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ABSTRACT

Neuronal thread protein is a novel 21-kDa protein that accumulates in
brains with Alzheimer's disease and exhibits developmentally associated

changes in the level of expression. Recently, we discovered that primary
human primitive neuroectodermal tumor (PNETs), malignant astrocyto-
mas, and several human I'M I and glioblastoma cell lines also express

thread protein immunoreactivity. However, in addition to the 21-kDa
species, there are â€”¿�17- and ~14-kDa thread protein-immunoreactive mol

ecules expressed in both PNET and glioblastoma cell lines and a fourth
~8-kDa thread protein detected in glioblastoma cell lines. Metabolic la

beling studies demonstrated that the 21-kDa thread proteins are phospho-
rylated, whereas the â€”¿�17-,â€”¿�14-,and ~8-kDa thread proteins are not.

Glycosylated residues were not detected in either the PNET- or glioblas-
toma-derived thread proteins. Using a panel of monoclonal antibodies, we

observed differences between PNET and glioblastoma cells suggesting that
the thread proteins expressed in neuronal and glial cells are distinct. The
levels of thread protein immunoreactivity in both PNET and glial cells
were highest during the log phase of cell growth and lowest in serum-

starved, nonproliferating cultures. The findings suggest that there are
several distinct neuronal and glial derived thread proteins expressed in the
central nervous system and that their levels of expression may be modu
lated with cell growth.

INTRODUCTION

NTP3 is a novel 21-kDa protein that accumulates in brains with
Alzheimer's disease ( \-4). NTP probably represents one member of a

family of thread proteins which are expressed in the pancreas, liver,
gastrointestinal tract, and brain (1-8). FTP is a highly abundant exo

crine pancreatic secretory protein (5). The pancreatic and neuronal
forms of thread protein share several antigenic epitopes (1), and
probes prepared from the pancreatic cDNA hybridize with mRNAs
present in human brain (2). Despite similarities, the neuronal and
pancreatic forms of the protein are distinct since the mRNAs and
proteins differ in size, and many of the antigenic epitopes present in
the pancreatic form of thread protein are not detectable in brain tissue.

At present, little is known about the function of thread proteins,
largely because of the lack of adequate in vitro model systems. The
evidence available thus far suggests that thread protein overexpression
may be associated with malignant neoplasia (6-8), regeneration (2),
fetal development (2), and neuronal degeneration (1-4). Therefore,
high-level thread protein expression appears to be linked to cell
growth. In Alzheimer's disease, the widespread aberrant neuritic

sprouting, which typifies the disease and is highly correlated with
neuronal degeneration and dementia, also represents a form of cell
growth. We are particularly interested in determining why NTP accu-
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muÃalesin brains with Alzheimer's disease and whether thread protein

accumulation is important in the pathogenesis of the aberrant neuritic
growth. To this end, we screened >100 cell lines of different histo
genÃ¨ses to find an in vitro model for determining the biochemical
properties of NTP and examining aspects of NTP gene expression. In
the present study, we delineate some of the biochemical and immu-

nochemical features of the thread proteins that are expressed in neu
roectodermal tumor cell lines.

MATERIALS AND METHODS

Cell Lines and Tissues Studied. We identified seven cell lines of nervous
system origin that express thread protein immunoreactivity including two
central nervous system PNET cell lines designated PNET1 and PNET2 (9);
three glioblastoma cell lines, HgH6, Hgll7, and C6 (American Type Culture
Collection); the Al72 glial cell line (American Type Culture Collection); and
the SH-Sy5y neuroblastoma cell line (10). The cell lines were screened using

the Thy monoclonal antibody which was generated to the pancreatic form of
the protein (5) but cross-reacts with thread proteins present in brain tissue and
cerebrospinal fluid (\-4). All cell lines were maintained in Earle's modified

Eagle medium supplemented with 10% PCS and without antibiotics.
In addition to the cell lines, we examined thread protein immunoreactive

expression in formalin-fixed paraffin-embedded sections of 9 primary primi

tive neuroectodermal tumors (neuroblastomas and medulloblastomas) and 5
astrocytomas. These archival specimens had been obtained by surgical biopsy
or autopsy of patients treated at the Massachusetts General Hospital.

Immunocytochemistry. To examine the cells for thread protein and other
immunoreactivities, the cultures were harvested in PBS (137 min NaCl-2.7 ITIM
KCI-4.3 mM Na2HPO4-1.4 ITIMKH2PO4, pH 7.3) containing 2 mm EDTA, and
cytospin preparations were made using 10s cells per slide. The cytospin prep
arations were fixed immediately in 100% methanol (-20Â°C), air dried, and then
stored at -80Â°Cuntil used. Nonspecific antibody binding was blocked with 3%

nonimmune horse serum prior to immunostaining. The slides were incubated
overnight at 4Â°Cwith 5 or 10 /ng/ml of primary antibody. Immunoreactivity

was revealed by the avidin-biotin horseradish peroxidase method using the

Vectastain Elite kit (Vector Laboratories, Burlingame, CA), according to the
protocol of the manufacturer, and 3â€”3'-diaminobenzidinc (0.5 mg/ml plus

0.03% hydrogen peroxide) as the chromogen.
Cytospin preparations of each cell line were immunostaincd with the thread

protein monoclonal antibodies Th9, Th7, ThlO. Th29, Th34, TH46, Th67, and
Th90. In addition, replicate slides were immunostained with positive (neurofil-

ament, glial fibrillary acidic protein, and vimentin) and negative (desmin,
hepatitis B surface antigen 5C3) control monoclonal anlibodies. In addition,
the cytospin preparations were immunostained with polyclonal antibodies to
GAP-43 which was generated against a Agtll fusion protein (11). Except for

5C3 which was generated in our laboratory (12), the control monoclonal
antibodies were purchased (Boehringcr Mannheim).

Preparation of Cellular Lysates. The cultured cells were washed in PBS
and recovered in PBS containing 2 mM EDTA. The cells were pelleted by
centrifugation at 1000 rpm for 15 min and then rcsuspended in lysis buffer
containing 50 IHMTris-HCI (pH 7.5), 1% Triton X-100, 2 mM ethyleneglycol
bis(ÃŸ-aminoethyl ether)-/V,JV,Af'^V'-tetraacetic acid, 10 mM EDTA, 100 mM

NaF, 1 mM Na4P:O7, 2 mMNa,VO4, 100 (xg/ml phcnylmethylsulfonyl fluoride,
1 fJ-g/ml aprotinin, 1 fJ.g/ml pepstatin A, and 1 /xg/ml Icupeptin. The superna
tant fractions obtained by centrifugation of the lysates at 14,000 X g for 10 min
were used for the Western blot analysis, immunoprecipitation studies, and
M-IRMAs (1). Protein concentration was determined by the colorimetrie assay
of Lowry et at. (13). The samples were stored at -40Â°C.

Western Blot Analysis. Samples containing 100 fig of protein were frac
tionated by electrophoresis in 12.5% SDS-polyacrylamide gels and transferred
to Immobilon-P membranes (Millipore) using a semidry transfer apparatus

(Integrated Systems). The membranes were washed in TBS ( 10 mMTris-0.85%
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sodium chloride, pH 7.5) and then blocked with TBS containing 3% bovine
serum albumin. The blots were incubated overnight at 4Â°Cwith 125-I-labeled

Thy monoclonal antibody. Unspecifically bound probe was removed by wash
ing the membranes at room temperature in TBS-bovine serum albumin 3 times

for 15 min and 1 times for 30 min. The blots were exposed to Kodak XAR film
at -80Â°C to generate autoradiograms.

Immunoprecipitation Studies. Samples of cell lysate (1 ml) containing
~ 1 mg/ml of protein were used for immunoprecipitation studies. The lysates

were initially precleared with nonrelevant antibody (5C3 or anti-desmin) and
then with protein A-Sepharose beads (Pharmacia LKB. Uppsala, Sweden).
Thread proteins were immunoprecipitated using 5-10 fig Th9 and protein
A-Sepharose (14). The immune complexes collected by centrifugation were
resuspended in buffer containing 2% SDS and 10 ITIMÃŸ-mercaptoethanol and
then subjected to SDS-PAGE. Crude cellular lysates (100 /Â¿gprotein) were

analyzed simultaneously. The proteins were transferred to Immobilon-P mem
branes and probed with 125I-labeled Th9 to detect thread proteins. Negative

control experiments were performed simultaneously using either monoclonal
antibodies to hepatitis B surface antigen (5C3) or to desmin.

Metabolic Labeling Studies. Metabolic labeling experiments were per
formed using monolayers of cells cultured in 100-mm2 Petri dishes. Prior to

labeling, the cells were exposed to mcthionine- and cysteine-free medium for
2 h. The medium was then replaced with 3 ml Dulbecco's modified Eagle's

medium containing 300 /xCi each of ['sS]methionine or 15S-cysteine. After the

cells were labeled for 3 h (pulse), they were incubated for various intervals
with complete medium devoid of radiolabeled amino acids and supplemented
with 10 mvi methionine (chase). Cell lysates were prepared as described above.
Thread proteins were immunoprecipitated using the Th9 monoclonal antibody
and protein A-Sepharose, and the immunoprecipitation products were analyzed
by SDS-PAGE and film autoradiography.

In Vivo Phosphorylation. Cells cultured as described for metabolic label
ing studies were washed twice with TBS and incubated for 2 h with phosphate-
free Dulbecco's modified Eagle's medium containing 10% dialyzed FCS.

Then, the cells were washed with TBS and incubated for 3 h with the same
medium containing 400 /xCi/ml of [12P]orthophosphoric acid. The cell lysates

were analyzed by immunoprecipitation with thread protein and both positive
(p36) and negative (desmin) control monoclonal antibodies, followed by SDS-

PAGE.
Glycosylation Analysis. Cell culture lysates containing â€”¿�100fig protein

were subjected to SDS-PAGE. and the fractionated proteins were transferred to
Imobilon-P membranes. O- and N-glycans were detected by periodate oxida
tion, followed by biotinylation and then Western blot analysis with a strepta-
vidin-alkaline phosphatase probe and nitroblue tetrazolium/5-bromo, 4-chloro,
3-indolyl phosphate as the colorimetrie substrate. The assays were performed

using the GlycoTrack kit (Oxford Glycosystems, Rosedale, NY) according to
the protocol provided by the manufacturer, and positive and negative controls
were included in all experiments.

M-IRMA for Thread Proteins. M-IRMA Â¡sa highly sensitive two- or
three-site forward sandwich assay which permits quantification of picomolar
levels of NTP. In addition, when combined with SDS-PAGE, M-IRMA can be

used to determine molecular size of thread proteins and related species.
M-IRMA involves capturing the immunoreactive thread proteins present in

biological samples using monoclonal antibodies Th7 and ThlO affixed to a
solid-phase matrix and then detecting the captured antigen with a third radi
olabeled tracer monoclonal antibody (Th9) to the same protein. Briefly, one-
quarter-inch polystyrene beads (Precision Ball, Inc.) were coated with one or

two monoclonal antibodies to thread proteins (usually Th7 + ThlO). Cell
lysates were incubated overnight with the coated beads to capture thread
proteins present in the samples. The beads were washed 5 times in PBS and
then incubated with I25l-labeled Th9 as a tracer to detect the captured thread

proteins. The concentration of thread protein in the lysate or tissue homogenate
was determined from a standard curve generated with known quantities of
purified thread protein. To assay for thread proteins fractionated by SDS-
PAGE, the wet gels were sliced at 2-mm intervals, and the proteins were eluted

from each fraction into 0.5 ml PBS by shaking for 24 h at room temperature.
The eluates were assayed directly for thread proteins by M-IRMA.

RESULTS

Characterization of Cell Lines by Immunocytochemistry. Both
PNET1 and PNET2 cells expressed high and middle molecular mass

neurofilament proteins and little or no glial fibrillary acidic protein or
vimentin. The PNET1, PNET2, and SH-Sy5y cells expressed GAP-
43, an abundant calmodulin-binding phosphoprotein that is highly

expressed in immature neurons and neurons undergoing regenerative
cell growth (15-17). The A172 and C6 cells expressed GFAP and
vimentin. However, A172 also exhibited neurofilament immunoreac-

tivity, raising doubt about its purely glial cell nature. None of the cell
lines manifested immunoreactivity with monoclonal antibodies to
desmin or to hepatitis B surface antigen. As a negative control cell
line, the Huh7 hepatocellular carcinoma cell line was similarly im-

munostained and found not to exhibit any immunoreactivity with the
above antibodies. However, the Huh? cells were immunoreactive with
monoclonal antibodies to the insulin receptor substrate protein, IRS-1

(data not shown), which was used as a positive control for this cell
line.

Using the Th9 monoclonal antibody, we detected thread protein
immunoreactivity in PNET1, PNET2, SH-Sy5y, A172, and C6 cells

but not in hepatocellular carcinoma cell lines (Fig. 1). In addition, Th9
immunoreactivity was detected in histolÃ³gica! sections from 8 of the
9 primary human CNS PNETs and from all 5 of the primary human
glioblastomas studied (Fig 1). Although each of the 5 cell lines ex
hibited intense immunoreactivity with the Th9 monoclonal antibody,
they differed with respect to immunoreactivity for other Th mono
clonal antibodies. PNET1 cells were immunoreactive with Th7, ThlO,
Th29, and Th34 but not with Th46, Th67, or Th90. PNET2 cells
exhibited only low levels of immunoreactivity with Th7 and Th29,
and they manifested no immunostaining with the other Th monoclonal
antibodies. A172, C6, and SH-Sy5y cells displayed little or no immu

noreactivity with Th monoclonal antibodies other than Th9. Huh?
cells exhibited no immunoreactivity with any of the thread protein
monoclonal antibodies used, whereas human pancreatic tissue was
immunoreactive with all of the Th antibodies. Recall that the Th
monoclonal antibodies were generated against the purified pancreatic
form of thread protein.

Analysis of Thread Protein Epitopes by M-IRMA. Correspond

ing with the widespread immunocytochemical staining of PNET1
cells with Th?, ThlO, Th34, and Th29, thread protein immunoreac
tivity was readily measured in these cells by M-IRMA. In other words,

with Th?, ThlO, Th34, and Th29 used as capture antibodies, either
singularly or with two of them together, and 125I-labeled Th9 used as

the tracer, similarly high levels of thread protein were measured (Fig.
2). In contrast, in PNET2, C6, and Al 72 cells, which exhibited intense
immunoreactivity with Th9, but little or no immunocytochemical
staining with the Th monoclonal antibodies that were used to capture
antigen, the levels of thread protein detected by M-IRMA were much

lower than those measured in the PNET1 cells (Fig. 2). Similarly,
Huh? cells, which manifested no immunocytochemical staining with
any of the thread protein monoclonal antibodies, had virtually non-
detectable levels of thread proteins in the cellular lysates by M-IRMA.

The concentrations of thread protein in the cell lysates were computed
from a standard curve generated with purified PTP using Th7 and
ThlO as capture antibodies. The results expressed as mean pg/mg total
protein Â±SD were as follows: PNET1, 13.1 Â±0.39; PNET2, 2.06 Â±
0.10; A172, 3.38 Â±0.37; C6, 2.52 Â±0.22; and Huh?, 0.34 Â±0.05.

Molecular Size of Thread Proteins Present in Tumor Cell Lines.
Th9-immunoreactive proteins were detected in lysates of PNET1,
PNET2, SH-Sy5y, C6, and A172 cells by four different methods:

Western blot analysis, immunoprecipitation followed by Western blot
analysis, metabolic labeling followed by immunoprecipitation, and
SDS-PAGE combined with M-IRMA. Western blot analysis of crude
cellular lysates using 125I-labeled Th9 demonstrated ~21-kDa bands

in the above cell lines, but the signal intensity was low. In contrast, in
lysates of human pancreatic tissue, the expected 17-kDa uncleaved
and 14-kDa cleaved forms of pancreatic thread protein were readily
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detected by Western blot analysis (Fig. 3). Thread proteins were not
detected in lysates of human hepatoccllular carcinoma cell lines. The
strikingly greater abundance of thread proteins in pancreatic tissue
compared with neuronal and glial cell lines is consistent with our
previous finding of l()''-fold higher levels of thread proteins in pan

creas and pancreatic juice compared with brain tissue and cerebrospi-
nal fluid (\-4). Although we expect that thread proteins synthesized

by PNET and glial cells arc secreted as is the case for FTP and NTP,
we were unable to detect thread proteins in the tissue culture medium
by Western blot analysis, even after concentrating the medium 4- or
5-fold by lyophilization.

Th9-immunoreactive thread proteins were more readily detected in

PNET and glial cell lines by first immunoprecipitating from the ly
sates with either Th7 + Thl()orTh9 and then performing Western blot
analysis using 125I-labeled Th9 (direct) (Fig. 3) or unlabeled Th9,
followed by 125I-labeled protein A (indirect). Both methods demon

strated 21-kDa thread protein-related species, similar to those detected
by Western blot analysis. In addition, â€”¿�17-kDa bands were also

observed in both PNET and glial cells, but the signal was inconsistent
and low level by Western blot analysis. As negative controls, the
Huh?, HepG2, and FOCUS (18) human hcpatocellular carcinoma cell
lines were studied simultaneously under identical conditions, and
Th9-immunoreactive proteins were not detected in the cellular lysates.

The molecular sizes of thread proteins present in PNET and glial
cells were most prominently demonstrated by metabolic labeling with
[15S]methionine or 15S-cysteine, followed by immunoprecipitation

using Th9 monoclonal antibody. Monoclonal antibodies to dcsmin or
to hepatitis B surface antigen (5C3) were used as negative controls for
immunoprecipitation. In both PNET and glial cell lines, ~21-kDa
Th9-immunoreactive proteins were detected by SDS-PAGE analysis

of the immunoprecipitated products (Fig. 4). In PNET1 cells, the
21-kDa band appeared as a doublet; the accompanying slightly higher

molecular mass species appeared to be less abundant than the domi
nant band at ~21-kDa. In addition, in both PNET and glial cell lines,
there were ~ 17-kDa Th9-immunoreactive proteins associated with
bands of nearly the same intensity as the ~21-kDa bands. In C6 cells,
there were also â€”¿�14-to 15- and ~8-kDa Th9-immunoreactive pro

teins which were not detected in PNET cells.

The 21- and 17-kDa thread proteins in SH-Sy5y, PNET1, A172, and

C6 cells, and their absence in hepatocellular carcinoma cells, were
also demonstrated by SDS-PAGE/M-IRMA (Fig. 5). Cellular proteins
fractionated by SDS-PAGE were eluted from the gels sliced at 2-mm

intervals, and assayed directly for thread protein immunoreactivity by
M-IRMA using Th7 + ThlO as capture antibodies and '2SI-labcled

Th9 as the tracer. Despite low levels, two distinct peaks were evident
in all neuroectodermal cell lines but not in Huh7 hepatocellular car
cinoma cells assayed simultaneously and in the same fashion. The
resolution of these gels did not permit distinction of ~ 17- from â€”¿�14-
to 15-kDa proteins which might have been present.

Phosphorylation and Glycosylation Studies. PNET1 and C6
cells were metabolically labeled with 12P- or [35S]methionine, and

thread proteins were immunoprecipitated from the lysates using Th9
monoclonal antibody (Fig 6). As a negative control, immunoprecipi
tation studies were conducted using an equal portion of the cellular
lysate and monoclonal antibodies to desmin protein. In the cells la
beled with [35S]methionine, Th9-immunoreactive bands were de
tected at ~21, â€”¿�17,and also 14-15 kDa. After "P labeling, only the

21-kDa band was observed by immunoprecipitation with Th9 mono-

PNET1 PNET2 A172 Huh7

Fig. 2. Thread protein levels in PNET1. PNET2. AI72. Cft. and Huh7 hcpatoccllular
carcinoma cells measured by a forward sandwich M-IRMA. One or two Th monoclonal
antibodies (MoAb) were used to capture thread proteins, and l;5l-labelcd Th9 was used

as a tracer. Thread protein levels are expressed as cpm bound/mg total protein.

Fig. I. Thread protein immunoreactivity in nervous system-derived tumors. Primary CNS PNET (A), primary CNS glioblastoma (F), PNET1 cells (fi), and C6 glioma (G) cells
exhibited diffuse immunoreactivily with the Th1) monoclonal antibody. Incontrasi, the immunostaining reaction generated with the ThlO ((' and //), Th7 (I) and /). or Th4(i monoclonal

antibodies was either low level (C and D) or absent (H, I, E, and J) in PNET1 (C-Â£) and C6 (H-J) cells.
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Fig. 3. Molecular size of thread proteins in SH-Sy5y. A172, and C6 cells demonstrated
hy immunoprecipitation and Western blot analysis using the Th9 monoclonal antibody.
Purified FTP present in pancreatic juice is 14 kDa; the higher molecular mass bands may
represent intermolecular complexes. PTP present in human pancreatic tissue is 17-kDa.
but a faint band is also evident at 14 kDa. In SH-Sy5y, A172. and C6 cells, 21-kDa thread
protein molecules were detected. This is identical in size with the thread proteins found in
human brain tissue and cerebrospinal fluid.

clonal antibody; the lower molecular mass species did not appear to be
phosphorylated. Phosphorylated Th9-immunoreactive proteins were

detected in C6 cells, but not in PNET1 cells, but this might be due to
less efficient labeling since PNET1 cells grow more slowly than C6
cells. No bands in the 14- to 21-kDa range were detected using

monoclonal antibodies to desmin for immunoprecipitation. In contrast
to the phosphorylation studies, we were unable to detect carbohydrate
moieties in Th9-immunoprecipitated proteins, but we could detect

glycosylated residues of immunoglobulin molecules (data not shown).
Altered Thread Protein Expression with Cell Growth Phase.

The highest concentrations of thread protein were measured in sub-

confluent cultures of PNET1 cells, i.e., during the log phase of
growth, and the lowest concentrations were measured in overnight
serum-starved cultures (growth arrest) (Fig. 7). Cultures that were

100% confluent also had lower levels of thread protein expression
compared with proliferating cultures. pHjThymidine incorporation
was 5- to 10-fold higher in subconfluent compared with confluent and
serum-starved cultures, and the levels were higher in confluent com
pared with serum-starved cultures (data not shown). Huh? hepatocel-

lular carcinoma cells (negative control) were simultaneously studied
using identical culture conditions, but the levels of thread protein
remained low throughout.

To our surprise, there was no change in the degree of thread protein
Â¡mmunocytochemical staining of PNET cells cultured under these

Th9

various conditions. However, the degree to which the levels of thread
proteins changed by M-IRMA measurement may not have been de

tectable by immunocytochemistry. Nevertheless, the reduction in cell
ular thread protein content induced by serum starvation was associated
with a change in the phenotype of the cells. When the cells achieved
100% confluence or after they had been subjected to serum starvation
overnight, the cell bodies reduced in size, and they exhibited striking
changes in the degree and distribution of immunoreactivity for neu-
rofilament protein, GAP-43, and GFAP (Fig. 8). In PNET cultures that

were 50% confluent, the cells exhibited a punctate and often a polar
distribution of neurofilament and GAP-43 immunoreactivity, whereas
100% confluent and serum-starved PNET cultures exhibited diffuse
perikaryal immunoreactivity for both neurofilament and GAP-43. The

punctate immunoreactivity may have corresponded with distribution
of neurofilament and GAP-43 in neurites. In contrast, 50% confluent

PNET cultures were devoid of GFAP immunoreactivity, while 100%
confluent and serum-starved cultures contained conspicuous propor
tions of GFAP-positive cells. Moreover, the proportion of GFAP-
immunoreactive cells was greatest in 100% confluent and serum-
starved cultures, followed by 50% confluent and serum-starved

cultures, and then 100% confluent cultures with medium containing
10% FCS. Therefore, the reduction in thread protein levels measured
in PNET cells subjected to serum starvation overnight may have been
due to differentiation of the cells toward an astrocytic phenotype. C6
cells and other glioblastoma cell lines tested exhibited intense immu
noreactivity with the Th9 monoclonal antibody, but the levels of
thread protein measured by M-IRMA were often low, possibly due to
low-level immunoreactivity with other thread protein antibodies, in

cluding Th7 and ThlO (Fig. 1).

DISCUSSION

This study demonstrates that thread proteins are expressed in pri
mary CNS neoplasms, as well as in cell lines of neuroectodermal
lineage. Using a panel of monoclonal antibodies, we observed that
several antigenic epitopes were shared between the thread proteins
found in brain tissue, cerebrospinal fluid, and pancreatic juice and
those expressed in primary CNS neoplasms and neuroectodermal
tumor cell lines. Of note is that Th9 immunoreactivity was discernible
in all forms of neuronal, glial, and pancreatic thread proteins, whereas
the binding profiles of other Th monoclonal antibodies differ with
respect to cell type. For example, Th7 and ThlO immunoreactivities

Desmin Th9 Desmin

o o
in O in O O c\j Z - m O m O O evi m o O in o

â€”¿�rO CO â€”¿�rO

kD
30-

21.5

21.5 14.3-

14.3-

Fig. 4. Molecular sizes of thread proteins in PNET1 cells (left, 12.5% SDS-PAGE) and C6 glioma cells (right, 15% SDS-PAGE) demonstrated by pulse-chase metabolic labeling
with [35S]melhionine and immunoprecipitation with Th9 monoclonal antibody. The cells were labeled for 2 h and then incubated with medium containing cold methionine for times

(in min) indicated. The PNET1 samples Lit45 and 90 min were slightly underloaded. As a negative control, immunoprccipitations were performed simultaneously with the same lysates
using monoclonal antibodies to desmin. In addition to the â€”¿�21-kDaTh9-immunoreactive molecules observed by immunoprecipitation and Western blot analysis, *â€¢17-kDa species were
detected in both PNET1 and C6 cells. Also present in C6 cells were â€”¿�14-to 15- and ~8-kDa Th9-immunoreactive proteins. The ~8-kDa protein was detected after labeling for only

20 min (not shown) but disappeared quickly (within 1 h) when the cells were incubated with medium containing cold methionine.

3826

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/16/3823/2450841/cr0530163823.pdf by guest on 19 M

ay 2023



NIKI Al) l'KOIIINS IN M I Â¡KOI( [ ( )] 11KMAI. H'MOKS

1
O
CQ

I
O)e

150

100-

50

O

SH-Sy5y

125

75

25

165

115

65

15

PNET1

A172

100-1

50

Huh7

20 36 52 68

FRACTIONS (mm)

Fig. 5. Demonstration of the 21- and ~17-kDa thread proteins in SH-Sy5y, PNET1,
A172, and C6 cells by SDS-PAGE/M-IRMA. Proteins fractionated by SDS-PAGE and
elutcd from 2-mm gel slices were assayed for thread protein immunoreactivity by
M-IRMA using Th7 + ThlO as capture antibodies and '-M-labeled Th9 as the tracer.

Despite low levels, two distinct peaks were evident in all neuroectodermal cell lines: the
first peak (arrtiw) occurred at 21-kDa. and the second peak occurred at â€”¿�17-kDa. Thread

proteins were not detected in Huh7 hepatocellular carcinoma cells assayed simultaneously
and in the same fashion.

are readily detected in gray matter structures of brain, cerebrospinal
fluid, neurofilament-immunoreactive primitive neuroectodermal tu

mor cells, and pancreatic acinar cells but not in white matter tissue or
glial or glioblastoma cells. These differences between neuronal and
glial cells with respect to the immunoreactive binding of various
thread protein monoclonal antibodies might be due to cell type-spe
cific differences in the density or the nature of particular antigenic
epitopes.

The detection of thread protein immunoreactivity in neuroectoder
mal cells of both neuronal and glial lineage corroborates our previous

observations with human brain tissue afflicted with Alzheimer's dis
ease. In Alzheimer's disease, high levels of Th9 immunoreactivity

were detected in both neurons and glial cells by immunohistochemical
staining (3), but, using the forward sandwich antibody capture immu-
noradiometric assay (M-IRMA) which relies on the ability of Th7 and
ThlO to bind and capture thread protein molecules in tissue homoge-

nates or biological fluids, we detected levels of thread protein in white
matter that were strikingly lower than those measured in cerebral
cortex (1, 3). Again, the likely explanation is that Th7, ThlO, and
several other Th monoclonal antibodies bind adequately to the neu
ronal forms of thread protein and less adequately or poorly to the glial
forms of thread protein. By the same token, it is likely that the
neuronal and glial forms of thread protein are not identical.

The concentration of thread protein measured in most of the neu
roectodermal cells ranged between 2 and 3.5 pg/mg of protein, ex
cept in PNET1 cells in which the concentration was â€”¿�13pg/mg of

protein. These levels are 3â€”4orders of magnitude lower than the
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Fig. 6. The 21-kDa thread prolein in C6 glioblastoma cells may he phosphorylated.
PNET1 and C6 cells were mclabolically labeled for 3 h with [35S|methioninc or 32P, and

thread proteins were immunoprecipitated using the Tn9 monoclonal antibody. Monoclonal
antibodies to desmin were used as a negative control for immunoprecipitation with the
same cell lysates. In ["S]methionine-labeled PNET1 and C6 glioblastoma cells, 21-,
â€”¿�17-, and ~14-kDa proteins were immunoprccipitated with the TIW antibody but not with
the desmin antibody. In this experiment, the -8-kDa thread protein species observed in

Fig. 4 was represented only as a faint band which is not visible in the photograph. In
Ã2P-labeledC6 cells, only the 21-kDa thread protein was immunoprecipitated with ThlÃ.

Longer exposure of the blot failed to demonstrate phosphorylated lower molecular mass
species in C6 cells or any phosphorylated thread proteins in PNET1 cells.

1500

PNET1

HepG2

Fig. 7. Growth-associated changes in thread protein expression in PNET1 cells. In A,
thread protein levels were measured by M-IRMA using Th7 + ThlO as capture antibodies
and I2sl-labeled Th9 as the tracer. HepG2 hepatocellular carcinoma cells were used as a

negative control. Thread protein was measured in cultures that were 50 or 100% confluent.
The cells were grown in medium containing 10% FCS. Serum starvation was induced by
overnight incubation with medium containing 1% FCS. Data represent the average of
three determinations. The same results were obtained using other neuroectodermal cell
lines.
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THREAD PROTEINS IN NEUROECTODERMAL TUMORS

Fig. 8. Altered phenotype of PNET1 cells with
cessation of cell growth and overnight serum star
vation. Cytospin preparations of 50% confluent
cultures of PNET1 cells incubated with medium
containing 10% PCS (A, C, and Â£)or 1% PCS, i.e.,
serum starved (B, D. and /â€¢").The cells in serum-

starved cultures were smaller and exhibited more
diffuse neurofilament (A versus B) and GAP-43

immunorcactivity (C versus D) but no change in
vimentin immunoreactivily (not shown). PNET1
cells cultured with 10% PCS exhibited punctate
GAP-43 immunorcactivity (C), possibly corre
sponding to neuritic labeling, whereas serum-
starved cultures exhibited more diffuse perikaryal
labeling (D). The most striking change was the
increase in GFAP immunoreactivc cells in serum-

starved cultures (Â£ versus F). indicating an in
crease in the proportion of cells with astrocytic glial
phenotype.

concentrations in normal adult human brain (11 ng/mg protein) and
in brains with Alzheimer's disease (42 ng/mg protein) (3), and they

are IO7 lower than in pancreatic tissue (1). On the other hand, the

levels of thread protein in neuroectodermal cells are at least 10- to
100-fold higher than in all of the other cell lines tested, including

pancreatic duct carcinoma cells (data not shown) and hepatocellular
carcinoma cells (results shown for HepG2 cells). Using highly sensi
tive assays such as M-IRMA, immunocytochemical staining, meta

bolic labeling, and polymerase chain reaction amplification, we will
be able to study many aspects of thread protein activity and function
in neuroectodermal cell lines, despite low-level expression.

In adult human brain and cerebrospinal fluid, thread protein im-
munoreactivity was associated with a single 21-kDa protein that ex
hibited Th9, Th7, and ThlO immunoreactivities (1^). A 21-kDa
thread protein-immunoreactive molecule was also detected in all of

the neuroectodermal tumor cell lines studied, whether of neuronal
(neurofilament-positive PNET cells) or glial (GFAP positive)

lineage/phenotype. Given their identical size and the three distinct
antigenic epitopes they share, it is likely that the brain and neuroec
todermal tumor forms of the 21-kDa thread proteins are identical.
However, in addition to the 21-kDa molecule, a ~17-kDa thread

protein-immunoreactive molecule was identified in all of the neuro
ectodermal tumor cell lines, and in C6 glioma cells, a â€”¿�14- to 15-
and 8-kDa thread protein were also expressed. All of these thread

protein species were detectable by immunoprecipitation and meta
bolic labeling studies using the Th9 monoclonal antibody. However,
in follow-up studies, we found that only the 21-kDa protein was im-
munoprecipitated by Th7, Th9, or ThlO. In contrast, the ~17- and

8-kDa species could be immunoprecipitated with Th7 or Th9 but not
with ThlO, and the â€”¿�14â€”15-kDaspecies could be immunoprecipi

tated with Th9 but not with either Th7 or ThlO. These observations
support our hypothesis that the different molecular mass thread pro
teins present in neuroectodermal cells represent closely related but
distinct molecules.

Conceivably, the â€”¿�17-,â€”¿�14-to 15-, and â€”¿�8-kDathread protein
molecules may represent cleavage products of the 21-kDa protein.

Alternatively, they might represent products of distinct mRNA tran
scripts. The latter hypothesis is supported by the finding that (a) the
21-kDa proteins appear to be phosphorylated, whereas the â€”¿�17-,
â€”¿�14- to 15-, and 8-kDa species do not, and (b) results of metabolic
labeling experiments suggest that the â€”¿�17-and 21-kDa proteins are
synthesized in approximately equal amounts and with nearly identi-
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cal time-course kinetics. Moreover, preliminary observations by

Northern blot analysis suggest the presence of at least two distinct of
thread protein mRNA transcripts in neuroectodermal tumor cell
lines.4

In adult human brain tissue and cerebrospinal fluid, we have de
tected only a 21-kDa thread protein (1,3, 4). However, in two samples
of neonatal brain, we have observed ~17-kDa thread protein-immu-
noreactive species but not the ~14- to 15- or ~8-kDa molecules.4 In

view of the fact that proliferating neuroectodermal cells are present in
both neonatal brains and in PNET or glioblastoma cell lines, but not
in adult brains, it is conceivable that the ~17-kDa thread protein is
abundantly expressed during cell growth but perhaps down-regulated

in nonproliferative states. We are currently exploring the profile of
thread proteins synthesized during cell growth and differentiation
in vitro.

Metabolic labeling experiments demonstrated that the 21-kDa
thread protein may be phosphorylated, whereas the â€”¿�17-,â€”¿�14-to
15-, and ~8-kDa species appear not to be phosphorylated. Phosphor

ylated residues have not been demonstrated previously in thread pro
teins; however, the protein predicted by the cDNA sequence suggests
potential phosphorylation sites (2). Glycosylated residues were not
detected in any of the neuroectodermal cell thread proteins, and cor
respondingly, the protein predicted by the cDNA is consistent with
this observation. However, the results of the glycosylation studies
should be accepted guardedly since the methodology was not as
sensitive as that used to determine phosphorylation status. The finding
that the 21-kDa thread protein may be phosphorylated is of interest

because of the potential regulation of gene expression and the in
volvement of thread proteins in neuronal degeneration in Alzheimer's

disease. Accumulation or aberrant expression of phosphoproteins such
as microtubule-associated protein, T (19), neurofilament (20), and
GAP-43 (neuromodulin) (21) is a prominent feature of Alzheimer's

disease and other CNS neurodegenerative diseases. For example, ab
normal phosphorylation of T and neurofilament proteins has been
linked to perikaryal accumulation and impaired translocation of these
cytoskeletal proteins into axons and dendrites (22). We suspect that
the 21-kDa thread protein is a secreted molecule since it is also found

in cerebrospinal fluid (2, 4). One potential explanation for the aberrant
accumulation of thread proteins in brains with Alzheimer's disease is

that the phosphorylation state of the 21-kDa species is abnormal.

We initiated studies to explore changes in thread protein expression
in relation to cell growth. For all of the neuroectodermal tumor cell
lines, the levels of thread protein expression were highest during the
log phase of growth when the cells were 50% confluent, and lowest
levels was in confluent cultures exposed to serum starvation over
night. However, with respect to PNET cells, the findings were com
plex because, by immunocytochemical staining, the levels of Th9
immunoreactivity were unchanged. At the same time, the distribution
of neurofilament and GAP-43 immunoreactivity were altered, and the

cells which initially were GFAP negative became GFAP positive.
Therefore, with cessation of cell growth and serum starvation, the
PNET cells developed an astrocytic phenotype. The relevance of this
observation is that Th7- and ThlO-immunoreactive binding is consid

erably lower in glial cells than in neurons or PNET cells with neuronal
phenotype, and quantification of thread proteins by M-IRMA relies on

the ability of Th7 and ThlO to bind and capture the antigen. Conceiv
ably, the reduction in the levels of thread proteins measured in serum-
starved PNET cell cultures could have been caused in part by a shift

4 S. de la Monte and J. R. Wands, unpublished observations.

in synthesis from neuronal to glial forms of thread protein which
appear to be less efficiently measured by M-IRMA as the assay is

presently configured. Preliminary observations from experiments cur
rently in progress indicate that thread protein expression in PNET and
glioblastoma cells can be modulated by treatment with growth and
differentiation factors such as phorbol esters, insulin, and retinoic
acid.
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