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Minireview

Emerging Roles for PAX Transcription Factors
in Cancer Biology

B W SCHAFER

Umiversity of Zurich, Dept of Pediatrics, Division of Clinical Chemistry and Biochemustry,
CH-8032 Zurich, Switzerland

Abstract. Pax genes are transcription factors which act as essential control genes
during the establishment of embryonic cell hneages Recent evidence now demon-
strates that their expression 1s deregulated by different mechanisms 1n several tu-
mor types mncluding Wilms’ tumors, rhabdomyosarcomas, brain tumors and lym-
phomas The oncogenic role of PAX protemns in tumor development 1s now subject
of intensive investigations and may mnclude stimulation of the rate of proliferation
as well as inhubition of the apoptotic program In addition, the expression of PAX
genes 1 these cancers might serve as a diagnostic and probably also prognostic
tool

Key words: PAX genes — Rhabdomyosarcoma — Wilms’ tumor — Oncogenes
— Apoptosis

Abbreviations: EWS — Ewing’s sarcoma, FKHR - forkhead related gene, HGF
hepatocyte growth factor, PAX paired box, PNET - peripheral neuroectodermal
tumor, RMS - rhabdomyosarcoma, RCC - renal cell carcinoma, SF — scatter factor

Introduction

During embryonic development the establishment of different cellular lineages re-
quires the generation of a sufficient number of precursor cells which are then able to
undergo terminal differentiation Usually, terminal differentiation 1s associated with
a post-mitotic stage which means that cells are incapable of dividing The hghly
orgamized sequence of these events can only take place through the precise control
of gene expression at any given stage In contrast to these normal circumstances,
cancer cells have lost the ability to become post-mitotic and to differentiate In
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general, their appearance is similar to early embryonic cells and it is accompanied
by the reexpression of structural as well as regulatory embryonic genes. Conse-
quently, developmental control genes are often reexpressed in cancer cells. Since
the development of fully malignant cells requires accumulation of multiple genetic
changes, the question arises whether reexpression of developmental control genes
plays a direct causal role in tumorigenicity or whether it is just a consequence of
other genetic changes, e.g. mutations in critical growth control genes.

Here, I would like to first summarize the genetic evidence which demonstrates
that PAX genes are essential control genes for the establishment of certain embry-
onic lineages. Second, newly emerging evidence will be presented which suggests
that reexpression of PAX genes in cancer cells might play a distinct causal role in
multistage carcinogenesis.

What are Paz genes? Only twelve years ago, the paired box was first identified
as a homology region in the Drosophila segmentation genes paired and gooseberry
(Bopp et al. 1986). Subsequently, Paz genes have been identified in species ranging
from hydra to human (Sun et al. 1997). To date, nine murine as well as human
Pax genes have been described (see Table 1). They encode nuclear transcription
factors which have a modular structure of different functional domains. So far, three
highly conserved regions have been identified in these proteins: the paired domain
as primary DNA binding domain; a conserved octapeptide motif with unknown
function; and a paired-type homeodomain which can serve as a second independent
DNA binding region. The paired domain, 128 amino acids in length, is composed
of three a-helices, two of which are located near the carboxy end and one near

Table 1. The PAX gene family

CLASS GENE STRUCTURE? CHROMGOSOMAL
LOCATION®

I PAX1 PD, OCT 20p11.2
PAX9 14q12-q13

I PAX2 PD, OCT, truncated HD 10924.3-g25.1
PAX5 9p13
PAXS 2q12-q14

III PAX3 PD, OCT, HD 2q35
PAX7 1p36

v PAX4 PD, no OCT, HD 7q22-qter
PAX6 11p13

*PD: paired domain; OCT: octapeptide; HD: homeodomain
°chromosomal location is given for human genes
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the amino end of the paired domain According to these structural critena, 4 dif-
ferent subgroups within this protemn family can be distinguished class I proteins
are composed of the paired domain and the octapeptide motif (PAX1 and PAX9),
class II proteins are characterized by a truncated homeodomain (PAX2, PAXS5, and
PAXS), class III proteins contain all three motifs (PAX3 and PAXYT), and class IV
protewns are devoid of an octapeptide motif (PAX4 and PAX6) All examined PAX
protewns are capable of stimulating transcription from corresponding reporter gene
constructs In these experiments, transcriptional activating as well as repressing
domains have been defined in several PAX proteins However, little 1s known so far
about 1n vivo target genes for PAX proteins although n vitro selection experiments
have defined recognition sequences for several PAX proteins, which appear to be
unusually large (20-24bp) The paired domain recognizes a sequence characterized
by a pentanucleotide GTYMC, and PAX proteins comprising a homeodomain rec-
ognize an additional sequence containing ATTA Few functional target genes have
been suggested so far for PAX3, 5 and 8 These are discussed below 1n respect to
the oncogenic role suggested for PAX proteins

Genetic Evidence for Control of Development by Pax Genes
Paz genes are expressed during development i a distinct spatial and temporal

pattern Expression starts between day 8 and 105 p ¢ 1n the mouse and can be
found mainly 1n the central nervous system and/or the paraxial mesoderm and 1ts

Table 2. Association of PAX genes with mouse mutants and human syndromes

GENE SITES of MOUSE MUTANTS HUMAN
EXPRESSION® SYNDROMES
PAX1 sclerotome, thymus undulated
PAX2 kidney, urogemtal, CNS ko - lacking kidneys ocular-renal syndrome
PAX3 dermomyotome, splotch Waardenburg syndrome
neural crest, CNS
PAX4 pancreas ko — lacking pancreatic
3 cells
PAX5 pro B-cells, CNS ko — lacking B cells,
brain defects
PAX6 eye, pancreas, CNS small eye, aniridia
ko — lacking pancreatic
a cells
PAXT dermomyotome, ko — neural crest,
neural crest, CNS defects

) only most prominent sites of expression are mdicated CNS central nervous system,
ko knockout No mutants are known so far for PAX8 and PAX9
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derivatives. In general, Pax expression is seen in mitotically active precursor cells,
although sometimes a biphasic pattern with reappearance in differentiated cells is
observed. The main sites of expression of each Paz gene are listed in Table 2, and
a more detailed summary of the expression pattern is given in Stuart et al. (1994).
The first indications that Pax proteins might be important developmental control
genes came from the identification of mouse mutants carrying mutations in specific
Paz genes. The first mouse mutant identified was undulated, a mutant affecting
formation of the skeleton, which carries a mutation in the Pazr! gene (Balling et
al. 1988). Mutations mainly in the paired domain of Paz3 were found subsequently
in several strains of the mouse mutant splotch which are all characterized by neural
tube, neural crest, skeletal and heart muscle defects (Epstein et al. 1991). Inter-
estingly, later it was demonstrated that the skeletal muscle defects originate in the
myoblasts migrating from the somites into the extremities during myogenesis. In
homozygous splotch mice these myoblasts are absent (Bober et al. 1994). Another
example is given by small eye, a mouse mutant displaying underdeveloped eyes
due to a mutation in Paz6 (Hill et al. 1991). Searching for human syndromes with
underlying PAX mutations, defects in one allele of PAX2 have been identified in
an ocular-renal syndrome, in PAXS for Waardenburg syndrome I and in PAX6 for
aniridia. These interesting observations prompted different researchers to generate
functional null mutants through homologous recombination of several other Pax
genes (summarized in Table 2). The major defects observed were lacking kidneys
in Pax2 homozygotes, lacking pancreatic S-cells in mice missing functional Pax4,
lacking mature B cells without Pax5, lacking pancreatic a-cells in Pax6 and finally
neural crest defects in Pax7 knock-out mice. These experiments provide unequivo-
cal evidence for the importance of Paz gene family members in the establishment
of specific cell lineages during development. An intriguing concept from these ex-
periments is that loss of function mutations in Par genes almost always results in
the absence of a specific cellular lineage. This is in contrast to observations made
for other homeobox containing genes, like Hox genes, which reveal homeotic trans-
formations of entire structures like e.g. legs into antennae. Hypothetically, Pax
proteins are therefore involved either in the recruitment of precursor cells to a spe-
cific cell type, in the migration of precursor cells to the appropriate environment,
or in the survival of precursor cells in their given environment. At the moment, a
combination of these possibilities appears to be most likely.

The Emerging Role of Pax Genes in Oncogenesis

What is now the evidence that PAX genes could play a role in oncogenesis? The
notion that Pax genes might act as oncogenes was first put up by the laboratory
of Peter Gruss in 1993, when he and his collaborators found that Pax proteins
can transform mouse fibroblasts in culture (Maulbecker and Gruss 1993). In these
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experiments, ectopic expression of either Pax1, Pax2, Pax3, Pax6 or Pax8 could
induce the formation of foct as well as growth of the embryonic fibroblasts in a nude
mouse model. Subsequently 1t was found that several Pax genes are inappropriately
expressed 1n human tumor cells, e.g. in Wilms’ tumor (PAX2 and PAX8) (Dressler
and Douglass 1992; Poleev et al. 1992), rhabdomyosarcoma (PAX3 and/or PAX7)
(Galili et al. 1993; Schafer et al. 1994), Ewing’s sarcoma (PAX8 and/or PAX7)
(Schulte et al. 1997), glioblastoma (PAX5) (Stuart et al 1995b) and thyroid cancer
(PAX8) (Fabbro et al. 1994) (see Table 3).

Table 3. PAX genes associated with cancer

GENE CANCER TYPE OF GENETIC TARGET GENES
CHANGE
PAX2 Wilms’ tumor, renal cell overexpression p53, WT1
carcinoma
PAX3 rhabdomyosarcoma translocation t(2,13), c-met, myoD (7),
Ewing’s sarcoma overexpression myf-5 (?)
PAX5  lymphoma, ghoblastoma  translocation t(9,14), p53, CD19, IgHC
overexpression
PAX7 rhabdomyosarcoma translocation t(1,13), similar to PAX3 ?
Ewing’s sarcoma overexpression
PAXS Wilms’ tumor, tyroid overexpression N-CAM, p53, bcl-2,
cancer WT1,
thyroperoxidase,
thyroglobulin

What might be the cause of this deregulated expression of PAX genes? In
some instances, deregulation might reflect persistent expression in the precursor
cell type from which the tumor developmentally originates, caused by the failure to
downregulate the PAX genes at appropriate times of development. However, “true”
overexpression might also be produced by a) loss of critical cis-control regions, b)
alterations of trans-acting upstream regulators, or ¢) in situ amplification of the
gene locus.

Even more compelling was the finding that PAX genes participate in specific
chromosomal translocations. The specific presence of such chromosomal abnormali-
ties, being at least diagnostically important for some tumor types, suggests that the
genes involved in the translocation event are causally involved in the development
of cancer. This concept has proven true for a number of very well characterized
genes such as c-myc (t(8;14)), ber-abl (t(9;22)) or bel-2 (t(14;18)) and is now gen-
erally accepted. Remarkably, three different PAX gene family members are affected
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by chromosomal translocations as well: PAX3 and PAX7 in the pediatric skeletal
muscle derived tumor alveolar rhabdomyosarcoma, and PAXS in a subtype of B-cell
lymphoma (discussed in more detail below).

At this point the available experimental evidence suggests, either directly or
indirectly, a role of PAX proteins in tumorigenicity. Hence, one would like to know
at what stage and through which mechanisms PAX proteins will contribute to
multistep tumor development. Since they generally act as transcription factors,
the activation of specific target genes is certainly a crucial mechanism. However,
at this point it cannot be excluded that other mechanisms like protein-protein
interactions play an important role as well. Nevertheless, since not much is currently
known about protein interactions involving PAX proteins, I will discuss in the next
sections the possible target genes of some PAX proteins and how they might give us
a clue to the role of PAX proteins in cancer cells. Interestingly, different mechanisms
might apply for class II and class III PAX proteins. These insights might also help
to shed light on the mechanisms resulting in some of the phenotypes observed in
genetic experiments.

Class II PAX Genes in Cancer: Involvement of p53

PAX2 and PAXS8 in Wilms’ tumor and thyroid cancer

The first PAX gene described to be expressed in a tumor of embryonic origin was
PAX2in the epithelial components of Wilms’ tumor (Dressler and Douglass 1992)
which is a common pediatric malignancy. In the adult, renal cell carcinomas (RCC)
are presumed to have the proximal tubule epithelium as their origin. Hence, it was
not surprising that a high percentage of RCC cell lines and primary tumors were
found to express PAX2 as well (Gnarra and Dressler 1995). Another PAX gene
expressed in the developing kidney is PAX8. Again, high levels of PA X8 expression
were found in Wilms’ tumors (Poleev et al. 1992). Unfortunately, expression of
PAX8 in RCC has not been investigated. Interestingly, higher expression of the
PAX8 gene is also found in thyroid neoplasms where its increasing levels were
correlated with lower risk papillary carcinomas. This indicates that PAX genes
could serve as diagnostic markers in some instances. However, the diagnostic value
of class II PAX genes in cancer patient management, especially in Wilms’ tumors
and renal cell carcinomas, still has to be evaluated.

PA X5 in brain tumors and lymphomas

The PAX5 gene has been implicated in some brain tumors and in a type of B-
cell lymphoma. Two studies have linked the expression of PAX5 to brain tumors.
Kozmik et al. (1995) found deregulated expression in a large proportion of medul-
loblastoma, a pediatric brain tumor. Although other PAX genes were occasionally
expressed in some primary tumor samples of the neuroectodermal lineage, PAX5



PAX Proteins as Oncogenes 217

was found most consistently and, more importantly, its expression was absent from
normal neonatal and adult human cerebellum. In a second study Stuart et al.
(1995b) described inappropriate expression of PAX5 in astrocytomas originating
in the forebrain. In their study, they found that an increased expression of PAXS5 is
associated with higher grade malignancy and higher expression levels of the epider-
mal growth factor receptor. Although this study suggests that PAX5 may prove to
be useful as a diagnostic indicator of malignancy in astrocytomas, no subsequent
report has been published so far corroborating these findings.

In about 2% of non-Hodgkin lymphomas, a specific translocation t(9;14)(p13;
q32) fuses the PAXS5 upstream region to the immunoglobulin heavy chain locus,
bringing the potent Eu enhancer close to the PAX5 gene (Busslinger et al. 1996).
Consequently, this translocation event results in deregulation of PAXS5 gene ex-
pression which increases the level of PAX5 protein and forces it to be present at a
time during B-cell differentiation when the endogenous gene usually is switched off.
This observation is very interesting since it represents not simply a case of possible
reexpression of an embryonic gene and therefore points towards a causal role of
PAXS5 in the development of this and probably other tumors.

Possible molecular mechanisms

In this section, I would like to discuss the molecular mechanisms by which class
IT Pax proteins might. contribute to tumor development. An intriguing clue to this
question was provided by experiments from the laboratory of Peter Gruss. These
authors demonstrated that all three class II Pax proteins, in contrast to other Pax
family members, can repress transcription of the tumor suppressor protein p53
(Stuart et al. 1995a). p53 seems to be a direct target of these PAX proteins since
they are able to bind to a site within the untranslated first exon of p53. These data
suggest that loss of p53 function brought about by PAX mediated transcriptional
repression contributes to tumor initiation or progression. The two main critical
actions of wild type p53, when expressed in tumor cells containing mutated p53,
are growth arrest at the G1 phase of the cell cycle and induction of apoptosis
(Attardi et al. 1996). The growth arrest function of p53 seems to be mediated,
at least partially, by the cell cycle regulator p21. Interestingly, downregulation of
PAX2 (by means of antisense oligonucleotides) in renal cell carcinoma and of PAXS8
in thyroid cancer cells results in growth inhibition (Gnarra and Dressler 1995;
Rossi et al. 1995). These results are therefore in agreement with the proposed role
of pb3 in this system. However, the involvement of the p21 protein has not been
investigated. The second function of p53 in this respect, apoptosis, is mediated at
least partially by the bcl-2 family protein bax, which is a pro-apoptotic bel-2 family
member; it is transcriptionally upregulated by p53. One would therefore expect
that failure to induce bax (as a result of PAX mediated repression of p53) leads to
continued expression of bcl-2 homodimers and hence failure to induce apoptosis.
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In this scenario, PAX proteins would indirectly modulate apoptosis through p53.
Interestingly and extending this observation, it was just recently suggested that
PAXS (the only PAX protein tested in this assay) can stimulate transcription of
bcl-2 in vetro (Hewitt et al. 1997). Hence one might speculate that also a more direct
control of bcl-2 proteins by PAX family members is contributing to p53 modulated
apoptosis. In summary, it seems likely that an entire set of target genes rather than
only repression of p53 may combine to contribute to the oncogenic activity of class
II PAX proteins. Supporting this conclusion experimental evidence has identified
in the past an additional tumor suppressor gene whose expression is modulated by
PAX2, namely the Wilms’ tumor suppressor gene WT1 (McConnell et al. 1997).

Class III PAX Genes in Cancer: The Role of Growth Factor Receptors

PAX3 and PAX7 in rhabdomyosarcoma and other soft tissue sarcomas

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma in children,
accounting for about 5% of all cases of childhood cancer. A comparison of the
expression of some skeletal muscle genes in RMS to normal skeletal myoblasts sug-
gests that RMS represents the progeny of cells arrested during a restricted period
of skeletal muscle development. RMS can be grouped into two main histological
subtypes, the more common embryonal (70-80%) and the more aggressive alveolar
subtype. The latter subtype is characterized by a consistent translocation between
chromosomes 2 and 13 (t(2;13)(q35;q14)) resulting in the generation of a fusion
protein between PAX3 and a forkhead domain transcription factor called FKHR
(Galili et al. 1993; Shapiro et al. 1993). Incidentally, a second translocation event
t(1;13) fuses a similar part of PAX7 to the same FKHR gene portion {(Davis et
al. 1994). In both instances, the transactivation domains of the PAX genes are re-
placed by the transactivation domain of FKHR generating a transcriptionally more
potent fusion protein (Bennicelli et al. 1995). Interestingly, the mechanims leading
to overexpression of the fusion proteins seem to be distinct in both cases. For the
PAX3-FKHR translocation a copy-number independent process appears to operate
whereas the overexpression of the PAX7-FKHR protein results from fusion gene
amplification (Davis and Barr 1997). These different overexpression mechanisms
most likely ensure a critical level of the fusion protein necessary for oncogenic func-
tion. Both translocation events are useful diagnostic tools distinguishing alveolar
RMS from other small round cell tumors (Kelly et al. 1997).

In addition to these translocation events, both PAX3 and PAX7 were found
to be deregulated in embryonal RMS cell lines (Schifer et al. 1994). However,
this finding must still be confirmed in clinical tumor samples and possible expres-
sion patterns must be compared to clinical data. Interestingly, PAX3 and prob-
ably PAX7 expression can also be demonstrated in Ewing’s sarcoma (EWS), an-
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other childhood sarcoma (Schulte et al. 1997). Additionally, in these experiments,
PAX3 expression was observed in patients with peripheral neurcectodermal tumors
(PNET) and one glioblastoma cell line. These data indicate that deregulation of
PAX3 might be a more widespread feature in tumor biology, and certainly warrant
a broadened search for other tumors expressing PAX3, especially in glioblastomas.

Possible molecular mechanisms

In the first place the distinct appearance of the PAX3/7-FKHR fusion proteins in
alveolar rhabdomyosarcoma strongly suggests that the fusion proteins have onco-
genic function. Experimental evidence supporting this hypothesis then comes from
studies in chicken embryo fibroblasts, where ectopic expression of PAX3-FKHR via
a retroviral vector lecads to transformation as judged by anchorage independent
growth (Scheidler et al. 1996). However, similar experiments in mouse fibroblasts
and myoblasts failed to induce growth in soft agar despite clear enhancement of
the cellular proliferation rate (own results), suggesting that the oncogenic poten-
tial of the fusion protein is influenced by the cell background. Nevertheless, it is
highly likely that the fusion proteins contribute to oncogenesis. Hence, what are the
mechanisms mediating this activity? To gain some insight into this, we developed a
strategy using antisense oligonucleotides to downregulate either the PAX3-FKHR
fusion protein, PAX3, or PAX7 in RMS cells. Following antisense treatment, lead-
ing to a downregulation of the targeted PAX proteins, all RMS cell lines tested
underwent substantial induction of apoptosis (Bernasconi et al. 1996). Since the
PAX3-FKHR fusion protein functions as transcriptional activator, with binding
specificity similar to PAX3 but higher transactivational potential (Fredericks et al.
1995), one might speculate that the oligonucleotide induced repression of specific
PAX target genes plays a role in the anti-apoptotic function of PAX proteins in
tumor cells. Consequently, the question arises what these target genes might be.

Table 3 lists the possible target genes identified so far for PAX3. Two of
these potential target genes are the myogenic regulatory proteins myoD and myf5
(Maroto et al. 1997; Tajbakhsh et al. 1997). These genes generally act as inducers
of muscle differentiation and are therefore not suitable as candidate genes with
oncogenic potential. Indeed, it is not at all clear from the literature, if these genes
are direct targets of PAX3, since expression of PAX3 in neural tube and neural
crest cells does not induce myoD or myf5 activation.

The single direct target gene for PAX3 which has been reported so far is
c-met, a receptor tyrosine kinase having the hepatocyte growth factor/scatter fac-
tor (HGF/SF) as its known activating ligand. Interestingly, c-met was originally
identified as an oncogene by transfection studies (Cooper et al. 1984) and as the
deregulated product of a translocation t(1;7) found frequently in human gastric
carcinomas (Soman et al. 1991). In addition, both germline and somatic mutations
in the tyrosine kinase domain have been identified in papillary renal carcinomas
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(Schmidt et al 1997) Hence, at least three different pathways seem to enhance the
activity of c-met a translocation event, mutations, and overexpression of PAX3
or PAX3-FKHR leading to overexpression of c-met It seems therefore likely that
c-met expression participates in the formation of muscle tumors This conclusion
1s supported by recent data suggesting that both increased expression of PAX3
(Epstemn et al 1995) or of c-met (Anastasi et al 1997) are capable of inhibiting
differentiation 1 cultured myoblasts Intniguingly, expression of the cytoplasmic
portion of met 1 hepatocytes 1s able to block apoptosis (Amicone et al 1997),
suggesting that c-met might be one of the mediators of the observed anti-apoptotic
effects of class III PAX genes In a different approach to search for additional media
tors of this anti-apoptotic action, we have recently 1dentified the insulin-hke growth
factor 1 receptor as a possible target of PAX3 (unpublished observation) Similarly
to c-met, this receptor mediates tyrosine kinase signalling and 1s able to prevent
cells from entering apoptosis (O’Connor et al 1997) In conclusion, the available
data suggest that activation of tyrosine kinase receptors might be a common theme
mediating the oncogenic action of class ITI PAX genes

Conclusions and Future Directions

In this review, I presented evidence supporting a role for members of the paired-
box containing transcriptional regulators in oncogenesis Figure 1 summanzes these
experiments in a hypothetical model PAX proteins of classes II and IIT influence
tumor development, at least, through enhancing the rate of proliferation as well as
reducing the amount of apoptosis The pathways by which these actions are me-
diated might involve the tumor suppressor protein p53, the anti-apoptotic protein
bcl-2, and possibly several tyrosine kinase growth factor receptors At the moment,
1t 1s not clear 1f both classes of PAX proteins can activate all of the above sug-
gested target proteins, except for p53 which seems to be repressed only by class
II protemns In our model, only known target proteins are indicated, although 1t

apoptosis
class Il ~_ p53, bel-2 / PO *
PAX proteins ~
growth factor proliferation 4
class il receptor(s)

Figure 1. Hypothetical model for the role of Pax protemns in oncogenesis Pax tran-
scription factors appear to increase the rate of proliferation and decrease the amount of
apoptosis 1n tumor cells These actions might be brought about through regulation of
different target genes like p53, bcl-2, and receptor tyrosine kinases Activation of these
target gemes mught or not be specific for one Pax gene, an 1ssue which still has to be
imvestigated 1n most cases
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seems very likely that additional genes will be identified in the near future which
are regulated by PAX proteins. One possible strategy towards this goal might be
the use of gridded cDNA arrays combined with specific induction of PAX proteins
in different cell types. A second limitation of the model is the restriction to target
proteins. It is likely that other mechanisms like protein-protein interactions play a
role in mediating the observed actions of PAX proteins. A fascinating example in
this respect is the recent demonstration that the retinoblastoma tumor suppressor
protein pRB can interact with paired-like homeodomain proteins like Pax-3 (Wig-
gan et al. 1998). The work by Wiggan et al. has demonstrated that binding of pRB
to PAX3 causes repression of activated transcription from the c-met promoter. This
suggests that functional pRB can repress part of the oncogenic action of PAX3.
Again, it will be interesting to see if such an interaction is restricted to PAX3 only,
and more protein-protein interactions will certainly be identified in the near future.

It is interesting to note that oncogenic transcription factors other than PAX are
also involved in the control of cell death. The best studied is c-myc which promotes
cell proliferation in the presence of growth factors and cell death in the absence of
such factors. Induction of apoptosis in this case is mediated by a receptor-ligand
interaction; c-myc can stimulate transcription of fas (CD95)(Hueber et al. 1997)
which triggers apoptosis by binding fas ligand. Hence, c-myc regulates and lies
upstream of these receptor. Likewise, at least some PAX proteins stimulate tran-
scription, and therefore lie upstream, of particular growth factor receptors which
can contribute to cell survival by a receptor-ligand interaction. It will be necessary
to determine if these regulatory circuits are unique to cancer cells or, as probably
could be expected, are important during development as well.

Although it is certainly very simplified, one can ask what the implications of
the presented model for the treatment and diagnosis of cancer patients would be.
In the tumor types where PAX genes have been identified, it might be possible
to functionally inactivate these transcriptional regulators to improve treatment,
possibly in combination with existing chemotherapy protocols. This could be ac-
complished through a number of approaches like treatment with sequence specific
antisense oligonucleotides, expression of hammerhead ribozymes, or dominant neg-
ative mutants. Considering the example of rhabdomyosarcoma, it might even be
more rewarding to inhibit the activity of PAX3 than to inactivate e.g. several
growth factor receptor pathways one at a time, since PAX3 seems to effect several
of these pathways simultaneously (c-met and IGF-1R). The current technical ad-
vances in drug development and gene therapy seem to make these possibilities a
realistic option for the future. However, it will be very important to clearly define in
which tumor types of both adult and pediatric origin PAX proteins are deregulated.
A prerequisite to establish a deregulation pattern is of course a general account of
PAX gene expression in human. Such a broadened search might be greatly facili-
tated by the development of highly specific antibodies. Finally, these experiments
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would also allow to establish a possible correlation between the expression of PAX
proteins and climical prognosis. Perhaps then, PAX proteins might turn out to not
only be essential for developmental processes but also for cancer diagnostics and
treatment.

Acknowledgements. I am very grateful to F Scholl and U Rowvigatt: for critical reading
of the manuscript, and C W Heizmann for his ongoing support of this project The work
in the author’s laboratory has been largely supported by grants from the Swiss National
Science Foundation (31-37378 93 and 31-46886 96) and Cancer Research Switzerland

References

Amicone L | Spagnoli F M |, Spath G , Giordano S , Tommasini C , Bernardin1 S , DeLuca
V, DellaRocca C, Weiss M C, Comogho P M, Tripodi M (1997) Transgenic ex-
pression m the liver of truncated met blocks apoptosis and permits immortahzation
of hepatocytes EMBO J 16, 495—503

Anastasi S, Giordano S, Sthandier O , Gambarotta G , Maione R , Comogho P, Amati
P (1997) A natural hepatocyte growth factor/scatter factor autocrine loop
myoblast cells and the effect of the constitutive met kinase activation on myogenic
differentiation J Cell Biol 137, 1057—1068

Attardi L D, Lowe S W, Brugarolas J, Jacks T (1996) Transcriptional activation by
P53, but not induction of the p21 gene, 1s essential for oncogene-mediated apoptosis
EMBO J 15, 3693—3701

Balling R , Deutsch U, Gruss P (1988) Undulated, a mutation affecting the development
of the mouse skeleton, has a point mutation m the paired box of Pax 1 Cell 55,
531—535

Bennicelll J L, Fredericks W J, Wilson R B, Rauscher F J, Barr F G (1995)
Wild type Pax3 protemn and the Pax3-FKHR fusion protemn of alveolar rhab-
domyosarcoma contain potent, structurally distinct transcriptional activation do-
mams Oncogene 11, 119—130

Bernascomt M , Remppis A , Fredericks W J, Rauscher F J I, Schafer B W (1996)
Induction of apoptosis 1n rthabdomyosarcoma cells through down-regulation of PAX
protemns Proc Natl Acad Sa USA 93, 13164—13169

Bober E |, Franz T', Arnold H H, Gruss P, Tremblay P (1994) Pax-3 1s required for the
development of hmb muscles a possible role for the mgration of dermomyotomal
muscle progenitor cells Development 120, 603—612

Bopp D, Burr1 M, Baumgertner S, Frigerio G , Noll M (1986) Conservation of a large
protemn domam 1n the segmentation gene paired and 1n functionally related genes
of Drososphila Cell 47, 1033—1040

Busshnger M, Khix N, Pfeffer P, Graninger P G, Kozmik Z (1996) Deregulation
of PAX-5 by translocation of the Eu enhancer of the IgH locus adjacent to two
alternative PAX-5 promoters in a diffuse large-cell lymphoma Proc Natl Acad
Scai USA 93, 6129—6134

Cooper C S, Park M, Blair D, Tainsky K , Huebner C M, Croce C M, Vande Woude
G F (1984) Molecular cloning of a new transforming gene from a chemucally
transformed human cell ine Nature 311, 29—33



PAX Protemns as Oncogenes 223

Davis R J, Barr F G (1997) Fusion genes resulting from alternative chromosomal
translocations are overexpressed by gene-specific mechamsms 1n alveolar rhab-
domyosarcoma Proc Natl Acad Sc USA 94, 8047—8051

DavisR J,D'Cruz C M, Lovell M A, Biegel J A, Barr F G (1994) Fusion of PAX7
to FKHR by the variant t(1,13)(p36,q14) translocation 1n alveolar rhabdomyosar-
coma Cancer Res 54, 2869—2872

Dressler G R, Douglass E C (1992) Pax-2 1s a DNA-binding protein expressed mn
embryonic kidney and Wilm’s tumor Proc Natl Acad Sca USA 89, 1179—1183

Epstein D J, Vekemans M , Gros P (1991) Splotch (Sp2H), a mutation affecting devel-
opment of the mouse neural tube, shows a deletion within the paired homeodomain
of Pax-3 Cell 67, 767—774

EpstemJ A ,Lam P, Jepeal L, Maas R L, ShapiroD N (1995) Pax3 inhibits myogenic
differentiation of cultured myoblast cells J Biol Chem 270, 11719—11722

Fabbro D, Diloreto C, Beltrami C A, Belfiore A, Dilauro R, Damante G (1994)
Expression of thyroid-specific transcription factors TTF-1 and PAX-8 in human
thyroid neoplasms Cancer Res 54, 4744—4749

Fredericks W J, Galili M, Mukhopadhyay S, Rovera G, Benmcelh J G, Barr F,
Rauscher F J (1995) The PAX3/FKHR fusion protemn created by the t(2,13)
translocation 1 alveolar rhabdomyosarcomas 1s a more potent transcriptional ac-
tivator than PAX3 Mol Cell Biol 15, 1522—1535

Galili N, Davis R J, Fredericks W J, Mukhopadhyay S, Rauscher F J, Emanuel B
S, Rovera G, Barr F G (1993) Fusion of a forkhead domain gene to PAX3
the solid tumour alveolar rhabdomyosarcoma Nat Genet 5, 230—235

Gnarra J R, Dressler G R (1995) Expression of Pax-2 in human renal cell carcinoma
and growth inhibition by antisense ohgonucleotides Cancer Res 55, 4092—4098

Hewitt S M, Hamada S, Monarres A , Kottical L V, Saunders G F, McDonnell T
J (1997) Transcriptional activation of the bcl-2 apoptosis suppressor gene by the
pawred box transcription factor pax8 Anticancer Res 17, 3211—3215

HillR E, FavorJ,Hogan B L. M, Ton C C T, Saunders G F, Hanson I M, Prosser
J, Jordan T , Hastie N D, van Heyningen V (1991) Mouse small eye results from
mutations 1n a pared-like homeobox-containing gene Nature 354, 522—525

Hueber A O, Zormg M, Lyon D, Suda T, Nagata S, Evan G 1 (1997) Requirement
for the CD95 receptor-hgand pathway i c-myc-induced apoptosis Science 278,
1305—1309

Kelly K M, Womer R B, Sorensen P H B, Xiong Q B, Barr F G (1997) Common
and vanant gene fusions predict distinct chinical phenotypes in rhabdomyosarcoma
J Clm Oncol 15, 1831—1836

Kozmik Z , Sure U, Rued: D, Busshnger M, Aguzz1 A (1995) Deregulated expression
of Pax5 in medulloblastoma Proc Natl Acad Sa USA 92, 5709—5713

Maroto M , Reshef R, Munsterberg A E , Koester S, Goulding M , Lassar A B (1997)
Ectopic Pax-3 activates myod and myf-5 expression in embryonic mesoderm and
neural tissue Cell 89, 139—148

Maulbecker C C, Gruss P (1993) The oncogenic potential of Pax genes EMBO J 12,
2361—2367

McConnell M J, Cunlhiffe H E, Chua L J,Ward T A, EcclesM R (1997) Differential
regulation of the human Wilm’s-tumour suppressor gene (wti) promoter by two
1soforms of Pax2 Oncogene 14, 2689—2700

O’Connor R, Kauffmann-Zeh A , Liu Y, Lehar S, Evan G I, Baserga R , Blattler W A



224 Schafer

(1997) Identification of domains of the insulin-hke growth factor I receptor that
are required for protection from apoptosis Mol Cell Biol 17, 427—435

Poleev A , Fickenscher H , Mundlos S , Winterpracht A , Zabel B, Fidler A , Gruss P,
Plachov D (1992) PAXS8, a human paired box gene isolation and expression in
developing thyroid, kidney and Wilms’ tumors Development 116, 611—623

Ross1i D L, Acebron A | Santisteban P (1995) Function of the homeo and paired domain
protemns Ttf-1 and Pax-8 in thyroid cell prohferation J Biol Chem 270, 23139—
23142

Schafer B W, Czerny T, Bernascont M, Genim M, Busshinger M (1994) Molecular
cloning and characterization of a human PAX-7 ¢cDNA expressed 1in normal and
neoplastic myocytes Nucl Acid Res 22, 4574—A4582

Schexdler S | Fredericks W J, Rauscher F J, Barr F G, Vogt P K (1996) The hybrid
PAX3-FKHR fusion protein of alveolar rhabdomyosarcoma transforms fibroblasts
n culture Proc Natl Acad Sci USA 93, 9805--9809

Schmidt L , Duh F M | Chen F, Kishida T, Glenn G , Choyke P, Scherer S W , Zhuang
Z (1997) Germline and somatic mutations 1n the tyrosine kinase domain of the
met proto-oncogene in papillary renal carcinomas Nat Genet 16, 68—73

Schulte T W, Toretsky J A, Ress E, Helman L, Neckers L M (1997) Expression of
pax3 in Ewing’s-sarcoma family of tumors Biochem Mol Med 60, 121—126

ShapiroD N, Sublett J E, L1 B T, DowningJ R, Naeve C W (1993) Fusion of PAX3
to a member of the forkhead family of transcription factors in human alveolar
rhabdomyosarcoma Cancer Res 53, 5108—5112

Soman N, Correra P, Ruiz B, Wogan G (1991) The tpr-met oncogenic rearrangement
1s present and expressed 1n human gastric carcinoma and precursor lesions Proc
Natl Acad Sci USA 88, 4892—4896

Stuart E T, Kiouss1 C, Gruss P (1994) Mammahan pax genes Annu Rev Genet 28,
219—236

Stuart E T, Haffner R, Oren M, Gruss P (1995a) Loss of p53 function through Pax-
mediated transcriptional repression EMBO J 14, 5638—5645

Stuart E T, Kiouss1 C, Aguzz1 A, Gruss P (1995b) PAXS5 expression correlates with
increasing malignancy in human astrocytomas Clin Cancer Res 1, 207—214

Sun H M, Rodin A, Zhou Y H, Dickinson D P, Harper D E , Hewettemmett D, Ln
W H (1997) Evolution of paired domains — 1solation and sequencing of jellyfish
and hydra pax genes related to pax-5 and pax-6 Proc Natl Acad Sc USA 94,
5156—5161

Tajbakhsh S, Rocancourt D, Cossu G, Buckingham M (1997) Redefining the genetic
hierarchies controlling skeletal myogenesis pax-3 and myf-5 act upstream of myod
Cell 89, 127—138

Wiggan O, Tamguchisidle A , Hamel P A (1998) Interaction of the pRB-family proteins
with factors containing paired-hike homeodomains Oncogene 16, 227—236

Final version accepted August 3, 1998



