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1. ZUSAMMENFASSUNG

Der humane N-Oct 3 Transkriptionsfaktor gehört zu einer Familie

von eukaryontischen Transkriptionsregulatoren, die in Zelldifferen-

zierungs- und Entwicklungsprozessen wichtige Funktionen ausüben.

Diesen Proteinen ist eine DNS-Bindungsdomäne gemeinsam, die

sogenannte POU Domäne, die an die DNS Octamersequenz ATGCAAAT

oder an ähnliche Sequenzen bindet, welche in einer Vielzahl von

zellulären und viralen Promotoren vorkommen. N-Oct 3 und das

entsprechende Mausprotein Brn-2 gehören einer Unterklasse von POU

Proteinen an, die vorwiegend im sich entwickelnden oder ausgebildeten

Nervensystem exprimiert werden. Es wurde gezeigt, dass Brn-2 für die

Etablierung neuronaler Mauszellinien erforderlich ist und dass Mäuse,

die kein Brn-2 exprimieren, nicht imstande sind, gewisse Subpo-

pulationen von Neuronen im Hypothalamus auszubilden. Dies

verdeutlicht, dass dieser Transkriptionsregulator in der neuronalen

Zelldifferenzierung eine entscheidende Rolle spielt.

Ausser im Zentralnervensystem wird N-Oct 3 auch in

Melanozyten- und Melanomaextrakten nachgewiesen. Wird die N-Oct 3

Expression in Melanomazellen inhibiert, führt das zum Verlust des

malignen Phänotyps dieser Zellen, was zeigt, dass N-Oct 3 für die

Differenzierung und Erhaltung des Phänotyps von Melanozytenzellen

erforderlich ist. Unerwarteterweise werden in Extrakten von Zellen, die

mit N-Oct 3 kodierender cDNA transfektiert wurden, zwei octamer-

bindende Proteine gefunden: N-Oct 3 und ein zusätzlicher Komplex

namens N-Oct 5. Interessanterweise wird. .N-Oct 5 zusammen mit N-Oct 3

wohl in Melanomaextrakten nachgewiesen, nicht aber in Extrakten von

nicht malignen Melanozyten.

Das Ziel der vorliegenden Arbeit war, mehr über die Struktur und

Funktion von N-Oct 3 als einen Faktor, der in Entwicklungs- und

Differenzierungsprozessen von spezifischen Zelltypen involviert ist,

herauszufinden. In einem ersten Ansatz, wurde die humane genomische

N-Oct 3 DNS isoliert und das Gen chromosomal lokalisiert, um eine

mögliche Verbindung zu einer neurologischen Krankheit im Menschen
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herzustellen (Kapitel 4.1). Die Resultate zeigen, dass N-Oct 3 auf

Chromosom 6 liegt, in einer Region, die mit dem Locus zweier

hereditärer Augenkrankheiten überlappt. Zukünftige Experimente

werden zeigen, ob Patienten mit diesen Retinopathien Mutationen im

N-Oct 3 Gen tragen.

Im zweiten Projekt wurde die Beziehung zwischen N-Oct 3 und N-

Oct 5 untersucht, um eine mögliche Rolle dieser zwei Faktoren in der

Melanomabildung zu finden (Kapitel 4.2). Die vorliegenden Ergebnisse

zeigten initial, dass N-Oct 5 vom N-Oct 3 Gen kodiert wird und in

einem Posttranslationsprozess aus dem N-Oct 3 Protein entsteht.

Weitere Untersuchungen hingegen ergeben, dass dieser Prozess der N-Oct

5 Entstehung während der Präparation der Zellextrakte in vitro

geschieht, womit eine biologische Funktion für N-Oct 5 in der

Tumorbildung wahrscheinlich ausgeschlossen werden kann. Da N-Oct 3

in einer Region von Chromosom 6 lokalisiert ist, die in Melanoma

Patienten häufig deletiert oder rearrangiert ist, wird es von Interesse

sein, eine mögliche Funktion für N-Oct 3 in diesem Tumortyp ausfindig

zu machen.
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2. SUMMARY

The human transcription factor N-Oct 3 belongs to a family of

eukaryotic transcriptional regulators that perform important functions

in cell differentiation and development. These proteins share a

conserved DNA-binding domain called the POU domain, which binds to

the DNA octamer motif ATGCAAAT and related sequences found in a

variety of cellular and viral promoters. N-Oct 3 and its mouse homolog

Brn-2 are members of a subclass of POU-domain proteins that are

predominantly expressed in the developing and adult nervous System.

Brn-2 is required for establishing mouse neural cell lineages, and Brn-2-

deficient mice fail to generate specific subpopulations of neurons in the

hypothalamus, clearly demonstrating a role for this transcriptional

regulator in neural cell differentiation.

Besides being expressed in the central nervous System, N-Oct 3

protein has also been found in extracts of melanocytes, which are

derivatives of the neural crest, as well as in extracts of their

tumorigenic form, the melanoma cells. Studies show that inhibition of

N-Oct 3 expression in melanoma cells leads to a loss of the tumorigenic

phenotype of melanoma, demonstrating a fundamental role for N-Oct 3

in the differentiation and maintenance of the melanocytic phenotype.

An interesting aspect of N-Oct 3 is that cells transfected with N-Oct 3-

encoding cDNA yield two DNA-protein complexes: one containing N-Oct

3 and one with a faster mobility containing an octamer-binding

protein designated N-Oct 5. Interestingly this N-Oct 5 protein is found

in extracts of melanomas along with the N-Oct 3 protein but is

undetectable in extracts of melanocytes.'

The goal of this thesis was to learn more about the structure and

function of N-Oct 3 as a developmental regulator involved in the

differentiation process of specific cell types. In a first attempt, the

genomic human N-Oct 3 DNA was isolated and mapped within the

human genome, as an effort to find a possible link to a nervous-specific

disease in humans (chapter 4.1). Results are provided that assign N-Oct

3 to the long arm of chromosome 6, in a region overlapping the locus

of two retinal diseases. Future studies will show whether patients with
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these congenital disorders carry mutations in the N-Oct 3 gene.

In another approach, the relationship between N-Oct 3 and N-Oct

5 was examined to elucidate a possible involvement of these two factors

in tumor progression (chapter 4.2). Results show that N-Oct 5 is

encoded by the N-Oct 3 gene and arises by post-translational processing

of the N-Oct 3 protein. This processing, however, occurs during extract

preparation in vitro, suggesting that there may be no biological

function for N-Oct 5 in the oncogenic process. However, given the fact

that N-Oct 3 has been mapped to a region of chromosome 6, which is

frequently found to be deleted or rearranged in patients with

melanoma, further studies will be necessary to examine a possible role

of N-Oct 3 in this type of tumor.
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3. INTRODUCTION

3.1 Brain development: The role of transcriptional

regulators

The brain is the most complex of all biological organs and

therefore, understanding how it works offers one of the greatest

challenges in all of biological sciences. Insight into the development of

the nervous System provides Information about the functional

Organization of the mature brain and helps the understanding of what

goes wrong in nervous and mental diseases.

One of the key events in the development of the nervous System

occurs when precursor cells of the neural ectoderm become committed

to form different parts of the nervous System. In subsequent Steps, the

neural plate, a strip of ectoderm on the surface of the embryo, develops

into the neural tube which will eventually give rise to the central

nervous System (CNS)(1). Associated with the differentiation of the

neural tube are changes in surrounding tissues, such as the neural crest,

which gives rise to neurons and glia cells of the peripheral nervous

System but also to a variety of non-neural cells such as melanocytes,

chondrocytes, and myocytes (2, 3).

Development of the nervous System involves the generation of a

large number of heterogeneous neurons capable of forming complex

cellular networks between them. This developmental process must be

highly regulated to produce the different phenotypes of neurons and

their communication Systems (4). The' differential expression of genes

in a distinct spatial and temporal manner provides the molecular basis

for these highly regulated developmental events (5).

The mammalian genomes are believed to consist of about

lOO'OOO genes. The complexity of the brain is reflected in the fact that

as many as 30'000 genes are thought to be specifically expressed in the

brain (6). In eukaryotes, all genes that code for proteins are transcribed

by RNA Polymerase II (7). Regulatory regions responsible for Controlling

transcription are positioned either proximal or distal to the gene
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sequences coding for proteins (chapter 3.3). These regulatory regions

consist of short DNA sequence motifs which serve as specific binding

sites for transcription factors (8). Each gene has a particular

combination of such sequence motifs that vary in number, type, and

spatial array. By binding to these sequence motifs, transcription factors

can specifically modulate gene transcription and thus, represent an

important class of developmental regulators that can confer cell- and

tissue-type specificity.

3.2 Developmental functions of POU-domain proteins

Most transcription factors have two functional domains: the

DNA-binding domain, which is responsible for binding to specific DNA

motifs in regulatory regions, and the activation domain, which

interacts with other proteins of the transcriptional apparatus and

regulates the transcriptional machinery (chapter 3.3). The structures of

DNA-binding domains in cell-type-specific transcription factors are

highly conserved in nature, creating families of transcription factors,

such as homeo domain-, leucine zipper- and zinc finger-containing

proteins (9-12). The best studied are the homeo domain-containing

proteins first identified in Drosophüa (13). They are believed to encode

positional Information as evidenced by mutations which affect

developmental processes, resulting, for example, in the production of

additional legs in the position of the antennae (14). Genes containing

sequences homologous to the homeo domain have been isolated from a

number of vertebrates, including mammals, implying their potential

roles in the development of these higher organisms (15).

More recently, a new family of homeo domain-containing

regulatory proteins has been identified. These proteins contain a

conserved DNA-binding region known as the POU domain (chapter 3.4).

On the basis of the varied degree of similarities in the POU domain, the

POU transcription factors have been classified into seven subclasses

(Table 1). In contrast to classical homeo domain proteins, which are

expressed in the developing hindbrain and different parts of the adult

brainstem, the majority of POU-domain proteins are differentially

expressed in the developing and mature forebrain, suggesting that they
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selectively control differentiation events in specific neuronal

phenotypes in this recently evolved brain region (16). The role of some

of the described POU-domain factors in determining specific cell

phenotypes has been established.

Initially, developmental mutants causing disruption of two POU

genes, unc-86 in nematodes (17, 18) and pit-1 (19, 20) in mammals

provided direct evidence that POU-domain proteins play an important

role in defining specific cell phenotypes within an organism. UNC-86 is

required for the development of specific sensory neurons in C. elegans

(17), whereas Pit-1 defines three of five mature endocrine cell

phenotypes in the mammalian anterior pituitary gland, the

lactotrophs, somatotrophs, and thyrotrophs (21). Two defects in the

pit-1 gene have been described, a chromosomal rearrangement in

Jackson dwarf mice and a missense mutation in Snell dwarf mice (22-

24), which both lead to a hypoplastic anterior pituitary gland as well

as a failure to activate the expression of the pituitary hormones

prolactin, growth hormone, and thyroid stimulating hormone (25).

Similarly, humans with mutations in the pit-1 gene suffer from a

combined pituitary hormone deficiency, suggesting that Pit-1 is

involved in the specification and maintenance of lactotroph,

somatotroph and thyrotroph endocrine cells in all mammalian species

(26).

Developmental functions of other POU proteins, such as Oct-2

(27-29) and the POU-III transcription factors SCIP/Tst-l/Oct-6 (30-34)

and N-Oct 3/Brn-2 (31, 35-37) have been in part established through

the creation of null mutant mice (38). Oct-2 is predominantly

expressed in B cells but is also found in various parts of the developing

and adult nervous System (39). Oct-2-deficient mice contain normal

numbers of B-cell precursors, which, however, are impaired in their

ability to properly differentiate to mature, immunoglobulin-bearing B

cells, indicating that Oct-2 is not required in the early but rather in the

late steps of B-cell development (40).

SCIP/Tst-l/Oct-6 has been found to be expressed in a subset

of neurons, in testes, in skin and in a transient fashion in glia cells (30-

32, 34). SCIP/Tst-l/Oct-6 is up-regulated during a phase of rapid cell

division preceding the myelinating phases of Schwann cell
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differentiation, suggesting that it plays a role in regulating the correct

developmental timing of these myelinating cells. The phenotypes of

the SCIP/Tst-l/Oct-6-deficient mice indeed demonstrate that the

protein is required for proper development of myelinating Schwann

cells (pers. communication). In addition, transgenic mice expressing a

truncated form of SCIP/Tst-l/Oct-6, which acts as an antagonist for the

actions of the endogenously expressed protein, show pre-mature

Schwann cell differentiation and hypermyelination of axons leading to

neuropathies in these mice (pers. communication).

An in vitro cell differentiation System was used to first

demonstrate the role of N-Oct 3/Brn-2 in mammalian neurogenesis

(41). P19 cells, a murine embryonic Carcinoma cell line, differentiate

into neurons and astrocytes when treated with retinoic acid (RA). This

differentiation process is associated with an induction of N-Oct 3/Brn-2

expression and can be selectively blocked by antisense RNA-mediated

inhibition of N-Oct 3/brn-2 gene expression, suggesting that N-Oct

3/Brn-2 is essential for establishing mammalian neural cell lineages

(41). In another study using an antisense RNA strategy, N-Oct 3/Brn-2

was shown to regulate the melanocytic phenotype (42). Melanocytes,

non-neuronal derivatives of the neural crest, as well as their

tumorigenic form, the melanoma cells, express N-Oct 3/Brn-2 protein

(43). Antisense RNA-mediated loss of N-Oct 3/Brn-2 in melanoma cells

leads to a change in morphology and a loss of melanocytic and neural-

crest markers in these cells, demonstrating a fundamental role for N-

Oct 3/Brn-2 in the maintenance of the melanocytic phenotype and the

tumorigenic phenotype of melanoma (42).

Mice carrying a loss of function mutation in the N-Oct 3/brn-2

gene confirmed previous results obtained from studies with cultured

cells which showed that N-Oct 3/Brn-2 is required for determining cell

phenotypes (44, 45). In N-Oct 3/Brn-2-deficient mice precursor cells for

neurons of the paraventricular (PV) and supraoptic (SO) nuclei of the

endocrine hypothalamus die around embryonic day 12. Magnocellular

cells of the PV and SO nuclei synthesize the peptide hormones Oxytocin

(OT) and Vasopressin (VP) and release them in the posterior lobe of the

pituitary gland. In addition to a subset of magnocellular neurons, the

PV nucleus harbors populations of parvocellular cells that synthesize
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corticotropin-releasing hormone (CRH). In situ hybridization and

immunochemistry studies have shown that the expression patterns of

N-Oct 3/Brn-2 overlap with the expression sites of the hormones CRH,

VP, and OT, which are synthesized by cells in the PV and SO nuclei. N-

Oct 3/Brn-2-deficient mice were capable of normal embryonic

development, but die within 10 days after birth. They completely

failed to express CRH, VP, and OT transcripts and were depleted of the

PV and SO nuclei (44, 45). Thus, N-Oct 3/Brn-2 is not required for initial

cell division and migration events, but appears to be critical in events

leading to terminally differentiated neuronal phenotypes and the

appropriate activation of neuropeptide gene expression.

In a different approach linkage analysis was used to gain more

insight into the developmental role of the POU-III transcription factor

Brn-4 (46). The brn-4 gene maps to a region of the X-chromosome (47)

that overlaps with the gene locus underlying DNF3, an X-linked hearing

impairment resulting from stapes fixation and progressive

sensorineural deafness (48). In patients with DNF3 various mutations in

the brn-4 gene were found that resulted in either truncation of the Brn-

4 protein or caused non conservative amino acid substitutions,

suggesting a role for Brn-4 in the development of the inner ear (48).

Taken together, the varied developmental functions performed

by POU-domain proteins in development and differentiation might

mirror distinct molecular mechanisms employed by POU proteins in

Controlling transcription of target genes.
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Table 1: Known POU proteins in various species. On the basis of sequence

homologies they can be classified in seven subclasses (I-VII).

Class POU protein Species References

I Pit-l/GHF-l Ra/Mu/Hu (19, 20)

II Oct-1 Mu/Hu (49)
Oct-2 Mu/Hu (27-29)
Skn-1 Mu (50)
dOct-l/dPOU19/pdm-l Dm (51, 52)
dOct-2/dPOU28/pdm-2 Dm (51, 52)

III Brn-1 Ra/Mu (31, 35)
Bra-2/N-Oct 3 Ra/Mu/Hu (31, 35, 37, 53)
Brn-4/RSH2 Ra/Mu (31, 35, 46, 54)
SCIP/Tst-l/Oct-6 Ra/Mu/Hu (30-32, 35)
cfla/drifter Dm (55, 56)
CEH-6 Ce (18)

xlpoul XI (57)
xlpou2 XI (57)
zfpoul Zf (58)

IV UNC-86 Ce (17)
Brn-3a/Brn-3.0/RDC-l Ra/Hu (31, 59)
Brn-3b/Brn-3.2 Ra (60-66)
Brn-3c/Brn-3.1 Ra (60-66)
tl-POU Dm (67)

V Oct-3/4 Mu/Hu (68-70)
xl p25 XI (71)
xl p60 XI (71)
xl p90 XI (71)

VI Brn-5 Ra (72)

VII CEH-18 Ce (73)

3.3 Gene regulation at the transcriptional level

Gene regulation in higher eukaryotes takes place mainly at the

level of transcription. Transcription involves RNA polymerases

responsible for incorporating ribonucleotides into an RNA molecule

using a DNA template. Since RNA synthesis is the first step in gene

expression, its control overrides regulation at all other levels.
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In eukaryotes all genes encoding proteins are transcribed by RNA

Polymerase II (7). Their promoters, the regulatory regions responsible

for Controlling transcription, consist of two structures: The core

promoter, composed of basal and proximal elements, which are

positioned near the transcriptional start site, and the enhancer (74,

75). The enhancer can be located far from the transcriptional initiation

site either upstream or downstream of a transcription unit and in

either orientation relative to the core promoter. The basal promoter

elements are essential for the transcription of virtually all genes. They

are the assembly sites for RNA Polymerase II and its associated factors

that together form the basal transcriptional apparatus required for a

basal level of gene expression (76, 77). The regulatory elements of both

the proximal promoter as well as the enhancer are composed of

multiple DNA sequence motifs that serve as binding sites for gene-

specific transcription factors and thereby collectively mediate the

complex patterns of cell- and tissue-specific gene expression (78).

Most transcription factors contain activation domains and DNA-

binding domains (79, 80). Activation domains represent regions that

interact with other proteins in the transcriptional machinery and

thereby influence the regulation of gene transcription (81). Activating

regions identified in various transcription factors do not show strong

amino acid sequence homology to each other. However, many members

of the POU-domain family as well as other families of transcription

factors, share Stretches of specific amino acids such as serine/threonine-

(Pit-1, Oct-1 and Oct-2), glutamine- (N-Oct 3/Brn-2, Oct-1, and Oct-2),

and glycine/alanine- (Tst-l/SCIP/Oct-6) rieh activation domains.

DNA-binding domains recognize specific DNA motifs in promoters

and thus, attract activation domains to the appropriate regulatory

regions of genes (78). There are many distinct classes of DNA-binding

domains conserved in nature. One of them is the POU domain whose

DNA-binding strueture significantly influences the regulatory properties

of the large family of POU-domain transcription factors (82).
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3.4 DNA sequence recognition by POU-domain proteins

POU-domain transcription factors are characterized by a

conserved DNA-binding region, referred to as the POU domain (83). The

structure of the POU domain is bipartite in nature, consisting of two

structurally independent DNA-binding domains fused together to form

a Single, functional DNA-binding unit. The highly conserved amino-

terminal POU-specific (POUs) domain and the carboxy-terminal POU-

homeo (POUh) domain are joined by a linker that can vary in length

and sequence among POU proteins (82). The POUh domain is highly

related to the classic DNA-binding homeo domain of various

developmental regulators first described in Drosophila (13), whereas

the structure of the POUs domain is similar to the DNA-binding

domains of X and 434 bacteriophage repressors (84). Contrary to classic

homeo domain proteins, the POUh domain binds only with low affinity

to its DNA target sites, and both the POUs and POUh are required to

permit high-affinity, site-specific binding (85-87).

All the binding sites of POU-domain proteins identified so far are

A/T-rich sequences. The best characterized regulatory target for Oct-1

and Oct-2 is the octamer motif ATGCAAAT found in promoters and

enhancers of a number of tissue-specific and ubiquitously expressed

genes (88-92). The crystal structure of the Oct-1 POU domain bound to

the ATGCAAAT octamer site has revealed that the POU domain

subunits are positioned on opposite sides of the DNA double helix

without contacting one another (93). Each of the globular domains

makes specific base contacts to half of the octamer site: The POUs

domain recognizes the 5' portion (ATGC) and the POUh domain

contacts the 3' portion (AAAT) of the octamer recognition motif (82).

Due to their conserved DNA-binding structure, POU-domain proteins

can bind to related DNA sequences (82, 94). Thus, most POU proteins

recognize the ATGCAAAT octamer site, although it does not necessarily

represent their preferred binding site.

Recent studies have shown that members of the neuron-specific

class III and class IV POU-domain proteins prefer binding to sites where

the POUs binding site ATGC is inverted (94). Thus, the POUs domain

Switches its orientation when bound to the variant octamer sequence

G C A T TAAT (Fig. 1A). In addition, the inverted POUs domain
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preferentially binds to sites with differing nucleotide numbers between

the POUs and POUh domain-recognition motifs (Fig. 1B).

Oct-1

vs. N-Oct 3/ Brn-2

N-Oct 3/ Brn-2

Figure 1. Different arrangement of the Oct-1 and N-Oct 3/Bra-2 POUs and

POUh domains on DNA. POUs ^d POUh domain-binding sites are underlined

and overlined, respectively. Arrows indicate the orientation of the POUs and

POUh domains. (A) Oct-1 bound to an octamer sequence (top) and N-Oct

3/Bm-2 bound to a consensus N-Oct 3/Brn-2 DNA-binding site (bottom) are

shown. (B) N-Oct 3/Brn-2 bound to consensus sites with a spacing of 0 (top)

or 2 (bottom) bp between POUs and POUh
.
domain-binding sites. (N) Any base.

Adopted and modified from Cleary and Herr (1995).

Spacing preferences appear to be class specific. Class IV POU-

domain proteins are capable of binding with high affinity only to sites

containing a spacing of 3 nucleotides between the two binding motifs,

whereas class III proteins show more flexibility by binding with high

affinity to DNA sites with spacing of 0, 2, or 3 nucleotides (94).

Consistent with these findings, several downstream target genes

identified for POU-III class factors contain the described high-affinity
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binding sites listed in Table 2:

POU-III protein Potential target Spacing

cfla

Tst-l/SCIP/Oct-6

N-Oct 3/Brn-2

Ddc: CATAAAT

Pn: CATTCTAAT

0

2

3CRH: CATAAATAAT

Table 2: Summary of identified potential target genes for members of the

POU-III class according to their spacing preferences. (Ddc) DOPA decarbo-

xylase. (Po) cell-surface adhesion molecule. (CRH) corticotropin-releasing

hormone.

Identification of the preferred DNA sequence targets for different

POU- domain proteins is useful for prediction of potential target genes

for these transcription regulators and thus, could help explain the

observed functional versatility in transcriptional regulation of the

different POU-proteins.

3.5 POU-protein interactions with coregulators

The ability of the POU-domain to interact with a ränge of related

DNA motifs is one way for providing regulatory flexibility. Another

mechanism used by the POU-domain to differentially regulate gene

expression is via specific protein-protein interactions.

Besides being able to bind their recognition elements as

monomers, POU-domain proteins also bind DNA cooperatively as homo-

or heterodimers. Pit-1, for example, forms homodimeric complexes on

its regulatory sites (86) but has also been shown to form a

heterodimeric Pit-l/Oct-1 complex on the rat prolactin promoter (95)

displaying higher levels of transcriptional activation than on its own

(95). DNA-independent interactions between specific POU proteins have

been observed in mammals and Drosophila. I-POU specifically interacts

with Cfla, inhibiting its ability to bind and activate the neural DOPA
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decarboxylase promoter (96). In a similar way, the shorter isoform of

Brn-3b interacts with Brn-3a, leading to the formation of an inactive

heterodimer that is no longer able to bind DNA (66).

In addition to forming complexes with other family members,

POU proteins are able to specifically associate with heterologous

proteins. The HSV virion protein VP16 has been shown to selectively

interact with Oct-1 but not other POU proteins in activating viral early

genes (97-99). Similarly, a B-cell-specific factor OCA-B can selectively

associate with both Oct-1 and Oct-2 proteins but not other POU factors

and thus, enhance their ability to activate Immunoglobulin promoters

(100-104). The role of both VP16 and OCA-B is to provide a new

activation domain and thus, add to the mechanisms by which POU-

domain proteins with similar DNA-binding specificities can

differentially activate transcription.

The unique DNA-binding properties of the POU domain as well as

the various POU domain - protein interactions refine both the

specificity and the diverse functions of the different POU transcription

factors. Understanding the diverse mechanisms used by these POU

proteins to regulate transcription will help identify their physiological

target genes and elucidate their roles in the development of organs,

particularly the nervous System.

3.6 Thesis

The aim of the present study was to learn more about the

structure and function of the brain-specific, human N-Oct 3

transcription factor. The evidence that this protein is expressed early in

the development of the nervous System (16) and that it plays a crucial

role in establishing and maintaining neural cell phenotypes (41),

suggested that an organism expressing a defective or nonfunctional N-

Oct 3 protein would suffer severe consequences.

As an attempt to link a potentially defective N-Oct 3 product to

a disease, the gene encoding the human N-Oct 3 was isolated and

mapped within the human genome (chapter 4.1). Assignment to the

chromosomal region 6ql6 made N-Oct 3 an attractive candidate for
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two retinal diseases, whose phenotypes are restricted to the central

nervous system: North Caroline macular dystrophy (MCDR1) (105) and

progressive bifocal chorioretinal atrophy (PBCRA) (106). Both diseases

have been mapped to the long arm of chromosome 6, in a region

overlapping the genomic locus of N-Oct 3. Screening of the human N-

Oct 3 gene for mutations in individuals of families affected by these

congenital autosomal disorders will reveal whether N-Oct 3 is

implicated in one or both of these diseases. Interestingly, the long arm

of chromosome 6 has been shown to be frequently deleted or

rearranged in patients with melanomas, malignant tissue, where N-Oct

3 is known to be expressed (107-110).

Comparison of the isolated genomic N-Oct 3 DNA with its

previously identified N-Oct 3-encoding cDNA showed that there were no

intervening sequences within the open reading frame (chapter 4.1).

Thus, N-Oct 3 is an intronless gene like all other POU-III genes (Table 1,

page 10) previously characterized, suggesting that they originated by

duplication of an ancestral class III POU domain gene. DNA sequencing

of the 5' flanking regions of the N-Oct 3 open reading frame revealed

multiple AP-2 transcription factor binding sites (111) conserved

between human and mouse. AP-2 and N-Oct 3 are co-expressed in

neurons and astrocytes (112), suggesting that AP-2 is a major regulator

of N-Oct 3 expression.

The second part of this thesis was devoted to the study of a

potential regulatory mechanism for N-Oct 3 function. N-Oct 3 has been

first described as a member of the human and mouse neural octamer-

binding proteins called N-Oct 2, N-Oct 3, N-Oct 4 and N-Oct 5 (36, 113).

Unexpectedly, extracts of mammalian cells transfected with the human

N-Oct 3-encoding cDNA yielded two octamer motif-binding activities: N-

Oct 3 and N-Oct 5, suggesting that the N-Oct 3 gene encodes both these

proteins (37). In addition, N-Oct 3 and N-Oct 5 have been shown to be

differentially expressed in melanocytes and secondary melanomas,

associating them with melanoma progression and metastasis (43, 114).

Results are presented demonstrating that the melanoma N-Oct 5

protein is part of the N-Oct 3 protein arising by proteolytic cleavage.

Further examination revealed, however, that this processing occurs

during extract preparation, suggesting that the N-Oct 5 protein does not

16



exist in vivo and therefore, probably has no biological function in the

oncogenic process. However, further studies will be necessary to

examine a possible role of N-Oct 3 in melanoma.
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N-Oct 3 is a human POU domain transcription factor

that binds to the octamer sequence ATGCAAAT. The

protein is expressed in the central nervous system dur-

ing development and in adult brain. We have isolated

and characterized genomic clones encoding the hu¬

man N-Oct 3 gene (HGMW-approved symbol POUF3).

Comparison of the structure of these clones with the

N-Oct 3 cDNA revealed that POUF3 is an intronless

gene. Sequencing of 650 bp of the promoter region
showed 84% sequence identity of POUF3 with its mu¬

rine homologue, the brain-2 (designated brn-2) gene.

Whereas both POUF3 and brn-2 lack a TATA box, con-

sensus sequences for AP-2, GCF, and SP1 transcription
factors were identified within the highly conserved 5'-

flanking region. These sequences may play a crucial

role for the tissue-specific transcription activation of

the POUF3 gene. Southern blotting and in situ hybrid-
ization localized the human POUF3 gene to chromo¬

some 6ql6. 8 1995 Academic Press, Inc.

INTRODUCTION

N-Oct 3 is a protein belonging to a large family of

transcription factors that bind to the octameric DNA

sequence ATGCAAAT. Most of these prqteins share a

highly homologous region, referred to as the POU do¬

main (Herr et al, 1988), which was discovered in three

mammalian transcription factors, the octamer-binding
proteins Oct-1 (Sturm et al, 1988) and Oct-2 (Clerc et

al, 1988; Ko et al, 1988; Müller etal, 1988; Scheidereit

et al, 1988), the pituitary protein Pit-1 (Bodner et al,

1988; Ingraham et al, 1988), and the product of the

nematode cell lineage gene unc-86 (Finney et al, 1988;
Burglin et al, 1989).

Many ofthese proteins are transcriptional regulators
of development. POU genes can exert critical functions

in defining specific cell phenotypes within an organism,
as shown by developmental mutations resulting from

1 To whom correspondence should be addressed at present address:

Cold Spring Harbor Laboratory, James Laboratory, Cold Spring Har¬

bor, NY 11724. Telephone: (516) 367-8410. Fax: (516) 367-8454.

disruption of two POU genes, unc-86 (Finney et al,
1988) and Pit-1 (Li et al, 1990).

The POU domain is a structural motif that consists

of two regions, a 75-amino-acid POU-specific domain

and a 60-amino-acid POU homeodomain that are sepa-
rated by a nonconserved spacer sequence (Herr et al,
1988). Since the molecular cloning of the original POU-
domain genes, several additional members of this gene

family have been isolated (reviewed in Wegner et al,

1993; Verrijzer and Van der Vliet, 1993; Currie, 1994),
including the cDNA for the human POU transcription
factor N-Oct 3, which was cloned by our group

(Schreiber et al, 1993). These additional POU-domain

proteins have allowed a Classification of existing POU

genes into six subclasses, based on similarities in the

sequence of the POU domain, including the linker re¬

gion, and weaker homologies of the NH2-terminal do-

mains (He et al, 1989; Hara et al, 1992; Xia et al,
1993).

Class III POU genes are particularly interesting
since they are expressed predominantly in the CNS.

The genetic program Controlling mammalian CNS de¬

velopment is largely unknown. However, it is likely
that CNS-specific transcription factors play an im-

portant role in mammalian neurogenesis by regulating
the diverse patterns of gene expression. Several class

III POU genes, brn-1, brn-2, brn-4, and Oct-6 (the latter

also known as Tst-1 and Scip), have been cloned and

characterized in detail (He et al, 1989; Suzuki et al,

1990; Hara et al, 1992; Le Moine and Young, 1992;
Mathis et al, 1992). The human counterpart of the

murine brn-2 was first identified in nuclear extracts

from brain and was termed N-Oct 3 (Schreiber et al,

1990, 1993). At embryonic Days 9 and 12, transcripts
of the mammalian POU III genes are widely expressed
at all levels of the developing rat neural tube (He et

al, 1989). During these early stages, expression is

widespread and includes the developing telencephalon,
diencephalon, brainstem, and spinal cord. During later

embryonic stages and in the adult, expression of most

of these genes becomes restricted to specific subregions
of the brain (He et al, 1989). The mechanisms involving

0888-7543/95 $6.00
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the regulation of these genes during development and

their physiological target genes await identification. In

this report we describe the isolation, characterization,
and chromosomal localization of the human genomic
POUF3 gene, encoding the N-Oct 3 protein.

MATERIALS AND METHODS

Library Screening. Approximately 106 plaques of an amplified hu¬
man genomic library (Stratagene, Cat. No. 9446205) were trans¬

ferred in duplicates to Plaquescreen Alters (DuPont) and then

screened with two 32P-labeled N-Oct 3 cDNA probes. One probe com-

prised a 700-bp X&al-iVcoI fragment of the 5' end of the N-Oct 3

cDNA; the other probe included a 1.8-kb Xhol fragment of the 3'

untranslated region of the N-Oct 3 cDNA. Phages from plaques that

gave rise to identical Signals on both filters were further purified by
two rounds of plating and Screening. To characterize the resulting
two positive plaques, \ DNA was isolated (Maniatis et al., 1982) and

then subcloned into Bluescript plasmids (Stratagene).

Southern analysis. Recombinant phage DNA containing 7 kb of

POUF3 genomic DNA was digested with i?co47III and Xhol restric-

tion enzymes, electrophoresed on an 0.8% agarose gel, and blotted

by alkaline transfer to nylon membranes (Hybond N", Amersham).

The filter was hybridized with a radiolabeled human Eco47lll-Xhol

N-Oct 3 cDNA probe. Hybridization was performed aecording to the

Standard method (Ausubel et al., 1989). DNA blots were washed to

a final stringency of O.lx SSC, 1% SDS, 65°C and exposed to X-ray
film for autoradiography.

Nucleotide sequencing and computer-assisted analysis. Double-

stranded DNA sequencing of the subcloned genomic Notl fragments
was performed in both orientations by the dideoxy chain termination

method (Sanger et al., 1977) using POUF3-specific synthetic oligonu-
cleotide primers and Sequenase (U.S. Biochemical Corp., Cleveland,
OH). Searches for nucleotide sequence similarities and analysis of

the promoter sequence were performed with the GCG program pack-

age (Devereux et al., 1984). The nucleotide sequence has been depos-
ited at the EMBL sequence data library under Accession No. Z31606.

Plasmids for riboprobe synthesis and RNase protection assays. A

602-bp Avall-Eco47UI (-626 to -24 bp) probe of the POUF3 Pro¬

moter sequence was subcloned into Ätradll-cleaved pT3T7Zac. The

riboprobe of N-Oct 3 was prepared by linearizing pT3T7-N-Oct 3

with Hindlll. Transcription with T3 RNA Polymerase yielded a 628-

nucleotide probe. The probe of the ubiquitously expressed transcrip-
tion factor Spl was a gift of Dr. B. Luescher (Institute of Pharmacol-

ogy, University of Zürich, Switzerland).

Fifty micrograms of total RNA from human neuroblastoma cell

lines SK-N-LE and SK-N-BE and from the human glioblastoma cell

line LN-308 and 50 /ig of tRNA were hybridized for 16 h at 60°C to

[32P]UTP-labeled antisense riboprobes of N-Oct 3 and Spl transcrip-
tion factors. Subsequently, single-stranded, nonhybridized RNA was

digested with 4 /jg/ml RNase A and 10 U/ml RNase Tj. The RNA-

RNA hybrids were separated on a denaturing 6% Polyacrylamide/
urea gel, which was then exposed to X-ray film with an intensifying
screen at -70°C for 14 days. The sizes of the bands were determined

by using end-labeled molecular weight markers.

Analysis of hybrid cell panel by Southern blotting. The chromo¬

somal location of the human POUF3 gene was determined by hybrid¬
ization to .EcoRI digests of genomic DNA from a panel of human-

hamster somatic cell hybrids on a filter purchased from BIOS Labo¬

ratories (New Haven, CT). A 32P-labeled 487-bp Xhol restriction frag¬
ment from a human N-Oct 3 cDNA clone that comprised the 3' un¬

translated region of the clone starting at nucleotide 1495 (Schreiber

et al., 1993) was used as a probe. DNA blots were washed to a final

stringency of lx SSC, 1% SDS, 65°C.

Chromosomal in situ hybridization with a tritiated probe. Meta-

phase spreads were prepared from phytohemagglutinin (PHA)-stim-

ulated lymphocytes of a male individual using Standard procedures

of hypotonic treatment and methanol/acetic aeid fixation. QFQ-band-
ing of the chromosomes was performed prior to hybridization by
dipping the slides in a Solution of0.005% quinacrine mustard for 30 s.

Photographs of selected metaphases were taken with a Leitz Diaplan
microscope. Chromosome identification was based on comparison of

the QFQ-banding pattern with the international Standard (ISCN,
1981).

The Bluescript plasmid containing a 4-kb cDNA of the POUF3

gene was labeled by incorporation of [3H]dATP, [3H]dCTP, and

[3H]dTTP to a specific activity of 7.2 x 10s dpm///g probe DNA using
the random priming kit of Boehringer Mannheim. The probe concen-

tration in the hybridization mixture was 2.3 ng/ml. Hybridization
was performed as described by Fries et al. (1991). Autoradiography
was carried out for 6 days after dipping the slides in Ilford K2 emul-

sion. The slides were developed and stained as described previously
(Fries et al., 1991). Silver grains associated with Giemsa-stained

chromosomes were marked on the previously QFQ-banded and pho-
tographed metaphases. The distribution of the autoradiographic sil¬

ver grains was evaluated by plotting a histogram over the Standard

idiogram.

Chromosomal in situ hybridization with o biotinylated probe.
Chromosome preparation and identification were as described above

for isotopic in situ hybridization.
A recombinant phage containing 10 kb of POUF3 genomic DNA

was labeled with biotin-16-dUTP (Boehringer Mannheim) by nick-

translation. The efficiency of the labeling was determined by dot blot

assay (BluGene Kit, BRL). Hybridization, including competitive in

situ suppression and signal detection, was carried out as described

by Solinas Toldo et al. (1993) with small modifications. Briefly, 60

ng of probe DNA was combined with 4 ^g of Cot-1 DNA (Gibco BRL)

and hybridized under an 18 X 18-mm coverslip. One round of ampli-
fication (a layer of biotinylated anti-avidin antibody followed by a

layer of avidin-FITC) was necessary for detection of a distinet hy¬
bridization signal. The chromosomes were counterstained for 5 min

in DAPI (4,6-diamidino-2-phenylindole) at a concentration of 200 ng/
ml in 2x SSC (0.3 M NaCl and 30 m&f sodium citrate, pH 6.8).

Antifade Solution was used to cover each slide. FITC and DAPI were

excited separately at 450-490 and 340-380 nm, respectively. Image
acquisition was performed using a computer-controlled (Macintosh

Quadra 800) CCD camera system (Photometrics, Tucson, AZ) coupled
to the Leitz microscope.
The site of hybridization was assigned to a chromosome band by

determining the FLpter value (Lichter et al., 1990) and by applying
this value to the corresponding idiogrammatic chromosome of the

Standard.

RESULTS

Isolation ofHuman POUF3 Genomic Clones

To isolate POUF3 genomic DNAs, a human genomic
library was screened with radiolabeled probes derived

from the N-Oct 3 cDNA. Phage DNA from two strongly
positive plaques was purified. The two phages carried a

7- and 10-kb genomic POUF3 DNA insert, respectively.
The 7-kb insert was cut into a 2-kb and a 5-kb Notl

fragment and was subcloned into Bluescript plasmid.
The 2-kb subcloned fragment, which comprised the lon-

gest region 5' to the open reading frame, was chosen

for sequencing and further analysis.

Genomic Structure Analysis ofthe Human POUF3

Gene

To elueidate the genomic structure of the human

POUF3 gene, Southern blots were performed using the
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1 2

*WP *"** 1359bp

-584/-578 bp), one SP1 site (-584/-576 bp), one CF-1

site (-590/-585 bp), one E2A site (-Ö92/-586 bp), one
TCF-1 site C-382/-378 bp), one LyF-1 site (-367/-359

bp), and two CCAAT boxes (-369/-365 bp, -430/-426

bp). These regulatory elements, which were shared by
human and mouse, are shown schematically in Fig. 3.

Regulatory sequences that were found in human but

not in mouse were eight AP-2 sites (-342/-335 bp,
-416/-409 bp, -453/-446 bp, -458/-451 bp, -459/

-452 bp, -532/-525 bp, -533/-Ö26 bp, -619/-612

bp), five GCF sites (-348/-342 bp, -351/-345 bp,
-420/-414 bp, -551/-545 bp, -624/-618 bp), one PuF

site (-3787-372 bp), two SP1 sites (-351/-343 bp,

ATG

N-Oct 3

Eco47lll Xhol

FIG. 1. Southern blot analysis of human genomic POUF3 DNA.

(A) N-Oct 3 cDNA was digested with £co47III and Xhol as a positive

control (lane 1). In lane 2 phage DNA with a human genomic POUF3

DNA insert of 7 kb was digested with Eco47III and Xhol. ((B) Diges¬

tion of the N-Oct 3 cDNA (open bar) with the £co47III and Xhol

restriction enzymes yields the 1359-bp probe used in this experiment.

The translational start is indicated by the ATG codon.

7-kb genomic POUF3 DNA, which was cut with the

restriction enzymes £"co47III and Xhol. Hybridization
with an EcoAllll-Xhol N-Oct 3 cDNA probe (Fig. 1B)

showed the same band of 1359 bp in length as that of

the cDNA clone of the POUF3 gene that was hybridized
with the same probe (Fig. 1A). Thus, the portion of

POUF3 genomic DNA that corresponded to the open

reading frame of the N-Oct 3 cDNA did not contain an

intron.

Search for Potential Regulatory Sequences

A total of 650 bp of DNA sequence containing 5' un-

translated regions of the POUF3 gene was determined

from both Strands. The sequence is shown in Fig. 2.

Comparison of the human POUF3 and mouse brn-2

Promoter regions revealed an identity of 84% (Fig. 2).

Both the human and the mouse gene lack a TATA box.

Analysis of putative transcription regulating DNA mo-

tifs (Faisst and Meyer, 1992) showed that within the

sequenced 5' untranslated region AP-2 consensus sites

were the most abundant of all putative regulatory se¬

quences identified. AP-2 sites common to both the hu¬

man POUF3 and the murine brn-2 promoter were

found in the POUF3 gene at the following positions
relative to the translation start site: -350/-343 bp,
-364/-357 bp, -575/-568 bp, and -583/-576 bp. Ad-

ditionally, there were two GCF sites (-581/-575 bp,

hu GTCTGTGGCCGATAAGAGCACCGGGACCGCCCCC . . . .CTG -614

I I I I I I I I I I I I I I I I II I I I I I I III

mu CTTCCAAGCCTCTCTAGTCCACCAGAGCGCCTGGACCGACCGCCCGGCTG 1349

CCGGTCTTCTCTGCCTGGGAGACAGATGGGGGGCGGGGCCCATCCGAGAG -5 6 4

I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I

CTGGGTTTCTCAGCCTAGGAGACAGATGGGGGGCGGGGCCCATCCGAGTG 13 99

AGGGCGGAGGAGGCCCCGGGTGAGGAAGAAGCGGGGGGGTGAGAACTGAG - 514

I I I I I I I I I I I I I II III I ! I I I I I I I I I I I I I I

.
GGGCGGTGGAGGCCGGGGACAGAAGAGA. . . .

GGGGGGTGAGAACTAAG 1444

AGAATCTGAATCGGGAGGCGAAGGGGACGGGGA GGAGGGCTAGG -47 0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

AGAATCTGAATCGCTGAGCTAGGGGTGGGGGTACCAGAGGAAGGACTGAG 1494

AGGACTCCGAGCCCGGGGGAGGGGGAGGGAG TAGCTCTCCCAATC -42 5

I I I I I I I I I I I I I I I I I I I I I I II I I I I I I

AAGACTGGGCGCCCGAGGGAAGAAGAGGGGGGTACAGCTCTGCACCAATC 1544

AGTGGCGCCGG .
CTGGGAGGTTGCTAGCGGTATCCACGTAAATCAAAGGG - 3 7 6

I I I I I I II I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I II

ACTGGCTCCGGTCTGGGAGGTTGCTAGCGGTATCCACGTAAATCAAAGGG 1594

TG .
GGAGCCAATGGGAGGGGGTGGAGGGGCGGGGCCCAGGC .

CGTGCCGC - 3 2 8

I I I II I I II I I I II I I I I I I I 1 I I 1 I II I I I I I I I I I I I I I I I

CGCAGAGCCAATGGGAGGGGGTGGAGGGGGCGGGGCCAGGCGCGTGCCGC 1644

TGCGAGCCGCGCTGCCAAGAGAGCGGGAGAGAGCTGGAGAGAGCAGGGAG -27 8

I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I II I I II I II I I

TGCGAGCGGCTCTGCCAAGAGAGCGGGAGAGAGCTTGAGAGCGCGGGGAG 1694

AGGGGGGAGCGCCGAGCTAGTCAGAGAGTGAGCGAGAGCGAGAAGGAGGG -228

I I I I II II I I I I III I I I I I I I I I I I I I I II I I I I II II I

AGG.GGGAGCGCCCAGCGAGTCAGAGAGAGTGAGCGAGAGCG AGGAGGG 17 4 2

AGAGGAGGAGAAAGAGAGCGAGGGCGGGCGGGAGGCGGCGGCGGCGGCAG -17 8

I I I I I I I I I I I I I I I I I I I I 1 I I I I II III II II I

AGAGGAGGAGAAAGAGCGAGGGCGGGCGGGCGGGCGGGAGGCAGC.GCGG 17 91

CAGCAGCAGTAATAGCAGGAGCAGCAACAGAAGGCGTCGGAGCGGGCGTC -128

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I M I I I I I I I I

CAGCAGCAGTAATAGCAAGAGCAGCAACAGAAGGCGTCGGAGCGGGCGTC 1841

GGAGCTGCCCGCTGTGGGAGAGAGAG...GAGACAGAAAGAGCGAGCGAG -81

I I I I I II II I I I I I II I I I I I I I I I I I I III I I I I I I I MI

GGAGCTGCCCGCTAGGGGAGAGAGAGAGAGAGAGAGAGAGAGTGAGAGAG 1891

GAGAGGGAGCCCGAGGCGAAA -60

I I I I I I I I I I I I I I I II

AGAGAGTGGGAGAAGCGGGCGAGCGAGGAGAGAGAGAGCCCAAGGCAGAA 1941

' AAGTAACTGTCAAATGCGCGGCTCCTTTAACCGGAGCGCTCAGTCCGGCT -10

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

AAGTAACTGTCAAATCCGCGGCTCCTTTAACCAGAGCGCCCAGTCCGGCT 1991

CCGAGAGTCATG 1

I I I I I I I I I

CCGAGAGTCATG 2000

FIG. 2. Comparison of the human POUF3 and mouse brn-2 gene

5'-flankmg regions (upper sequence, human; lower sequence, mu¬

rine). In human, numbering Starts from the ATG translation start

(+ 1). In the mouse, nucleotides are numbered in 5' to 3' directions,

according to the mouse brn-2 sequence deposited in the GenBank

database (Accession No. M88300). The sequences from mouse and

human were aligned using the FASTA algorithm, allowing introduc-

tion of gaps (dots). Nucleotide identities are indicated by vertical

lines. The initial methionine codons and the CCAAT boxes are typed
in boldface. The putative transcription start is located about 300 bp

upstream of the translational start site.
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AP-2 AP-2

CF-1 < AP-2 "*

AGATGG GGGCGGGG CCCATCCG CCAAT CCAAT GGGAGGGG

I GCF I

GCGGGGC
-581 -S75

FIG. 3. Schematic summary of the potential regulatory elements

of the 5'-flanking region of the human POUF3 gene that are also

found in the mouse homologue brn-2. Arrows indicate transcription
factor consensus sequences in the reverse orientation. Bent arrow

indicates putative transcription Start region. Numbering is relative

to the ATG translation start ( + 1).

-499/-491 bp), one PEA3 site (-541/-536 bp), one SIF

Site C-488/-483 bp), and two H4TF-1 sites (-449/-441

bp, -455/-447 bp).

Mapping the Transcription Start Site of the Human

POUF3 Gene

The transcription start of the human POUF3 gene

was identified by RNase protection analysis. A probe
for mRNA of the ubiquitously expressed transcription
factor Spl was used as an internal control and yielded
a major protected fragment at 108 bp and a minor pro-

tected fragment at about 190 bp. A Single band between

270 and 280 bp in length was obtained in human neuro-

blastoma cell lines SK-N-LE and SK-N-BE, which are

known to express N-Oct 3 (Schreiber et al, 1990), corre-

sponding to a putative transcription initiation site at

about 300 bp upstream of the translational initiation

codon (Fig. 4). No band was obtained with the glioblas-
toma cell line LN-308, a cell line that is known not to

express N-Oct 3 (Schreiber et al, 1990) and the tRNA.

In experiments where no Spl riboprobe was added to

the hybridization mix, only the protected fragment of

the POUF3 between 270 and 280 bp was detected in

the neuroblastoma cell lines (data not shown).

Chromosomal Localization of Human POUF3

Hybrid panel mapping. To assign the human

POUF3 gene to a particular human chromosome,
Southern blot hybridization analysis was carried out

using a panel of human—hamster hybrid cells con-

taining varying complements of human chromosomes.

We detected unique human POUF3 bands in five

i?coRI-digested hybrid cell line DNA samples (Table 1).

No human-specific band was detectable in cell lines

that did not contain chromosome 6. The level of sensi-

tivity was probably not sufficient for detecting the hu¬

man-specific band in one cell line (756), in which only
65% of the cells contained the human 6 chromosome.

Based on these data it can be concluded that the human

POUF3 gene is located on chromosome 6.

Radioactive in situ hybridization. A total of 47

metaphase spreads were analyzed and 720 autoradio-

graphic silver grains were counted on chromosomes

(Fig. 5A); identification was based on photographs of

QFQ-banded chromosomes taken prior to in situ hy¬
bridization. Eighty-eight of these grains (12%) were as-

sociated with chromosome 6. The majority of grains on

chromosome 6, 43 of 88, were above band ql6 (Fig. 5B).

Fluorescence in situ hybridization. All of 15 meta-

phases examined exhibited fluorescent double spots

(resulting from hybridization on both chromatids) on

at least one of the two homologous chromosomes 6 (Fig.
5C). Measurements on 12 chromosomes 6 yielded an

average FLpter value of 0.56 ± 0.089, locating the hy¬
bridization site of the POUF3 probe to band ql6. The

identification ofchromosome 6 was also based on photo-

o . i

< cn z. z.

i Z ^ ^
4-j _i on oi

434 bp

N-Oct 3 * 5*" •
'

267 bp

234 bp

213bp

SP1* > ~!- 192 bp

184bp

124bp

4& ^^
1 04 bp

12 3 4

FIG. 4. RNase protection analysis of the transcription start site

of human N-Oct 3. RNase protection assays were carried out as de-

scribed under Materials and Methods. Total RNA from human neuro¬

blastoma cell lines SK-N-LE and SK-N-BE and from the human

glioblastoma cell line LN-308 and 50 /ig of tRNA were hybridized to

[32P]UTP-labeled antisense riboprobes of N-Oct 3 and Spl. Lane 1,

tRNA; lane 2, LN-308; lane 3, SK-N-LE; lane 4, SK-N-BE. The band

between 270 and 280 bp shows a protected fragment with N-Oct 3;

the bands at 108 bp (Spl) and about 190 bp (SPl*) show the major

and minor protected fragments of the human Spl, respectively. Num-

bers to the right refer to a DNA molecular weight marker (Boehringer
Mannheim).
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TABLE 1

Segregation of Human P0UF3 in Human-Rodent Hybrids

Hum an chromosome

Hybndization/
chromosome 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y

+/+ 0 0 2 0 5 5 0 2 0 2 0 1 0 2 0 1 0 0 2 0 3 0 2 1

-/- 27 30 29 28 4 30 28 25 27 29 29 26 22 21 26 28 29 25 21 27 24 25 29 27

-r/- 5 5 3 5 0 0 5 3 5 3 5 4 5 3 5 4 5 5 3 5 2 5 3 4

-/+ 4 1 4 3 27 1 3 6 4 2 2 5 9 10 5 3 2 6 10 4 7 6 2 4

% Discordance 25 20 19 22 75 3 22 25 25 14 19 25 39 36 28 19 19 31 36 25 25 31 14 22

Note + or - mdicates the presence or absence of the human POUF3 fragment in relation to the presence ( + ) or absence (-) of a particular

human chromosome

graphs of QFQ-banded chromosomes taken prior to in DISCUSSION

situ hybndization Based on the gram distnbution

after radioactive in situ hybndization and on the posi- The human genomic POUF3 gene has been cloned

üon of the Signal after fluorescence in situ hybridiza- and its promoter region sequenced (Fig 2) The gene

tion, the POUF3 gene can be assigned to 6ql6 is mtronless, as are the mouse homologue brn 2 and
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FIG. 5. (A) Histogram shovving the distnbution of autoradiographic silver grams in 47 metaphaoes after hybndization with a cDNA

probe for the POUF3 gene (B) Histogram shovving the distnbution of autoradiographic silver grams on a Standard idiogram of chromo¬

some 6 (C) Partial metaphase spreads before and after fluorescence in situ hybndization with a POUF3 specific probe (Left) QFQ banded

chromosomes prior to in situ hybndization (Right) Specific FITC double spots on chromosome 6ql6 after in situ hybndization
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other members of the class III POU-domain genes, brn-1,

brn-4, and Tst-1 (Hara et al, 1992). The ancestral class

III POU-domain gene may therefore have originated
by reverse transcription of a molecule of POU-domain

mRNA followed by insertion of the cDNA into germ

cell genomic DNA. In consequence, the class III POU

factors originated by duplication of an ancestral class

III POU-domain gene.

Comparison of the 5' untranslated regions of the hu¬

man POUF3 gene with the mouse genomic brn-2 Pro¬

moter sequence reveals a striking similarity of 84%

(Fig. 2). However, the 5' and 3' noncoding regions of

brn-1, brn-2, brn-4, and Tst-1, all of which belong to

the class III POU genes (Treacy and Rosenfeld, 1992),
show no obvious sequence similarities except for the

presence of similar di- and trinucleotide repeats (Hara

et al., 1992). The high homology between the brn-2 and

human POUF3 predicts similar regulatory mecha-

nisms for these two genes. Both lack the consensus

TATA-box sequence but contain two conserved CCAAT

boxes (Figs. 2 and 3) preceding the transcription start

site of the gene by approximately 60 and 120 nucleo-

tides, respectively. CCAAT consensus sequences are

normally positioned at -70 to -80 from the transcrip¬
tional start (Breathnach and Chambon, 1981). We

searched the region ofthe transcriptional initiation site

for potential transcriptional initiator (Inr) sequences.

Inrs can be defined as DNA sequence elements overlap-
ping a transcription start site and recruiting initiator

binding protein(s), which enable(s) the transcription
machinery to determine the start site location in a Pro¬

moter that lacks a TATA box (Smale and Baltimore,

1989; Javahery et al, 1994). None of the functional Inr

sequences that have been described to date was found

in the region of the transcription start of the POUF3

gene. The POUF3 (brn-2) promoter is unusual since it

lacks a TATA box as well as typical initiator sequences.
The dinucleotide CG is present nearly as often as GC

(48 versus 57) in the sequenced promoter region. This

C+G-rich region may represent a CpG island that con-

tains high levels of the otherwise underrepresented di¬

nucleotide CG, a target for DNA methylation (Bird,
1986). It will be of interest to determine the methyla¬
tion Status of the POUF3 promoter in expressing and

nonexpressing cells.

Using RNase protection assays with an Spl mRNA
internal control probe, we have mapped a Single tran¬

scriptional initiation site in the POUF3 promoter to

a region about 300 bases upstream of the translation

initiation site (Fig. 4). The positive signal seen in neu¬

roblastoma cell lines SK-N-LE and SK-N-BE compared
to the glioblastoma cell line LN-308 is consistent with

previous observations that N-Oct 3 is expressed in the

two neuroblastoma cell lines but absent in the glioblas¬
toma cell line LN-308 (Schreiber et al, 1990). In con-

trast to the glioblastoma cell line LN-308, freshly iso-

lated human primary glioblastomas express N-Oct 3

protein (Schreiber et al., 1994), indicating that the loss

of N-Oct 3 expression seen in some tumor cell lines

occurs at the transcriptional or posttranscriptional
level.

Among the more interesting potential regulatory se¬

quences found in this promoter is the DNA consensus

sequence for the developmentally regulated AP-2 tran¬

scription factor (Williams et al., 1988; Mitchell et al.,
1991). The AP-2 motif is found at 12 sites within the

5'-flanking region of the POUF3 gene. Four of these

sites have also been found to be conserved in the mouse

brn-2 promoter (Fig. 3). Recently, we have shown that

AP-2 RNA is strongly induced during the retinoic acid

(RA)-mediated differentiation ofP19 cells into neuroec-

todermal cell types such as neurons and astrocytes
(Philipp et al., 1994). Others have recently demon-

strated an induction of the transcription factor brn-2

mRNA when P19 cells differentiated to neural cells

upon RA treatment (Fujii and Hamada, 1993). These

findings strongly suggest that AP-2 could be a major
regulator for the N-Oct 3 transcription factor which is

thought to play a crucial role in establishing mamma-
lian neural cell lineages (Fujii and Hamada, 1993). The

identification of numerous consensus sequences of the

AP-2 transcription factor in the POUF3 promoter re¬

gion should prove useful in further experiments aimed

at elucidating the function and regulation of the N-Oct

3 transcription factor and its putative involvement in

neural cell differentiation.

To date very few data on the target genes of octamer-

binding proteins are available, and therefore their pre-

cise biological role remains largely unknown. In the

case of rat brn-2, transcripts are known to be expressed
in the paraventricular hypothalamus, which synthe-
sizes and secretes corticotrophin-releasing hormone

(CRH) (Li et al., 1993). DNase I footprinting analysis
showed that brn-2 protein binds selectively to five sites

within the promoter and in cotransfection assays in-

creased transcription from the CRH promoter 40-fold

(Li et al, 1993).
The N-terminus of N-Oct 3 harbors homopolymeric

regions of 21 glycines and 21 glutamines, which are

separated by a 36-amino-acid spacer. The glycine
Stretch is encoded mainly by GGC repeats and the glu-
tamine-rich region by CAG residues (Schreiber et al.,

1993). Clusters of trinucleotide repeats may be unsta-

ble under certain conditions and have been recently
found to cause human genetic disorders: fragile X Syn¬

drome (Fu et al, 1991; Kremer et al, 1991; Caskey et

al, 1992), chromosome X-linked spinal bulbar muscu-

lar dystrophy (SMBA) (La Spada et al, 1991), myotonic
dystrophy (Brook et al, 1992; Buxton et al, 1992; Fu

etal, 1992;Harleye£ al, 1992) and Huntington disease

(Huntington^ Disease Collaborative Research Group,
1993) all involve the abnormal expression of G+C-rich

triple repeats. The mechanisms leading to the occur-

rence of instability of trinucleotide repeats await iden¬

tification.

To gain more insight into the putative role of
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N-Oct 3 in diseases, we have mapped the gene to chro¬

mosomal region 6ql6 using Southern hybridization
and radioactive and fluorescence in situ hybridization
(Figs. 5A-5C). Both chromosomal assignments and as-

signments predicted from mouse-human chromosomal

homologies (Nadeau et al., 1992) show that none of the

other human POU genes were linked to each other (Xia
et al., 1993). They are widely distributed throughout
the human genome, indicating that their coordinate

regulation of expression is not the result of activation

ofone or a few chromosomal regions. Regulation is most

probably mediated by frarcs-activating factors that in-

teract with the promoter regions of each POU gene.

Genes that have been assigned to the same region as

the POUF3 gene include the cannabinoid receptor
CNR (6ql4-ql5), the trophoblast glycoprotein TPBG

(6ql4-ql5), the two y-aminobutyric acid receptors
rho | (6ql4-q21), and the ecto-5'-nucleotidase NT5

(6ql4-q21).
Several disease loci have been located to 6ql6 and

neighboring bands by linkage analysis. Among these,

only the phenotype of North Carolina macular dystro-
phy (NCMD) at 6ql4-6ql6.2 (Small et al., 1992a) is

restricted to brain, the site of expression of N-Oct 3.

NCMD is a macular dystrophy causing impaired cen¬

tral vision (Small et al, 1991). Inheritance is autosomal

dominant; the disease course is generally stable, but

the phenotypes are highly variable (Small et al.,
1992b). It is of considerable biological and medical in-

terest to address experimentally the question whether

the POUF3 gene is sensitive to a trinucleotide repeat
mutation mechanism and whether it may play a role

in NCMD disease.

With regard to the hypothesis of an involvement of

N-Oct 3 in human diseases, it is interesting that the

tumorigenicity of malignant melanoma cells can be

suppressed by the introduction of human qhromosome
6 or mouse chromosome 4 into these cells (Trent et al.,
1990). These chromosomes share a homologous region,
contained in human chromosome 6ql2-q21, as evi-

denced by the assignment of brn-2 to mouse chromo¬

some 4 (Xia et al., 1993). Abnormalities of this human

chromosomal region have been found in a ränge of dif-

ferent tumors, including cutaneous melanomas (Trent
et al., 1983; Pathak et al., 1983; Becher et al., 1983;
Rauth et al., 1994). In all of these tumors, mutations

of tumor-suppressor genes on human chromosome 6q

may be involved. Analysis ofmelanoma metastases and

primary cultures of tumors revealed a ränge of Oct

factors comigrating with activities previously described
in mouse brain (Thomson et al., 1993). Melanoma ex-

tracts express the melanocytic-associated Oct-Ml and

Oct-M2 octamer-binding factors that comigrate with

the N-Oct 3 and N-Oct 5 (Schreiber et al, 1990) factors

of brain nuclear extracts (Thomson et al., 1993). Thus,
Oct-Ml and Oct-M2 are most probably identical to N-

Oct 3 and N-Oct 5, respectively. It may be of interest

to investigate whether mutations of N-Oct 3 might be

associated with tumorigenicity ofmalignant melanoma
cells.
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ABSTRACT

The neural POU-domain proteins N-Oct 3 and N-Oct 5 were first

identified in electrophoretic mobility retardation assays through their

ability to bind to the octamer sequence ATGCAAAT. These two N-Oct

factors are detected in extracts from tumor-derived and normal neural

cells. They are present differentially, however, in extracts from

melanocytes and melanoma cells: N-Oct 3 is present in extracts from

both melanocytes and melanoma cells, whereas N-Oct 5 is more evident

in extracts from metastatic melanoma cells. We show here that a cDNA

encoding N-Oct 3 directs synthesis of both the N-Oct 3 and N-Oct 5

proteins and that the N-Oct 5 protein in neural and melanoma-cell

extracts is also related to N-Oct 3. N-Oct 5, however, is apparently not

expressed in vivo: It is not detected if cells are rapidly lysed in SDS or

if extracts are prepared with appropriate protease inhibitors that

includes the serine-protease inhibitor 4-(2-Aminoethyl)benzenesulfonyl

fluoride hydrochloride (AEBSF). These data suggest that N-Oct 5 is a

specific in vitro proteolytic cleavage product of N-Oct 3 and is not

directly related to melanocyte malignancy.

INTRODUCTION

In eukaryotes, transcription is regulated by the combinatorial

action of sequence-specific DNA-binding proteins. In non-vertebrate

eukaryotes, these transcriptional regulators are commonly identified

genetically. In vertebrates, they are more often identified

biochemically in cell extracts through binding assays such as DNase I

protection and electrophoretic mobility retardation. Many

transcriptional regulators belong to families of sequence-specific DNA-

binding proteins that recognize a particular cis-regulatory element. For

this reason, the electrophoretic mobility retardation assay is

particularly revealing because it allows individual family members to

be discriminated from one another by the distinct mobilities of the
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protein-DNA complexes they form on a Single czs-regulatory site.

Indeed, electrophoretic mobility retardation was used to show

that the DNA octamer sequence ATGCAAAT found in a variety of

cellular and viral promoters is recognized by the related proteins Oct-1,

a broadly expressed transcription factor, and Oct-2, a cell-specifically

expressed transcription factor (1-3). Subsequently, this assay allowed

identification of a family of human and mouse neural octamer-binding

proteins (4, 5); these neural (N) proteins are known as N-Oct 2, N-Oct 3,

N-Oct 4, and N-Oct 5 in humans. Studies indicate that these Oct and

N-Oct proteins belong to the large POU-domain family of eukaryotic

transcriptional regulators - a family of proteins that perform functions

important in cell differentiation and development (reviewed in ref. 6,

7), and share a conserved POU DNA-binding domain (reviewed in ref.

8).

Cloning of human POU-domain protein-encoding cDNAs (9)

indicates that the N-Oct 3 protein is the human homolog of the rodent

Brn-2 protein (10-12). In mouse cells, expression of Brn-2 is required for

establishment of neural cell lineages (13), and Brn-2-deficient mice fail

to establish specific subpopulations of neurons in the hypothalamus,

demonstrating a role in neural cell differentiation (14, 15). In humans,

N-Oct 3 is expressed in both normal and Cancer cells of many different

cell-types originating from the neuroectoderm (5, 16-20). In

melanocytes, which are neuroectodermal, N-Oct 3 plays a role in cell

differentiation and in the development of malignant melanomas (20).

The other N-Oct protein N-Oct 5 is also present, together with N-

Oct 3, in extracts from neural cells, but these two N-Oct factors are

present differentially in extracts from melanocytes and melanoma

cells: only N-Oct 3 is detected in cultured human melanocytes (16),

whereas both N-Oct 3 and N-Oct 5 are detected in many secondary

melanoma cell lines (18). These results suggest a causal relationship

between N-Oct 5 expression and melanoma development.

Ectopic expression of N-Oct 3 in nonneuronal cells results in both

N-Oct 3 and an N-Oct 5-like protein in cell extracts, suggesting that N-

Oct 5 arises by alternate expression of the gene encoding N-Oct 3,

perhaps by alternate translational initiation (9). Because the N-Oct 5
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protein is expressed in many, but not all, N-Oct 3-expressing cells, such

alternate expression of the gene encoding N-Oct 3 might be regulated,

and this regulation may be related to the oncogenic transformation of

melanocytes.

Here, to understand the regulation of N-Oct 5 expression, we have

investigated the origin of the N-Oct 5 protein. Our studies show that N-

Oct 5 is indeed related to N-Oct 3, but does not result from alternate

translational Initiation. Indeed, N-Oct 5 apparently does not exist in

vivo. Rather, N-Oct 5 results from proteolytic cleavage of N-Oct 3

during in vitro extract preparation. Generation of N-Oct 5 is not

eliminated by the commonly used protease inhibitors PMSF and

leupeptin, but can be inhibited by a cocktail of protease inhibitors

including the PMSF-like serine-protease inhibitor 4-(2-

Aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF). These

results demonstrate one instance in which a member of a family of

DNA-binding proteins, originally detected by electrophoretic mobility

retardation, has no evident in vivo counterpart.

MATERIALS and METHODS

Expression constructs.

The human N-Oct 3 expression vectors are derived from pBS-N-Oct 3

(9). An N-Oct 5-containing Eco47III/EcoRV fragment from pBS-N-Oct 3

was inserted between end-filled Xbal and BamHI sites of the CMV-

promoter expression vector pCGATG" (21) yielding pCGATG"N-Oct 3;

pCGATG-N-Oct 3 contains 22 bp of 5''and 465 bp of 3' untranslated N-

Oct 3 sequences and expression of N-Oct 3 is driven by the N-Oct 3 AUG

translational initiation codon. To produce an amino-terminally

epitope-tagged N-Oct 3 expression plasmid (pCGN-N-Oct 3), we replaced

the N-Oct 3 5' untranslated sequences and initiation codon in pCGATG"

N-Oct 3 with the initiation codon and influenza virus hemagglutinin

(HA) epitope-encoding sequences of pCGN (22); in this construct, the

HA epitope tag-encoding sequences are fused via an Xbal site to

Position 2 of the N-Oct 3-coding sequences. To construct a carboxy-
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terminally epitope-tagged N-Oct 3 expression plasmid (pCGATG"N-Oct

3-C-tag), the HA epitope-containing sequence GGSYPYDVPDYAS was

inserted immediately upstream of the N-Oct 3 termination codon.

The NotIa N-Oct 3-deletion construct (pCGATG-N-Oct 3-C-tag

ANotIa) was prepared by removal of a unique 112-bp Notl fragment in

the 5* region of the N-Oct 3-C-tag coding sequences, resulting in a

translational frame shift. The Notl^ N-Oct 3-deletion construct

(pCGATG-N-Oct 3-C-tag ANotIb) was prepared by end-fill of the Notl

sites prior to reclosure of the plasmid by ligation; the end-fill Step

maintained the N-Oct 3 translational reading frame. The veracity of

the constructs was veryfied by DNA sequence analysis.

Tissue culture, transfection, and extract preparation.

A2058 human melanoma cells (American Type Culture Collection,

Rockville, Maryland) and COS cells were grown in Dulbecco's modified

Eagle's medium supplemented with 5% fetal bovine serum, 200 U/ml

penicillin and 100 M-g/ml streptomycin.

COS cells were transfected by calcium phosphate coprecipitation as

described by Tanaka et al. (23). Each expression construct (1 u,g) was

transfected along with 1 jig of the internal reference plasmid expressing

the GAL4 DNA-binding domain (residues 1-94; ref. (24) and pUC119

carrier DNA (up to 20 |i.g of total DNA). Forty hours after transfection,

nuclear extracts were prepared in the presence of the protease

inhibitors PMSF and leupeptin as described previously (25). Where

indicated, the extraction buffer contained a cocktail of protease

inhibitors (Boehringer Mannheim) containing AEBSF (1 mg/ml), EDTA

(0.5 mg/ml), leupeptin (10 jxg/ml), pepstatin (10 u.g/ml) and aprotinin

(1 (xg/ml). Nuclear extracts from A2058 melanoma cells were prepared

from confluent cell cultures as described above. Nuclear extracts from

mouse primary astrocyte cultures were kindly provided by Dr. J.

Philipp (University Hospital of Zürich).

Mobility retardation analysis and DNA-binding sites.

Protein-DNA binding reactions were as described by Schreiber et al. (25).
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The DNA probes contained a Single copy of the wild-type (ATGCAAAT)

or mutant (CGGCAAAT) histone H2B octamer site inserted into the

Hindill site of the pUC119 polylinker (26). Probes -145 bp in length

were radioactively labeled by PCR amplification with pUC119

polylinker-specific 32p_en(i_iabeled primers.

Generation of rabbit anti-N-Oct 3 antiserum.

A 10-amino-acid peptide with the sequence CGGTLPGAED. containing N-

Oct 3 residues 416-424 (underlined) was synthesized, coupled to key

hole limpet haemocyanin, and inoculated into a New Zealand white

rabbit with 300 u.g of antigen in Freund's incomplete adjuvant at 3

week intervals (27). An immune response was detected by mobility

retardation analysis after the sixth inoculation. For mobility

retardation assays, the anti-N-Oct 3 antiserum, purified over protein A

Sepharose, was added to the nuclear extract in a 15-min preincubation

step prior to probe addition.

Immunoblot analysis.

For immunoblotting, 5 u,l of either nuclear or whole-cell extracts of

transfected COS cells were used. For whole-cell extracts, cells were

rapidly lysed in SDS-sample buffer by boiling for 5 min and cellular

debris was subsequently removed by centrifugation at 12,000 x g for 10

min as described (28). Soluble proteins were resolved by 7% SDS-PAGE

and transferred to nitrocellulose membranes (Schleicher & Schuell

NC). The membranes were probed with the 12CA5 anti-HA

monoclonal antibody and immunoreactive proteins detected by

chemiluminescence (Amersham).

RESULTS

The N-Oct 3 cDNA encodes both the N-Oct 3 and

N-Oct 5 proteins.

Schreiber et al. (9) showed that transient expression of the human N-

Oct 3-encoding cDNA in monkey COS cells yields N-Oct 3 and N-Oct 5
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octamer site-specific DNA-binding activities in an electrophoretic

mobility retardation assay. To study the relationship of these two

DNA-binding activities, we individually tagged the amino and carboxyl

termini of N-Oct 3 with an epitope derived from the influenza

hemagglutinin (HA) protein (29), expressed these constructs in COS

cells, and tested whether epitope-tagged forms of N-Oct 3 and N-Oct 5

were present.

Figure 1 shows the results of such an experiment. Cell extracts

containing transiently expressed untagged and epitope-tagged N-Oct 3

proteins were assayed by electrophoretic mobility retardation analysis

in the presence and absence of an epitope tag-specific antibody. For

the electrophoretic mobility retardation analysis, we used wild-type

(lanes 1-9) and mutant (lanes 10-15) octamer-site probes originating

from the histone H2B promoter. As an internal control for COS-cell

transient expression efficiency, we co-expressed the DNA-binding

domain of the yeast GAL4 transcriptional activator (residues 1-94; ref.

24).

As expected, a mock-transfected cell extract generated a Single

octamer site-dependent complex (compare lane 2 with lane 1 and with

lane 11). As shown with an Oct-1-specific monoclonal antibody (YL15;

ref. 30), this complex is formed by endogenous Oct-1 (data not shown).

Unexpectedly, transient expression of the internal-reference GAL4 DNA-

binding domain resulted in a fast migrating complex on both the wild¬

type and mutant octamer-site probes (compare lanes 3 and 12 with

lanes 2 and 11). As shown with GAL4-specific antibodies and

comparison to binding to a wild-type GAL4-binding site probe (data

not shown), this complex represents weak binding of the GAL4 DNA-

binding domain to our octamer-site probes and thus serves as a direct

internal control in the octamer-site mobility retardation assays.

Transient expression of the wild-type (WT) or amino- (N-tag) or

carboxy- (C-tag) terminally tagged N-Oct 3-encoding cDNAs resulted in

the generation of multiple N-Oct factor-DNA complexes each of which

was octamer-site specific (compare lanes 4, 6, and 8 with lanes 13-15).

Expression of the wild-type N-Oct 3-encoding cDNA (lane 4) resulted in

three protein-DNA complexes that correspond to N-Oct 3 and two N-Oct

5-species with slightly different mobilities (called N-Oct 5a and 5b; ref.
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9). Consistent with the expected larger size of the epitope-tagged

proteins, expression of the N-tag and C-tag N-Oct 3-encoding cDNAs

resulted in a retardation in the mobility of the N-Oct 3-DNA complexes

compared to the untagged, wild-type N-Oct 3 protein-DNA complex

(compare lanes 6 and 8 with lane 4). Furthermore, unlike the wild-type

protein, these epitope-tagged N-Oct 3 proteins were recognized by the

anti-epitope-tag antibody (compare lanes 5, 7 and 9). The mobility of

the N-Oct 5-DNA complex, however, was only affected when the epitope

was attached to the carboxyl terminus of N-Oct 3 (compare lanes 4, 6,

and 8) and only this C-tag-N-Oct 5 protein was recognized by the anti-

epitope-tag antibody (compare lanes 5, 7, and 9). These results

indicate that the N-Oct 5 proteins are indeed related to N-Oct 3 but

lack amino-terminal N-Oct 3 sequences.

Melanoma and astrocyte N-Oct 5 proteins are also

N-Oct 3 related.

Having demonstrated that N-Oct 5 proteins are related to N-Oct 3 in a

transient expression assay, we asked whether endogenous N-Oct 5-DNA

complexes found in cell extracts are also related to N-Oct 3 or simply

co-migrate with transiently-expressed N-Oct 5-DNA complexes. To

address this question, we developed polyclonal antibodies specific for

N-Oct 3. Because POU-III-class POU-domain proteins, of which N-Oct 3 is

a member, are very closely related (6), we raised a polyclonal

antiserum against a short nine-amino-acid peptide sequence in the

carboxy-terminal region of N-Oct 3 that is not conserved among the

class III POU-domain proteins. We tested the effects of the anti-N-Oct 3-

peptide antiserum on the mobility retardation patterns generated by

N-Oct 3-expressing and nonexpressing COS-cell extracts, and extracts

from untransfected human A2058 melanoma cells and primary mouse

astrocytes as shown in Figure 2.

We assayed the extracts using wild-type (1-13) and mutant (14-

18) octamer-site probes. The resulting N-Oct patterns were octamer

specific (compare lanes 2, 5, 8 and 11 with lanes 15-18), except for a

nonspecific complex in the COS- and melanoma-cell extracts that

formed with both the wild-type (lanes 2, 5 and 8) and mutant (lanes

15-17) H2B octamer-site probes. This nonspecific complex co-migrated
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with the octamer-specific complex in the astrocyte extract that results

from N-Oct 4 binding (5) (compare lanes 11 and 18).

Consistent with the carboxy-terminal location of the N-Oct 3

epitope, when antiserum was added to binding reactions with extracts

of N-Oct 3-transfected COS cells, the anti-N-Oct 3 antiserum recognized

both the N-Oct 3 and N-Oct 5 complexes (compare lane 7 with lane 6),

but did not affect the endogenous Oct-1- or the GAL4-DNA complexes

(compare lanes 3 and 4, and 6 and 7). Whereas the N-Oct 3 antiserum

did not affect the complexes formed by the neural-specific factors N-Oct

2 and N-Oct 4 (compare lanes 12 and 13), it did inhibit formation of

the endogenous N-Oct 3- and N-Oct 5-DNA complexes generated by the

melanoma-cell and astrocyte extracts (compare lanes 9 and 10, and 12

and 13). These results indicate that, in addition to transiently

expressed N-Oct 5 from the N-Oct 3 cDNA, endogenous N-Oct 5 is also N-

Oct 3 related.

N-Oct 5 expression is dependent on N-Oct 3 expression.

The results described above show that exogenously and endogenously

expressed N-Oct 5 proteins are related to N-Oct 3, but apparently lack

amino-terminal N-Oct 3 sequences. Synthesis of N-Oct 5 could result

from post-translational modification of N-Oct 3. Alternatively, N-Oct 5

synthesis might not be dependent on N-Oct 3 synthesis. For example,

as suggested previously (9), N-Oct 5 synthesis could result from

translational initiation at two internal N-Oct 3 AUG codons (see AUG^

and AUG^ in Fig. 3B, below). Inconsistent with this hypothesis,

however, point mutations in these two codons did not alter N-Oct 5a or

5b expression (data not shown).

To determine whether or not N-Oct 5 synthesis is dependent on

N-Oct 3 synthesis, we designed the experiment shown in Figure 3. We

tested the effects on N-Oct 5 expression of two deletions of amino-

terminal N-Oct 3 coding sequences. Both of these deletions, called

ANotIa and ANotID, result from removal of the same Notl restriction

fragment. In ANotIa, the religation of the Notl sites causes a

translational frame shift such that, if translation initiates in this open

reading frame at the N-Oct 3 initiation codon, the truncated 160-

37



amino-acid ANotIa protein illustrated in Figure 3B is expressed. This

deletion, however, should not affect expression of an N-Oct 3-related

protein that either (i) initiates translation downstream of the Notl sites

or (ii) results from translation of a spliced N-Oct 3 transcript that

removes the sequences affected by this deletion.

In the ANotlb deletion, the four-base overhangs resulting from

Notl cleavage were end-filled before religation, thus restoring the N-Oct

3 translational reading frame, but shortening the protein as illustrated

in Figure 3B. If N-Oct 5 expression is dependent on N-Oct 3 synthesis,

then we expect this deletion to restore N-Oct 5 expression — unless the

deletion itself directly affects the synthesis of N-Oct 5.

Figure 3A shows the result of this experiment. As expected, the

ANotIa deletion causing a translational frame-shift affects synthesis of

N-Oct 3 (compare lanes 6 and 4); it also affects, however, the synthesis

of N-Oct 5, suggesting that N-Oct 5 synthesis is dependent on N-Oct 3

synthesis. Consistent with this hypothesis, when the N-Oct 3

translational reading frame is restored in the ANotl^ construct, N-Oct 5

expression is restored (compare lanes 4, 6, and 8), but, unlike the

mobility of the N-Oct 3-DNA complex, the mobility of the N-Oct 5-DNA

complex is unaffected by the ANotlb deletion (compare lanes 4 and 8).

These results suggest that the N-Oct 5 protein(s) results from post-

translational processing of N-Oct 3. For example, proteolytic cleavage

of N-Oct 3 at a site(s) downstream of the ANotl^ deleted sequences but

upstream of the POU-domain sequences would explain these results.

N-Oct 5 proteins are present in
.
nuclear extracts but not

after rapid cell lysis.

In the experiments described above, we examined N-Oct 3 and N-Oct 5

expression indirectly in a DNA-binding assay. To study N-Oct 3 and N-

Oct 5 expression directly, we performed immunoblot analyses. Because

the antipeptide N-Oct 3 antiserum described above was not useful for

immunoblot analysis (data not shown), we assayed the synthesis of the

carboxyl epitope-tagged (C-tag) N-Oct 3 and N-Oct 5 proteins after

transient expression in COS cells, using the epitope tag-specific

antibody. We compared the pattern of N-Oct 3 and N-Oct 5 expression
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in nuclear extracts used in the electrophoretic mobility retardation

assays, and extracts prepared by rapid cell lysis in the presence of SDS.

Figure 4 shows the result of such an experiment.

Consistent with the presence of both N-Oct 3 and N-Oct 5

Polypeptides in the nuclear extract, the extract from transfected cells

(lane 2) but not mock-transfected cells (lane 1) contained three

immunoreactive bands that probably correspond to the N-Oct 3 and N-

Oct 5a and 5b Polypeptides as indicated. Although the sample

prepared by rapid cell lysis contained N-Oct 3 (as well as cross-reactive

species not related to N-Oct 3; compare lanes 3 and 4 to lane 1), the N-

Oct 5a and 5b-related species were missing (compare lanes 2 and 4).

This unexpected result suggests that the N-Oct 5a and 5b species are

generated upon extract preparation. Together with the aforedescribed

results, this finding suggests that N-Oct 5 is generated by proteolysis

during extract preparation, even though protease inhibitors PMSF and

leupeptin were present in the extraction buffer.

N-Oct 5 arises from proteolytic cleavage of N-Oct 3 in vitro.

To test this hypothesis, we prepared extracts from mock- and N-Oct 3-

transfected COS cells, and from untransfected A2058 human melanoma

cells in the absence of protease inhibitors and the presence of a more

extensive cocktail of protease inhibitors. This more extensive cocktail

included aprotinin, leupeptin, pepstatin, and the PMSF-like serine

protease-inhibitor AEBSF (Pefabloc^ SC; Boehringer Mannheim), rather

than our usual set of protease inhibitors leupeptin and PMSF. Figure 5

shows the results of such an experiment. Extracts containing either

transiently expressed N-Oct 3 (lanes 4 and 5) or endogenous melanoma-

cell N-Oct 3 (lanes 6 and 7) produced the N-Oct 5 complex only when

prepared in the absence of the more extensive cocktail of protease

inhibitors (compare lanes 4 and 6 to lanes 5 and 7). These results

indicate that the N-Oct 5 POU-domain protein (5, 9, 16-18, 20) is a

product of in vitro N-Oct 3 proteolysis and has no in vivo counterpart.

These results also indicate that this protease cocktail can aid in the

preparation of cell extracts with minimal protein degradation.
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DISCUSSION

Alternate forms of transcription factors have been shown to arise

from a Single mRNA species through alternate translational initiation

and to possess distinct activities. One well documented example are

the liver-enriched leucine-zipper proteins LAP and LIP: LAP, a

translational activator, and LIP, a transcriptional repressor, are

translated from a Single mRNA species by use of two AUGs in the same

open reading frame (31). We anticipated that the N-Oct 3 and N-Oct 5

proteins might be similarly related. We found instead, however, that N-

Oct 5 is probably not present in vivo, but instead is most likely

generated in vitro by proteolysis of N-Oct 3 protein during nuclear

extract preparation.

The nature of the protease or proteases that generate the

characteristic breakdown products of the N-Oct 3 protein is unknown.

Their presence, however, is not restricted to the tissues derived from the

neuroectoderm because the N-Oct 5 proteins are also detected in

extracts from transfected nonneuronal cells (e.g., COS cells). The

efficacy of the serine-protease inhibitor AEBSF in preventing synthesis of

N-Oct 5 suggests that the protease responsible is a serine protease.

Thomson et al. (18) found that, in cells of the melanocyte lineage, N-

Oct 5 is only prominent in extracts of metastatic melanoma cells and

not in melanocytes and non-metastatic melanocyte cell lines. Because

our results show that N-Oct 5 is generated by in vitro proteolysis, it is

possible that the protease activity responsible for N-Oct 3 cleavage in

vitro is either upregulated or otherwise altered in metastatic tumor

cells compared to normal and non-metastatic cells. It is unlikely,

however, that the changes in levels of N-Oct 5 in extracts from normal

and cancerous melanocytes is directly relevant to tumor progression in

vivo.

Our experiments do not identify the precise site of N-Oct 3

cleavage. They do show, however, that two unusual sequence features

in the amino-terminal region of N-Oct 3, a 21-amino-acid Stretch of

glycines (labeled G21 in Fig. 3B) and a 21-amino-acid Stretch of

glutamines (labeled Q21 in Fig. 3B), are not the sites responsible for N-
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Oct 5 synthesis: These sequence motifs either lie upstream of G21 or

are deleted by, as in the case of Q21, the Notl^ deletion, which does not

affect N-Oct 5 synthesis (Figure 3). The Notl deletional analysis

described in Figure 3 places the proteolytic cleavage of N-Oct 3 between

the Q21 segment and the POU domain. Examination of the amino acid

sequence of this region, however, does not reveal any obvious candidate

sites for the generation of N-Oct 5 proteins. The N-Oct 3 cleavage sites

may represent novel proteolytic target sequences; additionally, the

structure of the N-Oct 3 protein may expose this portion of the protein

making it more accessible for proteases.

Effects of proteases on the stability of transcription factors in cell

extracts may not be limited to the human N-Oct 3 protein. For

example, the mouse neural octamer-site binding proteins Oct-8, Oct-9,

and Oct-10 have only been reported in electrophoretic mobility

retardation assays (4); because they display similar migration patterns

to the N-Oct 5 proteins, they may also represent products of in vitro

proteolysis not relevant to in vivo Oct-factor function. Identification of

transcription factors other than N-Oct 3 affected by proteolysis during

extract preparation will require further investigation. The more

extensive use of protease inhibitors during extract preparation

described here may prove useful in such studies.
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Figure 1

N-Oct 5 proteins are derived from N-Oct 3. Electrophoretic mobility

retardation analysis of transiently expressed wild-type and epitope-

tagged forms of N-Oct 3/N-Oct 5 on a wild-type (lanes 1-9) and mutant

(lanes 10-15) histone H2B octamer site. Extracts were derived from COS

cells transfected with pUC119 DNA (Mock, lanes 2, 3, 11, 12), a

construct expressing wild-type N-Oct 3 (lanes 4, 5, 13), or a construct

expressing N-Oct 3 tagged with an influenza virus HA epitope at either

the amino terminus (N-tag, lanes 6, 7, 14) or the carboxyl terminus (C-

tag, lanes 8, 9, 15). Extracts in lanes 5, 7, and 9 were incubated with the

anti-epitope-tag monoclonal antibody 12CA5, which recognizes the HA

epitope (29). Where indicated, a GAL4 DNA-binding domain (residues

1-94) expression construct was transfected along with the N-Oct 3

constructs as an internal transfection control. The positions of the

endogenously expressed Oct-1, the ectopically expressed N-Oct and

GAL4 factors, and the free probe are indicated to the left of the figure.
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Figure 2

N-Oct 5 proteins in melanoma and astrocytes are also related to N-Oct

3. Nuclear extracts from A2058 melanoma cells (lanes 8, 9, 10 and 17),

mouse primary astrocytes (lanes 11, 12, 13 and 18), and COS cells

transfected with pUC119 DNA (lanes 2, 3, 4 and 15) or an N-Oct 3

expression vector (lanes 5, 6, 7 and 16) were analyzed by

electrophoretic mobility retardation analysis with either a wild-type

(lanes 1-13) or mutant H2B octamer site-containing probe (lanes 14-

18). Reactions were incubated in the presence (+) or the absence (-) of

either pre-immune serum or polyclonal antiserum to N-Oct 3 as

indicated at the top of each lane. Abbreviations are as described in Fig.

1.

49



A.

a-tag Ab

GAL4

CD
C

_o
03

CD

o Mock
a. i 1 r

C-tag N-Oct 3
i 1

WT ANotia ANotlb
11 1 i 1

+ - + - +

+ + + + + + +

Oct-1

N-Oct 3 Q

N-Oct 5-

GAL4

Free

Probe

123 456789

50



B. C-tag N-Oct3

WT

ANotia

ANotib
1

G21

ANotl

G21

G21

021

£

160

POU

POU
wiWiiiFffHSiii

C-tag
n

l
456

C-tag
n

420

51



Figure 3

Translation of N-Oct 5 does not initiate at internal translation start

sites in the N-Oct 3 mRNA. (A) Electrophoretic mobility retardation

analysis of extracts from COS cells transfected with C-tag N-Oct 3 (lanes

4 and 5) or C-tag N-Oct 3 carrying a Notl deletion that either disrupts

the expression of C-tag N-Oct 3 (C-tag N-Oct 3 ANotIa, lanes 6 and 7) or

shortens the C-tag N-Oct 3 product (C-tag N-Oct 3 ANotIb, lanes 8 and

9). The fragment spanning the Notl deletion is shown in Fig. 3B.

Extracts in lanes 5, 7 and 9 were incubated with anti-epitope-tag

monoclonal antibody (12CA5). Mock lanes and abbreviations are as

described in Fig. 1. (B) Schematic drawing of N-Oct 3, showing the POU-

domain in the C-terminal region and the Stretch of 21 glycines (G21)

and 21 glutamines (Q21) in the N-terminal part of the protein. The

locations of the N-Oct 3 initiating AUG codon (AUG*) and the internal

AUG codons (AUG2, AUG3 and AUG4) as well as the region of the Notl

deletion (ANotl) are indicated. (WT) Wild type. (ANotIa) Notl-deletion

construct that causes a translational frame shift. (ANotl^) Notl-deletion

construct that shortens the N-Oct 3 product but does not cause a

translational frame shift.
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Figure 4

N-Oct 5a and N-Oct 5b proteins are not found in vivo. Proteins from

either nuclear extracts (lanes 1 and 2) or SDS-lysed COS cells (lanes 3

and 4) transfected with pUC119 DNA (lanes 1 and 3) or a C-tag N-Oct 3

expression construct (lanes 2 and 4) were separated on a 10% SDS

Polyacrylamide gel and immunoblotted with the 12CA5 monoclonal

antibody which recognizes the HA epitope of the C-tag N-Oct 3.

Molecular weight Standards (Amersham, Rainbow^M colored protein

high molecular weight marker) are shown to the right of the figure. The

closed Squares identify the N-Oct 3 and N-Oct 5a/5b pattern similar to

that detected in electrophoretic mobility retardation analysis shown in

Fig 1.
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Figure 5

A cocktail of protease inhibitors containing aprotinin, leupeptin,

pepstatin, and the PMSF-like serine protease-inhibitor AEBSF prevent

proteolytic cleavage of N-Oct 3 to form N-Oct 5. Nuclear extracts from

A2058 melanoma cells (lanes 6 and 7) and COS cells transfected with

pUC119 DNA (lanes 2 and 3) or the N-Oct 3 expression vector (lanes 4

and 5) were incubated with an H2B octamer probe. Extracts were

prepared in presence (+) or absence (-) of the protease inhibitors

aprotinin, leupeptin, pepstatin, and AEBSF. Abbreviations are as

described in Fig. 1.
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4.3 The brain-specific POU-box gene Brn4 is a sex-linked

transcriptions factor on the human and mouse X

Chromosomes

P. J. Douville, S. Atanasoski, A. Tobler, A. Fontana, M. E. Schwab

(1994). Mammalian Genome 5, 180-182
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POU-box genes encode homeodomain-containing proteins
belonging to a multigene family of transcription factors.

They have been implicated in determining cell lineage
during development and are characterized by the POU do-

main, which comprises two DNA-binding subdomains, the

POU-specific and POU-homeodomain and a less conserved

linker region (Herr et al. 1988; He et al. 1989). Both sub¬

domains contain helix-turn-helix motifs originally identi-

fied in prokaryotic transcriptional regulators such as the

lambda repressor (Hoschschild et al. 1983). The family has

been divided into six classes according to sequence ho-

mology within the POU domain (Rosenfeld 1992; Okamo-

to et al. 1993).

Brn4, a class III member, is exclusively expressed in

the developing and adult nervous System and shares par-

ticularly high homology in the POU domain with other

class III members (Hara et al. 1992; Mathis et al. 1992; Le

Moine and Young 1992). Bandshift experiments have

demonstrated that Brn4 is capable of binding the so-called

octamer motif (ATGCAAAT) found in many cellular and

viral promoters and enhancers (Schaffner 1989) and to

transactivate octamer-containing promoters (Mathis et al.

1992). Although the target genes of Brn4 have not been

identified, it might be expected to transcriptionally regu-
late some target genes containing the octamer or related

motifs. Intriguingly, Brn4 is intronless as are all other

class III POU factors found to date (Hara et al. 1992). It

has been postulated that this class of POU factors arose by
an ancestral retrotransposition and later gene duplication,
which occurred before humans and rodents diverged, to

generate the other class III family members (Kuhn et al.

1991; Hara et al. 1992). Despite 80 million years of sepa-

*Present address: Institute for Molecular Biology II, University of

Zürich, Winterthurerstr. 190, CH-8057 Zürich, Switzerland

Correspondence to: PJ. Douville

rate evolution, amino acid sequence identity has been

strictly conserved between mouse and human class III ho-

mologs. This suggests that little mutational Variation was

allowed in this gene, underscoring its functional impor-
tance and cell type-specific expression in the developing
and adult central nervous Systems. Thus, one might expect

genetic abnormalities within this gene to have major reper-
cussions in the nervous System, perhaps because of alter-

ations of normal development or disruption of cell identi¬

ty, as has been found with some other POU genes, for ex-

ample, Pit-1 and unc86 (Li et al. 1990; Pfäffle et al. 1992;
Radovick et al. 1992; Finney et al 1988). We therefore un-

dertook to genetically map the Brn4 locus in the mouse and

to determine its chromosomal localization in the human to

see if it were linked with previously described mouse mu-

tants or human hereditary diseases.

To map the mouse Brn4 gene, we used a mouse inter-

specific backcross DNA panel derived from (C57BL/6J X

Mus spretus)Fx X C57BL/6J (E. Birkenmeier and L. Rowe,
The Jackson Laboratory, Bar Harbor, Me.). We began by
looking for polymorphisms in the Brn4 gene in both

parental species of mice (C57BL/6J and Mus spretus).
Polymerase chain reaction (PCR) amplification of Brn4

from both species yielded an expected 970-bp product en-

compassing almost the entire coding sequence. No other

PCR products of alternate size were detected, confirming
that Brn4 is an intronless gene in both species of mice.

These results forced us to screen for restriction fragment
length polymorphisms (RFLPs) rather than length poly¬
morphisms. We detected an informative RFLP after di-

gestion with Ddel (Fig. 1A). This polymorphism was due

to an additional Ddel site in the Mus spretus Brn4 allele

which is also present in a rat Brn4 cDNA (Le Moine and

Young 1992). In the rat sequence this Ddel site is found at

the 3' end of the linker and does not result in an amino acid

Substitution. Given the phylogenetic conservation of Brn4,
it is unlikely that the Mus spretus Ddel polymorphism re¬

sults in an amino acid Substitution.
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Fig. 1. (A) Southern blot identification of a Ddel RFLP in Brn4 alleles

PCR amplified from C57BL/6J (BB) and /Wks spretus (SS). For PCR am-

plification of Brn4 alleles from mouse DNA, we used an oligonucleotide
primer (5'-CCTTTCCGCAATCCTCAG-3') derived from the 5' end of

the mouse Brn4 coding region and an antisense primer (5'-TG 1111CAC-

CGTGTGCGA-3') from the 3' end of the coding region. PCR amplifi-
cation was carried out from 50 ng of genomic DNA in 10 mM Tris pH
8.3, 50 mM KCl, 1.5 mM MgCl,, 200 um dNTPs, and 0.65 U AmpliTaq
(Perkin-Elmer Corp., NJ., USA) under the following cycling conditions:

1 min denaturation at 94°C, 1 min annealing at 54"C and 2 min exten-

sion at 72°C for 35 cycles. The amplification products were digested with

the restriction enzyme Ddel and analyzed by electrophoresis in 10%

poly(NAT) gels (Elchrom AG, Horgen, Switzerland) for species-specif-
ic typing. The sizes in base pairs for each band are indicated on the side.

(B) Haplotype analysis of 93 backcross progeny mice. The genotypes of

individual backcross mice are represented by the filled (BB) and open

(SB) boxes. The numbers of mice with each haplotype are indicated un-

derneath the boxes. RFLPs for DXMitö and Plp were defined previ-
ously.

The mouse interspecific backcross panel was screened

for the Ddel RFLP and the allele distribution was compared
to that from previously typed markers. Each of the Ddel-

digested DNAs from the (C57BL/6J X Mus spretus)Fl X

C57BL/6J interspecific backcross mice displayed either

the homozygous (BB) or the heterozygous (SB) F, pattern.
The allele distribution of Bm4 in the backcross mouse

panel most closely resembled that of the proteolipoprotein
gene Plp (Eicher et al. 1992; Willard and Riordan 1985).
In 89 out of 93 meiotic events examined, Brn4 cosegre-

gated with the Plp locus (Fig. 1B), indicating that the

mouse Brn4 locus is linked to Plp on the X Chromosome

(Chr). Brn4 also showed linkage to the DNA marker

DXMitö (Dietrich et al. 1992; E. Birkenmeier and L. Rowe,

unpublished observations) with the two loci cosegregating
in 78 out of 89 meiotic events examined (Fig. 1B). The best

gene order (Bishop, 1985) ± the Standard error (Green,

1981) indicated that Brn4 was 4.3 ± 2.1 cM (95% confi-

dence limits are 1.2 and 10.6 cM) proximal to Plp and 12.4

± 3.5 cM (95% confidence limits are 6.3 and 21.0 cM) dis¬

tal to DXMitö. We consider it unlikely that this Brn4 lo¬

cus is a pseudogene because Southern blots of mouse ge¬

nomic DNA strongly suggest that Brn4 is a single-copy
gene (Hara et al. 1992).

Brn4 is the first transcription factor from the POU

family to display sex linkage, and mutations at this locus

would be expected to be phenotypically expressed in males.

Our mouse linkage data indicate that Brn4 does not map

to regions where previously described mouse mutants have

been mapped. Given its widespread CNS distribution, it is

possible that mutations at this locus are lethal. iMore triv-

181

ially, it may be that mouse mutants of this locus have not

yet been described.

To localize the human BRN4 gene, we used a 32P-la-

beled 215-bp restriction fragment from a human Brn4

cDNA clone which comprised the 5' end of the clone end-

ing at nucleotide 750 according to the mouse DNA se-

quence numbering (Hara et al. 1992). This probe was hy-
bridized to a DNA panel from human X hamster somatic

cell lines (BIOS Laboratories, New Haven, Conn.). We de-

tected a unique human-specific Bm4 band in three EcoRl-

digested hybrid cell line DNA samples that corresponded
to those harboring the human X Chr (Table 1). We did not

detect a human-specific band in cell lines that did not con-

tain the X Chr. Our level of sensitivity was probably not

sufficient to detect the human-specific band in one cell line

(968) in which only 65% of the cells contain the human X

Chr. From these data we concluded that the human BRN4

locus was located on the X Chr. It is unlikely that we de-

tected another class III POU gene because our human 5'

Brn4 probe did not include the highly conserved POU-do-

main. The fact that we detected a uniquely hybridizing hu¬

man band and localization to a Single chromosome strong¬

ly implies that BRN4 is a single-copy gene in human.

The location of the human BRN4 gene on the X Chr is

not surprising given the very conserved nature of the mouse

and human X Chrs (Amar et al. 1988; Davisson et al.

1991; O'Brien and Marshall Graves 1991). In the mouse

it is found in a linkage group that includes the phospho-
glycerate kinase 1 locus (Pgkl) and the Plp locus that is

syntenic with the human X Chr (Amar et al. 1988). On the

human long arm of the X Chr these loci define the region
spanned from Xql3.3 to Xq21.3-q22 (Amar et al. 1988;

Willard and Riordan 1985), and the gene order in the

mouse strongly suggests that the human BRN4 locus lies

within this region.
Numerous disease loci have been assigned to the mid-

dle of the long arm of the human X Chr by linkage analy¬
sis. Among these, however, only the phenotype of X-linked

spastic paraplegia at Xq21-q22 (Keppen et al. 1987) is re-

stricted to the CNS, the site of expression of Brn4. This dis-

order is characterized mostly by spastic gait and hyper-
flexia. Another interesting disorder that also maps to

Xq21.3-q22 is a form of hypopituitarism, X-linked pituitary
dwarfism IV (Phelan et al. 1971; Schimke et al. 1971),
which is associated with growth hormone deficiency (Con-

ley et al. 1991). Interestingly, an autosomal form of hy¬
popituitarism with a dwarf phenotype in mice and humans

has been described that is caused by mutations in the POU-

box gene Pit-1 (Li et al. 1990; Pfäffle et al. 1992; Radovick

et al. 1992). Phenotypically, the autosomal form of hy¬
popituitarism is characterized by a growth hormone defi¬

ciency whose gene contains Pit-1 recognition motifs to

which Brn-4 can also bind (Mathis et al. 1992). This in¬

teresting correlation may implicate Brn-4 as a potential
candidate gene involved in the pathogenesis of pituitary
dwarfism IV. However, at least some affected patients
show a complicated form of hypopituitarism with a con-

comitant X-linked agammaglobulinemia (XLA). The gene

responsible for XLA has recently been identified as a

member of the src family of tyrosine kinases (Vetrie et al.

1993), and the mouse homolog (btk) maps close to Brn4

on the mouse X Chr (Thomas et al. 1993). Since on the one
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Table I. Segregation of human BRN4 in human/rodent hybnds

Human Chromosome

Hybndization/
Chromosome 1 2 3 4 5 6 7 8 9 10 11

+/+ 0 0 0 1 3 2 0 3 0 0 1

-/- 29 32 27 31 4 29 30 28 29 29 32

+/- 3 3 3 2 0 1 3 0 3 3 2

-/+ 4 1 6 2 29 4 3 5 4 4 1

% Discordance 19 11 25 11 80 14 17 14 19 19 8

Note: (+) or (-) indicates the presence or absence of the human BRN4 fragment in

hand Brn-4 is not expressed in tissues of the immune Sys¬

tem, and on the other hand panhypopituitansm does not

necessanly lead to XLA, it is possible that this comphcated
form of hypopituitansm may represent a Syndrome m-

volving several genes in close proximity Nevertheless, it

will be interesting to determine whether mutations of the

human BRN4 gene are associated with one of these disor-

ders.
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