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Abstract

We have identified a cDNA encoding a protein that is recognized by sera
from (7/7) patients with paraneoplastic opsoclonus-myoclonus ataxia
(POMA). The gene, Nova-1, encodes a novel nuclear RNA binding protein
(RBP) that is extremely highly conserved (99% amino acid identity) between
human and mouse. Nova-1 is normally expressed only within neurons of
the central nervous system (CNS). Both Nova-1 protein and RNA are
restricted to a subset of CNS neurons which correlate with the specific
neurologic symptoms seen in POMA. Nova-1 contains three KH type RNA
binding motifs, and binds RNA in vitro via these KH motifs. Mutations
within the core of the KH motif abolish specific RNA binding. Utilizing
RNA selection, we have identified an in vitro RNA ligand for Nova-1
consisting of three UCAUY repeats in the loop of a stem loop structure. We

have identified a similar sequence upstream of the alternatively spliced exons
(3A and 3B) of the Glycine receptor 02A (glyRo2A), and downstream of the

alternatively spliced exon H of Nova-1, and demonstrate that Nova-1 binds
these RNAs with high affinity (Kd ~2 nM). We have also shown that Nova-1

binds both the glyRa2A and Nova-1 pre-mRNAs in vivo. Nova-1 binding to

the target sequence in the glyRo2A RNA in tissue culture cells stimulates

splicing to exon 3A suggesting that Nova-1 functions in regulating alternative

splicing in mouse brain. Moreover, the demonstration that paraneoplastic
antibodies can prevent Nova-1 from binding to glyRo2A RNA in vitro

suggests a potential mechanism for the neurologic symptoms of POMA.






Chapter I. Introduction

Paraneoplastic Neurologic Diseases

The paraneoplastic neurologic diseases (PNDs) are considered cancer
associated autoimmune diseases of the nervous system. PNDs are believed to
arise when peripheral tumors express neuronal antigens inducing an
immune response that suppresses tumor growth (Anderson et al., 1988b; Dalmau
et al., 1990; Dalmau et al., 1991; Darell and DeAngelis, 1993) but leads to neuronal
dysfunction and/or death (Hall, 1974; Shnider and Manalo, 1979; Dalmau, et al.,
1990; Posner and Furneaux, 1990). Each of the specific PNDs is associated with
specific tumor types and high titers of specific anti-neuronal antibodies which
are present in both serum and cerebrospinal fluid (CSF). A simple model of
PND pathogenesis can be constructed based on our understanding of the
Lambert-Eaton myasthenic syndrome (LEMS), a paraneoplastic syndrome
involving the neuromuscular junction. In LEMS, small cell lung tumors
induce an antibody response against presynaptic motor neuron Ca++
channels, leading to reduced Ca++ influx, reduced neurotransmitter release,
and motor weakness (Lang et al., 1981; Lennon et al., 1995). These antibodies can
reproduce motor weakness when passively transferred to animals (Lang, et al.,
1981). These observations have suggested a model for PND pathogenesis in
which ectopic expression of neuronal protein in tumors elicits an immune
response which causes neurologic disease (Darnell, 1996). Unlike LEMS,
passive transfer of PND antibodies does not lead to neurologic symptoms
(Graus et al., 1991; Smitt et al., 1995) suggesting that the pathogenesis may be

more complex.

PND antisera provide a unique opportunity to identify neuron-specific genes
that are expressed in the affected regions of the brain. For example, the Yo
antibody, found in patients with paraneoplastic cerebellar degeneration
(PCbD) and breast or ovarian tumors (Peterson et al., 1992), was used to identify
a novel neuronal leucine zipper protein expressed specifically in cerebellar

Purkinje neurons and isolated brainstem nuclei (Dropcho et al., 1987; Sakai et






al., 1990; Fathallah-Shaykh et al., 1991; Corradi et al., 1996). Similarly the
onconeural antigen recoverin, targeted in small cell lung cancer associated
paraneoplastic blindness (Polans et al., 1991; Thirkill et al., 1992), is a Ca++
binding protein involved in ¢cGMP gated receptor signaling and is expressed
specifically in the photoreceptor (Dizhoor et al., 1991; Polans, et al., 1991; Thirkill,
et al., 1992; Gray-Keller et al., 1993; Kawamura et al., 1993).

In addition to identifying neuronal antigens which are expressed in discrete
brain regions, these disorders also provide a unique opportunity to identify
neuronal/tumor antigens which are likely to be involved in important
cellular functions. The specific expression of particular onconeural antigens
by specific tumors, the presence of a potent anti-tumor immune response,
and the association of the onconeural antigens with neurologic deficits
suggests that the onconeural proteins perform important functions in tumors
and in neurons (Darnell, 1996). Functional analysis of identified PND antigens
lends support to this hypothesis. PND target antigens play critical roles in

neuromuscular signaling (LEMS), and in signal transduction in the
photoreceptor (recoverin). Also, the recently identified B-NAP protein, a

novel paraneoplastic cerebellar degeneration antigen, is a neuronal vesicle
coat protein which has been proposed to play a role in vesicle transport
between the trans golgi network in the neuronal soma and the axon terminus

(Newman et al., 1995). In addition, the Hu family of RNA binding proteins

(HuC/PLE21, HuD and Hel-N1) were identified as target antigens in
paraneoplastic encephalomyelopathy/sensory neuropathy (PEM/SN) (Szabo et
al., 1991; Levine et al., 1993; Sakai et al., 1993), a spectrum of neurologic disorders
associated with small cell lung cancer (Dalmau, et al., 1991). The Hu proteins
contain three RNA recognition motifs and are the human homologues of the
Drosophila elav protein (Szabo, et al., 1991). elav is a pan-neuronal RNA
binding protein that is essential for neurogenesis (Campos et al., 1985; Robinow
et al., 1988; Yao et al., 1993). Based upon elav's homology with the alternative

splicing factor sex-lethal, it has been suggested that elav regulates alternative






splicing in neurons (Yao, et al.,, 1993). By analogy, the Hu antigens may be
important for neuronal alternative splicing and neurogenesis (Szabo, et al.,

1991; Levine, et al., 1993; Gao et al., 1994b).

Paraneoplastic Opsoclonus-Myoclonus Ataxia (POMA)

Paraneoplastic Opsoclonus-Myoclonus Ataxia (POMA) is a disorder in which
abnormal motor control of the eyes, trunk and limbs develop primarily in
women with breast cancer, although POMA has also been reported in patients
with small cell lung cancer and fallopian carcinomas. (Digre, 1986; Anderson et
al., 1988a; Budde-Steffen et al., 1988; Luque et al., 1991). Opsoclonus is clinically
considered to be a loss of tonic inhibitory control by omnipause neurons in
the pontine paramedian reticular formation due to dysfunction of the
omnipause neurons or the efferent midbrain pathways descending from the

superior colliculus to the omnipause neurons (Anderson, et al., 1988a).

Similarly myoclonus can be attributed to dysregulation of inhibitory
interneurons that regulate pathways descending upon motor neurons of the
spinal cord (Darnell, 1994). Ataxia is a deficit attributed to abnormal function
of midline cerebellar pathways. One patient with opsoclonus, myoclonus,
and ataxia progressively developed encephalomyelitis and rigidity, suggesting
that in some cases POMA may be associated with more widespread neuronal

involvement (Casado et al., 1994).

POMA is distinguished from other PNDs by the presence of specific
antineuronal antibodies, termed Ri (Luque, et al., 1991) or POMA (Buckanovich
et al., 1996), in patient’s sera and CSF. These antibodies specifically recognize
antigens in paraneoplastic tumors (Luque, et al.,, 1991) and predominantly

nuclear neuronal antigens of My ~53-58 and ~74-80kDa (Luque, et al., 1991;
Budde-Steffen, et al., 1988). While the neurologic symptoms of POMA are

discrete and therefore suggest discrete expression of the target antigens,
immunohistochemical studies with POMA serum have detected the
expression of target antigen in all CNS neurons (Luque, et al., 1991; Graus et al.,

1993). This discrepancy may be explained if there are quantitative or






qualitative differences in the antigens expressed in the affected regions of
brain. The potential for diversity of POMA target antigens is suggested by the
multiplicity of POMA reactive antigens identified on Western blot analysis
(Budde-Steffen et al., 1988; Buckanovich et al., 1993). POMA is also distinguished
from the other PNDs in that the symptoms in POMA can be remitting and
relapsing. 5/10 cases of confirmed POMA positive patieﬁts had improvement
of neurologic symptoms (Dropcho and Payne , 1986; Luque, et al., 1991; Casado, et
al., 1994; Darnell, 1994). Consistent with this, while the pathology in PCbD and
PEM/SN shows significant neuronal dropout, and inflammatory infiltrates in
gray matter (Posner and Furneaux, 1990; Jean et al., 1994; Corradi et al., 1996), the
pathology of POMA brains is minimal with little evidence for specific
neuronal death (Anderson, et al., 1988a). However, inflammatory infiltrates in
regions of the brainstem and cerebellum, as well as Purkinje and brainstem
neuronal dropout have been reported in some POMA patients (Anderson, et

al., 1988a; Hormigo et al., 1994).

Role of the immune system in PNDs

While the pathogenesis of the PNDs remains unclear, the presence of
conspicuously high levels of antibody in patient’s sera and CSF (normally
devoid of any antibody) indicates that these disorders may be antibody
mediated. Supporting this hypothesis, there is active synthesis of anti-
onconeural antibodies in the CSF of PND patients, indicating that B cells
invade the nervous system (Graus et al., 1988; Furneaux et al., 1990; Hormigo, et
al., 1994). Furthermore, neurologic symptoms are reversible in Stiff Man’s
Syndrome (SMS-Howard, 1963), an autoimmune disorder associated with
auto-antibodies to either the enzyme glutamic acid decarboxylase, or the
synaptic vesicle protein synaptophysin (Solimena et al., 1988; Darnell et al., 1993;
DeCamilli et al., 1993; Folli et al., 1993; David et al., 1994). Neurologic symptoms
are also reversible in some POMA patients (Digre, 1986; Dropcho and Payne,






1986; Posner and Furneaux, 1990; Darnell, 1994), and rarely after treatment, in
some PEM/SN and PCbD patients (Posner and Furneaux, 1990).  This
reversibility of symptoms is consistent with antibody mediated disruption of
protein function (and potentially inconsistent with the idea that symptoms
are attributable to a cytotoxic cellular response and cell death). For example,
in LEMS, antibodies have been demonstrated to be pathologic, and the
neurologic symptoms of LEMS can be reversed with the removal of auto-

antibodies (Newsom-Davis and Murray, 1984; Newsom-Davis, 1990).

However, unlike in LEMS, PND antigens are intracellular (Budde-Steffen, et al.,
1988; Darnell et al., 1991; Luque, et al., 1991; Dalmau et al., 1992; Corradi, et al., 1996;

Darnell, 1996) and passive transfer of antibodies to animals does not reproduce
symptoms (Graus, et al., 1991). Similarly, animals injected with PND antigens
produce antibodies, but do not develop neurologic disease (Smitt, et al., 1995
Buckanovich and Darnell, unpublished observations). While these attempts
to create animal models may be flawed (dose, delivery of antigen, lack of
proper co-stimulators or potentially the inability of the immune response to
cross the blood brain barrier under these conditions (Posner and Dalmau, 1995)
they suggest that the antibody response alone may not be sufficient as a
causative agent for PND pathogenesis, and suggest the possibility of a cellular

immune response.

At autopsy, the presence of cytotoxic CD8+ T cells (T¢), CD4+ helper T cells
(Th), and B cells, as well as neuronal dropout has been reported within the
affected regions of the brains of most PND patients (Posner and Furneaux, 1990).
Complement components and natural killer cells (NK) are minimal or absent
(Jean et al., 1994). These observations suggest that these disorders may be
mediated in part by a cellular, rather than humoral immune response. This
idea is consistent with the established role for T cells in anti-tumor
immunity. When anti-tumor immune responses are induced
experimentally, in most cases Tc lymphocytes appear to be the critical

mediators, though in some situations Th cells are also required (for review






see Boon etal). Thus T cells may play an important role in the initial
recognition and establishment of an immune response against the

onconeural antigens in PND tumors. Tc¢ and Th cells are thought to require

major histocompatibility complex (MHC) and co-stimulator proteins for
antigen recognition (Hart and Fabry, 1995). Interestingly, the expression of
MHC-I on tumors has been correlated with the presence of anti-Hu antibodies
in SCLC patients; 17/20 tumors of Hu antibody positive patients expressed
both MHC-I and Hu protein, whereas only 4/30 tumors of Hu antibody
negative patients expressed both MHC-I and Hu protein (Dalmau et al., 1995).
The presence of additional co-stimulators, such as CD 80 and CD 86 (Schwartz,
1992; Azuma et al., 1993; Freeman et al., 1993; Townsend and Allison, 1993), may help
to explain the 3/20 patients who have Hu antibody but do not express MHC-I.
Similarly, the absence of specific co-stimulators may explain the absence of an
Hu antibody response in the 4/30 patients with Hu antigen positive, MHC-I
positive tumors. While MHC-I and MHC-II proteins may be present on
tumor cells, neither are thought to be expressed in normal adult neurons
(Lampson, 1987; Lampson et al., 1994), thus complicating the hypothesis that
PND pathogenesis is solely T cell mediated. There is no experimental

evidence for or against the role of T cells in PND pathogenesis.

Regardless of the mechanism of disease, the PND immune response, while
detrimental in terms of the nervous system, is clearly beneficial in restricting
tumor growth. A majority of PND patients come to medical attention
because of their neurologic disease, unaware that they have an associated
cancer (Posner and Furneaux, 1990; Darnell, 1994; Darnell, 1996). Paraneoplastic
tumors are generally well contained and often difficult to locate due to their
limited size, sometimes only detectable with microscopic examination at
autopsy. ~90% of PCbD patients and ~80% of POMA patients have limited or
undetectable tumors (Dropcho and Payne, 1986; Luque, et al., 1991; Casado, et al.,
1994). Similarly ~95% of PEM/SN small cell lung cancer patients, have

cancers which are limited to a single nodule, while 60-70% of SCLC patients






without Hu antibodies have widely metastatic disease (Dalmau, et al., 1990:;
Graus, et al., 1993). The presence of a PND is correlated with a better response
to therapy and survival (Graus et al,, 1996). There are reported cases of
pathologically malignant neoplasms being eliminated without treatment in
association with the onset of neurologic disease (Darnell and DeAngelis, 1993;
Zaheer et al., 1993). Interestingly, there exists a subset (~15%) of small cell lung
cancer patients who harbor low titers of anti-Hu antibodies but do not have
neurologic deficits. These patients have moderately limited tumors; 7/7 of
these patients present with tumor limited to the chest (Dalmau, et al., 1990).
Thus there appears to be an inverse correlation between tumor burden, and

the level of the immune response against PND antigens.

RNA Binding Domains (RBDs)

RNA binding proteins (RBPs) are critical regulators of gene expression at
every post-transcriptional level including splicing, transport, localization,
translation, and stability (Bandzuilis et al., 1989; Dreyfuss et al., 1993; Morris D.R.,
1993; Pinol-Roma and Dreyfuss, 1993). Numerous conserved RNA binding
motifs have been identified in proteins with divergent functions (for review
see Burd and Dreyfuss, 1994b). These motifs can occur in single or multiple

copies in a protein.

By far the most abundant and best characterized of the RBDs is the RNA
recognition motif (RRM) also known as the ribonucleoprotein-consensus
sequence (RNP-CS). This is a large motif of 80-100 amino acids with two
internal consensus sequences, RNP1 and RNP2. The RRM is found in
numerous protein including the snRNA Ul binding protein U1A, hnRNPs A
and C, poly A binding protein and several SR proteins including SF2 and
U2AF (Dreyfuss et al., 1993; Gorlach et al., 1993; Burd and Dreyfuss, 1994; Ruskin et
al., 1988;Krainer et. al., 1990). Structural analysis of an RRM of UlA reveals
that it contains a four stranded Beta sheet, supported by two alpha helices
(Scherly et al., 1990). RNP1 and RNP2 lie side by side within the Beta sheet.






RNA appears to bind to the middle two beta strands and to a loop region on

one side of the 3 sheet.

A second type of RBD is the KH (hnRNP K homology) motif. Determination

of the solution structure of a KH module from the vigillin protein suggested
that the motif forms a stable B(a),(B),0 fold with a potential RNA binding

surface in the loop between the two alpha helices (Morelli et al., 1995; Musco et
al.,, 1996). The KH domain and proteins which utilize this motif will be
described in depth below.

Another RBD is the arginine rich motif (ARM). This motif has a relatively
poorly defined consensus and has been found mostly in viral and
bacteriophage proteins. The best characterized of these is the HIV Rev protein
(Zapp and Green, 1989; Heaphy et al., 1990; Kjems et al., 1991; Jensen et al., 1994).
The RGG box represents yet another RBD, first identified in the hnRNP U
protein (Kiledjian and Dreyfuss, 1992). Other proteins with RGG boxes include
hnRNPs Al and K as well as FMR-1 (Dreyfuss, et al., 1993; Siomi et al., 1993a).
The RGG box consist of 6 to 18 RGG repeats separated by aromatic amino
acids. The double stranded RNA binding domain is a poorly understood
RBD, that has been identified in proteins such as the Drosophila staufen
protein, DAI kinase, and double stranded RNA adenosine deaminases-RNA
editing enzymes (Melcher et al., 1996).

Finally, the Zinc finger represents a well documented nucleic acid binding
domain which can bind to both DNA and RNA. Zn fingers have been well
characterized in many transcription factors including Gal4, GLI, WT-1 and
transcription factor IIIA (TFIIIA;Engelke, 1980; Honda, 1980; Corton and Johnston,
1989; Pavletich and Pabo, 1993). However, several proteins including TFIIIA,
HIV nucleocapsid proteins and elF-2, also utilize the zinc finger motif as an
RBD (Picard, 1979; Dannull et al., 1994; Flynn et al., 1994; Komatsu and Tozawa, 1994).
Interestingly, the nine Zn fingers of TFIIIA are utilized to bind both DNA
(regulating 55 RNA transcription) and RNA (regulating 55 RNA transport






and storage). While Zn fingers 1-3 represent a minimal DNA binding
domain, and Zn fingers 4-7 represent a minimal RNA binding domain, all of
the fingers appear to be involved in both RNA and DNA binding (Theunissen
et al., 1992; Clemens et al., 1993; Hansen et al., 1993).

Functions of RNA Binding Proteins in Neurons

Most previously described RBPs, such as the hnRNP’s, snRNP’s, splicing
factors such as SC35, and ribosomal proteins are thought to be ubiquitously
expressed, general cellular factors (Dreyfuss, et al., 1993; Kamma et al., 1995).
Although it has been suggested that these ubiquitous proteins may be
expressed at different levels in different tissues, few tissue specific RNA
binding proteins have been described. The nervous system has several
unique needs which may require tissue specific neuronal RBPs (nRBPs).
These include tissue specific RNA splicing, RNA editing, localization, and
stability.

The CNS has extremely complex gene expression. It is estimated that 30-60%
of human genes are expressed in the CNS (Adams et al., 1991). The majority of
these RNAs are neuronal in origin (vs. glia) and analysis suggests that 40-65%
of the mRNAs expressed in brain are brain specific (Stamm et al., 1994). Of the
neuronally expressed genes identified thus far there are numerous examples
of regulation of gene expression at the level of alternative splicing (Stamm, et
al., 1994).  Alternatively spliced gene products demonstrate different
expression patterns, between neural and non-neural tissues, within the CNS,
during development, and in an activity dependent manner. Both the alpha-
tropomyosin exon 9¢, and the clathrin en exon, demonstrate developmental
regulation within brain; exon included splice forms appear at different times
and abundance relative to the exon excluded forms (Stamm et al., 1992).
Neural activity also appears to regulate the splice decision. Increasing
neuronal activity appears to increase splicing of the exon included form of

clathrin (Stamm, et al.,, 1992). It is likely that specific sequences within the

10






alternatively spliced hnRNAs and specific RBP recognition of these sequences
will be required to regulate the complex patterns of neuronal alternative
splicing. Numerous genes, including c-src, clathrin, tropomyosin and others
demonstrate tissue specifc splicing within the CNS. Two potential
mechanisms for tissue specific splicing have been suggested. One mechanism
utilizes tissue specific factors which bind to specific target sequences in
hnRNA to regulate alternative splicing. For example, the neuron specific ‘en’
exon of clathrin is not utilized in non-neural tissues because of poor
consensus splice donor and acceptor sites. Gel shift analysis with brain and
non-brain extracts suggests that neuron specific factors will be required to
enhance the utilization of these sites (Stamm, et al., 1992). An alternative
mechanism involves tissue specific differences in ratios of ubiquitous factors
(Caceres et al., 1994). For example, the KH type RBP KSR is expressed in both
neural and non-neural cells, and together with the ubiquitous hnRNP F
appears necessary for activation of the neuron specific c-src exon (Min et al.,

1996).

Another level of regulation of gene expression likely to require nRBPs is
RNA editing. Members of the glutamate receptor family undergo RNA
editing; this editing requires specific intronic sequences which form specific
double stranded RNA structures (Higuchi et al., 1993). The recently isolated
RED1 gene encodes a double stranded RNA adenosine deaminase which edits
the Q/R site in GIuR B in vitro (Melcher et al., 1996). While RED1 expression
is not neuron specific, Northern blot analysis suggests neuron specific forms
may exist. It has been proposed that there is likely a gene family of

deaminases with distinct substrate specificities.

Neurons are also distinct from many cell types in that they are polarized cells
with specific cytoplasmic compartments. ~While the predominance of
cytoplasmic RNA is restricted to the cell soma, some RNAs, including

mRNAs for MAP2, the IP3 receptor type II, and the alpha subunit of calcium
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dependent calmodulin kinase, have been localized to the dendritic
compartment (Kleiman et al., 1990; Steward and Banker, 1992) (Mayford et al., 1996).
Electron microscopy studies have identified polyribosomes in post-synaptic
dendritic spines, suggesting that localized protein synthesis may be important
for neuronal plasticity. Some evidence also exist for the presence of tRNAs,
ribosomal RNAs and mRNAs in axons (Van Minnen et al., 1994). There are two
proposed models for RNA localization in a polarized cell (Steward and Banker,
1992). One model is based upon the mechanism for targeting transmembrane
proteins to the endoplasmic reticulum. RNAs to be localized are partially
translated, producing a signal peptide. The signal peptide is bound by 'signal
recognition' protein which suppresses translation and then targets the RNA
to the proper cellular compartment via protein:protein interactions. No
experimental evidence exists for this model. A second model relies upon
specific sequences in an RNAs 5' or 3' UTR which act as a 'zip code” (Kislauskis
and Singer, 1992). The localization sequences in the RNA would be identified
by RNA binding proteins which would transport the RNA to the proper

cellular location.

Support for this model first came from studies in Drosophila. Early in
Drosophila development, the egg is a single multi-nucleated polarized cell.
Over twenty different developmentally expressed Drosophila RNAs
demonstrate specific localization (Ding and Lipshitz, 1993). Localization of
these RNAs and the proteins they encode is important in defining the
Drosophila body axis. Some of these RNAs are localized via specific signals in
their 3'UTR which are recognized by specific RBPs. bcd RNA encodes the
anterior determining morphogen in Drosophila, and is localized to the
anterior pole. The exu and eap gene products have been implicated in
forming ribonucleoprotein particles with bcd mRNA and transporting the
RNA along microtubules to the anterior pole (Wang and Hazelrigg, 1994,
MacDonald et al., 1995). Staufen encodes an RBP considered to be important for

binding and maintaining the localization of bcd mRNA (Ding and Lipshitz,
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1993). oskar and nanos RNAs are localized at the posterior pole and are
important in defining posterior development (Gavis and Lehmann, 1992; Kim-Ha
et al., 1995). oskar encodes an RBP which can bind to its own 3'UTR and
stabilize the localization (Rongo et al., 1995). nanos encodes an RBP which
translationally inhibits the anterior determining proteins, hunchback and
bed, from being expressed in the posterior compartments. Similarly, bed can
act as an RBP to translationally inhibit expression of the caudal mRNA in the

anterior compartment.

Based upon these studies and others, it is predicted that specific RNA signals
and n-RBPs will play an important role in localizing, stabilizing and
translationally regulating RNAs in different neuronal compartments.
Consistent with this prediction, transgenic experiments utilizing a reporter
gene and sequences from the alpha CamKIla mRNA demonstrated that the 3’
UTR of alpha CamKII mediates the dendritic localization of this mRNA
(Mayford et al., 1996). One candidate to mediate this RNA localization is the
recently identified nRBP, the testis brain RBP (TB-RBP). TB-RBP binds
specific structures in the 3'UTR of protamine-1 mRNA to regulate its
translation and stability (Han et al., 1995a). TB-RBP has also been shown to
bind neuronal microtubules suggesting that it might be involved in RNA

transportation and localization (Han et al., 1995b).

Neuronal RNA Binding Proteins (nRBPs)

The first identified family of nRBPs consist of RRM containing proteins
homologous to the Drosophila alternative splicing factor sxl. Members of this
family are the Drosophila RBPs elav, RBP-9 and couch potato (cpo), and their
mammalian homologues, the human and mouse Hu/HelN-1/MelN-1
proteins (Szabo, et al., 1991; Kim and Baker, 1993; Levine, et al., 1993; King, 1994,
Abe et al., 1996) and the elr protein in Xenopus laevis (Good, 1995). These
proteins have three RRMs, and have multiple splice variants. elav

(embryonic lethal abnormal vision), is a pan-neuronal marker which because
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of its homology to sxl, has been proposed to be involved in the establishment
of neuron specific splicing patterns (Robinow, et al., 1988; Yao, et al., 1993).
Developmental loss of function of elav leads to embryonic lethality, while
temperature sensitive mutations lead to behaviorally defective adult flies
(Campos, et al., 1985). Similarly, cpo was identified as an embryonic lethal
mutation. Hypomorphic cpo mutations lead to abnormal function of the
Drosophila sensory organs and abnormal phototaxis, geotaxis and flight
behavior (Bellen et al.,, 1992). These observations suggests that nRBPs are
important for both neuronal development and function in the adult.
However, since the n-RBPs characterized to date demonstrate widespread or
pan-neuronal expression, it is unlikely that these RBPs regulate regional

development, differentiation, or function.

The Hu/Hel-N1 family of proteins were originally identified as antigenic
targets in PEM/SN (Szabo, et al., 1991; Levine, et al., 1993; King, 1994; Okano and
Darnell, 1996). Hu antigenicity can be detected in both the nucleus and
cytoplasm of neurons just after they exit the cell cycle, and remains detectable
in all mature neurons. In-situ hybridization studies using Hel-N1 coding
sequences suggested that Hel-N1 is a pan-neuronal marker (Gao et al., 1994a).
However, because of the extremely high level nucleic acid identity found
between family members, distinguishing the expression patterns of the
different Hu family members will likely require extensive in-situ
hybridization studies using highly gene specific probes (e.g. UTR). Such
studies are being performed and suggest that individual members of the Hu
gene family may show regional and developmental specific expression(Okano
and Darnell, 1996). The function of the Hu protein remains unclear. RNA
selection performed using Hel-N1 identified U rich elements (Levine, et al.,
1993). In vitro binding studies have shown that Hu family members can bind
to AU sequences in the 3 UTRs of short lived mRNAs, such as Id, c-fos and
IL-6 in vitro, thus implicating Hu proteins in regulating mRNA stability
(Levine, et al., 1993; Gao, et al., 1994b; King et al., 1994; Ma et al., 1996). However,
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RNA selection performed in our laboratory with multiple Hu family
members identified distinct, complex RNA sequences (Okano and Darnell
unpublished data) indicating that the function of the Hu proteins may be
more complex than binding to AU rich elements. Based upon the homology
of Hu proteins with the Drosophila elav and sxI proteins, it is believed that
Hu proteins will be important for neuronal development, and may be

involved in neuronal splicing.

A second family of RRM containing neuronal RNA binding proteins (n-
RBPs) has recently been identified. This family is made up of the Drosophila
and mouse musashi proteins (msi-Nakamura et al., 1994; Sakakibara et al., 1996)
and the Xenopus-laevis nrp-1 protein (Richter et al., 1990). These proteins are
analogous to the hnRNP A/B proteins. Mouse msi and nrp-1 are expressed
in neural precursors in the ventricular zone of the developing neural tube in
a pattern complementary to the Hu family of proteins. Drosophila msi is
expressed in both the central and peripheral nervous systems of Drosophila,

and is required for development of the adult external sensory organs.

KH type RNA Binding Proteins

The KH type RBDs consist of a core of 36 primarily hydrophobic amino acid
residues interspersed with essential charged residues. Three KH motifs are
present in, and were first described and defined in hnRNP K. hnRNP K was
originally identified with a group of proteins which co-purified with nuclear
poly A+ RNA (Matunis et al., 1992). hnRNP K was defined as an RBP in vitro
based on its ability to bind ribohomopolymers. hnRNP K preferentially binds
poly rC in vitro and this observation has led to the suggestion that hnRNP K
may bind to polypyrimidine tracts in vivo (Matunis, et al., 1992). Mutational
analysis of the hnRNP K protein has demonstrated that the KH motifs are
necessary for RNA binding in vitro. All three KH domains are required for
full RNA binding activity (Siomi et al., 1994). Small deletions of the first or
third KH domains, or mutation of the three KH domains reduced RNA
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binding activity 70-95%. Mutation of the RGG box in hnRNP K had no effect
on RNA binding. hnRNP K also avidly binds to single stranded DNA.
Similar to RNA binding, mutation of the KH motifs abrogates ssDNA
binding.

hnRNP K localizes predominantly to the nucleus, and is expressed in
numerous tissues. Western blot analysis suggests that hnRNP K is expressed
at highest levels in thymus, testis, spleen, lung and liver (Bustelo et al., 1995),
while immunofluorescence suggests that the highest levels are in the brain
and testis (Kamma et al., 1995). hnRNP K has been implicated in signal
transduction via its potential protein interacting partners. Purification of the
tyrosine kinase c-src from mitotic cells co-purified hnRNP K (Fumagalli et al.,
1994). Also, yeast two-hybrid analysis with the vav proto-oncogene, an SH2-
SH3 protein implicated in tyrosine kinase signal transduction in
hematopoetic cells, identified hnRNP K as a binding partner (Bustelo et. al.,
1995). These two observations suggest a role for hnRNP K in mitogenic,
tyrosine kinase mediated signal transduction. Consistent with this, hnRNP K
has subsequently been identified as an up-regulated nuclear tumor antigen

(Dejgaard et al., 1994).

Interestingly, despite being originally identified as an RBP, functional studies
have suggested that hnRNP K is a transcription factor. In vitro the hnRNP K
protein is capable of binding to the CT enhancer element in the promoter
region of c-myc (Takimoto et al., 1993; Michelotti et al., 1995). Co-transfection of
hnRNP K and various reporter plasmids suggested that hnRNP K activates
transcription in a CT element dependent manner. Also, addition of hnRNP
K stimulated RNA polymerase II activity in an in vitro transcription assay.
Consistent with this hnRNP K binds TBP vitro and co-immunoprecipitates
with TBP from stably transfected cell lines (Tomonaga and Levens, 1995). Finally,
yeast two-hybrid analysis with a portion of hnRNP K as the bait identified a
putative transcriptional repressor protein zikl (Denisenko et al., 1996). The in

vivo relevance of this interaction is uncertain.
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FMR-1 encodes a KH type RBP and was identified as the affected gene in the
fragile X syndrome (Pieretti et al., 1991; DeBoulle et al., 1993). Loss of FMR1
protein function, as a result of either hypomethylation and transcriptional
down regulation, or point mutation, leads to a constellation of abnormalities
including mental retardation, macro-orchidism and infertility. Similar to
hnRNP K, FMR-1 was identified and defined as an RBP based on the presence
of two KH domains, an RGG box, and its ability to bind ribohomopolymers
(preferably rG and rU) in vitro (DeBoulle, et al., 1993; Siomi, et al., 1994). The
exact domains of FMR-1 required to bind RNA remain somewhat unclear.
Deletion of the RGG box from FMR-1, leaving both KH domains intact,
completely eliminated RNA binding activity in vitro. However, a point
mutation of a conserved amino acid (I367=>N) of the second KH motif of
FMR-1 in a single patient resulted in extreme mental retardation, suggesting a
loss of function of FMR-1 protein and a critical role for the KH domains. The
[367=>N mutation of FMR-1 reduces the in vitro binding affinity of FMR-1
for rU but not rG homopolymers. NMR spectroscopy suggests that this
mutation disrupts the KH fold (Musco, et al., 1996).

The function of the FMR-1 protein is unknown. FMRI is reported to be
widely expressed throughout the developing embryo and adult, with
expression in nearly all brain regions and in many clinically unaffected
organs (Devys et al, 1993). Unlike hnRNP K, FMR-1 is predominantly
cytoplasmic (Devys et al., 1993), although a role for FMR-1 in the nucleus has
been proposed (Fridell et al., 1996). Yeast two-hybrid analysis with FMR-1
identifies FMR1 related proteins FXR1 and FXR2 as potential binding partners
(Siomi, et al., 1996). Cell fractionation studies have shown that FMR-1 and the
FXR proteins colocalize with the ribosomal 60S subunit (Khandjian et al., 1995;
Siomi et al, 1996). Moreover, FMR-1 and the FXR proteins co-
immunoprecipitated with proteins of the 60S ribosomal subunit, and thus it
has been suggested that the FMR family of proteins may function in mRNA

translation or stability.
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While the functions of hnRNP K and FMR-1 remain unclear several KH
proteins have been implicated in regulating alternative splicing. Genetic
analysis identified the yeast MER1 protein as required for the proper meiosis
specific splicing of the yeast MER2 transcript (Engebrecht and Roeder, 1990,
Engebrecht et al., 1991; Nandabalan and Roeder, 1995). The MER-1 protein has a
single KH motif and RNA footprinting suggests MER-1 is capable of binding
to MER2 RNA in the region of the 5 exon/intron boundary in vitro. A
second KH protein, Drosophila PSI, harbors three KH motifs and is required
for the somatic tissue specific splice inhibition of the P element transposase
transcript (Siebel et al., 1995). PSI functions in somatic tissues by binding to a 5’
pseudo-splice donor and stabilizing Ul snRNP binding, preventing Ul
binding to the correct 5 splice site. With Ul bound to the pseudo-splice
junction, splicing does not occur, the intronic sequence is retained leading to
a premature stop codon and an inactive transposase in somatic cells.
Similarly, the KH RBP KSR appears to be necessary for the tissue specific
splicing of the c-src N1 exon. KSR hnRNP F and 4 other proteins appear to
interact to form a splice enhancer complex which leads to inclusion of c-src

N1 exon in neurons (Min, et al., 1996).

Other roles for KH proteins include RNA localization and stability. The
Drosophila Bicaudal-C (Bic-C) protein contains five KH motifs. Mutations of
the Bic-C KH domains lead to mis-localization of oskar RNA in developing
embryos, leading to the proposal that Bic-C may function to localize RNA in
Drosophila embryos (Mahone et al., 1995). The alpha-complex proteins alpha-
CP1 and alpha-CP2 are KH containing proteins recently identified as part of an
alpha globin mRNP complex in erythrocytes. Theses proteins are believed to
be involved in forming a sequence specific mRNP complex essential for

maintaining the long half life of alpha globin mRNA (Kiledjian et al., 1995).
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Specific Aims.

The goal of the work presented here was to identify and characterize a gene
encoding the target antigen for the recently described PND POMA.
Identification of the genes encoding target antigens allows one to test the
current model of PND pathogenesis (Darnell, 1996). This model proposes that
it is the ectopic expression of immune privileged proteins in peripheral
tumors that induces the autoimmune response which leads to neurologic
disease. This model predicts that target antigens in general are expressed in
immunologically privileged sites, and that target antigens are expressed in the
neurologically affected regions of brain. In the case of POMA, a neurologic
disease of the motor system, it is predicted that in addition to being restricted
to immuno-privileged tissues, target antigens are expressed in the motor

nervous system.

The second major aim was to determine the potential function of the POMA
antigen in neurons and tumors. Functional analysis of bona-fide target
antigens may provide insights into basic neurobiology. For example,
identification of Recoverin, the target antigen of cancer associated
retinopathy, has led to a greater understanding of cGMP mediated/Ca++
regulated photo-signal transduction in photoreceptor cells (Dizhoor, et al., 1991;
Gray-Keller, et al., 1993). Knowledge about the role of a protein in brain can
potetially lead to understanding the role of that protein in tumors. For
example, ectopic expression of recoverin may lead to abnormal regulation of

c¢GMP mediated signal transduction in small cell lung cancers.

Finally, the last objective was to combine descriptive and functional studies of
the target antigen in an attempt to explain the role of this protein in the
initiation and symptomatology of POMA. For example, in paraneoplastic
cerebellar degeneration (PCbD), the target antigen CDR 62 is expressed
specifically in Purkinje neurons and limited brainstem nuclei, suggesting a

cause for the specificity of symptoms in PCbD (Fathallah-Shaykh, et al., 1991).
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CDR 62 is a leucine zipper protein and functional studies suggests that CDR 62
interacts with c-myc and may inhibit c-myc mediated transcription (Corradi
and Darnell, personal communication). Aberrant regulation of an oncogene
can clearly lead to tumorigenesis in peripheral tissues, and may induce
programmed cell death in neurons. Taken together these observations
suggest that aberrant regulation of c-myc may play a role in PCbD

tumorigenesis and may also lead to Purkinje cell apoptosis.

We have used POMA sera to identify a gene, Nova-1, which encodes an
antigenic target of POMA sera. Nova-1 expression is consistent with the
predictions for target antigen expression; Nova-1 is restricted to the CNS and
is expressed predominantly in the subcortical motor systems. Functional
analyses of Nova-1 demonstrate that Nova-1 is a neuronal RNA binding
protein both in vitro and in vivo. Specifically, Nova-1 binds Nova-1 and
glycine receptor alpha 2A pre-mRNAs in a sequence specific manner and may
regulate alternative splicing of these pre-mRNAs. Finally, the in vitro RNA
binding function of Nova-1 can be inhibited by POMA antibodies, suggesting
that autoantibody mediated disruption of Nova-1 function may lead to the

neurologic disease in vivo.
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Chapter II. Materials and Methods

Cloning and Sequencing of Nova-1 cDNA's: Recombinant phage were plated
at a density of 10° pfu per 150mm plate of E. coli XLI-Blue; cDNA libraries

from different areas of the brain of a single individual (cerebellum, frontal

cortex, brainstem and hippocampus, Stratagene) and from a small cell lung

cancer cell line were screened. After incubation for 6 hours at 379C, plates

were overlaid with filters soaked in IPTG (10mM) and incubated for a further

12 hours at 370C. The filters were removed and incubated with anti Ri sera
(1:500 dilution in 5% Milk in PBS) for 4 hours at room temperature. Filters
were washed in TBST (50mM Tris pH7.5, 100mM NaCl, 0.2% Triton) and

incubated with 125 Protein A. After washing again with TBST, filters were

exposed to XARS5 film at -70°C with a lightning plus intensifying screen.
Clones yielding positive signals were purified by several rounds of antibody
screening until 100% of the plaques gave positive signals. The IRi8 clone was
subcloned into the pBluescript (pBS) vector using the phagemid rescue
protocol (Short et al., 1988). The full length cerebellar cDNA sequence was
obtained by using a 240bp EcoR1-Bam 5' fragment of pRi8 as a random prime

template, to generate 32P-labeled probe according to the manufacturer's
protocol (Boehringer Mannheim). The full length ¢cDNA from cerebellum
generated an EcoR1-Bam 5' fragment of 800bp; both probes were used to
screen duplicate filters from a number of libraries to generate Ri cDNA's from
different areas of brain and tumor. ¢DNA's shown in Figure 2 were
sequenced on both strands using the dideoxy termination method using a
Sequenase kit (USB) and a variety of vector based and internal
oligonucleotide primers. Sequence analysis was facilitated by the use of the

MacVector sequence analysis program (IBI).

pRi8 Fusion Protein Analysis: Plasmid clone pRi8 was grown to an OD of 0.6
and induced by adding IPTG. Cell lysates were prepared in 2% SDS, and
resolved by 8% SDS-PAGE and transferred to nitrocellulose essentially as
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previously described (Darnell et al., 1991). Filters were blocked in 5% milk in
PBS, incubated with antisera at the stated dilutions in 5% milk in PBS,
washed 3 times in TBST, incubated with 125] Protein A, washed 3 times in
TBST, and exposed to XAR film.

A Affinity Purification of POMA Antisera: ARi8 or AYo clones were grown to
confluence on a 150mm plate of E coli XL1-blue (Stratagene); filters were
prepared and incubated with Ri antiserum as described in Figure 3. After
extensive washing in TBST (see Figure 3), filters were incubated in 0.2M
glycine pH2.5 with agitation for 5 minutes at room temperature. The glycine
solution was removed (3mls) and immediately brought to neutral pH with

1M Tris pH9.5. Western blots of purified human Purkinje neurons were
prepared and probed with antibody as described above; 50ug Purkinje
neuronal extracts, prepared as described (Darnell et al., 1991), were run in each

lane.

NFP Affinity purification of Antibodies. NFP was covalently coupled to
cyanogen bromide 4B sepharose (Pharmacia) as per manufacturers protocol.
10 mls of POMA antiserum was spun at 40,000xg to remove precipitates, and
the supernatant was incubated with 2 mls of NFP-CNBr Sepharose overnight
in RIPA buffer (150 mM NaCl, 50mM Tris pH 7.4, 0.1% SDS, 0.1% NP 40, 0.5%
deoxycholate). Sepharose was washed 5x 50mls in RIPA, column eluted with
4 mls 0.2M glycine pH 2.5, neutralized with 1M Tris pH 9.5 and dialyzed
against phosphate-buffered saline (PBS).

RT-PCR Analysis: 1ug total RNA from whole embryos (E.8, E10, E12), embryo
heads (E.14, E.18) or adult brain, (obtained using the method of Chomcynski

and Sacchi, 1987) were denatured at 70°C for 10 minutes in the presence of
25mM random hexamers (Boehringer Mannheim), and incubated in the

presence or absence of 100 Units of reverse transcriptase (Superscript, BRL) in
a 20pl reaction containing 1mM of each deoxynucleoside triphosphate

(dNTP's) for 10 minutes at room temperature followed by 40 minutes at 42°C.
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Reactions were terminated by incubation at 95°C for 5 minutes. One tenth of
each RT reaction product was added to a PCR reaction containing 50mM Tris

pH 9.5, 1.5mM MgCl2, 20mM Ammonium sulfate, 1 unit of AmpliTag-

Polymerase (Perkin-Elmer Cetus) 2.5mCi deoxycytidine 5  (a-32P)
triphosphate, and 0.5mM each of a 5' primer Ril7 and 3" primer Ri22. PCR
analysis was performed in 50ml final volume with the following cycle: 5
minutes at 94°C; 35 cycles of 45 seconds at 51°C, 1 minute at 72°C, 45 seconds at
94°C; 10 minutes at 72°C. Twenty percent of the PCR reaction was run on 10%
PAGE and the products analyzed by autoradiography. PCR products were
analyzed by cloning into the TA cloning vector (InVitrogen) according to the

manufacturer's directions, and sequencing as described.

Northern blot analysis: 2.0ug of polyA+ RNA from the indicated tissues were

run on a 1.0% formaldehyde containing agarose gel, and transferred to
nitrocellulose (MTN blot, obtained from Clontech). Probe was prepared by

random prime nick translation of a 1380bp 5' fragment of plasmid pRi8,
labeled to a specific activity of 10 CPM/pug, and hybridized in 40% formamide

at 42°C for 24 hours; stringent washes were in 0.1XSSC/0.1% SDS at 55°C, and
XAR film exposure for 72 hours.

Immunohistochemistry Slides were fixed for 10 minutes in 75% ethanol 20%
acetic acid, washed 3 times in PBS, incubated in 0.3% H>O>/PBS and rewashed
3 times with PBS. Blocking was performed using avidin and biotin blocking
solutions (Vector Labs) with 5% normal goat serum. After washing 3 times in
PBS slides were incubated with primary antibody (A affinity purified and A
mock purified POMA sera were used undiluted; NFP affinity purified
antibody was diluted 1:100; anti-Hu sera or normal human sera were diluted
1:500 in 2% BSA/PBS) for 2 hours at room temperature. Antibody was
removed, slides were washed 3 times in PBS and incubated overnight at 4°C
with 1:2000 biotinylated goat anti-human antibody in PBS. After washing,

slides were treated with avidin-biotin peroxidase complex (Vectastain ABC
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complex, Vector Labs) for 45 minutes, washed in PBS and developed with
0.1% diaminobenzidine-HCl (Hsu et al, 1981), counterstained in Harris
modified hematoxylin, dehydrated and mounted in Permount (Fischer

Scientific).

Protein Alignments. KH domain alignment was made using the Geneworks

(Intelligenetics Inc.) and the MACAW programs.

Immunofluorescence. 12 uym frozen mouse brain sections were fixed in
acetone/methanol (1:1) for 2 minutes, washed 3X in 0.1% Triton X100 in PBS,
blocked in 10% normal goat serum and 50mM glycine in PBS, washed 3X and
incubated with primary antibodies overnight (dilutions used were rabbit
GFAP 1:300, affinity purified POMA antibodies 1:50). Slides were washed 3X
in 0.25% gelatin-PBS, incubated with secondary antibodies (FITC anti-rabbit,
and rhodamine anti-human, Vector Laboratories) for 45 minutes and washed

3X in gelatin-PBS.

In situ hybridization Sense and anti-sense RNA's from bp 2399-4129 (3" UTR)
or 590-1453 (3’ coding region), or bp -110 to -20 (5’UTR) of the mouse Nova-1
c-DNA, were in-vitro transcribed with T7 RNA polymerase and 35S UTP
(used for emryonic sections) or 33P UTP (used for adult sections) to a specific
activity 2x10°cpmug. In situ hybridization was performed with fresh frozen
12 um sections using a method adapted from previous descriptions
([newman]) and a hybridization temperature of 60°C or 50°C for 5 UTR.
Slides were dipped in Kodak NTB2 emulsion. Embryonic sections were
exposed in the dark for 3-4 days, adult sections and 5" UTR hybridized sections
were exposed for 10-14 days, developed, and counterstained with Cresyl-violet

or hematoxylin.

Fusion Proteins. A cDNA encoding the full length Nova protein (NFP), PCR
generated fragments harboring the Nova-1 KH1 domain (N1) or KH3 domain
(N3), or a gene encoding a control protein (Yo; Fathallah-Shaykh et al., 1991)

were cloned into pET21B (Novagen) such that each was in an open reading
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frame encoding the T7 epitope at the N-terminus and a Histidine tag at the C-
terminus. All clones were sequenced in their entirety to ensure fidelity of the
PCR reaction. The N3L2IN protein was constructed by site directed oligo based
mutagenesis. The N114T fusion protein was isolated from a PCR AUU->ACU
mutation. Fusion proteins were purified by nickel chelation

chromatography.

Determination of Active Fusion Protein. Protein was incubated with an
excess of ribohomopolymer agaraose, or ssDNA agarose for 30 min at room
temperature (B1l). Agarose was washed 5 times and bound protein eluted
with 2X sample buffer. Supernatant from Bl was incubated with a second
batch of ribohomopolymers for 30 minutes (B2). B2 agarose was washed 5
times and bound protein was eluted with 2X sample buffer. The supernatant
from B2 was frozen and lyophilized then resuspendd in sample buffer.
Protein present in the B1, B2 and supernatant fractions were estimated by

western blot analysis and densitometry.

Ribohomopolymer and ssDNA agarose binding assays. 500ng of NFP or
equimolar amounts of N1 and N3 fusion proteins were incubated with
ribohomopolymer agarose or single-stranded DNA agarose (Sigma) in 1ml of
RSB binding buffer (Swanson and Dreyfuss, 1988) containing the indicated NaCl
concentrations and 1mg/ml heparin (Sigma). Agarose was washed 5 times in
binding buffer and bound protein was analyzed by SDS-PAGE and Western
blot using a T7 monoclonal antibody (Novagen) and enhanced-
chemiluminescence (Amersham). To control for protein loading, an amount
equivalent to 20% of the fusion protein used in each binding assay was loaded
(+). Binding for quantitative analysis was performed in 1 ml of 250 mM
NaCl-RSB, heparin and the indicated amounts of protein. Western blots

were quantitated by densitometry.

Northwestern analysis. Equimolar amounts of indicated fusion proteins

were run on SDS-PAGE, and transferred to nitrocellulose. Protein blots were
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blocked overnight in binding buffer (10mM Tris pH 7.4, 50mM NaCl, 1mM
EDTA, 2X Denhardt’s, 100ug/ml tRNA), probed with a 32P end-labeled
polyriboguanosine probe, washed 4 times for 15 minutes in binding buffer,
and exposed to film. The filter was washed twice for 30 minutes at 55°C in
stripping buffer (100 mM B-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl) and
then reprobed with T7 antibody.

Binding to brain RNA. NFP or control fusion protein (50 pg) was incubated
with 10 pg of total mouse brain RNA prepared as previously described
(Chomcynski and Sacchi, 1987) in RNA binding buffer (Levine et al., 1993).
Proteins were then immunoprecipitated in the same buffer with the indicated
antibodies, washed 5 times with binding buffer, and bound RNA was phenol
extracted, DNAse digested and ethanol precipitated. RNA was reverse
transcribed and PCR amplified in the presence of 32P o-dCTP as previously
described ([Buckanovich, 1993 #181]), using either Nova-1, actin, or NAP
specific primers. To ensure RNA integrity, total brain RNA was also
amplified (+ Control). As a control for DNA contamination each RNA
sample was analyzed in duplicate with or without (+ or -) reverse
transcriptase. Ten percent of each PCR product was analyzed by non-

denaturing PAGE and the gel was dried and exposed to film.

RNA/Protein Filter binding assay (chapter IV). 100ng of fusion protein was
incubated with the indicated concentrations of affinity purified antibody and
BSA for 30 minute at room temperature in 100pl of Binding buffer (250mM
LiCl, 20 mM Tris pH 7.4, 10mM MgCly). 100ng of 32P end-labeled rG
ribohomopolymer was added and incubated for 25 minutes at room
temperature. Samples were vacuum filtered through 0.2uM nitrocellulose,

washed with 1 volume of cold binding buffer and analyzed in a scintillation

counter.
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RNA selection. An oligonucleotide harboring a 52 bp random sequence
surrounded by primer binding sites (GGG AGA ATT CCG ACC AGA AG
N(52) TAT GTG CGT CTA CAT GGA TCC TCA; Famulok and Szostak, 1992) was
synthesized on an ABI DNA synthesizer to yield 2 mg DNA with an

estimated complexity of ~3 x 10 sequences; the oligonucleotide was
characterized and PCR amplified using forward and reverse oligonucleotide
primers as described (Ellington and Szostak, 1990; Famulok and Szostak, 1992).
Following PCR amplification the sequences of 24 random clones from this
pool were determined; each clone was unique, and the overall base
composition showed a slight excess of purines (24% A; 33% G) over
pyrimidines (21% C; 20% U), and a random distribution of di-nucleotide

frequencies (data not shown). Two pool equivalents of library DNA (110ug,
~2.1 x 10" molecules) were transcribed in vitro with T7 RNA polymerase and
[a-*P]JUTP as described (Ellington and Szostak, 1990). RNA was purified from

denaturing acrylamide gels, heated to 70°C for 5 minutes and applied to a pre-
column containing an irrelevant histidine tagged fusion protein to adsorb
non-specifically bound RNAs. The eluate was applied to a histidine-tagged
Nova-1 nickel affinity column in high salt buffer (0.5 M LiCl, 20mM Tris-HCI,
pH 7.6, ImM MgCl,, 60mM imidazole; (see Ellington and Szostak, 1990; Green et
al., 1991). Following extensive washing, protein and RNA were co-eluted by
the addition of 1.0 M imidazole in high salt buffer. Protein-bound RNA was
extracted in phenol/0.5% SDS at 50°C, and ethanol precipitated with LiCl and
glycogen.

Filter binding assays. Filter binding was performed as previously described
(Buckanovich et al., 1996). Briefly, the indicated concentration of fusion
proteins were incubated with 50 fmol of in vitro transcribed 2P labeled RNA
in in 100p! of binding buffer (0.5 M LiCl, 20 mM Tris-HCl pH 7.4, 1 mM MgCl,

and 1mg tRNA/ml) for 30 minutes, filtered through nitrocellulose, washed
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with 1 volume of binding buffer, and retained counts determined in a

scintillation counter.

Gel shift assays. Gel shift assays were performed with 50 ng, or otherwise
indicated amounts, of fusion protein in 10 pl of protein buffer (1 mg BSA /ml
0.5 M LiCl, 20mM Tris-HCl, pH 7.6, 1 mM MgCl,). 100 fmol of RNA was

heated to 80°C for 5 minutes, cooled to room temperature and then added to
RNA buffer (0.5 M LiCl, 20 mM Tris-HCI, pH 7.6, 1 mM MgCl,, 1 mg
tRNA/ml) in a final volume of 10ul. Protein and RNA samples were mixed
and allowed to equilibrate for 30 minutes at room temperature. For supershift
experiments, antibody was then added and incubated an additional 30

minutes at room temperature. 2% of each sample was resolved with a 0.5 M

Tris-glycine 4% PAGE, dried and exposed to film.

Immunoprecipitation. Adult mouse brains were homogenized with a
Dounce in NET-Triton (150 mM NaCl, 50 mM Tris-HCI pH 7.4, 0.1% triton-X
100, protease inhibitors). Nuclei were collected by centrifugation and

resuspended in 1 ml NET-Triton, sonicated, spun in a microfuge, and the

supernatant was precleared with Protein-A Sepharose for 30 minutes at 4°C,
followed by incubation with the indicated antibodies and Protein-A
Sepharose. After washing 5 times with cold RIPA buffer (150 mM NaCl, 50
mM Tris 7.4. 0.05% SDS, 1% nonidet P-40, 0.5% deoxycholate), samples were
resuspended in DNase buffer (50 mM Tris-HCl pH 7.4, 6 mM MgCl,, 3 mM

CaCly) with 20 units of DNase and 20 units of RNase inhibitor at 37°C for 1

hour, extracted with phenol-chloroform at 55°C, extracted with chloroform
and precipitated with ethanol and sodium acetate. Reverse transcription and
PCR was performed as previously described. All PCR reactions, with the

exception of the PCR reaction to clathrin, were performed using 3 cycle PCR (1
minute at 94°C, 30 seconds at 58°C, 45 seconds at 72°C). PCR to detect clathrin
DNA was perfromed using 3 cycle PCR 1 minute at 94°C, 30 seconds at 54°C, 45

seconds at 72°C. Primers used were as follows: GlyRa2A
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AAAATACTAGTGGGAAGTTATCATGCA, CATGGTGGTTTCTGTGACTGA
TC.Nova-1, GCGAATTCTCCAGATCGCATCAAACAA,ACTGAAGGCTCCA
AAAGTCTTC Clathrin TTAACCCTGTGCCTGCCTGTCTTG, GCTGCTGGTA
GAACGCTTTGTCAG, HuD GGACATGAATTACTTGCCAT, CATAGGCCA
TATTAAGCA, HelN1 ATTGCTGTAACCAATCTA, ATTCCATCGATCGTCA
TT, brain specific Na+ channel, GGAATTCTGGAACTGGCTGGATTT
CAGTG, TGCGGAATTTATCATGG CACC.

Splicing Assays

Transfections. RAC cells were grown to 80-90% confluence in 60 mM dishes.
0.5 pug pJQ GlyRo2A, 0.25 ng pCMV B-galactosidase, and 3 ug pCDNAS3 vector
or the indicate amounts of pPCDNA Nova-1 DNA + pCDNA vector to equal 3
ng total were added to 300ul serum free DMEM and mixed with 300 ul DMEM

containing 10 pl lipofectamine (Gibco-BRL), and allowed to incubate for 35

min at room temperature. 2.5 mls serum free DMEM were added to each
DNA /lipofectamine mixture and the mixture was added to cells which had
been washed once in warm serum free media. After 5 hrs, 3 mls of

DMEM/1mM L-GIn/20%FCS was added to each transfection.

Harvesting cells. After 30 hours of transfection cells were trypsinized with 0.5
mls trypsin-EDTA, then trypsin was inactivated with 1ml DMEM 10% FCS.
0.70 mls of cell suspension from each transfection were used for RNA

isolation, and 0.7 mls of cells from each transfection were used to make

protein extract for B-galactosidase assays and western blot analysis.

RNA isolation was performed according to Current Protocols rapid
isololation of RNA protocol. RNA was resuspended in 100 pl DEPC H20 at

80C for 10 min, desalted using S200 spin columns (Pharmacia), and digested
with 25 units DNAse, 40 units BamH1 for 1 hr at 37C, phenol-chloroform,

extracted, and ethanol precipitated.
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RT-PCR was performed as described. RT was determined to be linear with
RNA input bewtween 0.3 and 5 pg RNA. PCR was determined to be linear

with input between 22 and 30 cycles. RNA input for RT reactions was
normalized for transfection efficiency as determined by B-galactosidase

activity for each transfection.

B-galactosidase activity was determined using 40% of isolated cell pellet for

each assay. Assays were performed for 20-30 min at 37C as as per

manufacturer’s directions (Stratagene).

Constructs used.

Primer list

CGCGTCGACGGGACCCATACGGGGGTTC NFP Forward
GCACGGCCGGATTGGCAGCCCGAACTC NFP reverse
CGGCCGCCCTCTCAGTAGTACCTGG Pr 3’ KH1
GTCGACGTAGTTGAAATAGCAGTTCCAG pr 5 KH3
CGGGGTACCTCAATCCTCTTGTATCTTCTGGATG 3" KH2 proex
GGGAATTCCATATGCAGTACTTTCTAAAGGTTCTCATACCT 5" KH1 proex
GGCAAAGGAGGGAAAACCAACGTT Delta 21 primer 1(psp 14061)
CACAACGTTGGTTTTCCCTCCTTTGCC Delta 21 rc
GCGAATTCTCCAGATCGCATCAAACAA FRi5’
AGTAATACGACTCACTATAGGGAGAATTCCGACCAGAAG 5" Selex primer
ATTAACCCTCACTAAAGGGAACAAAAG 3’ Selex primer
TAGACGCACATAAGCGCGTTAGACCCTTGATGAG stem mutant primer
AAGACGTGAGTCAGCATGATAAG SB2 T1
TICTTCTCTTCAAGGGAGTCAGTGGG SB2 T2-3
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CCTTAATTAAAATTATTATTAGACTGCAAAGAAAAAAA Gly mutant bttm pr #2

CTAATAATAATTTTAATTAAGGTTACATCGCTAACCAC

Gly mutant top pr #2

AGTAATACGACTCACTATAGGGAGCTTTCTGCAAAGACCATGAC  Gly t7-E2

CATGGTGGTTTCTGTGACTGATC
GGGAAGTTATCATGCAGTTCTGG
AAAATACTAGTGGGAAGTTATCATGCA
AAGCTTGTGGTTCAAATGCTCTGTATTAG
GGATCCGTGCAAAGTATTCCTAACACC
CCCATATCCCATTCCTTCACAC
CCGCTGTGAAAGTATGGTGTAGATGAG
AGTGTGTAGAGTAGAGGAGTATACTGTACCTGATTGGCTC D3

AGTAATACGACTCACTATAGGGAGACATTGCCATCTTCCCC

CCGCTGTGAAAGTATGGTGTAGATGAG
AGTGTGTAGAGTAGAGGAGTATACTGTACCTGATTGGCTC

Synthesis of Constructs Used

Fusion Proteins.

NFP. PCR synthesized using NFP forward and NFP reverse primers and
mouse Ril7 as template. PCR product was Ta cloned, digested with Sal 1 and

Eagl and cloned into Sal/Eag digested pet 21b.

N3. PCR synthesized using 5’KH3 and NFP reverse primers and mouse Ril7

as template and cloned as described in NFP construction.

N3L21IN. PCR synthesized as two fragments; primer pair 5° KH3 and delta 21,

and primer pair delta 21 rc and NFP reverse were used to amplify from

mRil7.
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creates a point muataion. Resulting PCR fragments were Digested with

Sal/Eag 1/and Psp14061 and ligated into Sal/Eag digested pet21b.

N1. PCR synthesized using NFP forward and 3" KH1 primers and mouse Ril7

as template and cloned as described in NFP construction.
N1-2. PCR synthesized using 5’KH1 and 3’KH2 proex primers and mouse
Ril7 as template. The PCR product was digested with Nde and Kpnl and

cloned into Ndel Kpn 1 digest proex vector.

Selex mutants.

SB2 Stem mutant. PCR synthesized using 5" Selex and stem mutant primers
using SB2 as template. PCR products were gel-purified (Qiagen) and directly
trasncribed using T7 RNA polymerase.

SB2 A=>U. PCR synthesized as two fragments using cloned SB2 (Ta vector) as
a template and the primer pairs 5" Selex- SB2T1, and SB2T2-M13. Individual
PCR fragment were purified, blunt end ligated and the ligated products were
used as template to PCR amplify using the 5" selex and 3’ Selex primers. PCR

product was Ta cloned and sequenced.

Glycine Receptor a2 clones.

GlyR E2. PCR cloned using primers 5E2 and 3'E2 and mouse genomic DNA
as template. PCR product was Ta cloned.

GlyR E 3a-3b. PCR cloned from genomic DNA using primers 5Gly3a and
3'Gly 3B. PCR product was cloned using PCRscript.

Ta Gly R stem insert. PCR cloned from GlyR E 3a-3b using primers 5’stem
insert and 3’Gly 3B. PCR product was cloned using PCRscript.
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Ta Gly E2-3B. GlyRE 3a-3b was digested with Bam H1 and Sacl, insert was gel
purified and cloned into BamH1/Sacl digested Ta GlyRE2.

pJOmega GlyRa2. Ta GlyE2-3B was digested with Xbal and SacI, insert was gel
purified and ligated into Xba-Sacl digested pJ30Omega vector.

pJOmega GlyRst stem insert. Ta Gly R stem insert was digested with Xbal and
Sacl, insert was gel purified and ligated into Xba-Sacl digested pJ30mega

vector.

pJomega Gly mt (B46). PCR synthesized as two fragments using GlyRE2-3B as
template and primer pairs 5E2 -Gly Bottom mutant#2, and Gly mutant
bottom primer-3’E3b. PCR product were EtoH ppt, digested with Pac I, gel
purified, and ligated. Ligation was used as template to amplify with 5Gly E2
and 3'Gly 3B primers. PCR product was Ta cloned. Ta clone was EcoRI

digested, insert was purified and cloned into EcoRI digested pJomega.

GIlyR clones used for FBA.
Ta Gly 3A-B or Ta Gly mt B46 were linearized using Alul, treated with

proteinase K and transcribed with T7 RNA Polymerase.
In addition PCR products, synthesized with T7-E2 and Ex3A primers using
either wild tyupe or mutant glyreceptor constructs as template, were gel

purified and transcribed using T7 RNA Polymerase.

Nova-1 Genomic DNA clones .

For FBA mouse genomic DNA was amplified with T7-EH and either D3
reverse or D3 reverse mutant primers. PCR product was gel purified and

transcribed using Ty RNA Polymerase.
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pCDNA Eukaryotic expression clones.

pCDNA Nova-1. mmtvRi (a kind gift from Jennifer Darnell) was digested
with Xhol and ligated into Xhol digested CIP treated pCDNA-3.

pCDNA Nova-1 pt mutant (Psp2). PCR synthesized as two fragments using
primer pairs Fri5’-delta2l, and delta 21 rc and NFP reverse were used to
amplify from mRil7. The resulting fragments contain a Psp14061 restiction
site which creates a point muataion. Resulting PCR fragments were digested
with plfml/BstElland Psp14061 and ligated into PflmI/BstEII digested pcDNA
Nova-1.

pCDNA Nova-1 Deletion mutant (Psp18). Purified as a result of an aberrant
ligation in the preparation of pCDNA Nova-1 pt mt. Creates a stop codon just
distal to KH2.
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Chapter III. _
Identification and Expression of Nova-1, a Target Antigen of POMA.

The association of specific PND antigens with specific auto-immune
neurologic disease and the recruitment of specific antigens by specific tumor
types, suggests that PND antigens may perform an important function in
brain and in tumors. Moreover, the model of PND pathogenesis suggests
that peripheral tumors elicit an immune response when they ectopically
express immunologically privileged antigens. This model thus predicts that
normally target antigen expression is restricted to immunologically
privileged sites (e.g. neurons). Thus isolating genes which encode PND target
antigens is a method to identify potentially important neuronal genes.
Moreover identification of genes encoding PND target antigens allows one to
test the prediction of the model for PND pathogenesis, and begin to

determine the functional significance of these proteins in brain and tumors.

Using autoantibodies from PND patients sera, it has been possible to identify
clone, and characterize genes encoding PND target antigens. In the case of the
PND PEM/SN, autoantibodies identified the Hu family of neuron specific
RNA binding proteins (Szabo, et al., 1991). These proteins have been
implicated in regulating neuronal alternative splicing and mRNA stability
(Levine, et al., 1993; Gao, et al., 1994b; Ma, et al., 1996). In PCbD, autoantibodies
identified CDR 62, a novel leucine zipper protein which is expressed
primarily in cerebellar Purkinje cells and the testis. CDR 62 has been
implicated in the regulation of c-myc activity. Currently characterized PND
target antigens all have expression limited to immune privileged tissues,
including primarily the nervous system but also the germ cells of the testis
and ovaries (Newman, et al., 1995; Corradi, et al., 1996; Darnell, 1996; Okano and
Darnell, 1996).
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A novel anti-neuronal antibody (Ri) was discovered in 7/8 patients with
paraneoplastic opsoclonus, myoclonus, and ataxia (POMA) (Luque, et al., 1991).
We used sera from one of these patients to screen a human cerebellar cDNA
expression library and identified a gene, termed Nova-1, which encodes a 54
Kd, 510 amino acid target antigen, containing three putative KH type RN A
binding domains. Immunohistochemistry using affinity purified Ri antisera,
northern blot analysis, and in-situ hybridization with Nova-1 specific probes,
reveal that Nova-1 is expressed only in the nervous system. A detailed
developmental study of Nova protein and Nova-1 RNA expression
demonstrates that both Nova antigens and Nova-1 RNA are first detected in
~E10 embryos and are maintained throughout development and adulthood.
Expression is restricted to neurons of the central nervous system at all stages.
While the Nova family of antigens are expressed in all CNS neurons, Nova-1
protein and RNA expression are restricted to a subset of subcortical neurons
throughout development and adulthood. Thus, not only is Nova antigen
expression restricted to the CNS throughout development and adulthood as
predicted by the current model for PND pathogenesis, but the specific
restriction of Nova-1 protein and RNA to neurons of the subcortical CNS is

consistent with the focal neurologic deficits of PND patients.

Identification and Characterization of a ¢cDNA Clone Encoding a POMA

Target Antigen We screened a human cerebellar cDNA expression library
with POMA antiserum (clinically termed Ri) (Luque, et al., 1991) from one
patient with POMA, yielding three identical isolates (by restriction analysis)
from 106 plaques. One, termed ARi8, was subcloned by phagemid rescue and

the plasmid (pRi8) used to make fusion protein in E. coli. Figure 1 shows a
Western blot of the Ri8 fusion protein probed with POMA antiserum. POMA
antiserum recognized a fusion protein of My 40 kDa (Figure 1A, "Anti-Ri

Sera": lanes 1-6, titration of POMA antiserum from one patient), but normal

human serum or disease controls do not (Figure 1A, "Non-Ri Sera": lanes 7-
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15, sera from 9 different patients). The pRi8 fusion protein reacts at similar
titers (1ng/ml IgG or less) with sera from 7 of 7 adult patients tested with
POMA (Figure 1B). These results demonstrate that POMA antisera recognize

the recombinant clone pRi8 with high sensitivity and specificity.

ARi8 fusion protein was used to affinity purify antibody from POMA
antiserum. Native POMA antiserum was incubated with nitrocellulose
filters confluent with either ARi8 or, as a negative control, an irrelevant

lambda clone. After washing the filters extensively, specifically bound
(affinity purified) antibody was eluted at low pH and used to probe Western
blots. Figure 2 shows a Western blot of human Purkinje neuronal extracts;
native POMA antiserum binds to a major antigen of 55kDa and a minor
antigen of higher My (as previously described, Budde-Steffen, et al., 1988; Luque,
et al., 1991; Figure 2, lane 3;POMA). Normal human serum gives no signal
(Figure 2, lane 4; NHS). POMA antiserum affinity purified with the ARi8
fusion protein bound antigens of identical Mr to those recognized by native

POMA antiserum (Figure 2, lane 1 versus lane 3), while POMA antiserum
mock purified with an irrelevant lambda clone showed no detectable binding
on Western blots (Figure 2, lane 2). Affinity purified POMA antibody also
recognized nuclear neuronal antigens by immunohistochemistry on adult
human and mouse brain tissues, while mock purified antibody did not (data
not shown, and Figure 8-11). Finally we constructed a full length fusion
protein which was used to generate polyclonal rabbit antiserum. Both native
and affinity purified rabbit anti-Nova-1 antibody, revealed a western blot and
immunohistochemical pattern identical to POMA sera.  These data
demonstrate that the cloned pRi8 fusion cDNA encodes a neuronal antigen

recognized by POMA sera.
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Figure 1. POMA antiserum recognizes the pRi8 fusion protein.

A. Western blot analysis with protein produced from E. coli containing plasmid pRi8 and
antisera from either a patient with POMA (POMA lanes 1-6, showing two-fold serial
dilutions ranging from 1:250 in lane 1 to 1:8000 in lane 6) or a number of normal sera and
sera from unrelated neurologic disease [lane 7, serum from a patient with Sjogren's
syndrome that reacts with a 40kDa neuronal antigen (unpublished data), 1:250 dilution;
lane 8, serum from a patient with renal cell cancer, without a paraneoplastic syndrome,
with reactivity to an unidentified 80kDa neuronal antigen (unpublished data), 1:250
dilution; lane 9 and 10, two different normal human sera, 1:125 dilution; lane 11, 14, 15,
sera from a patient with atypical cerebellar degeneration, no malignancy (unpublished data),
1:250, 1:125 and 1:62.5 dilutions, respectively; lanes 12 and 13, sera from two children
with neuroblastoma and paraneoplastic opsoclonus/myoclonus, 1:250 dilution]. Sera from
patients with paraneoplastic Hu (Szabo et al., 1991), Yo (Fathallah-Shaykh et al., 1991) or
Nb (Darnell et al., 1991) antibodies are not reactive with the Ri fusion protein, nor are over
20 sera from normal human individuals (data not shown). POMA antisera reacts with a
fusion protein of M; 40kDa (indicated by the arrow), and some smaller molecular weight
species whose intensity varies between preparations and are likely to be proteolytic
fragments; there is non-specific reactivity at high serum concentrations with high molecular
weight E coli fragments (lanes 1, 8 and 15).

B. The pRi8 fusion protein reacts with sera or CSF from 7 POMA patients. A Western
blot of pRi8 fusion protein with various sera: those labeled "+" are from patients with
POMA and breast cancer (lanes 2-5, lane 7), small cell lung cancer (lane 8), or POMA with
no identified tumor (lane 6, patient #6 in Luque et al., 1991), and those labeled "-" are from
normal sera (lanes 1, 10) or a patient with atypical cerebellar degeneration without
malignancy but with high titer anti E coli antibodies (used in lanes 11, 14 and 15 in (Figure
1A)). In each case, sera from patients with POMA showed significant immunoreactivity
with the pRi8 fusion protein (band identified by arrow), while in no case did control sera
show immunoreactivity with the fusion protein. Serum titers were 1:250 except in lanes 2
(1:1000), 4 (1:2000), 6 (1:4000), 7 (1:1000) and 8 (CSF was used, 1:50 dilution; no

reactivity was seen with normal CSF at 1:10 dilution, data not shown).
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Characterization of the Nova-1 cDNA. The full length brain ¢cDNA, obtained
from analysis of overlapping cDNA clones, consists of 3670 nucleotides and
has a long open reading frame extending 510 amino acids ("B" in Figure 3A).
We have named the gene Nova-1 to reflect its origin and localized expression
as an onconeural ventral nervous system antigen (see below). pRi8, the clone
encoding the 40kDa Nova-1 fusion protein, extends from base pair 497 to the
3' terminus of the brain sequence. The predicted protein encoded by this gene
is 54kDa, corresponding to the size of the major antigen detected on Western
blot with POMA sera (see Figure 2). There are two potential translation
initiation codons in the 5' end without an in-frame upstream stop codon, and
a near consensus polyadenylation signal 31bp before a stretch of
polyadenosine in the 3' end of the cDNA. Strong and weak Kozak consensus
sequences (Kozak, 1987; Kozak, 1989), respectively, bound the distal and
proximal 5' methionines; either could act as an N-terminal amino acid of the
Nova-1 protein. The sequence of 20 ¢cDNA's from human cerebellar,
hippocampal and brainstem libraries using the 5 most 800 base pair of the
Nova-1 c¢cDNA as probe yielded no new 5' sequences, although several
alternatively spliced transcripts were identified (see below); PCR amplification
of human cerebellar cDNA suggests that the putative 5 UTR may contain at
Computer-assisted sequence analysis of the Nova-1 ¢cDNA and predicted
protein sequence revealed an internally repeated sequence of 111 base pair,
encoding a 36 amino acid motif (Figure 3B). Searching for homologies to this
element revealed significant homology with KH domains of hnRNP-K, FMR-
1, the Drosophila alternative splicing factor PSI and Bicaudal-C proteins, the
yeast alternative splicing factor MER-1, and others (Figure 3B;Burd and
Dreyfuss, 1994a). The KH domains in the Nova-1 gene are approximately 64%
homologous to each other, and 55-60% homologous to hnRNP K. We also
identified homology with a segment of the pol gene product of multiple

members the retrovirus family (data not shown). In each retrovirus, the
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Figure 2. The ARi8 fusion protein affinity purifies antibody from POMA

antisera with binding specificity identical to native POMA antisera. _

Antibody affinity purified from POMA serum with ARi8 or mock purified

with an unrelated A clone (AYo, encoding the Yo fusion protein; Fathallah-
Shaykh et al., 1991) was used to probe a Western blot of purified human
Purkinje neurons. Lane 3 shows the reactivity of native POMA antisera
(1:500 dilution) with Purkinje neurons; the predominant antigen has an My
of 55kDa; there is no reactivity with normal human serum (1:500 dilution,
lane 4). Lane 1 shows reactivity of ARi8 affinity purified POMA antiserum
(1:2 dilution of eluate) recognizes antigens that exactly co-migrate with those
recognized by native POMA antiserum (lane 3); there is no reactivity of AYo
mock purified POMA antiserum (1:2 dilution of eluate) with Purkinje cell
antigens (lane 2).addition, while the mouse and human Nova-1 genes are
extremely highly conserved over the coding sequences (99.2% identity over
510 amino acids), the mouse sequence has a single nucleotide deletion in the
putative 5' untranslated region (at base pair 40 in Figure 3A). These
observations suggest that the brain cDNA sequence in Figure 3A encodes the

full-length Nova-1 protein. least an additional 500bp (Darnell, unpublished
data).
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Figure 3. The primary sequence of Nova-1 encodes a 54kd protein with three

KH domains.

(A) Sequence of the Nova-1 gene obtained from human brain and tumor
cDNA's. The brain (human cerebellum) and tumor (small cell lung cancer
cell line) cDNA clones are designated B and T. The deduced translation
product is shown for the longest open reading frame in the brain cDNA, and
for the corresponding reading frame in the tumor cDNA. The three KH
domains within the Nova-1 brain sequence are boxed, and labeled as KH 1-3.
The tumor cDNA diverges from brain cDNA exactly upstream of the start of
KH 2 (base pair 589), and its open reading frame terminates 8 amino acids
downstream. Dashes indicate gaps in the cDNA sequence, introduced to align
the sequences; the tumor cDNA is lacking a duplicated 9 base pair motif
exactly at the terminus of KH 1. Asterisks indicate translation termination
codons, and underlined sequences indicate a series of AUUUA elements in

the 3' untranslated region.

41



. . - . . . . . . .
GAATTCGGCTOCCGGTAGCAGCGGCAGGAACTGCAAACATGATGGCGGCAGCTCCCATCCAGCAGAACGGGACCCACA
M MAAAPTIOQOQNGTH

GAATTCOOGACAAAACAAAAGGGAGAACCTTCTCCOGGTAGCAGCGGCAGGAACTGCAAACATGATGGCGGCAGCTCCCATCCAGCAGAACGGGACCCACA
M MAAAPIOQOQNGTH

. . . . . “ . . . .
CTGGGGTTOOCATAGACCTGGACCOGCCGGACTOGCGGAAAAGGCCGCTGGAAGCCCCCCCTGAAGCCGRCAGCACCAAGAGGACCAATACGGGCGAAGA
T GV PIDLUDZPPDSRI KT RZPLEA AMPPEAMGSTZ KR RTNTGETD
CTGGGGTTCCCATAGACCTOGACCCGOOGGACTCGOGGAAAAGGCOGCTGGARGOOCCCCCTGAAGCCGGCAGCACCAAGAGGACCAATACGGGCOGAAGA
TGV PIDLDTPPDS SR RIKR RPLEAPZPEAGSTI KRTNTGETSD

- . - . . . - . . -
CGGCCAGTATTTTCTAAAGGTTCTCATACCTAGTTATGCTGCTGGATCTATAATTGGGAAGGGAGGACAGACAATTGTTCAGTTGCAAAAAGAAACTGGA
G QY FLEKVLTIZPSYAAGSITIOGIEKG GGOQTTIVOQLOQEKTETSG

OGGCCAGTATTTTCTAAAGGTTCTCATACCTAGTTATGC TGC TGGATC TATAATTGGGAAGGGAGGACAGACAAT TG TTCAGTTGCAAAAAGAAACTGGA
G QY F_L K V L 1 P S Y A A G S I I G K G G O T I V O 1 0 K FETG

- . . . . . . . . -

GCCACCATCAAGCTGTCT. - =TOCAAAGATTTTTACCCAGGTACTACTGAGCGAGTGTGCTTGATCCAGGGAACGGTTGAAGCACTGAATG
AT I K L 8§ K==cssesss S KD FY PGT :P ERVCLIOQGTUVEARATLN

GCCACCATCAAGCTGTCTAAGCTGTCTAAGTCCAARGATTTTTACCCAGGTACTACTGAGCGAG TG TGCTTGATCCAGGGAACGG TTGAAGCACTGAATG
A T I K L S KULSKSKDTFYZPGTTERVCL,I QGTJVEHALN

. . . . B . B . . B
CAGTTCATGGATTCATTGCAGAAAAAATTCGAGAAATGCCCCAAARATG TGGCCAAGACAGAACCAGTCAGCATTCTACAACCCCAGACCACCGTTAATCC
AV HGF 1 AEZKTIREMEPAO QNVAKTEUPVSILQPOQTTUVNTEP
CAGTTCATGGATTCATTGCAGAAAAAATTCGAGAAATGCOCCAAAATG TGGOCAAGACAGAACCAGTCAGCATTCTACAACCCCAGACCACCGTTAATCC
A VHGV FI AEZ KTIREMPU QNVAKTETZPVSILQPQTTUVNTEP

AGATOGCATCAAACAAACATTGCCATCTTCCCCAACTACCACCAAGTCCTCTCCATCTGATCCCATGACCACCTOCAGAGCTAA!
DRIIKOQTLU®PS SPTTTIKSSPSDUPMTT SR RANTQ QI KUHNI

AGATCGCATCAAACAAA —GTAAAGATTATA
D R I K Q MoK LTy

‘TCCTGGATATCATGAAGCAAGATATAAGAGAAGAACARAACAAAATCCGTAATTCATTGAAAGAATTGTAATCATCAATCTTTCATATTATTAATACTTT

S W 1 § *
GTTOOCAACAGCACAGCAGGTCTGATAATAGGGAAGGGAGGTGCTACTG TGAAGGC TG TARTGGAGCAGTCAGGGGCTTGGGTGCAGCTTTOCCAGAAAC
vV PN S T A G L I 1 GKGGATVYXKAVMEOTSGAWMWYVOTLSOK

GTAATTATTTTCTCCOCCAACAGTATTTTCCAGTAGATTCTAATCATG TGG TAGGGCAGAAGGAAATGTGTTTTTTGTTGTTCATTTGTTTCTTGTCAATA

. . . . . . . . . .

CTGATGGGATCAACTTGCAAGAGAGGGTTGTCACTG TGAGTGGAGAACCTGAACAARACCGAAAAGCTGTTGAACTTATCATCCAGAAGATACAAGAGGA
PDGINLAOQERVVTVSGEPEU QNRIKAVELTITIAO QEKTIZ®QETSD

GTCCTGATTATTTTAGCTTTGCTATACTGACTTATATCTGGAAGTATATAACCAAGATAAGAAAATAGGTTTTAATATGATCATCTTAAGCTAATTGTAA

- . . - . - . . . o

TCCACAAAGTGGCAGCTGTCTCAATATCAGTTATGCCAATG TGACAGG TCCAGTGGCAAA TTCCAATCCAACCGGATCTCCTTATGCAAACACTGCTGAA
PQ SG S CLNTISYANVTGZPVANSNPTGSZPYANTAE

TGAAAAGAACTAATGGACTGTCAATATTCAGAAAACCAAAAATAAAAAATACGGAAAACTAAAAAAAACCOGAATTC

- - - - - - - - - -
GTGTTACCAACTGCTGCAGCAGC TGCAGGGCTATTAGGACATGCTAACCTTGCTGRCG TTGCAGCCTTTOCAGCAGTTTTATCTGGCTTCACAGGCAATG
VLPTAAMAMAAMAGLLGHANLA AGYAAFPAVLSGTFTSGN

ACCTGGTGGCCATCACCTCTGCACTTAATACAT TAGCCAGCTATGGATATAATCTCAACACT TTAGGTTTAGG TCTCAGTCAAGCAGCAGCAACAGGGGC
DLVAITSALNTIULASYS GYNLNTLGLGLSOQAAMAMATGA

. . . . . . - o . .

TTTATTGGCCACCTATGCCAGTGAAGCCTCAGCCAGTGGCAGCACAGCTGGT
LAAAAASANPAMAAAANLLATYA ASEA RASAMNSGCSTANG

. . . . . . . o . .

GGTACGGCGGGGACATTTGCATTAGGTAGCCTGGCTGCTGCTACTGCTGCAACCAATGGATATTTTGGAGC TGCTTCTCOOCTAGCTGOCAGTGCCATTC
G TAGTV FALGSTLAAATAATNGYF GAASUPLAAMAMLSA AL

- . - . . . - o o .

TAGGAACAGAAAAGTOCACAGATGGATCCAAGGATGTAGTTGAAATAGCAG TOCCAGAAAACTTAG TTGG TGCAATACTTGGCAAAGGAGGGAAAACATT
LGTEKSTDG S KDV Y E I AV PENTILYGATITILGKTUGT GKTL

- . o - . . . . . -

AGTGGAATACCAGGAGTTGACTGGTGCAAGGATACAGATCTCCAAAAAAGGAGAATTOGTACCTGGCACAAGGAATOGGAAGGTAAMCCATTACTGGAACA
Y EY O FE L T G A R I 03I S KU KGETFVPGTRNRIKVYVYTITSGT

. . . . . . . . . .
CCAGCTGCAACACAGGCTGCTCAATATTTAATTACACAAAGGATCACATATGAGCAAGGAGTTOGGGCTGOCAATOCTCAGAAAGTGGGTTGAGTGOCCC
PAATQAAQYLTITOQRITYEQGVR RAANPQOQEKVGH™*

AGTTACACATCAGATTGTTTTAACCCCTCCTTTACCCCATTTTCAAGAAGGATG TACTG TACTTTGCAGAAG TGAAGTTTTTCTGTTATTAATATATAAT
TATGCAAATGAATGCGACTATGTTGACAATG TGTATATGTAAATAATATG TG TTTTACCAGATGTTTCATAGAAAGAATTTTTTCTTGATCTGTTTTGTT
CTCTATACTTTGCTTGTGTATATT TG TCAGAGG TG TTTCTAG TG TAAGATTTAAGOCTOCCATTTTACCAGCATTATTGTAGTTTAATGATTGAATGTAG

ACAGGGATATGOGTATAGTTTTCAGTATTAGTTCTAGATAACACTAAATTAACTACTG TTAGG TTGAGTATGG TGGGGTCAGTGACCTAAAATGGAGTGA
GGCCAAAGCACTGTCCTGT!

TTCACTACTGATCCCATOGCCTCOCCAGTAGAACAGTCATTACTOCATTAACATOCTCACTG TTTAGACA
CATAACTGTGGT! \TTGGAAATTATAAACAAAAGTGAAAGTGOCAACAAATTATTGATAGCTGATAA TG TTTCATATCTGCAACTGCTTGATAAGT
ATGTTGCATTTTAAGAGCTTATAATTG TGTATAATTTGTTAACACTAGAAACCTA' \TGTAGATTTTACTGTGAAGCTA’

GGTTAGCATTGCOGCTATTATATTTACTCATTTTATCATIATAAA TGTGTTTAGTTCATCATGTAGCATCAAAAA
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homologous sequence encodes part of a viral protease gene; this sequence is
conserved among many retroviruses, including mouse mammary tumor
virus (Moore et al., 1987), simian immunodeficiency virus (Thayer et al., 1987),
feline immunodeficiency virus (Phillips et al., 1990), HTLVIII, Visna and
equine infectious anemia virus (Chiu et al., 1985; Stephens et al., 1986), but does
not encode a protease consensus sequence (Moore, et al., 1987). The Nova-1 KH
domains are 50-54% conserved to the retroviral sequence motif (except equine

Infectious anemia virus which is 25% conserved).

The 3' untranslated region of the Nova-1 gene has a large number of
AUUUA sequences (Figure 3A, underlined) found in a number of cellular
proto-oncogene and cytokine mRNA's that are short lived and tightly
regulated in their level of expression (Shaw and Kamen, 1986; Zubiaga et al.,
1995a; Zubiaga et al., 1995b). The Nova-1 gene encodes no signal peptide,
transmembrane domain, or obvious nuclear localization signal, despite the
immunohistochemical localization of the Nova protein to the nucleus (see
figure 6). An alanine-rich region present in the C-terminal end of the
protein, just proximal to KH3, is weakly homologous (20-30% identity over
20-25 amino acids in this region) to similar alanine-rich regions present in a
number of transcription factors (see discussion), identified using the Blast
algorithm to search the NCBI transcription factor data base. Genomic
Southern blot analysis using a probe from pRi8 yielded single bands or
predicted doublets for 5/5 enzymes, indicating that Nova-1 is likely to be a

single copy gene (data not shown).

Alternatively Processed Nova-1 Gene Transcripts In Brain and Tumor

POMA has primarily been reported to be associated with breast and small cell
lung cancers (Digre, 1986; Budde-Steffen, et al., 1988), and antisera from POMA
patients with either of these two cancers recognize the Nova-1 fusion protein
(Figure 1B). To compare tumor and brain Nova-1 cDNA's, we screened a

human small cell lung cancer cDNA library with a radiolabeled probe from
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Figure 3 cont.
(B) Alignment of the 36 amino acid Nova-1 KH domains with Related Proteins.

A statistically significant consensus sequence is shown on top that encompasses the central
28 amino acids of the KH domain; within individual KH domains, amino acids identical to
the consensus are indicated as dots, and amino acid homologies are shaded. A single
amino acid (amino acid 21, *) is a highly conserved hydrophobic amino acid in which an in
vivo mutation (I367N) in the second FMR-1 KH domain leads to severe mental
retardation. In addition, in vitro mutation of this amino acid leads to diminished RNA
binding of FMR-1, hnRNPK (Siomi et al., 1994), and Nova-1 (see below)). Next to each

gene the number of the KH domain shown is indicated; @ indicates a hydrophobic amino

acid. Protein sequences were obtained from the following references: FMR KH domains
1-2, (Siomi et al., 1993); PSI KH domains 1-3, (Siebel et al., 1995); MERI, (Engebrecht
and Roeder, 1990); hnrnpK KH domains 1-3, (Matunis et al., 1992); GAPp62, (Wong et
al., 1992); Bicaudal-C KH domain 2 (Bic-C), (Mahone et al., 1995). Additional KH

homologies are reviewed elsewhere (Burd and Dreyfuss, 1994).

C. The structure of the Nova-1 cDNA is similar to that of hnRNP K. The spacing of the
three KH domains (Black boxes) of Nova-1 and hnRNP K. Amino acid positions are
indicated by the numbers. Exon H of Nova-1 is indicated by the large hatched box. The
second and third KH domains of Nova-1 are separated by a potential polyalanine hinge
while the second and third KH domains of hnRNP K are separated by a potential poly
(proline/glycine/arginine hinge) (thin hatched box).

D. Diagrammatic representation of the Exon H associated alternative splices identified in
Nova-1. Thin line connects all potential splice donors and acceptors. Asterisks indicate
stop codons. Exons G, H, and I have all been identified by genomic DNA analysis. D3
sequences lie directly adjacent to the splice donor of exon H. Identified splices include;
Exon G-Exon I, Exon G-Exon H-Exon I, Exon G-Exon H-D1, Exon G-Exon H-D2, and
Exon G-Exon H-D3.

E. Mapping the epitope of Nova-1. POMA reactivity on western blot analysis (1:500
dilution) is indicated by a +. Block Boxes represent KH domains, hatched box represents
exon H, amino acid positions relative to the full length Nova-1 without exon H are
indicated. The clone containing amino acids 147-486 represents pRiS8.
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the 5' end of the full length brain Nova-1 ¢cDNA, and isolated a truncated
form of the Nova-1 transcript ("T" in Figure 3A). Three features are of
interest in the tumor Nova-1 ¢cDNA. First, there is an in frame deletion of
9bp (nucleotide 321 in Figure 3A), precisely at the end of KH1. A similar 9bp
alternatively spliced sequence has been reported in the neuronal synaptic
protein neurexin and the C. elegans tumor suppressor KH domain protein
gld-1 (Ushkaryov et al., 1992; Jones and Schedl, 1995). Second, there is an in frame
insertion of 72bp, precisely at the 5' boundary of KH2. This exon (see below),
termed exon-H, encodes 24 amino acids and is rich in serine and proline
residues; of the 6 serines in this sequence, 4 are next to prolines, suggesting
that they may be phosphorylation sites of serine/threonine protein kinases
(Kemp and Pearson, 1990). Finally, the tumor sequence diverges from the brain
cDNA precisely after exon-H into a novel sequence encoding a termination
codon 8 amino acids downstream. This suggests that a truncated form of the
Nova-1 mRNA, derived from alternative splicing, is expressed in this small
cell lung cancer cell line. Subsequently, exhaustive screening of cDNA
libraries has identified transcripts including exon-H in human and mouse
brain cDNA's (cerebellum, brainstem, hippocampus and frontal cortex), and
truncated transcripts identical to the small cell lung cancer cDNA in human
frontal cortex (termed D3 for deleted transcript#3), as well as a unique
transcripts, also truncated after exon-H, in brainstem and cerebellum (termed
D1 and D2, Figures 3D). RT-PCR analysis was performed to confirm the
expression of these truncated transcripts in both brain and SCLC (data not

shown).

Characterization of human and mouse genomic DNA revealed that
sequences directly 3' of exon H are identical to the sequences in the SCLC
cDNA isolate, suggesting that the D3 cDNA isolates are a result alternative 3’
splice donors or a result of intronic retention. The in vivo relevance of this

sequence remains unclear, however the fact that this sequence has been
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isolated from several independent cDNA libraries suggests that it is less likely
to be an artifact. Also, 33/35 of the initial nucleotides of the D3 sequence
(adjacent to exon H) are identical between man and mouse suggesting that
this sequence may have important functional or regulatory capacities (see
chapter V). Characterization of a mouse genomic clone from the 3’ terminus
of Nova-1, revealed that the entire carboxy terminal encoding DNA sequence
from KH2 through the 3'UTR, exist as one giant exon (Exon I). Genomic
sequences encoding D1 and D2 have yet to be identified. These data indicate
that Nova-1 has numerous splice forms. Differential splicing is likely to have

a significant effect on Nova-1 function.

To determine whether POMA antisera recognize a specific sequence within
Nova-1, we constructed a number of fusion proteins and tested them for
reactivity with POMA antisera by western blot. The original fusion protein
producing clone pRi8 recognized by POMA antibodies in expression cloning,
encodes the second and third KH domains of Nova-1. Constructs including
the N terminus and first KH domain, or only the second KH domain with or
without the adjacent exon H were not recognized by POMA antisera (Fig. 3E).
However a fusion protein consisting of the last 84 amino acids of Nova-1,
including the third KH domain and carboxy terminus, was reactive with
POMA antisera (Fig. 3E). Moreover, mutation of a single amino acid in the
third KH domain of Nova-1 eliminates POMA reactivity (see below). Thus
we conclude that the disease-related epitope of Nova-1 is encoded by the C-

terminus of Nova-1 and is likely to map specifically to the third KH domain.

Expression of Nova-1

Timing of Expression. Western blot analysis of Nova antigens using affinity

purified POMA antibody and mouse embryonic extracts from various time

points revealed a single antigen of ~55Kd detectable at E.10. E.14, E18 and P.2
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there are two distinct groups of POMA reactive antigens, one group of
approximately three ~53-58 Kd proteins, and a second more abundant group
of two ~74-80 Kda reactive antigens (Fig. 4). In the adult, there are at least
seven distinct reactive protein species, with the 53-58 Kd species being the
most abundant. In order to look specifically at the timing of Nova-1
expression, we utilized Nova-1 specific primers for RT-PCR analysis. Primers
were chosen to bound the third KH motif of Nova-1, the region determined
to be the antigenic epitope of Nova-1 protein. Total embryo RNA from
various developmental stages was used as a template for RT-PCR
amplification of Nova-1 RNA. An RT dependent Nova-1 specific product
was detected at every time point tested after E.8 (Fig. 5). An unexpected
product of approximately 900 bp, which appears to be upregulated at E.17.5,
was also detected. However we have been unable to clone and characterize
this product. The integrity of RNA from each time point was insured by
performing RT-PCR analysis with actin primers (data not shown). Taken
together these data demonstrate that Nova-1 expression begins at
approximately E10 in the mouse, a time just after the neural tube has started

to close and just prior to the beginning of synaptogenesis.

Protein Expression is Restricted to CNS Neurons.

Immunohistochemical analysis using POMA antisera revealed specific
reactivity throughout the CNS (see below). Reactivity was present in the
nucleus and cytoplasm (including dendritic processes) of cells with neuronal
morphology (Figure 6A). To determine if Nova protein is restricted to
neurons we labeled adult mouse brain sections with anti-glial fibrillary acidic
protein (GFAP) and affinity purified POMA antibodies. =~ Double-label
immunofluorescence analysis revealed that GFAP and Nova antigen
expression are mutually exclusive throughout the CNS (Figure 6C, and data
not shown). To confirm that the cells recognized by POMA antibodies were

neurons, we performed double labeling experiments with affinity purified
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Figure 4. Timing of Nova Antigen Expression.

Western blot analysis of mouse extracts from various developmental
timepoints using affinity purified rabbit anti-Nova-1 antibodies. Whole E.10
embryos, whole heads from E.14, E.18 and P.0, and isolated brain were used to
make the extracts for the indicated developmental stages. Equal amounts of
protein from each extract were analyzed by SDS-PAGE and western blotting
with affinity purified rabbit anti-Nova-1 sera (1:100).
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Figure 5. Timing of Nova-1 RNA Expression. _

Reverse Transcription-Polymerase chain reaction using Nova-1 specific
primers and total brain RNA from the indicated developmental stages. The
arrow indicates the expected Nova-1 product which was cloned and
sequenced. 100bp size markers are shown on the left. RT-PCR analysis with
actin primers was performed to insure the integrity of the RNA (data not

shown).
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Figure 6. Nova-1 is Neuron Specific.

(A)&(B). Immunohistochemistry of adult brainstem neurons reacted with
POMA antiserum (A) and the pan-neuronal reactive Hu antiserum (B).
Strong reactivity is detected in the cytoplasm, nucleus, and processes of cells

with neuronal morphology. Bar = 10 pm.

(C) Immunofluorescence double exposure of GFAP (green) and Nova (red) in
a section of adult mouse hindbrain demonstrating that GFAP and Nova
reactivity are non-overlapping. GFAP reactivity is detected in the cytoplasm
and processes of glial cells, while Nova reactivity is detected strongly in

neuronal nuclei and more weakly in the neuronal cytoplasm. Bar = 10 pm.

(D) and (E) Immunofluorescence exposure of NCAM (green) and Nova (red)
in a section of adult mouse neocortex demonstrating that NCAM and Nova
reactivity are overlapping. NCAM reactivity is detected in the neuronal
cytoplasm while Nova reactivity is detected primarily in neuronal nuclei and

more weakly in the neuronal cytoplasm. Bar = 10 pm.

49









POMA antibodies and either anti-neural cell adhesion molecule (NCAM) or
anti-neuron specific enolase (NSE) antibodies. Nova antigen is expressed in
all cells recognized by NCAM (Figure 6D and 6E) and NSE (data not shown).
These results, together with the demonstration that Nova protein expression
is absent from white matter tracts, demonstrate that expression of the Nova

antigen is neuron specific.

Restriction of a Nova antigen to a subset of Neurons

The focal oculomotor neurologic dysfunction seen in POMA patients is not
explained by the pan-neuronal expression pattern detected with POMA
antisera (Fig. 7B). Use of affinity purified antibody (POMA or rabbit anti-
Nova-1) and varied fixation conditions uncovered a pattern of Nova
antigenicity restricted to a subset of neurons within the CNS of adult mouse
(Fig 7A). There was strong expression throughout the midbrain particularly
in the regions of the tegmentum and superior colliculus. There was very
strong expression in the brainstem, and pons (data not shown) as well as in
cerebellar granular cells and deep cerebellar nuclei (Fig 7D). Expression was
absent in the neocortex, medial thalamus and inferior colliculus (Fig. 7A and

Q).

Analysis of developmental expression first detected reactivity at E.10 where
there was reactivity in the ventral most neurons of the spinal cord and a few
isolated ventral brainstem neurons (Fig. 8 Ai, see also Fig 14). At E12 and E14
antigenicity was strong in the regions of the brainstem, mesen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>