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ABSTRACT Plasmacytomagenesis provides a murine
model to decipher progressive genetic events culminating in a
B-cell neoplasia. Activation of the c-myc protooncogene by
chromosomal translocation is considered an initiating event.
Intracisternal A-type particles (IAPs) are defective retroviral-
like structures present in the endoplasmic reticulum of plas-
macytomas (PCTs). IAP proviral insertions have been docu-
mented to engender negative or positive effects on the expres-
sion of nearby cellular genes. We have isolated a gene, PANG
(plasmacytoma-associated peuronal glycoprotein), that is ec-
topically transcribed in a number of PCTs due to IAP long
terminal repeat (LTR) activation. A full-length PANG cDNA
was isolated from an MPC-11 plasma cell tumor cDNA library
and encodes a polypeptide of about 113 kDa with six immu-
noglobulin C2-like and four type III fibronectin-like domains.
PANG bears a striking resemblance to axonal glycoproteins
TAG-1 and F11 known to function in neuronal outgrowth. An
extensive survey revealed a predominant 3.6-kb PANG tran-
script in 60% (30 of 50) of PCTSs as well as unique smaller and
larger species. All other normal and transformed lymphoid and
nonlymphoid cell lines and normal tissues were negative for
PANG expression except for the brain, wherein unique 4.0-
and 6.1-kb transcripts were detected. Reverse transcriptase
PCR analysis revealed IAP LTR fusion to PANG mRNAs in
five PCTs and in a neuroblastoma line. The 5’ end of a mouse
brain PANG cDNA was identical to the MPC-11 PANG tran-
script except for the precise replacement of its 5' LTR se-
quence.

Plasmacytoma (PCT) cells produce abundant quantities of
intracisternal A-type particles (IAPs) budding from the en-
doplasmic reticulum (1). IAPs are defective retrovirus-like
structures expressed in a number of murine tumor cells and
in the developing murine embryo (1, 2). The mouse genome
harbors several thousand IAP proviral DNAs and various
deleted forms (3, 4). IAP proviruses exist as two major
classes: type I (the most abundant variety) and type II (about
2 kb smaller with other unique sequences) (4). Recently, the
mouse IAP-promoted placenta (MIPP) gene was shown to
contain an inbred strain-specific, ‘‘solo’’ IAP long terminal
repeat (LTR) insertion, suggesting that germ-line retrotrans-
position of IAPs can result in tissue-specific gene expression
(5). PCTs express abundant quantities of type II IAP RNAs
(6). IAP proviruses have been found to act as insertional
mutagens in PCTs having both negative (7) and positive (8)
effects on cellular gene expression. IAP proviral insertions
within and nearby the c-mos gene and 3’ of a translocated
c-myc gene have been documented in independent PCTs (8,
28). However, a more general role for IAPs in plasmacyto-
magenesis remains to be established.
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Here, we report the cloning and expression of PANG
(plasmacytoma-associated peuronal glycoprotein) RNAs and
the structural features of their encoded polypeptide.f Thirty
of 50 PCTs expressed a 3.6-kb PANG transcript expressed
with larger and smaller varieties in exceptional tumors, and
up to 80% of PCTs expressing IAP LTRs were PANG
positive. Remarkably, the normal site of PANG expression is
the brain. An =3.6-kb, full-length PANG cDNA clone from
an MPC-11 cDNA library was found to encode a new member
of the family of neuronal adhesion molecules. These poly-
peptides generally contain immunoglobulin C2-like and fi-
bronectin type IlI-like domains. They promote axonal growth
and guidance (9-11) and include TAG-1 (11), L1 (12), F11/
contactin (13), F3 (14), neural cell adhesion molecule (N-
CAM) (15), Drosophila neuroglian (16), and myelin-associ-
ated glycoprotein (17). The 5’ end of PANG transcripts in
MPC-11 and five other PCTs are fused to an IAP LTR in an
identical fashion while this IAP LTR is not present in a
murine brain PANG cDNA, implicating IAP LTRs in the
ectopic activation of PANG in PCTs.

MATERIALS AND METHODS

Cell Lines. The Neuro 2A cell line was obtained from the
American Type Culture Collection and grown in Eagle’s
minimum essential medium with 10% fetal bovine serum.

Polymerase Chain Reactions (PCRs). PANG cloning. PCR
was performed with 5’ and 3’ amplimers (5'-GCGGCCGC-
GAGGAAGAAATTGA-3' and 5'-GCGGCCGCGAGGAT-
CACTACCTTGGG-3', respectively) homologous to two
highly conserved coding segments in the c-myc third exon.
Total cellular poly(A)* RNAs were converted into cDNAs in
a 20-ul reverse transcriptase (RT) reaction containing 50 mM
Tris*HCI (pH 8.3), 40 mM KCl, 6 mM MgCl,, 1 mM of each
of four dNTPs, 200 units of mouse mammary tumor RT
(BRL), 12 units of RNasin (Promega), 2 ug of poly(A)* RNA,
and 40 pmol of the 3’ amplimer and incubated at 37°C for 45
min. For the PCR, RT reaction volumes were increased to
100 ul in 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 1.5 mM
MgCl,, 0.001% gelatin, 0.4 uM of each primer, and 5 units of
Taq polymerase (Perkin—-Elmer/Cetus). Samples were sub-
jected to 5 cycles of amplification (1 min at 95°C, 1 min at
37°C, and 2 min at 72°C), followed by 50 cycles (1 min at 95°C,
1 min at 55°C, and 2 min at 72°C). The reaction mixtures were
fractionated on a 6% polyacrylamide gel. PCR products were
treated with Klenow DNA polymerase prior to cloning into
the EcoRV site of pBluescript KS— (Stratagene).

Abbreviations: IAP, intracisternal A-type particle; LTR, long ter-

minal repeat; PCT, plasmacytoma; PANG, plasmacytoma-

associated neuronal glycoprotein; RT, reverse transcriptase; ORF,

open reading frame; GPI, glycosylphosphatidylinositol.
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PANG expression. cDNA was made from 0.1 ug of
poly(A)* mRNA by random hexamer priming with a Gene-
amp RNA PCR kit (Perkin-Elmer/Cetus). PCR was initiated
by a modified hot start protocol (Perkin-Elmer/Cetus), with
5’ and 3’ amplimers in 25 A of 50 mM KCl/6 mM MgCl,/10
mM Tris'HCl, pH 8.3, separated by AmpliWax PCR GEM
100 (Perkin—Elmer/Cetus) from 55 A of an upper reagent with
AmpliTaq polymerase, 73 mM KCl, 14.5 mM Tris'HCI (pH
8.3), and 20 ul of cDNA reaction mixture. Thermal cycling
parameters for amplimers in Fig. 6 A and C were 2 min at
95°C, 30 cycles of 1 min at 95°C, 30 sec at 65°C, and 30 sec
at 72°C followed by 5 min at 72°C, but in Fig. 6 B the annealing
temp was 60°C. The 3’ PANG amplimer in Fig. 6 was
5'-ACAGAGAAGCACCAC-3' (bp 608-625 in Fig. 1). The 5’
amplimers were 5'-GACGGATCCCACCTCATTACAG-
GTGGC-3' (bp 363-380 in Fig. 1), 5'-TGTTGCGTCTT-
TCCTGGC-3', and 5'-GACGGATCCTGCCGCAGAAGAT-
TCTGG-3' in Fig. 6 A, B, and C, respectively. The latter pair
of 5' amplimers is from the IAP LTR in Fig. 2.

¢DNA Libraries. An Okayama-Berg plasmid DNA library
of MPC-11 poly(A)* RNAs (18) was kindly provided by
Martin Julius. A AZAP cDNA library from postnatal day 30
whole mouse brain mRNAs was kindly supplied by Jim
Boulter (Salk Institute).

DNA Sequencing. Single-stranded DNA was isolated via a
modified rescue protocol described by Viera and Messing
(19). Single-stranded templates were sequenced by the dide-
oxy chain-termination method with a sequenase kit (United
States Biochemical).

Northern Blots. Poly(A)* RNAs were prepared with a Fast
Track isolation kit (Invitrogen) and =1-ug samples were
electrophoresed on 1.2% agarose gels in 1% formaldehyde.
Gels were blotted (pp. 4.9.1-4.9.4 in ref. 20) onto Nytran
filters (Schleicher & Schuell) and probed with a 2.29-kb
EcoRI1/Stu 1 fragment of PANG coding sequences or a 650-bp
HindIII/Sal I fragment of IAP LTR plus PANG sequences.
Filters were washed once in 2x SSC/0.1% SDS (1x SSC =
0.15 M NaCl/15 mM sodium citrate) for 5 min at room
temperature, then washed twice in 0.2x SSC/0.1% SDS for
20 min at 65°C, and submitted to autoradiography with
intensifier screens. A mouse multiple tissue Northern blot
was purchased from Clontech.

RESULTS

Cloning and Characterization of a PCT-Specific Transcript.
Two oligonucleotide primers, corresponding to small por-
tions of an acidic region and the second amphipathic helix of
the basic helix-loop-helix domain within the c-myc third
exon, were employed in a RT-PCR based cloning strategy to
attempt to clone novel myc-like genes (21) (see Materials and
Methods). In addition to an expected c-myc DNA band,
several other PCR products were visualized on a 6% poly-
acrylamide gel, including two major amplified bands of 220
and 240 bp detected with several PCR RNAs and the 240-bp
species was PCT specific (21). The 220-bp PCR product was
derived from an =3.7-kb mRNA encoding a helix-loop-helix
polypeptide (M.A.C. and K.B.M., unpublished results).
However, the 240-bp PCT-specific PCR product did not
specify a helix-loop-helix-like domain and is the subject of
this study.

The PCT-specific PCR product was used to screen an
Okayama-Berg type MPC-11 cDNA library (18) that yielded
a near full-length cDNA of =3.45 kb. The latter insert was
subcloned into the BamHI site of pBluescript (KS-), its
complete sequence was determined, and the EMBO and
GenBank nucleic acid and protein data bases were searched
for related genes. The 5’ 112 bp precisely matched the 3’
portion of various IAP proviral LTRs (Figs. 1 and 2). South-
ern blot analysis with a DNA probe encompassing this 5’ 112
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bp detected highly repetitive sequences in the BALB/c
mouse genome and cross-hybridized with an IAP family
probe (data not shown). The remainder of the cDNA se-
quence specified a 1029-amino acid polypeptide followed by
a 166-bp 3' noncoding terminus with an AAUAAA sequence
21 bp upstream of a poly(A) tail (Fig. 1). This unique open
reading frame (ORF) programed the in vitro synthesis of an
=113-kDa polypeptide with or without the 5' LTR sequence
(data not shown).

The Encoded Polypeptide Is an Additional Member of a
Family of Neuronal Adhesion Molecules. Axonal glycopro-
teins TAG-1 (11) and F11 (13) displayed almost 50% identity
over their entire length and up to 70% homology to the ORF
of the PCT-specific cDNA (Fig. 3). We have named this
neuronal-like adhesion molecule PANG. PANG contains six
amino-proximal immunoglobulin C2-like (25) and four car-
boxyl-proximal fibronectin type III-like (26) domains analo-
gous to those in TAG-1 (11), L1 (12), and F11 (13) (Fig. 3).
The third immunoglobulin C2-like domain lacks a second
cysteine that would form a hallmark disulfide bond. How-
ever, CD2, LFA3, CD4, CEA, and even an antibody mole-
cule that are also missing cysteines in some of their Vg4 and
C2 domains remain very immunoglobulin-related (25). In all
of these cases, including PANG, cysteines are replaced by
hydrophobic amino acids that would presumably serve as
in-pointing residues to stabilize the immunoglobulin-like fold
(25). PANG also contains 12 potential sites for N-linked
glycosylation (Fig. 1). Many of the proteins in the adhesion
molecule family are glycosylphosphatidylinositol (GPI)
linked or have transmembrane as well as GPI-linked forms (9,
15). A hydrophobicity plot performed on the Macintosh
PROTEAN program revealed no stretches of 20 or more
hydrophobic amino acids that might form the a-helix of a
transmembrane domain. Like TAG-1, PANG may be a
peripheral membrane protein and/or linked to the plasma
membrane by a GPI linkage and, short a hydrophobic se-
quence at its carboxyl terminus, does fit the general consen-
sus for GPI-linked proteins (9).

A postnatal murine brain AZap cDNA library was probed
with a restriction fragment of the PANG ORF. Twenty-four
independent clones with PANG-like restriction patterns were
obtained. Sequence obtained with a primer in the first im-
munoglobulin C2-like domain identified a subset of clones.
Two such clones were identical to MPC-11 PANG and one
extended beyond the ATG beginning the PANG ORF (Fig.
2). .Its 5' noncoding sequence including an in frame stop
codon was identical to that of MPC-11 PANG. However, the
IAP-derived LTR was replaced by an unrelated sequence.
We conclude that brain and PCT PANG transcripts likely
possess identical coding capacity but are transcriptionally
activated by different mechanisms.

The Brain Is the Normal Site of PANG Expression. Northern
blots of RNAs derived from various cell lines and normal
tissues were hybridized with a PANG coding sequence
restriction fragment. PANG transcripts were not detected in
a large variety of normal or transformed cell lines of diverse
cell types (data not shown) nor in most tissues (Fig. 4).
However, two PANG transcripts of 4.0 and 6.1 kb were
detected in normal adult murine brain tissue and a faint signal
was also present in the testis (Fig. 4).

PANG Is Ectopically Activated in Murine Tumors Express-
ing Endogenous IAPs. Northern blots of poly(A)* RNAs
prepared from a large panel of plasma cell tumors were
screened with a 2.29-kb probe derived from the MPC-11
PANG cDNA clone. About 30 of 50 PCTs expressed variable
levels of a 3.6-kb PANG mRNA and occasionally other larger
(8.3 and 5.0 kb) and smaller (3.2, 2.2, and 1.8 kb) transcripts
(see six representative samples in Fig. 5). Northern blots
were stripped and reprobed with a TAG-1 cDNA fragment
but only the brain was positive (data not shown), indicating
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F1G. 1. Nucleic acid and pre-
dicted amino acid sequences of a
near full-length MPC-11 PANG
cDNA clone. IAP sequence, poly-
(A) signal sequence (AATAAA),
and possible initiator ATG are un-
derlined. Circled cysteines and
boxed tryptophans and tyrosines
identify conserved residues of im-
munoglobulin C2-like and fibro-
nectin-like type III domains. Po-
tential sites of N-linked glycosy-
lation are denoted by asterisks.

that expression of neuronal-specific adhesion molecules in
PCTs may be unique to PANG. Northern blots were re-
probed with an IAP LTR DNA fragment derived from the 5’
end of the MPC-11 PANG transcript. Various RNAs corre-
sponding to different-sized IAP genomes were also detected
in =73% of these PCTs and their expression was generally far
greater than PANG (data not shown). Overall, about 80% (24
of 30) of the PANG-positive tumors also expressed IAP
RNAs.

Ectopic PANG transcription in PCTs may be caused by an
IAP LTR residing upstream or within the gene or, alterna-
tively, via IAP insertion. Southern blots performed with
various restriction enzymes and PANG DNA probes failed to
reveal DNA rearrangements in MPC-11 or other PCTs, ruling
out a nearby insertion event (data not shown). A RT-PCR
protocol was used to determine if other cases of ectopic
PANG activation also involved an IAP LTR. A pair of DNA
primers derived from the first and second immunoglobulin
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C2-like domains detected a predicted band of 272 bp in seven
PANG-positive PCTs and in the Neuro 2A line (C1300
neuroblastoma) (27) but, as expected, a liver sample was
negative (Fig. 6A). PCTs negative for PANG on Northern
blots were also negative by RT-PCR (data not shown). As a
positive control, RT-PCR detected c-myc transcripts in each
of these samples (data not shown). To reveal IAP LTR/
PANG fusion transcripts, two LTR 5’ primers were used
along with the PANG immunoglobulin C2-like domain 3’
primer (see Fig. 2 for primer sequences). A LTR US site 5’
primer yielded identical-sized PCR products in MPC-11,
J558, PC7149, TEPC1198, TEPC1165, ABPC45, and Neuro
2A but no visible product in TEPC 1017 (Fig. 6B). A second,
more 5', R/US site primer yielded the identical-sized band in
MPC-11, J558, PC7149, and ABPC45, but TEPC1198, 1017,
and 1165 were all negative (Fig. 6C). Hybridization to a DNA
probe, residing in between but not overlapping the 5’ and 3’
primers, yielded similar results (data not shown). Therefore,
different IAP LTRs may be involved in PANG transcription
in TEPC 1165 and 1198, while direct evidence is lacking for
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F1G. 4. Northern blot analysis of PANG in normal BALB/c
murine tissues. A Clontech mouse multiple tissue Northern blot was
hybridized with a 32P-labeled, random-primed, 2.29-kb EcoRI/Stu I
fragment containing PANG coding and 3’ noncoding sequences. It
was subsequently stripped and reprobed with a rat glyceraldehyde
3'-phosphate dehydrogenase (GAPDH) (24) probe to provide an
internal reference control for RNA quality and quantity.
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Fi1G. 3. Alignments of six im-
munoglobulin C2-like (C2-1-C2-6)
and four fibronectin type III-like
domains (FIII-1-FIII-4) in PANG,
TAG-1, and F11. Shared amino
acids are boxed. Prototypical res-
idues are highlighted by dashes
and a conserved RGD motif in the
TAG-1 FIII-2 domain is identified
by an asterisk.

an JAP LTR in TEPC 1017 despite its robust PANG expres-
sion (Fig. 5). The presence of the same-sized LTR/PANG
fusion product in each PCT .and in the Neuro 2A neuroblas-
toma line (27) suggests that the 3’ end of the IAP LTR fuses
to a PANG exon by RNA splicing. The brain and PCT PANG
sequences diverged precisely at the IAP LTR/PANG bound-

ary, supporting this idea (Fig. 2).

DISCUSSION

PANG is a member of the immunoglobulin/fibronectin su-
perfamily of neuronal adhesion molecules whose closest
relatives are TAG-1 and F11, which are known to promote
axon migration (11, 13). The normal site of PANG expression
is the brain, but, surprisingly, we report that atypically sized
PANG transcripts exist in murine PCTs. PANG RNAs were

TEPC1198
TEPC1017
MOPC104E

C22-TEPC3
MPC11

Y C22-TEPC1

GAPDH ™ B s ae '.

Fig. 5. Northern blot of six representative PCTs expressing
PANG transcripts sequentially hybridized with PANG and glycer-
aldehyde 3'-phosphate dehydrogenase (GAPDH) probes as in Fig. 4.
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FiG. 6. RT-PCR analysis of PANG transcripts. (A) Transcripts
revealed with 5’ and 3’ amplimers complimentary to PANG coding
sequences. (B and C) IAP LTR/PANG fusion transcripts revealed
with 3’ amplimers of A and abutting 5' amplimers derived from the
IAPLTR’s U5 and R/US5 regions (see Fig. 2 for sequences of the LTR
amplimers). + and —, With and without reverse transcriptase. Neuro
2A was not analyzed in C. Dashed vertical lines between the panels
mark the same PCT RNA samples. M is a ¢X174 DNA-Hae 111
restriction digest.

not detected in other normal tissues or numerous normal and
transformed cell lines. We find that PANG expression in
PCTs is a consequence of ectopic gene activation by IAP
LTRs. Cloning and sequence analysis of a normal brain
PANG cDNA revealed complete identity with an MPC-11
PCT transcript except for the complete replacement of a 5’
IAP LTR by an unrelated noncoding sequence. RT-PCR
analysis with IAP LTR and PANG-specific primers revealed
ectopic PANG expression to be a common phenomenon in
murine PCTs. A subline of an IAP-expressing neuroblastoma
(Neuro 2A) also produced an IAP LTR/PANG fusion tran-
script, implying that the transcriptional activation of a subset
of IAPs may lead to ectopic PANG expression independent
of cell type. The absence of PANG transcripts in a subset of
IAP-positive PCTs suggests that the differential activation of
a subset of IAPs, presumably associated with the PANG
locus, may be required for ectopic PANG expression.
TAG-1, a PANG-related glycoprotein, is expressed in fetal
and adult brain and spinal cord and is transiently expressed
on the surface of commissural neurons in the developing
mammalian nervous system (11). TAG-1 is anchored to
neurons through a GPI linkage but also exists as a peripheral
membrane protein that is released from neurons (11). TAG-1
facilitated the extension of neurites in vitro, implying that it
may play a role in axon growth and guidance in vivo (11).

Proc. Natl. Acad. Sci. USA 91 (1994) 1341

TAG-1 was suggested to promote the growth of commissural
axons by homophilic interactions among its GPI-linked forms
or by heterophilic binding to integrins or other axonal recep-
tors (11). It will be interesting to determine if PANG and
TAG-1 possess similar properties and expression patterns.

Since PANG was not detected in up to 40% of PCTs, it does
not likely participate in tumor establishment. However,
PANG could contribute to progressive, terminal phases of
plasmacytomagenesis. PANG might enhance the metastatic
phenotype and other adhesion molecules may substitute for
it in PANG-negative PCTs. Experiments enforcing PANG
expression during in vivo PCT development will hopefully
illuminate this important issue.
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