobility shift assays RAR (DR-5) B3-AGGGTAGGGTTCACCGAAAGTTCACTC-3

Oligonucleotide probes were designed as complementary pairs wiRXR  (DR-1) B3-AGCTTCAGGTCAGAGGTCAGAGAGCT-3

4 bp 5'overhangs at each end. The forward sequence of each pairR#tl-RE 5'TGTCTTCCTGAATATGAATAAGAAATA-3', SP1-RE
listed below. Nestin oligos (Ftpt1-5) were synthesized withirallll 5'-ATTCGATCGGGGCGGGGCGAGC-3AP1-RE 5*CGCTTGAT-
overhang (AGCT) at the'%®nd of each forward oligo and Zall GACTCAGCCGGAA-3.

overhang (TCGA) at the' Bnd of each reverse oligo. B-FABP oligos

(bs2, bs8, bs9) were synthesized with a CATG overhang at émel5

of the forward oligo. RESULTS

Ftptl: 5*AGCTGGAGAAGGGGAGCTGAATTCATTTGCTTTTGT

CTGTTACCAG-3: A CNS-specific element is contained within 257 bp

Ftpt2: 5-AGCTGCAGAGAGAGAGCCATCCCCTGGGAACAGCC of the nestin second intron

TGAGAATTC-3; The second intron of the rat nestin gene promate&reporter
Ftpt3: 5*tAGCTCAGCCTGAGAATTCCCACTTCCCCTGAGGAGC

expression throughout the CNS of embryonic mice, even when

EthL?ging%$GTGGACAAAAGGCAATAATTAGCATGAGAA the native promoter is replaced by a herpesvirus thymidine
TCGGCCTC-3 kinase (TK) minimal promoter (Zimmerman et al., 1994). The
Ftpt5: 5"AGCTCCCTCCCAGAGGATGAGGTCATCGGCCTTGGC current study further localizes the nestin CNS-specific
CTTGGGTGGG-3 enhancer in transgenic mice. In these ‘transient’ transgenic

bs2 5:CATGTTTTTCTTATCCCCTGCTGAACCTGAAAAACCCT animals, each embryo analyzed carries the transgene at a
CTCTTT-3; bs8 5:CATGTTAAGGAAATCAATCTCAATGCCC-3; unique integration site. Embryos were initially analyzed at
bs9 5:CATGTGCTGAACCTGAAAAACCCTCT-3 embryonic day (E) 12.5 or 13.5; at these ages the second intron
Complementary oligonucleotides were annealed at 10 pmbies/  drives reporter expression in all regions of the neural tube.
100 mM NaCl, 10 mM Tris-HCl [pH 8.0], 1 mM EDTA while slowly - Qyerlapping fragments of the rat nestin second intron were
cooling from 80°C. The double stranded probes were labeled atg"enerated and placed upstream of the TK minimal promoter

single end with [e32P]dCTP and Klenow fragment, adding 200 mM : L .
dATP and dGTP to fill iHindlll overhanging ends or 200 mM dTTP andlacZ (Fig. 1). CN.S enh.anc_er activity Is chated in the 3
nd of the second intron; this region is highly conserved

for Sal overhangs. Unincorporated nucleotides were removed by spi

column. etween the rat and human nestin genes (Lothian and Lendahl,
1997). The nestin genes are 52% identical through the second
Electrophoretic mobility shift assays intron, but the 3847 bp are 64% identical. This conserved

Protein binding reactions were performed by combining 10,000egion produces strong CNS-specific activity in mice (Fig. 1D).
disints/minute of double-stranded oligonucleotide probe apd df A PCR fragment encompassing the most highly (75%)
tissue nuclear extract with 2.23poly(dl-dC) and 6.0 gt BSA in  conserved 373 bp also has strong CNS activity (Fig. 1E). A
binding buffer (see above). For supershiftal af antibody was added 257 hp subregion of this fragment (Fig. 1G) is 78% conserved
to the protein-DNA binding reactions after 30 minutes at roomynq 5 syfficient to drive expression throughout the CNS at
temperature and incubated for a further 30 minutes at roorgy 3 g (Fig. 2A). Overall, the expression pattern obtained with

temperature or 180 minutes on ice before gel loading. Bindin . L : .
reactions were electrophoresed at 200 volts on a 4% 80%57-TKIacZ is very similar to that given by the entire second

acrylamide/bis-acrylamide/2.5% glycerol gel. Gels were dried andtron. Portions of the CNS which are marked poorly by this
visualized on X-OMAT AR film (Kodak). construct, such as the small gap between the cerebral cortices

The following antibodies were used undiluted for supershiftand the midbrain, are also stained weakly by the entire second
assays. Guinea pig anti-Brn-1, guinea pig anti-Brn-2, rabbit anti-Tsintron at the same age (Zimmerman et al., 1994).
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Fig. 1. Map of nestin second EXPRESSION
intron fragments assayed for ) _ TRANSGENIC ___ONS__ECTOPIC
CNS-specific activity in 2nd exon nestin 2nd intron ard exon FULL PARTIAL
trﬁngsgrfc?rlr? ice :‘Tr]zfl)gr])r/r?:ntA céﬁgin?r?g T 585 bp %! ! Nl Sper - EcoRl ecor! I
the second intron (construct A) B YSt I 587 b 3 0 0 0
drives strong CNS-specific C. BSp- — 5 o 1 3°
expression when inserted b NY. 847 bﬁ 5 s o 1
upstream of the herpesvirus : 373b

thymidine kinase (TK) basal E. Cons- —— 10 6 0 1
promoter and th&. coli lacZ F.5' Cons- & 10 o 3 4
gene (Zimmerman et al., 1994). 257 b

On the right is shown the number G. 257- — 8 6 0 4
of transgenic embryos analyzed | Ny a257- T 13 0 £ 2
for each construct, and the 23 4 s

number of embryos havirfe M1. Aft1 24 16 1 3
galactosidase staining in all Ma. Aftd AT 0o 5 3
regions of the CNS, some 1 4s

regions of the CNS, or outside of M2/3-Aft2/3 . 2'“_ 16 8 0 1
the CNS. M1.The upstream M5. Aft5 I I 19 15° 0 0

octamer site was substituted at 6

of 8 bases by overlapping PCR4. The downstream octamer site was substituted at 6 of 8 bases.Bd#i3AP2-like sites were substituted
at 7 of 11, and 6 of 11, bas®&45. The nuclear hormone response element was substituted at 4 of 8-5heeations of the five footprinted
sites.8Various patterns of ectopic staining were seen in three of five transient transgenic efvarimss ectopic expression patterns, plus
some CNS activity, were seen in four of ten transgenic embryos. None of the embryos had expression selectively iPFRier ONE3
transgenics had expression in small portions of the @N$i0 embryo did staining fully penetrate the telencephalon.

The 257 bp element is sufficient for proper onset the most caudal portion of the spinal cord, the rhombic lip, and
and shutoff of expression the ventral portion of the midbrain (Fig. 2C). The finding that
Additional mice injected with the plasmid 257-TKlacZ werethree embryos have the same discontinuous CNS staining
analyzed at E9.5 or E16.5. At E9.5, expression ofuggests that elements which lie outside of the 257 bp element

257-TKlacZ is mostly limited to the ventral neural tube (Fig.can specifically direct expression to these three portions of the
2B). The dorsal neural tube is stained only in theCNS. However, this staining is relatively weak and these three
metencephalon and rostral spinal cord. Early expression {§gions are also strongly marked by the 257 bp enhancer, so
discontinuous; the telencephalon and anterior hindbrain aRerhaps ordinarily these elements do not function
relatively unstained. The same pattern of early ventradndependently.
expression oflacZ has been observed in transgenic mice o ) ) )
carrying 5.8 kb of nestin upstream sequences and 5.3 kb BNAse | footprinting reveals five sites of protein
intragenic sequences including the entire second introfiteraction with the 257 bp nestin neural enhancer
(Zimmerman et al., 1994). region

Transgenic embryos at E16.5 have strorgpfctosidasel¢(  The 257 bp nestin enhancer defined in vivo was mapped in
Gal) staining in the subventricular zone (SVZ) surrounding th&itro for binding sites recognized by nuclear proteins of the
lateral ventricles of the telencephalon (Fig. 2D). Nestin proteibrain. Fig. 3A shows the results of DNAse | footprinting assays
in the telencephalon at this age is predominantly in the ventriculan a double-stranded DNA probe containing the 257 bp neural
and subventricular zones (Hockfield and McKay, 1985). Aelement. Nuclear extracts (Dignam et al., 1983) were prepared
higher magnification (Fig. 2E), strong reporter expression is sedrom midbrain, cerebellum, spinal cord and cerebral cortex or
in the SVZ, with blue radial processes extending across thelencephalon of rats at E13, E16, E17 and E20 or postnatal
intermediate zone and a blue layer at the pial surface in tiday 5 (P5). A total of five regions are protected from DNAse
endfeet of the radial cells. This matches the distribution of nestindigestion. Footprinting occurs at the same five locations on
protein (Hockfield and McKay, 1985). Very litfieGal staining  the opposite strand (not shown). DNAse | hypersensitive sites
is seen in the outer layers of the cortex where the maturimgre found adjacent to footprints 2, 3 and 5. These results are
neurons are located. These data show that differentiating neurasigmmarized in Fig. 3C.

down-regulate expression via the 257 bp element. None of the five footprints is detectable in every age and
tissue from which nuclear extracts were prepared. In these and

Deletion of the 257 bp element abolishes reporter other experiments not shown, footprints 1 and 4 were protected

expression in most of the CNS by proteins from most brain regions taken at ages from E13 to

To test whether all of the nestin CNS-specific elements ar@5. Footprint number 5 was almost as widespread, but was not
contained within 257 bp, this region was deleted by PCR frorprotected by some midbrain and spinal cord extracts. By
the 847 bp conserved &hd of the second intron. Only 4 of 13 contrast, footprint 2 is bound only by extracts of midbrain,
transgenic  embryos made  with  this  constructcerebellum and spinal cord from E16 to P5, but never by
(NYA257-TKlacz; Fig. 1H) showed af}+Gal staining. Three cortex. Footprint 3 is the most restricted of the five. It is
of these four had staining in three limited regions of the CNSprotected only by proteins from E16 cerebellum and spinal
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which includes the three blocked adenines, overlaps an eight
basepair sequence {ATTAGCAT-3') nearly identical to the
well known octamer sequence -&ITTGCAT-3'). This
octamer is the consensus binding site of the Pit-1/Oct/Unc-86
(POU) transcription factor family (Wirth et al., 1987; Wegner
et al., 1993). The six blocked adenines on the footprint 1 probe
are part of an A/T-rich sequence overlapping a seven-of-eight
basepair homology BATTTGCTT-3) to the octamer
sequence (not shown). The presence of octamer-like motifs
indicates that footprints 1 and 4 are likely to be occupied by
POU family members.

Methylation interference also demonstrates strong
similarities between footprints 2 and 3 (Fig. 3C). Binding to
the Ftpt2 probe is blocked by methylation of two adjacent
guanines on the top strand, or two guanines on the bottom
strand, within the sequencé-BCCCCTGGGAA-3! When
methylation interference was performed on the bottom strand
of the Ftpt3 probe, two clusters of guanines were involved in
binding. One cluster of four guanines was complementary to
the sequence HCCCCTGAGGA-3! The second cluster of
three guanines is complementary to an upstream sequence
Fig. 2. The nestin 257 bp CNS-specific element is necessary and 5. TTCCCACTTCC-3! These sequences and the footprint 2
sufficient to drive correct expression in the neural tube. (A) Whole- gjte gre related to the binding site for AP-2 proteins (Imagawa
mount E13.5 transgenic embryo with 257-TKlacZ (construct G). o 5| "1987). The comparable methylation interference sites on

Strong staining is seen in all regions of the CNS. (B) Whole-mount .
E9.5 transgenic embryo with 257-TKlacZ. CNS staining is seen Onh}sri‘riiltz\;\lrop%?et?ﬁ: suggest that footprints 2 and 3 are bound by

from the optic vesicle to just posterior of the forelimb bud. CNS . L
expression appears first in the ventral neural tube and discrete dorsal Finally, methylation interference of the Ftpt5 probe reveals
regions of the hindbrain. Expression from the 257 bp elementis  a third type of binding site. The three critical guanines on Ftpt5
noticeably weaker in the ventral myelencephalon and telencephalorare part of an eight basepair sequencel GAGGTCA-3,,
than in other regions. (C) Whole-mount E12.5 transgenic embryo  with homologies to multiple transcription factor binding sites.
with NYA257-TKlacZ (construct H). Weak CNS staining remains |t is identical to an eight basepair site in the MHC class |
only in ventral midbrain, rhombic lip and posterior spinal cord. The promoter which binds a tri-iodothyronine receptai§-
embryo shown here als.o has ectopic stainirjg in the mesoderm of t,hPetinoiC acid receptor beta heterodimer (TR/BXRVarks et
gar:,'l'b(rDéEv)vi%Otrﬁgall:gr‘]’qti'gnzs‘sgrlr?;l%gorseggeggglfsigiEﬁsitg;ge”'cal., 1992). The same eight bases are also similar to the
Y P : 9 gonsensus CAMP response element (CRE) (Habener, 1990). In

surrounding the telencephalic ventricles in D. An adjacent section al | shift o . bindi his si
higher magnification (E) shows that the strongest expression is in th@ 9€! shift competition experiment, binding to this site was

subventricular zone, the proliferating region of cortex at this age. Thgliminated by a five-hundred-fold excess afiS+etinoic acid
arrowhead points to fine radial processes which staif-for response elements (RXRE; direct repeat-1) or thyroid hormone
galactosidase, and the arrow indicates a band of staining along the response elements (TRE; inverted repeat), but not by CREs
pial surface. These are the elongated cell bodies and pial endfeet, (data not shown). Thus footprint 5 of thestinenhancer is
respectively, of radial glia. v, telencephalic vesicle; vz, ventricular  |ikely to be a hormone response element.

zone; svz, subventricular zone.

Members of the POU transcription factor family bind
to the nestin neural enhancer
cord (Fig. 3A) and P5 cerebellum (data not shown). Thus thiem footprint assays, the two octamer sites in thestin
257 bp enhancer is active in all regions of the CNS, but somenhancer were protected by proteins from all tested regions

proteins that bind it may be regionally restricted. of the brain, which suggests that POU domain proteins may
o o o be involved in transcription of nestin throughout the CNS.

Common transcription factor binding motifs lie at Supershift assays were performed to determine whether the

the core binding sequences two octamer-containing probes are recognized by class IlI

Sites on DNA that closely interact with proteins can bePOU proteins, which are widely expressed in the developing
mapped by the methylation interference assay. This was donervous system.

with five 44- to 46-mer oligonucleotide probes carrying each Fig. 4 shows supershift assays in which anti-POU antibodies
footprinted region of the nestin enhancer individually (Ftptl-were added to binding reactions on the octamer sites. In the
5). Protein interactions with the bottom strand of the footprinebsence of antibody, E13 cortical extract produces six strong
4 region are shown in Fig. 3B. Nuclear proteins from the E1¢omplexes on Ftpt4 (Fig. 4A). Addition of antibody against
rat cortex produce several complexes with this probe, of whicBrn-1 completely supershifts one of these complexes. Brn-2
four were isolated. Three adenines are relatively uncleaved amtibody supershifts two different complexes; the two forms of
all four complexes. The location of the methylationBrn-2 could arise from alternative translational forms
interference sites relative to the footprinted area igSchreiber etal., 1993). The same complexes are also seen with
summarized in Fig. 3C. The adenine/thymine-rich sequenc&13 extract on a Ftptl probe (not shown). Extract from E17
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cortex forms five similar complexes on the Ftptl probe (Figlonger seen. However, a less abundant complex which is seen
2B). Again, antibodies show that Brn-1 is part of one complejust below the Brn-2 band is supershifted by antibody against
and Brn-2 is part of two. In addition, antibody against Brn-4Tst-1 (Fig. 4D). Binding of other CNS-specific POU proteins,

detects binding to Ftptl (Fig. 4C).

including Pit-1, Brn-3a, and Brn-5, was not detected in extracts

In P5 cortex, two strong complexes remain (Fig. 4D).of any age tested. Both octamer sites of the nestin enhancer are
Antibody supershifts reveal that these two bands are formed lilgus specifically bound in vitro by all four class 1l POU
Brn-1 and Brn-2. The faster-migrating form of Brn-2 is noproteins.

Fig. 3. In vitro mapping of the
nestin 257 bp CNS-specific
element. (A) DNAse |
footprinting on the 257 bp
CNS-specific element of the
rat nestin second intron. The
reverse strand of the DNA
probe is shown. Five regions
of protection are marked by
black boxes at the right of the
figure. Sites of greater
digestion in the presence of
some tissue extracts
(hypersensitive sites) are
marked with #. BSA, bovine
serum albumin control; Tel,
telencephalon; Ctx, cortex;
Mid, midbrain; Cb,
cerebellum; SpC, spinal cord,;
G+A, Maxam-Gilbert
guanine+adenine sequencing
reaction performed on the
same end-labeled probe as the
footprinting assay.

(B) Methylation interference
assay on nestin footprint 4.
Cleavage on the reverse strand
of a double-stranded
oligonucleotide probe
containing the nestin second
intron sequence from 1417 to
1456 bp, which includes the
footprint 4 region. The
cleavage pattern of unbound
DNA (lanes marked Free) is
compared with cleavage of
DNA bound by nuclear
extract (lanes marked Bound).
Maxam and Gilbert purine-
specific sequencing of the
probes is shown for reference
(lanes marked G+A). The
bases at which methylation
interferes with protein binding
are indicated by arrowheads.
Methylation interference
occurs at the same three
adenines in each of four
different complexes (Bound1-
4) isolated by EMSA.
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Footprint 1 Footprint 2

1265 # vv

GGETCTGAAAAGGATT TGGAGAAGGGGAGCTGAATICATTIGC TT T TG TCTGTTACCAGCTCTOGGGCCAGAGAGAGAGCCATCCCCTGGGARCAGT

CCAGACTTTTCCTAAACCTCTTCCOCTCGACTTAAGTAAA CGAAAAC AGACAATGGTCOAGACCCCCGTCTCTCTC TCGETAGGGGACCCTTGTOS

&  AA  AAA # aa
ATTTGCAT TCCCCaNSSs
octamer
AP-2

Footprint 3 Footprint 4

#
CTGAGAATTCCCACTTCCCCTGAGGAGCC  TCCCTTCTTAGGCCCTCCAGATGGTAGTGTGEACAAAMGECAATART TAGCATGAGAATCGGCCTOC
GACTCTTAAGGETGAAGGGGACTCU TCGGEAGGGARGAATCCGECAGGTCTACCATCACACCTGTTTTCCGTTATTARATCGTAC TCTTAGCCGGAGE

# AAM AAAA & AA
TCCCCalNsSs ATTLGCAT
TcCCCANSSS ocramer
AP-2 AP-2

Footprint §

#4 # v 1521
CTCCCAGAGOATGAGG TCATCEECCTTGGCCTTGEET GGEGAGGUOGAGACTEATCTGAGGAGT -3
GAGGEICTCCTACTCCAGTAGCCGIAMCCGGARCCCACCCCTCCGCCTCTGACTAGACTCCTCA  +5 "

A

TGAGGTCA
TGACGTCA
Nuclear Hormone or cAMP

(C) Summary of binding sites on the nestin enhancer detected by DNAse | footprinting and methylation interference. Sequence of both strands
of the 257 basepair CNS-specific element of the rat nestin second intron is shown. Five footprinted regions are detecstdioth each

(underlined bold text) and footprints 2, 3, and 5 are flanked by DNAse | hypersensitive sites (#). Within each footprerahbases at

which methylation interferes with protein binding (arrowheads). These core binding sites are homologous to known trafastoiptianifs:

there are two octamer motifs (footprints 1 and 4), two AP-2 sites (footprints 2 and 3), and one site similar to the cyelgBpAiie element

or nuclear hormone response elements (footprint 5). The bases are numbered relative to the upstream end of the 1841tiom segmm i

shown in Fig. 1A.



Activities which recognize other binding sites of the
nestin enhancer are not identified by supershift
assays
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case, a single second intron-TKlacZ construct was tested
bearing mutations at both AP-2 loci (construct M2/3).
Fig. 5 showsB-Gal staining of transgenic embryos made

The oligonucleotide probes Ftpt2 and Ftpt3 contain sequenc#dth mutated enhancers. The wild-type second intron produces
similar to the recognition motif for AP-2 proteins. In EMSA reporter expression along the full length of the CNS
assays, both probes are strongly bound by proteins present in HZgmmerman et al., 1994). On E11.5, the wild-type second
rat spinal cord, but these DNA/protein complexes are ndptron produced strong expression throughout the CNS except
recognized by antibodies against A®-R, ory (data not shown). for dorsal regions of the telencephalon and mesencephalon
The probe Ftpt5 contains a binding site similar to the cAMRFig. 5A). Mutation of the upstream octamer (construct M1)
response element or the half-site for non-steroid nucledrad no effect on the pattern of reporter expression. M1 embryos
receptors. E17 rat cortex nuclear extract produces two stro§ E11.5 had strong CNS-specific staining except in the dorsal
complexes on this probe. Antibodies against possible binding@rebrain and midbrain (Fig. 5D), and complete CNS staining
proteins RXRg RXRB, TRa, COUP-TF, c-fos, CREB, and at E12.5 and E13.5 (Fig. 5E,F). This gradual spread of nestin
two antibodies against serine133-phosphorylated CREB wefé€porter expression from the ventral to dorsal CNS has been

used in efforts to supershift the Ftpt5 probe, without succeggported for the intact nestin enhancer (Zimmerman et al,
(data not shown). 1994). Similarly, mutation of both AP-2 sites (construct M2/3)

had no effect on CNS-specifif-Gal activity. Complete
C _ € staining of the CNS is observed at both E12.5 and E13.5 (Fig.
element have different roles in CNS-specific 5B,C). Thus three of the transcription factor binding sites
expression identified in vitro appear to be dispensable for CNS-specific
In order to test whether the transcription factor binding siteactivation in vivo.
identified in vitro are required for nestin enhancer function in Mutation of the hormone response element (construct M5)
vivo, transgenic mice were generated carrying binding siteimdicates that this element is critical for a portion of the nestin
that were altered by PCR mutagenesis. These mutations weZ&lS expression pattern. Reporter expression in M5 embryos
made in the 1.8 khestinsecond intron and inserted upstreamis normal at E11.5 (Fig. 5G). However, by E12.5 it is apparent
of TKlacZ for injection into transgenic mice. In all cases, siteghat reporter expression is much weaker in the telencephalon
were mutated by base substitution to preserve the exact spacthgn in the rest of the CNS at an age when the entire CNS
between the remaining sites. should be positive (compare Fig. 5H and 5B). This poor
Each of the two octamer sites was altered at 6 of 8 basepaiexpression in the telencephalon is still apparent at E13.5 (Fig.
removing the octamer homology (constructs M1 and M4; seBl) and E14.5 (data not shown). It appears that the hormone
Fig. 1). The hormone response element was substituted at 4reEponse element is necessary for reporter expression only in
8 basepairs within the half-site (construct M5). Similarly, thetelencephalon and dorsal mesencephalon.
two AP-2 sites were altered at 6 or 7 of 11 basepairs; in this Mutation of the downstream octamer (construct M4) has a

A POU protein binding site and a hormone response

Fig. 4. The two octamer sites in the A. B. C. D.
nestin enhancer are recognized by thﬁuclear

class Il POU trar]scripti_o_n fact_ors. extract: E13 cortex E17 cortex E17 cortex P5 cortex
(A) Electrophoretic mobility shift antibody: none Brn-1Brn-2 none Brn-1Brn-2 Tst-1  none Brn-4 none Brn-1Bm-2 Tst-1

assay (EMSA) of Ftpt4 probe with E13 \ ey
rat cortex nuclear extract shows six (-
protein-DNA complexes (lane 1). = .
Addition of antibody against Brn-1

disrupts one complex (Brn-1, lane 2)

and produces a supershift (arrowhead).
Brn-2 antibody supershifts two other “ Ll
Bm-1— b ¥ Bn-1—

.-g 4

wy

T

bands (Brn-2, lane 3). (B) EMSA of
Ftptl probe with nuclear extract from
E17 rat cortex. Five complexes are
produced (lane 4). Antibodies against
Brn-1 (lane 5) or Brn-2 (lane 6)
supershift bands migrating similarly to
those seen in E13 extract. Antibody to
Tst-1 has little effect (lane 7).

(C) EMSA of Ftptl probe with nuclear
extract from E17 rat cortex. Antibody
against Brn-4 (lane 9) produces a
supershift (arrowhead), but only
slightly disrupts the two Brn-2
complexes. (D) EMSA of Ftpt4 probe
with nuclear extract from P5 rat cortex. T2 3
Two strong protein-DNA complexes

are seen (lane 10), and these are supershifted by antibodies against Brn-1 and Brn-2 (lanes 11 and 12). A weak bartthguBtip&ow
complex is supershifted by antibody against Tst-1 (lane 13).

Bri-1=

Brn-2—

Bm-2— “ . Bmo—
e : Tst-1 =+

Bm-2—
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A

AP-2 AP-2 POU HRE

x £ &g ® X

Embryos Embryos Embryos Embryos
D,EF B,C I.K,L G, H,1

w.

Fig. 5. Mutations of single binding sites within the nestin second intron disrupt CNS expression. (A) Transgenic embryo made with the wild-
type nestin second intron (construct A), whole-mounted at E11.5 and staifie@abrAt this age, wild-type reporter expression is weak in the
dorsal telencephalon and mesencephalon. (B,C) Embryos at E12.5 and E13.5 made with a mutation of both AP2-like sitiets &t &mok i
(construct M2/3). These embryos show the wild-type pattern of reporter expression throughout the CNS. (D,E,F) Mice a2E1dns, E1

E13.5 made with a mutated octamer site at footprint 1 (construct M1). This mutation does not disturb the normal repaitar akpah

age. (G,H,l) Mice at E11.5, E12.5 and E13.5 made with a mutated hormone response element at footprint 5 (construct M5). Reporte
expression at E11.5 is strong in all regions of the CNS except the anterior telencephalon and dorsal mesencephalon, similar to wild type
(compare A and G). At E12.5 and E13.5 (H and 1), expression remains weak in the telencephalon and dorsal midbrain. (J,K,L) Mice at E12.5,
E13.5 and E13.5, made with a mutated octamer site at footprint 4 (construct M4). Weak expression in varying portions @ SeeC M3

few embryos, but there is no strong, consistent CNS expression.
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significant effect on the CNS-specific activity of the enhancethe M4 embryos. This result indicates that the downstream
M4 embryos had at most partial staining of the CNS (5 of 1&ctamer site is required for full CNS-specific expression.
transgenics), and the pattern varied in each embryo (Fig.

5J,K,L). This is a striking contrast to the upstream octamer sitéy CNS-specific element is located in the B-FABP

which was unnecessary for CNS-specific staining. SlgnlflcarﬂVOXIma| promoter

but variable non-neural staining was also observed in some ©he B-FABP gene has a pattern of expression similar to that

-4500 B-FABP 5' untranslated +82
[ ]

XS -766

A4 -392 ™\ -274
- -328
A7 422

A9 -370 to -362
A10 -280 to -276
-392
|--> A7 f--> N
-422 TTTCTTTAAGGAGGCCTTCATTTGTAACCAACACCATGCTCTCCTTAAGG
-328
[--09---] A7 <--|

Fig. 6. Deletion analysis of the B-FABP AAATCAATCTCAATGCCCTATTATCCTTCCCTTTTCTTTCCTCCCAGTTT
upstream promoter. Segments of the B- Pbx/ PQU
FABP 5'flanking region, including the A [ Alé]- -t
endogenous promoter, were linked to the
lacZ reporter gene. (A) A schematic map GAG(I:TGCAGFTGCI:TTTTTTTTTCTTATCCCCTGCTGAACgFI;EGAAAAA -274

of the constructs shows the limits of the
deleted regions and their nucleotide
sequences. The Xgagment is sufficient

for strong expression throughout the
developing CNS of E10.5 and E12.5
transgenic embryos (B and K). XS drives
expression in the ventricular zone of
E11.5 spinal cord (C). Several deletions
were made within the XS construct, of
which the 118 bp deletiod had the
greatest effect: there was little expressio
anywhere in E10.5 embryos (D,E). An
overlapping deletiom\7, allowed CNS

expression from the rhombic lip through
the anterior cord (F). Othé7 -
transgenic embryos showed less CNS ,;?'
expression (G). The 64 bp removed by |
both A4 and A7 contain a putative
Pbx/POU binding site, which was H
deleted to make theXAransgene. A9
mice matched theDanimals in pattern
and frequency of expression, indicating
that this site was critical for expression
outside of the hindbrain and anterior '
spinal cord (H,l). A putative hormone XS
response element resides within the A

deletion. A five nucleotide deletion

within the HRE, A0, produces a POU HRE
transgene which gave poor expression in' A
the forebrain of E12.5 embryos (J) but in t t

all other CNS regions performed
similarly to the complete XS fragment

D. E
(compare to K). G, H,
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A E16 mouse cortex B E18 mouse cortex C E15 mouse midbrain extract
competitors: = antibodies: antibodies: competitors:
] Pbx-1Pbx-1 Pbx-1
pbx c=>g oct 8 Bm-1Bm-2 Tst1 Pit-1 Pbx-1 Bm-1 Bm-2 Tst-1 none Bm-1 Bm-2 Tst-1 probenane DRS DR1 IRG MBP DR4 Tl oct! AP1 SP1

Phx-1 =+

Brn-1 =

Fig. 7. Supershift assays show that the B-FABP promoter contains a Pbx/POU binding site and a hormone response element. (A) EMSA on an
oligonucleotide probe containing the Pbx site of the B-FABP promoter. Nuclear extract from E16 mouse cortex forms three protein-DNA
complexes on the labeled probe (lane 4). One hundred-fold excess unlabeled oligonucleotide containing the Pbx consenmissisevay

the uppermost band (lane 1). An oligonucleotide identical to the probe except for a one basepair mutation competes away only the middle banc
(lane 2), as does an oligonucleotide containing the octamer consensus site for POU proteins (lane 3). The lowest band is not sequence-specific
(not shown). Addition of antibody against Brn-1 protein disrupts the middle band (lane 5), while antibody against Pbx1asogecskift

(arrowhead) and partially disrupts the uppermost band (lane 9). (B) EMSA on the same Pbx site probe, using nuclear extract from E18 mouse
cortex. Multiple specific complexes are formed, but two bands are strongest (lane 1). Antibody against Brn-1 disrupts the upper of these (lane
2) and produces a supershift (arrowhead). Antibody against Brn-2 partially disrupts the lower complex and produces a supershift (lane 3).

(C) EMSA on an oligonucleotide probe containing the B-FABP hormone response element. Nuclear extract from E15 midbraieegforms thr
sequence-specific complexes (arrowheads). These complexes are competed to varying degrees by 50-fold excess oligontialgotides bea
consensus binding sites for nuclear hormone receptors, including all-trans-retinoic acid receptors (lane 3), 9-cis-retinoic acid receptors (lane 4),
thyroid hormone receptors (lanes 5-7), and the orphan receptor tailless (100-fold excess; lane 8). No competition of xaig/ giuerpley

POU, AP-1, or SP-1 consensus sites (lanes 9-11).

of nestin and correlates with the distribution of stem cells. Fenigsertion sites. The most extensive CNS expression was in
and Heintz (1995) showed that a region between 0.3 kb aridndbrain and anterior spinal cord, plus slight expression in
0.8 kb upstream of the B-FABP gene is sufficient forventral midbrain (Fig. 6F). All other embryos had less
developmentally regulated reporter expression throughout thrextensive or no CNS expression (Fig. 6G). While the 94 bp
fetal CNS. We have used the same proximal promoter fragmedeletion does not completely abolish CNS reporter expression,
(-766 to +82 bp) to drive lacZxpression in transient it is not possible with this deletion for expression to extend
transgenic mice. This fragment shows high levels of expressighroughout the CNS.
on E10.5 (Fig. 6B), at an age when B-FABP mRNA is detected ) ] )
throughout the neuroepithelium in most of the CNS (Kurtz eff he crucial portion of the B-FABP promoter contains
al., 1994). Reporter expression is continuous throughout thPbx/POU binding site which is recognized by Pbx-
CNS except for the dorsal telencephalon and a small gap in theand Brn-1
hindbrain at the level of rhombomere five. In a section througBy inspecting the 64 basepairs deleted in boththend &
the spinal cord at E11.5 (Fig. 6C) reporter expression is se@onstructs, a 7 of 9 bp consensus binding site for Pbx proteins
throughout the ventricular zone and at the pial surface, whefATCAATCtc) was found. Gel supershift assays were
it marks the endfeet of radial glia. Unlike nestin, expression iperformed on this sequence in vitro, using protein from E16
not seen in the floorplate or dorsal midline. mouse cortex. An oligonucleotide probe corresponding to the
To further localize the transcriptional control elements of théB-FABP promoter from 378 to—355 forms three complexes
B-FABP promoter, a series of seven overlapping deletions iwith E16 cortex (Fig. 7A). The fastest-migrating complex is not
the 0.8 kb fragment were generated by PCR (Fig. 6A). O& sequence-specific activity, as demonstrated by competition
these, a deletion of 118 b4) removed promoter sequencesassay (not shown). Antibody against Pbx-1 supershifts the
from =392 to 274. This deletion completely eliminated CNS upper specific complex but not the lower, while antibody against
expression in transgenic mice (Fig. 6D,E). An overlappindrn-1 disrupts the lower complex. A second POU protein also
deletion,A7, was made distally from422 to -328. This 94 bp  binds to this site in extracts of E18 cortex (Fig. 7B). Antibodies
deletion allows limited CNS expression in some transgeniagainst Brn-1 and Brn-2 supershift distinct complexes. Thus the
mice. Individual E10.5 embryos had various patterns oB-FABP promoter contains a hybrid Pbx/POU binding site at
reporter expression, probably due to varying transgen&70 to -362, recognized by Pbx-1, Brn-1 and Brn-2.
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The Pbx/POU site is necessary for full CNS to that produced by mutation of the nestin enhancer at its HRE
expression (see Fig. 51). The only notable difference between the two
In the 0.8 kb B-FABP promoter, the 9 basepairs of the Pbx/PO&mbryos is in the remaining expression in the telencephalon. In
binding site were deleted by PCR. Transgenic mice with thisestin enhancer mutants the ventrolateral portion of the
deletion had very limited reporter expression in the CNS; thlemispheres, just above the eyes, expresses the reporter; in B-
lacZ product was seen predominantly in the hindbrain andFABP HRE mutants, expression is maintained only in the most
anterior spinal cord (Fig. 6H,l). Overall, the expression patteranterior region.
of the Pbx/POU mutation closely resembles that in the 94 bp
deletion A7 (compare Fig. 6H with 6F). In both cases,
expression is variable in each embryo but the greatest obseni@tSCUSSION
extent of CNS expression is limited to midbrain, hindbrain and
anterior spinal cord. This shows that the Pbx/POU site is thideuroepithelial precursor cells express the intermediate filament
critical element within the 94 bp deletion. gene nestin and the brain fatty acid binding protein. In both
The B-FABP promoter Pbx/POU site is bound by both Pbx-henes a single regulatory region is sufficient for expression
and POUs in vitro. To determine whether both activities aréhroughout the early CNS. In vitro assays show that the control
required for promoter function, the Pbx/POU siteregions of both genes are bound by class Il POU proteins and
(ATCAATCTC) was altered at the first cytosine residue tounidentified nuclear hormone receptors. The POU sites are
produce the sequence ATGAATCTC. This sequence is not bourditical for establishing the CNS expression domain of each
by Pbx according to published data (Chang et al., 1996), howewgene, and the hormone response elements are required for full
it resembles more closely the typical octamer site. The activitgxpression in the rostral CNS.
of this mutation was tested in vitro and in vivo. For in vitro tests, o ]
the mutant Pbx/POU site was synthesized as a double-strand@aallel transcriptional regulation
oligonucleotide competitor for EMSA. The oligo competes awayn the nestin gene a conserved 257 bp enhancer located in the
the identified Brn-1 complex on the wild-type probe, but does natecond intron is sufficient to drive reporter transcription in all
affect the Pbx-1 complex (Fig. 7A, lane 2). Thus a single basepaigions of the CNS, allowing proper onset and shutoff of
change in the Pbx/POU competitor creates exclusive recogniti@xpression. These results agree closely with those of Lothian and
of the POU protein, Brn-1. Mice bearing the 0.8 kb proximalendahl (1997), who localized the CNS-specific element of the
promoter with the same Pbx/POU site mutation which preventdauman nestin gene to 714 bp at the conservexd3of the intron.
binding of Pbx-1 nevertheless had strong and full CNS expressidrhey showed 78% sequence identity between the rat and human
(not shown). These data indicate that Pbx-1 binding igenes in the 257 bp sequence we have identified. The five
dispensable while POU binding to the promoter is required fdiootprinted sites identified in the rat enhancer are especially

expression throughout the CNS. conserved: these sequences are identical in the two species at 19
) ] of 19 bp, 15 of 19 bp, 21 of 25 bp, 13 of 16 bp, and 29 of 32 bp.

The crucial region of the B-FABP promoter also Of these five sites in the nestin enhancer, one is a hormone

contains a nuclear hormone response element response element which is required for reporter activity in the

The 118 bp deletiod4 had a more severe effect on CNSdorsal portions of the forebrain and midbrain. Two are octamer
expression than the 94 bp deletiohdx Pbx/POU site deletion sites recognized by the class Il POU proteins Brn-1, Brn-2,
A9. Therefore it is likely that the 118 bp region containsBrn-4 and Tst-1. Deletion of the downstream octamer from the
additional sequences which contribute toward CNS expressiooomplete second intron allows only weak and inconsistent
By inspection of the 54 bp of this sequence which do no€NS activity. Therefore all additional transcriptional elements
overlapA7, a possible hormone response element was found ik the intron, including the hormone response element and the
—286 to-275. The reverse strand'{BTTTCAGGTTCA-3) elements outside the 257 bp enhancer which drive weak
resembles a direct repeat of the half-site (AGKTCA) for nonmidbrain, rhombic lip and spinal cord expression, are
steroid nuclear hormone receptors. Gel shifts show that thiteependent upon the activity of this POU binding site.
sequence is recoghized by multiple activities in E16 cortex In B-FABP, expression is controlled by a 1.6 kb upstream
nuclear extract (Fig. 7C). Competition with canonical bindingsequence that has been identified by Feng and Heintz (1995).
sites for various non-steroid nuclear hormone receptor®nly the proximal 0.8 kb was required for early CNS expression.
reinforces the conclusion that this sequence is a hormorne this region, putative transcriptional control elements have
response element. Binding sites typically recognized by thyroitleen identified. One is a Pbx/POU site which is bound by Pbx-
hormone receptors and/or retinoid receptors were able th Brn-1 and Brn-2 in CNS nuclear extracts. Deletion of the
compete away the binding activity of the B-FABP hormonePbx/POU site abolishes expression in most of the
response element. neuroepithelium. Alteration of a single nucleotide eliminates
Five basepairs of the hormone response element were deletebix-1 binding and retains both POU binding and expression in
from the 0.8 kb B-FABP promoter to make the consthi@.  the early CNS. Thus we have identified a POU binding site in
In E12.5 transgenic mice generated with thE0 reporter the B-FABP promoter which drives full CNS expression.
construct, expression was normal in most of the CNS. Howevavjutation of a nuclear hormone response element had an effect
the level of expression in the telencephalon was low except fan reporter expression in the forebrain, which resembles a
a patch of dorsal expression at the anterior extreme of themilar deletion in the nestin enhancer but does not affect dorsal
hemispheres (Fig. 6J) while expression from the wild-typenidbrain expression. While the control derived from POU
promoter fills the telencephalon at a similar age (Fig. 6K). Thifactors is widespread, both hormone response elements control
expression pattern from the HRE deletion is remarkably similagxpression only in the anterior regions of the neural tube.
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These data suggest that POU proteins and nuclear hormoRBIS (Collarini et al., 1991; Monuki et al., 1990; Monuki et al.,
receptors cooperate to drive gene expression in anterior CN#93). Deletion of Tst-1 prevents Schwann cell differentiation
A number of studies have shown synergy between nucle@Bermingham et al., 1996; Jaegle et al., 1996). Thus deletions
hormone receptors and the POU gene Pit-1 in the forebraiof individual POU genes affect only a few postmitotic cell
Pit-1 sites synergize with estrogen, thyroid hormone, antypes. However, POU functions in dividing CNS cells may be
retinoic acid response elements in the enhancers of tlmwmplemented by redundant family members.
prolactin, growth hormone, and Pit-1 genes, respectively (see In conclusion, we propose a novel role for POU proteins in
Rhodes et al., 1994 for review). Also, the POU domains of Brnmitotic neuroepithelium. Gene targeting shows that individual
3a and Brn-3b bind the estrogen receptor (Budhram-Mahad&OUs are required for differentiation of select tissues.
et al., 1998). Cooperation between POU proteins and nucleblowever, our data indicate that multiple class IlI POUs

hormone receptors may be a general phenomenon. regulate the transcription of diverse genes in CNS stem cells.
o _ Thus, expression of a set of class Il POU proteins could define
A switch in POU expression the stem cell state. Exit from this state is accompanied by

The class Ill POU proteins are candidate regulators of CNShanges in POU expression, with Brn-1, Brn-2, and Brn-4
specific genes because they are widely expressed in embryoniely shut off while Brn-3a and Brn-5 are turned on in newly
and adult CNS (Alvarez-Bolado et al., 1995; He et al., 1989)postmitotic cells. Creation of the stem cell state during neural
Like nestin and B-FABP, Brn-1, Brn-2, and Brn-4 are broadlyinduction may also involve a switch in POU expression. This
expressed in the embryonic neuroepithelium. Brn-2 is transcribes suggested by overexpression of Xemopu$Brn-4 homolog

in the forebrain by E8.5 (Schonemann et al., 1995), which is closdPOU-2, which induces neural markers in ectoderm (Witta et
to the first appearance of nestin transcript at E7.75 (Dahlstramdl, 1995). Ectodermal cells, like P19 cells, may be required to
et al., 1995) and well ahead of B-FABP emergence at E10. Thehut off Oct-3 and express class Ill POUs to become neural.
other POU-IIl genes (Brn-1, Brn-4 and Tst-1) are all detected ithus switches in POU expression may control both the
the neuroepithelium by E10 (Alvarez-Bolado et al., 1995). acquisition and the loss of stem cell characteristics in the CNS.

In the cortex, Brn-1 and Brn-2 are strongly expressed in the

ventricular zone, and repressed when stem cells first differentiateWe wish to thank Mark Kamps for Pbx1 antibody, Keiko Ozato for
into neurons (Alvarez-Bolado et al., 1995). They are often réRXRp antibody, Geoff Rosenfeld for POU antibodies, Robert Bulleit
expressed in mature neurons. In contrast, Tst-1 in cortex is fify Brn-5 antibody, Ming-Jer Tsai for COUP-TF antibody, Trevor

: . - - . L illiams for AP-2 antibodies, Helen Mitchell for expert technical
expressed during migration and differentiation of layer 5 an ssistance, and Lyle Zimmerman for constructs YSt-TKlacZ and NY-

layer 2/3 neurons (Frantz et al., 1994). POUS. of tWC.) Oth_e'fKIacZ. T. M. received support from Deutsche Forschungs-
classes, Brn-3a and Brn-5, are not expressed in proliferatingmeinschaft.
precursors of the CNS but appear almost immediately upon
neuronal differentiation (Andersen et al., 1993; Okamoto et alREFERENCES
1993; Cui and Bulleit, 1997; Fedtsova and Turner, 1995). These
results emphasize that the expression of POU genes is abruptlyarez-Bolado, G., Rosenfeld, M. G. and Swanson, L. W}1995). Model
altered when neurons differentiate from their precursors. of forebrain regionalization based on spatiotemporal patterns of POU-III
Another POU protein Oct-3. is only expressed in cells of the homeobox gene expression, birthdates, and morphological features.
| b d ’ '” Ok L 1990: R Comp. Neurol355, 237-295.
very early embryo and germ cells (Okamoto et a 1 YT OSN&hgersen, B., Schonemann, M. D., Pearse, R. V. 2d., Jenne, K., Sugarman,
etal., 1990; Scholer et al., 1990). Oct-3 expression in headfold. and Rosenfeld, M. G(1993). Brn-5 is a divergent POU domain factor
ectoderm is last seen at E8.5 (Rosner et al., 1990), close to thaighly expressed in layer IV of the neocortdxBiol. Chem268, 23390-
time of neural induction. Treatment of P19 embryonal 2Id3v:?/ign8-A S. (1988). Methylation interference assay for analysis of DNA:
carcmoma cells with retmqlc acid prqduces neurons and Othg'aprotei’n interactions. li€urrent Protocols in Molecular Biologged. F. M.
dmerentla-t?d cell type_s_vyhlle repressing OCt'3. (Okamom et al., ausubel, R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A. Smith,
1990). Antisense inhibition of Brn-2 expression in P19 cells and K. Struhl), pp. 12.3.1-12.3.6. New York: John Wiley and Sons, Inc.
specifically blocks the neuronal fate (Fujii and Hamada, 1993Rermingham, J. R., Jr,, Scherer, S. S., O'Connell, S., Arroyo, E., Kalla, K.
Forced expression of Oct-3 in certain differentiated P19 cells A Powell, . L. and Rosenfeld, M. G(1996). Tst-1/0ct-6/SCIP regulates
. ish . f Brn-2 and nestin (Shimazaki et al a unique step in peripheral myelination and is required for normal
extinguishes expression o ! - al., respiration Genes Devi0, 1751-1762.
1993). These data suggest that a change in POU expressiomist, K. M., Poole, S. J. and Schedl, F1995). The miti-mere and pdm1
required for the acquisition of neural potential. POU proteins genes collaborate during specification of the RP3/sib lineage in Drosophila
could specify neural precursor identity in mammals as they dg heurogenesisiol. Cell. Biol (:155405254%6(31995) Host-guided migration
. . . U , 0., , U y, R. D. . -gui i i
n Drosqphlla(Bhat_ et al'! 1995; Yeo etal, 1995)' allows targeted introduction of neurons into the embryonic biNguron
Additional functional information on POUs comes from 15 12751285,
homologous recombination experiments. Unfortunately, Brn-Budhram-Mahadeo, V., Parker, M. and Latchman, D. S.(1998). POU
and Brn-4 deletions in mice have not been described. Disruptiontranscription factors Brn-3a and Brn-3b interact with the estrogen receptor

_ ; ; and differentially regulate transcriptional activity via an estrogen response
of Brn-2 results in the loss of the paraventricular nucleus (PVH) elementMol. Coll. Biol. 18, 1029-1041.

and Sl'!praopup nucleus (SO) of the hypOthalamus as well as tBQmpbeII, K., Olsson, M. and Bjérklund, A.(1995). Regional incorporation
posterior pituitary (Nakai et al., 1995; Schonemann et al., and site-specific differentiation of striatal precursors transplanted to the
1995). In the absence of Brn-2, the neuroendocrine cells of theembryonic forebrain ventricliéeuron15, 1259-1273.

two hypothalamic nuclei die during migration or terminal STC8 ™ £ e ais, e o o terminal arm
dlﬁeremla.‘tlon' .NO other brain reg!ons are grOSS|y abnormal, establishes different DNA-binding specificities across the Hox Iddosk.
and no disruption of development is seen prior to E12.5. Tst-1 cell. Biol. 16, 1734-1745.

is expressed in dividing glial cell precursors in the CNS andollarini, E. J., Pringle, N., Mudhar, H., Stevens, G., Kuhn, R., Monuki,



POUs specify CNS stem cell transcription 3099

E. S., Lemke, G. and Richardson, W. D(1991). Growth factors and binding protein correlates with neuronal and glial cell development.
transcription factors in oligodendrocyte development. J. Cell15¢i117- Development20, 2637-2649.
123. Lothian, C. and Lendahl, U.(1997). An evolutionarily conserved region in
Cui, H. and Bulleit, R. F. (1997). Expression of the POU transcription factor  the second intron of the human nestin gene directs gene expression to CNS
Brn-5 inhibits proliferation of NG108-15 cell8iochem. Biophys. Res. progenitor cells and to early neural crest cells. Eur. J. Neu@s¢52-462.
Commun236, 693-696. Maniatis, T., Fritsch, E. F. and Sambrook, J(1989). Molecular Cloning: a
Dahlstrand, J., Lardelli, M. and Lendahl, U. (1995). Nestin mRNA Laboratory Manual.Cold Spring Harbor, New York: Cold Spring Harbor
expression correlates with the central nervous system progenitor cell stateLaboratory Press.
in many, but not all, regions of developing central nervous sydbem. Marks, M. S., Hallenbeck, P. L., Nagata, T., Segars, J. H., Appella, E.,

Brain Res84, 109-129. Nikodem, V. M. and Ozato, K. (1992). H-2RIIBP (RXm®)
Dignam, J. D., Lebovitz, R. M. and Roeder, R. G(1983). Accurate heterodimerization provides a mechanism for combinatorial diversity in the
transcription initiation by RNA polymerase Il in a soluble extract from regulation of retinoic acid and thyroid hormone responsive g&n¢BO J.
isolated mammalian nuclélucl. Acids Resl1, 1475-1489. 11, 1419-1435.
Fedtsova, N. G. and Turner, E. E(1995). Brn-3.0 expression identifies early Marshall, H., Nonchey, S., Sham, M. H., Muchamore, I., Lumsden, A. and
post-mitotic CNS neurons and sensory neural precurbtesh. Dev.53, Krumlauf, R. (1992). Retinoic acid alters hindbrain Hox code and induces
291-304. transformation of rhombomeres 2/3 into a 4/5 identity. Na&866; 737-741.

Feng, L., Hatten, M. E. and Heintz, N.(1994). Brain lipid-binding protein =~ Martinez, M. (1996). Docosahexaenoic acid therapy in docosahexaenoic acid-
(BLBP): a novel signaling system in the developing mammalian CNS. deficient patients with disorders of peroxisomal biogenkegigls 31, S145-
Neuron12, 895-908. 152.

Feng, L. and Heintz, N.(1995). Differentiating neurons activate transcription Matsuda, M., Katoh-Semba, R., Kitani, H. and Tomooka, Y.(1996). A
of the brain lipid-binding protein gene in radial glia through a novel possible role of the nestin protein in the developing central nervous system

regulatory element. Developmeltl, 1719-1730. in rat embryosBrain Res.723, 177-89.
Fishell, G. (1995). Striatal precursors adopt cortical identities in response tdonuki, E. S., Kuhn, R. and Lemke, G.(1993). Repression of the myelin
local cues. Developmeff1, 803-812. PO gene by the POU transcription factor SGIBch. Dev42, 15-32.

Frantz, G. D., Bohner, A. P., Akers, R. M. and McConnell, S. K(1994). Monuki, E. S., Kuhn, R., Weinmaster, G., Trapp, B. and Lemke, G(1990).
Regulation of the POU domain gene SCIP during cerebral cortical Expression and activity of the POU transcription factor SStience249,

developmentJ. Neuroscil4, 472-485. 1300-1303.

Frederiksen, K. and McKay, R.(1988). Proliferation and differentiation of Nakai, S., Kawano, H., Yudate, T., Nishi, M., Kuno, J., Nagata, A., Jishage,
rat neuroepithelial precursor cells in vivb.Neurosci8, 1144-1151. K., Hamada, H., Fujii, H., Kawamura, K., et al. (1995). The POU domain
Fujii, H. and Hamada, H. (1993). A CNS-specific POU transcription factor,  transcription factor Brn-2 is required for the determination of specific
Brn-2, is required for establishing mammalian neural cell lineddmsron neuronal lineages in the hypothalamus of the moBsees Dew, 3109-

11, 1197-1206. 3121.

Gensburger, C., Labourdette, G. and Sensenbrenner, M1987). Brain Okamoto, K., Okazawa, H., Okuda, A., Sakai, M., Muramatsu, M. and
basic fibroblast growth factor stimulates the proliferation of rat neuronal Hamada, H. (1990). A novel octamer binding transcription factor is

precursor cells in vitro. FEBS Left17, 1-5. differentially expressed in mouse embryonic cells. 6@)1461-472.
Ghosh, A. and Greenberg, M. E(1995). Distinct roles for bFGF and NT-3 Okamoto, K., Wakamiya, M., Noji, S., Koyama, E., Taniguchi, S.,
in the regulation of cortical neurogenediguronl5, 89-103. Takemura, R., Copeland, N. G., Gilbert, D. J., Jenkins, N. A.,

Goulding, M. D., Lumsden, A. and Gruss, P(1993). Signals from the Muramatsu, M., et al. (1993). A novel class of murine POU gene
notochord and floor plate regulate the region-specific expression of two Pax predominantly expressed in central nervous systenBiol. Chem.268,

genes in the developing spinal coftbvelopment17, 1001-1016. 7449-7457.
Gritti, A., Parati, E. A., Cova, L., Frolichsthal, P., Galli, R., Wanke, E., Papalopulu, N. and Kintner, C. (1993). Xenopus Distal-less related
Faravelli, L., Morassutti, D. J., Roisen, F., Nickel, D. D., et al1996). homeobox genes are expressed in the developing forebrain and are induced

Multipotential stem cells from the adult mouse brain proliferate and self- by planar signalsDevelopmeni17, 961-75.
renew in response to basic fibroblast growth factor. J. Neuts$cil091- Reynolds, B. A. and Weiss, 1992). Generation of neurons and astrocytes

1100. from isolated cells of the adult mammalian central nervous sySteience
Habener, J. F. (1990). Cyclic AMP response element binding proteins: a 255, 1707-1710.

cornucopia of transcription factonglol. Endocrinol.4, 1087-1094. Rhodes, S. J., DiMattia, G. E. and Rosenfeld, M. G1994). Transcriptional
He, X., Treacy, M. N., Simmons, D. M., Ingraham, H. A., Swanson, L. W. mechanisms in anterior pituitary cell differentiati@urr. Opin. Gen. Dev.

and Rosenfeld, M. G(1989). Expression of a large family of POU-domain 4, 709-717.

regulatory genes in mammalian brain development. N&de 35-42. Rosner, M., Vigano, M. A., Ozato, K., Timmons, P. M., Poirier, F., Rigby,

Higuchi, R. (1990). Recombinant PCR. RCR Protocols: a Guide to Methods P. W. J. and Staudt, L. M.(1990). A POU-domain transcription factor in
and Applicationged. M. A. Innis, D. H. Gelfand, J. J. Sninsky, and T. J.  early stem cells and germ cells of the mammalian emblgture345, 686-

White), pp. 177-183. San Diego: Academic Press. 692.
Hockfield, S. and McKay, R.(1985). Identification of major cell classes in Ruiz i Altaba, A. (1994). Pattern formation in the vertebrate neural plate.
the developing mammalian nervous system. J. Neurds&i310-3328. Trends Neuroscil7, 233-243.

Hogan, B., Constantini, F. and Lacey, E(1986). Manipulating the Mouse Scholer, H. R., Ruppert, S., Balling, R., Suzuki, N., Chowdhury, K. and
Embryo: A Laboratory ManualCold Spring Harbor Laboratory, Cold Gruss, P.(1990). New type of POU domain in germ line-specific protein
Spring Harbor, New York. Oct-4.Nature 344, 435-439.

Huo, B., Dozin, B. and Nikodem, V. M.(1997). Identification of a nuclear Schonemann, M. D., Ryan, A. K., McEvilly, R. J., O'Connell, S. M., Arias,
protein from rat developing brain as heterodimerization partner with thyroid C. A., Kalla, K. A., Li, P., Sawchenko, P. E. and Rosenfeld, M. G1995).
hormone receptor-fEndocrinology138, 3283-3289. Development and survival of the endocrine hypothalamus and posterior

Imagawa, M., Chiu, R. and Karin, M. (1987). Transcription factor AP-2 pituitary gland requires the neuronal POU domain factor BeRes Dev.
mediates induction by two different signal-transduction pathways: protein 9, 3122-3135.

kinase C and cAMFCell 51, 251-260. Schreiber, E., Tobler, A., Malipiero, U., Schaffner, W. and Fontana, A.
Innis, S. M. (1991). Essential fatty acids in growth and developmerag. (1993). cDNA cloning of human N-Oct3, a nervous-system specific POU

Lipid Res.30, 39-103. domain transcription factor binding to the octamer DNA métifcl. Acids
Jaegle, M., Mandemakers, W., Broos, L., Zwart, R., Karis, A., Visser, P., Res.21, 253-258.

Grosveld, F. and Meijer, D.(1996). The POU factor Oct-6 and Schwann Shihabuddin, L. S., Ray, J. and Gage, F. H1997). FGF-2 is sufficient to

cell differentiation. Scienc273, 507-510. isolate progenitors found in the adult mammalian spinal d&xgd. Neurol.
Johe, K. K., Hazel, T. G., Miiller, T., Dugich-Djordjevic, M. M. and McKay, 148, 577-86.

R. D. G.(1996). Single factors direct the differentiation of stem cells from Shimazaki, T., Okazawa, H., Fujii, H., Ikeda, M., Tamai, K., McKay, R.

the fetal and adult central nervous system. GeneslDe®129-3140. D. G., Muramatsu, M. and Hamada, H.(1993). Hybrid cell extinction and
Kurtz, A., Zimmer, A., Schnutgen, F., Brining, G., Spener, F. and Miller, re-expression of Oct-3 function correlates with differentiation potential.

T. (1994). The expression pattern of a novel gene encoding brain-fatty acid EMBO J.12, 4489-4498.



3100 R. Josephson and others

Thompson, C. C. and Bottcher, M. C.(1997). The product of a thyroid Witta, S. E., Agarwal, V. R. and Sato, S. M(1995). XIPOU2, a noggin-
hormone-responsive gene interacts with thyroid hormone receptors. Proc. inducible gene, has direct neuralizing actividgvelopmenti21, 721-730.

Natl. Acad. Sci. USA4, 8527-8532. Xu, L. Z., Sanchez, R., Sali, A. and Heintz, N1996). Ligand specificity of
Vicario-Abejon, C., Cunningham, M. G. and McKay, R. D. G.(1995a). brain lipid-binding proteinJ. Biol. Chem271, 24711-24719.

Cerebellar precursors transplanted to the neonatal dentate gyrus expré&®, S. L., Lloyd, A., Kozak, K., Dinh, A., Dick, T., Yang, X., Sakonju, S.
features characteristic of hippocampal neurdnbleuroscil5, 6351-6363. and Chia, W. (1995). On the functional overlap between two Drosophila
Vicario-Abejon, C., Johe, K. K., Hazel, T. G., Collazo, D. and McKay, R. POU homeo domain genes and the cell fate specification of a CNS neural

D. G.(1995b). Functions of basic fibroblast growth factor and neurotrophins precursorGenes Dewd, 1223-36.
in the differentiation of hippocampal neurof&euron15, 105-114. Yu, R. T., McKeown, M., Evans, R. M. and Umesono, K.(1994).

Wegner, M., Drolet, D. W. and Rosenfeld, M. G.(1993). POU-domain Relationship between Drosophigep geneaillessand a vertebrate nuclear
proteins: Structure and function of developmental regulators. Curr. Opin. receptor TIx. Nature70, 375-379.
Cell Biol. 5, 488-498. Zimmerman, L., Lendahl, U., Cunningham, M., McKay, R., Parr, B.,
Wirth, T., Staudt, L. and Baltimore, D. (1987). An octamer oligonucleotide Gavin, B., Mann, J., Vassileva, G. and McMahon, A. P(1994).
upstream of a TATA motif is sufficient for lymphoid-specific promoter Independent regulatory elements in the nestin gene direct transgene
activity. Nature 329, 174-178. expression to neural stem cells or muscle precurblensron12, 11-24.



