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Abstract

The role of glycogenolysis in normal and cancer cells was investigated by inhibiting glycogen phosphorylase (GP) with the
synthetic inhibitor CP-91,149. A549 non-small cell lung carcinoma (NSCLC) cells express solely the brain isozyme of GP, which was
inhibited by CP-91,149 with an ICsy of 0.5 uM. When treated with CP-91,149, A549 cells accumulated glycogen with associated
growth retardation. Treated normal skin fibroblasts also accumulated glycogen with G1l-cell cycle arrest that was associated with
inhibition of cyclin E-CDK2 activity. Overall, cells expressing high levels of brain GP were growth inhibited by CP-91,149 corre-
lating with glycogen accumulation whereas cells expressing low levels of brain GP were not affected by the drug. Analyses of 59
tumor cell lines represented in the NCI drug screen identified that every cell line expressed brain GP but the profile was dominated
by a few highly GP expressing cell lines with lower than mean GP-a enzymatic activities. The correlation program, COMPARE,
identified that the brain GP protein measured in the NCI cell lines corresponded with brain GP mRNA expression, ADP-ribo-
syltransferase 3, and colony stimulating factor 2 receptor o in the 10,000 gene microarray database with similar correlation coef-
ficients. These results suggest that brain GP is present in proliferating cells and that high protein levels correspond with the ability of

CP-91,149 to inhibit cell growth.
© 2003 Elsevier Inc. All rights reserved.
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The role of glycogen metabolism in cell proliferation
and tumor formation is not well studied, even though
altered regulation of carbohydrate metabolism has long
been associated with cancer cells [1,2]. During tumor
progression, glycogen content was found to vary de-
pending on advancement of the disease, for example,
preneoplastic liver cancer showed a higher glycogen
content than the neoplastic stage suggesting a function
for glycogen in early development of liver cancer [3].
Regulatory enzymes catalyzing glycogen degradation
and synthesis are glycogen phosphorylase (GP) and
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glycogen synthase (GS), respectively. Both of these key
metabolic enzymes are regulated by covalent phos-
phorylation and by allostery [4,5]. There are three iso-
forms of GP; brain, liver, and muscle GP, which are
expressed in the specific tissues [6,7]. The brain GP
isozyme is the predominant fetal isozyme in normal
rodent and human tissues except in liver [8,9]. More-
over, brain GP is expressed in early stages of gastric and
colorectal cancers, but not in the normal tissues [10]. By
contrast, breast cancer cells overexpressing Her2/Neu
had reduced protein levels of brain GP [11].
Previously, we identified that the synthetic flavone,
flavopiridol, binds to different GP isoforms and inhibits
brain GP in tissue culture and the purified rabbit muscle
GP [12,13]. Crystallization of flavopiridol with muscle
GP determined that the drug binds to the enzyme’s
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purine nucleoside site and inhibits GP by an allosteric
mechanism similar to that of caffeine [14]. Several other
cytotoxic drugs including caffeine, curcumin, K252a or
staurosporine also inhibit either GP or the glycogen
phosphorylase kinase (PHK), which activates GP
[15,16]. Abnormal activation of PHK is associated with
psoriasis, a hyperproliferative skin disease. Inhibition of
PHK has led to treatment of this disorder indicating
that activated GP may participate in growth regulation
of normal epidermoid cells [17]. Recently, an inhibitor
of the human liver GP isozyme, CP-91,149, was de-
signed for diabetic therapy [18]. CP-91,149 stabilizes the
inactive conformation of human liver GP by binding at
a site located at the subunit interface in the region of the
central cavity of the dimeric structure [19,20].

In this paper, analyses of 59 NCI cell lines demon-
strate that the brain GP isoform is the predominant
isozyme expressed in cancer lines and that CP-91,149
inhibits brain GP. Growth inhibition by CP-91,149
correlates with high expression of brain GP and increase
in glycogen content.

Materials and methods

Cell lines and cell culture. HSF55 normal skin fibroblasts (Bio-
sciences Los Alamos, passage 18), SV40-transformed skin fibroblasts
CT-10-2C-T1 (Biosciences Los Alamos), normal rat astrocytes isolated
from rat cerebellum (Kim McAllister, Department of Neurology, UC
Davis), the rat C6 glioma, the human gliomas T98G (ATCC) and U87
(ATCC), and the A549 NSCLC (ATCC) were used in this study.
Pellets from the 59 cell lines from the drug screen were provided by the
Developmental Therapeutics Program of NCI. All human cells were
grown in regular RPMI 1640 (Gibco) supplemented with 10% fetal
bovine serum and with penicillin (100 U/ml) and streptomycin (100 pg/
ml), while rat cells were grown in DMEM.

Flow cytometric analysis. Cells were fixed with 70% ethanol. DNA
was stained with propidium iodide and the intensity of fluorescence
was measured using a Becton-Dickinson flow cytometer at 488 nm for
excitation and at 650 nm for emission [21]. The cell cycle profile was
analyzed using Modifit’s Sync Wizard (Verity Software).

Immunoblot analysis. Forty microgram of cell extract was separated
on a 12% SDS—polyacrylamide gel, transferred to a nylon membrane,
and probed with polyclonal antisera raised against CDK2, CDK4,
cyclins A, D1, E, p2lcipl (Santa Cruz Biotechnology) human brain
[22], muscle [23], and liver isozymes of GP, or monoclonal antibodies
raised against p27kipl (Pharmingen). The antibodies against human
liver GP were raised in rabbits using the peptide NH,~-CASKTG
STRGAGTVF-COOH (Genmed). Detection was performed by using
secondary antibodies conjugated to horseradish peroxidase (Santa
Cruz Biotechnology) coupled to the ECL detection system (NEN Life
Science Products). Expression of brain GP in the 59 cell lines was
quantified by normalizing the band intensities for brain GP to actin
on the autoradiographs, which had been exposed for the same amount
of time.

GP enzyme assays. For determination of GP enzyme activity cell
pellets from the 59 cell lines were lysed in 100-200 pl lysis buffer con-
taining 10nM calyculin A [24]. The protein concentration was deter-
mined with the Bradford assay (Biorad). Cell extract (50 ul ) was used
to measure GP activity according to Layzer et al. [25]. Kinetics were
followed for 5min with 30s intervals. The GP activity is expressed as
U/min/mg protein.

For the determination of the ICs, value of CP-91,149 for inhibition
of brain GP about 0.5 ml packed A549 cells were used and lysed to give
a final concentration of 10 pg protein/pl. 125 pug protein was used for
each point. CP-91,149 was diluted to stock solutions and 1 pl of the
corresponding stock solutions was added to the assay mix and prein-
cubated for 2min at room temperature prior to starting the reaction
with glycogen. All measurements were done in triplicate.

CDK2 kinase assays. Cyclin E-CDK2 activity was measured as
previously described [24]. Briefly, 2 pug of anti-cyclin E antibodies was
used to immunoprecipitate cyclin E from 200 pg cell extract followed
by a HI kinase assay. The cold ATP concentration was 10 uM and the
assay time was 15min at 30 °C.

Determination of the glycogen content. Cells were seeded at ap-
proximately 0.75 x 10 cells/I00 mm dish and allowed to attach over-
night before treatment with CP-91,149. Cells were harvested by
trypsinization and further processed as described [9]. The glycogen
content was measured with some modifications using anthrone (Sigma)
[26]. Briefly, trypsinized cells from one dish were centrifuged, resus-
pended in 0.4 ml of 30% KOH, and incubated for 15min at 95°C to
extract glycogen. Then 0.2ml of 2% NaSO, was added and the gly-
cogen was precipitated with 1.2ml ethanol. The precipitate was re-
suspended in 1ml H,O:sulfuric acid (3:7.6 ratio) containing 0.15%
anthrone and heated for 15 min at 95 °C and the reaction was stopped
by chilling the tubes in ice. The glycogen content was immediately
determined spectrophotometrically at 620 nm.

COMPARE methodology. The publicly available data concerning
the chemosensitivity and molecular target profiles of the cell lines from
the NCI anticancer drug screen can be accessed at the URL http://
dtp.nci.nih.gov/. The NCI screening procedures have been described
previously [27,28]. For this investigation, the pattern of GP activity
and protein expression in 59 human tumor derived cell lines were
graphically represented through the mean graph [29] by plotting in-
dividual measurements relative to the average of all measurements:
Deflections to the left of central mean are those cell lines with less than
average values of the GP while those deflected to the right are cell lines
with more than average expression/activity. The pattern of expression
of these molecular targets was correlated with the sensitivity profiles of
test compounds and available molecular target profiles using the
COMPARE algorithm [29]. COMPARE analyzes the different com-
pound (standard anticancer agents, synthetic compounds, natural
compounds, and molecular targets) and target databases to search for
the highest ranked compounds or molecular targets matching the
distribution of the input data across the panel of cell lines. The
COMPARE analyses are reported as rank-ordered lists of compounds/
targets characterized by the Pearson correlation coefficient, which
measures the yield of similarity between the seed and correlate.

Results

CP-91,149 inhibits brain GP and causes glycogen
accumulation in A549 cells

CP-91,149 had originally been designed as an inhib-
itor for human liver GP, but all three GP isoforms
demonstrate high primary protein sequence homologies
at the intersubunit site shown to complex with CP-
91,149 [19]. The brain isozyme of GP is expressed in
several transformed cell lines while muscle GP has not
been reported to be expressed in proliferating cells [6,9].
Recently, we demonstrated that the A549 NSCLC cell
line expresses brain GP [9] while the liver and muscle
isozymes are expressed negligibly or at levels below
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detection (Fig. 1A). To examine if brain GP is inhibited
by CP-91,149, cell extracts were prepared from A549
cells and increasing amounts of the inhibitor were added
to the cell extract in the absence of allosteric effectors
(Fig. 1B). We determined 50% inhibition of enzymatic
activity at 0.5uM CP-91,149 demonstrating inhibition
of brain GP. Inhibition of brain GP by CP-91,149 was
further examined in tissue culture by treating A549 cells
with different concentrations of CP-91,149 for 72h. A
significant increase in glycogen accumulation was de-
tected at 10 uM of CP-91,149 as compared with un-
treated cells with a maximal glycogen accumulation at
30uM (Fig. 1C). Intracellular glycogen content
decreased at 50 uM CP-91,149, perhaps explained by
additional pharmacological effects of the drug. The
dose-dependent accumulation of intracellular glycogen
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Fig. 1. Glycogen and GP analysis in A549 NSCLC cells in response to
CP-91,149. (A) Immunoblot analysis of the different GP isoforms in
A549 cells is shown. 40 pg total cell extract was separated by SDS—
PAGE. (B) In vitro GP assay with cell extract from A549 cells. Total
cell extract from one batch of A549 cells was prepared and the assays
were performed as described in Materials and methods. (C) Determi-
nation of glycogen levels. A549 cells were left untreated (0) or treated
with 10, 30, and 50 uM CP-91,149 for 72 h.

in A549 cells by CP-91,149 indicates that CP-91,149
inhibits brain GP in tissue culture. In the enzyme assay,
30 uM CP-91,149 inhibited GP activity completely and
corresponded closely with glycogen accumulation in
tissue culture cells.

Differential effect of CP-91,149 on growth of normal
skin fibroblasts HSF55 and transformed fibroblasts
CT-10-2C-T1

Normal human skin fibroblasts HSF55 and CT10-
2C-T1 cells transformed with the SV40 large T-antigen
were treated with different concentrations of CP-91,149
for 72 h. We observed an increase in glycogen content in
HSF55 cells with a maximal effect at 30 uM of CP-
91,149, as was observed with A549 (Fig. 2A). There was
a coordinate inhibition of growth of HSF55 cells, which
correlated with glycogen increase (Fig. 2B), despite a
small difference between treated and untreated cell
numbers, presumably due to the slow growth rate of
HSF55 and their tendency to undergo density-induced
growth arrest. By contrast, the basal glycogen content of
SV40-transformed skin fibroblasts, CT10-2C-T1, was
lower than in HSF55 cells. Treated CT10-2C-T1 cells
demonstrated a small increase in intracellular glycogen
content and were not growth inhibited. At 30 uM CP-
91,149 an increase in the number of cells was observed
(Fig. 2B).

Growth arrest of HSF55 was confirmed by FACS
analysis where CP-91,149 treatment increased G1-phase
cells with a significant reduction of the S-phase popu-
lation (Fig. 2C). In contrast, treated CT10-2C-T1 cells
did not demonstrate cell cycle arrest although some
growth inhibition was observed at high doses (50 uM) of
CP-91,149 that was not associated with glycogen accu-
mulation. This effect was possibly the same unidentified
effect of the drug as was observed with A549 cells. Both
HSF55 and CT10-2C-T1 expressed brain and liver GP,
with the protein level of brain GP higher in HSF55 cells
(Fig. 2D).

Cell cycle protein analysis of HSF55 cells treated with
CP-91,149

The expression of cell cycle regulatory proteins was
analyzed by immunoblot to better elucidate mechanisms
of the cell cycle arrest observed in HSF55 cells treated
with CP-91,149 (Fig. 3A). There was unaltered expres-
sion of cyclins DI and E and reduced expression of
cyclin A when cells were treated with CP-91,149. The
reduction in cyclin A demonstrates Gl-phase arrest,
since cyclin A is solely expressed in S- and G2- and at
the beginning of M-phase [30]. The cyclin-dependent
kinase inhibitors p2lcipl and p27kipl were increased in
treated HSFS55 cells, as compared with untreated con-
trol cells. The increased expression of p21 and p27
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Fig. 2. Analysis of normal fibroblasts HSF55 and transformed fibroblasts CT10-2C-T1 cells treated with CP-91,149. (A) The glycogen content was
determined in untreated and in cells treated with CP-91,149 for 72h. (B) Viability was determined with manual cell counts following staining with
trypan blue exclusion assay. The number of viable cells was determined. (C) The DNA content of HSF55 was quantitated using FACS analysis. The
cell sorter populations were analyzed using x>. There was a inverse relationship between the CP-91,149 concentration and cell cycle distribution
(> =3469, df =6, p < 0.001). (D) Immunoblot analysis of different GP protein isoforms expressed in HSF55 and CT10-2C-T1.

corresponds with the observed decreased cyclin E-
CDK2 kinase activity (Fig. 3B) suggesting a typical cell
cycle arrest in late G1-phase.

Analysis of normal and tumor cells following GP inhibi-
tion by CP-91,149

The possible association between glycogen accumu-
lation and growth inhibition was investigated involving
treatment of normal rat primary astrocytes, three
transformed glioma cell lines, human T98G, US87, the
rat C6 glioma, and the A549 NSCLC cell line, with
30 uM CP-91,149. Treated astrocytes, T98G and A549,
accumulated glycogen and demonstrated growth inhi-
bition in the presence of CP-91,149. The extent of gly-
cogen accumulation and growth inhibition differed
among the cell lines (Figs. 4A and B). The highly ma-
lignant U87 and C6 glioma cell lines did not accumulate
glycogen nor show any growth reduction or arrest in the
presence of CP-91,149. Growth inhibition of cells by
CP-91,149 was always associated with glycogen accu-
mulation, which was not observed in drug-resistant cells,

thus providing evidence for a relationship between in-
hibition of glycogen degradation and growth inhibition.
Immunoblot measurement of GP expression demon-
strated that all cell lines tested expressed brain GP, but
not the liver and muscle isozymes (Fig. 4C). However,
there was a correspondence observed between levels of
the brain GP protein and growth inhibition by CP-
91,149. Astrocytes and T98G expressed the highest level
of brain GP followed by A549 cells, whereas U87 and
C6 glioma expressed low levels of brain GP.

Brain GP protein expression in 59 cell lines from the NCI
drug screen

Our initial data of the cell line analysis suggested that
brain GP may be the principal GP isoform in prolifer-
ating cells. However, only a few cell lines have so far
been analyzed. HSF55 and CT10-2C-Tlcells both ex-
press brain and liver isozymes of GP, but protein levels
of brain GP were greater in HSF55 cells (Fig. 2D).
Furthermore, astrocytes and T98G expressed the highest
level of brain GP followed by A549 cells (Fig 4C). These
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Fig. 3. Cell cycle protein analysis of HSF55 cells treated with CP-
91,149. (A) Different cell cycle proteins in cells from untreated and CP-
91,149 treated cells were analyzed by immunoblot. Forty microgram
total protein was size-fractionated by SDS-PAGE. (B) The cyclin E-
CDK2 kinase activity was determined by immunoprecipitation of cy-
clin E. Histone H1 was used as a substrate. The radiolabeled H1
protein band was identified by autoradiography.

data suggested a potential relationship between brain
GP protein levels, glycogen accumulation, and growth
inhibition produced by CP-91,149. A search for other
cellular proteins, whose expression correlates with up or
downregulation of brain GP, could lead to the identifi-
cation of important oncogenes, as has been shown ex-
perimentally for the Her2/Neu oncogene in breast
cancer cells [11].

For these reasons we analyzed 59 cell lines from the
NCI drug screen for expression of GPs. These human
cell lines are derived from nine major histological
types (bone marrow, lung, skin, ovary, colon, central
nervous system, kidney, prostate, and breast) and are
routinely used to evaluate preliminary activity of new
compounds from synthetic and natural origins [27].
The comparison uses an algorithm, COMPARE [31],
that determines similarity of patterns between that of
the given ‘seed’ and others within the databases, by
creating similarity indices that are quantitatively ex-
pressed as Pearson correlation coefficients (PCC). The
output of the COMPARE program is a rank order list
of the most highly correlated patterns (plus PCC)
from the requested database. These include drug re-
sponse databases, a molecular target database of
protein or gene expression targets measured in the cell
lines, and a searchable database of microarray data
[32].
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Fig. 4. Glycogen content and growth analysis of normal rat astrocytes,
rat C6 glioma, and human T98G, U87, and A549 cells treated with CP-
91,149. (A) The glycogen content was determined from cells incubated
in the absence and presence of 30 uM CP-91,149 for 72h. (B) The
number of viable cells was determined by manual cell counts of cells
briefly incubated with trypan blue. (C) Immunoblot analysis of brain
GP from 40 pg of total cell extract from several cell lines.

Expression of brain, liver, and muscle GP was mea-
sured in the 59 cell lines by immunoblot. All cell lines
expressed brain GP, a very few weakly expressed liver GP,
but none expressed muscle GP. This suggests that brain
GPistheisoform expressed in proliferating cells (Fig. 5A).
High levels of brain GP expression were observed in two
cell line clusters, colon (3 of 7) and melanoma (3 of 8).
A549 and PC3 (unpublished data), previously shown to
respond to CP-91,149 treatment, expressed brain GP at
levels higher than the average expression for all 59 cell
lines. Attempts were made to correlate GP expression
data to patterns in the microarray database, which con-
tains gene expression values for approximately 10,000
genes or transcripts in the 59 cell lines, based on com-
parative hybridization of RNA and a pooled RNA sam-
ple from 12 of the cell lines [32] to cDNA transcripts on a



J.B. Schnier et al. | Biochemical and Biophysical Research Communications 309 (2003) 126134 131

A level relative to mean B

LEU CCRF=—CEM
LEU HL=gB0{TE)
LEU K =582

LEU MOLT=4
LEU RPMI =3226
LEU SR

LNS AS49TCC
LMS EKWX

LNS HOP=82
LNS HOP=92
LNS NCI=H228
LNS NCI=H23
LNS NCI=H322M
LNS NCl=Hd460
LNS NCl=HS22
COL COLD 205
COL HCC =—2998
COL HCT=T&
COL HCT=—6
COL HT29

COL KMI2

COL SW=g20
CHMS SF =258
CNS SF =295
CNS SF =539
CNS SNB=19
CNS SNB=75
CNS U251

MEL LOX Iyl
MEL MALME =3M

My

MEL SK=MEL=2
WEL SK=MEL=23
WMEL SK==MEL =%
MEL UACC=Z57
MEL UACC=g2Z
oA IGROW
OvA OWCAR =3
OvA OVCAR =14
oA OWCAR =5
Chis OWCAR =3
OvA SK =0 =3
REN 7368=0

REN RXF 393
REN SHN12C
REN TK="0
REN UQ=31
PRO PC =3

BRE MCYADR=—RES

BRE MDA=MB=Z3F¥ATCC
BRE HS 578T

BRE MDA=MEB =433

BRE BT=—3d42

BRE T==d47D

=4 1 & 11 16

lovel relative to mean

-— 0.0062
_}g; 0.0003
-—143 0.0093
-140 0.0333
=149 0.0%3
-).21 = D.0023
0.07 0.0023
(.00 == D.0063
-] 72 =0 003
-=0.58 = 0.0077
-(.83 0.0°03
-.47 = 00063
-], 9d =0.0059
0.27 0.0233
.49 == 0.0007
278 =0.00T7
0.18 = 0.0057

= 0.0059

ggg == 0.0027
—r 0.0073
-1.71 =0.0077
=0.79 =0.0700
- =0.003
_1:; = 0.0067
0.08 == 0.0027
- =0.0027
—}gg =0, 006
0.19 0.031
0.0133

Egg == 0.0047
=0.003

_E.lgg 0.0053
-], 83 =0.0067
- 0.0413
_q[ gg == 0.0007
-3 0.0001
-— 0.000
_a‘:ﬁ 0.0043
- == 0.0067
_&EE 0.0°03
-(). 55 0.0033
=g sns
-7 0.0023
-129 = 0.0094
-4 == 0.0047
0.6d == 0.0097
-0.13 = 0.003%
0.33 =0, 0012
-108 = 0.0032
0.10 = 0.0043
=96 == 0.0096
0.03 =0.0039
=110 =(.0103
1258 0.00:33
-102 =0.0E6
=0.98 TIT O[T T TT] 0.0022

=004 0.07 0.08

Fig. 5. GP analysis in 59 cell lines from the NCI drug screen. (A) Expression of brain GP protein levels normalized to F-actin in the 59 cell lines. Total
cell extract was prepared from frozen samples of the 59 cell lines and 40 pg total cell extract was separated by SDS-PAGE. The band intensities for
brain GP were quantitated from immunoblots normalized to the intensities of the F-actin bands. (B) GP activities in the 59 cell lines. Cell extracts
from frozen cells of the 59 cell lines were prepared, and the GP activities were determined in the absence of allosteric activators for 5 min with 30s
intervals. The linear range of product formation was used to determine rates of product formation per minute per mg protein.

microarray chip. Statistical analysis was performed using
SAS software package (SAS Institute, Carey, NC), and a
statistically significant correlation was observed between
the seed pattern of brain GP expression and the level of
gene expression of a transcript identified as the brain form
of GP from the microarray database, with a PCC of 0.53.
The PCC value was transformed to standard normal z
statistics and the associated one-sided p was value deter-
mined from published statistical tables and subjected to a

Bonferroni correction (p = 0.033). A similar significant
correlation was also observed with transcripts for ADP-
ribosyltransferase and colony stimulating factor 2 recep-
tor o.. No correlation, however, was observed between the
brain GP expression and the available agent drug
responses. This result shows that the brain GP protein
expression correlates well with the brain GP mRNA
expression suggesting transcriptional regulation of
brain GP.
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Brain GP Activity in the 59 cell lines from the NCI drug
screen

GP is activated by covalent phosphorylation (GP-a)
with both forms, GP-a and GP-b, existing intracellu-
larly. The GP activity in the absence of any allosteric
activator (GP-a) was measured in the NCI cell line panel
to determine if brain GP protein levels were related to
intrinsic GP activities. From the mean graph data in
Fig. 5B, clusters of higher than mean GP activity were
observed in leukemia (5 of 6), melanoma (4 of ),
ovarian (4 of 6), and renal cancers (3 of 8). However, the
majority of cell lines with increased GP-a activities
demonstrated reduced levels of brain GP while most cell
lines expressing increased brain GP demonstrated re-
duced GP-a activity indicating a possible inverse corre-
lation that high brain GP protein level corresponds with
low GP-a and high GP-b. Moreover, GP activity did not
significantly correlate with any particular drug or drug
target.

Discussion

The GP inhibitor CP-91,149 was used to investigate
the contribution of glycogenolysis to cell growth of
normal and transformed cells. CP-91,149 had been de-
signed as an inhibitor for human liver GP, and this is the
first report to our knowledge demonstrating its broader
utility as an inhibitor of the brain GP isozyme. The in-
hibition of brain GP by CP-91,149 using cell extracts
and the dose-dependent accumulation of glycogen in
A549 cells treated with CP-91,149 are consistent with
inhibition of brain GP in tissue culture cells. Alterna-
tively, indirect enzymatic targets, such as phosphorylase
kinase, could potentially be inhibited by the drug.
However a larger number of potential targets including
several diabetic targets were tested for inhibition by CP-
91,149 and the test results had been negative [18]. An-
other explanation for the glycogen accumulation in
treated cells is that cell cycle arrest could be associated
with increased intracellular glycogen stores. For exam-
ple, glycogen increase in G1-phase had been reported for
some colon cancer cell lines [33]. This possibility is un-
likely because treated A549 cells accumulate glycogen
but do not demonstrate complete growth arrest as evi-
denced by FACS analysis. Incomplete growth arrest
results in slow growth with increased glycogen and is
similar to untreated slow growing cells such as astro-
cytes and HSF55 cells, which had significantly higher
basal glycogen content than more rapidly growing cells
such as C6 and T98G gliomas. This inverse relationship
between glycogen content and growth had also been
described with several intestine carcinoma cell lines [34].
Thus in some cases of growth inhibition described here,
CP-91,149 does not cause complete growth arrest.

The precursor for glycogen formation is glucose-1-
phosphate that is generated from glucose-6-phosphate, a
central metabolite for glycolysis and the pentose-phos-
phate cycle. Glucose-6-phosphate is, therefore, impor-
tant as precursor for energy production and nucleotide
synthesis. Glycogen formation could restrict intracellu-
lar glucose and contribute to a shortage of energy and
metabolites for growth with the observed slower growth
and growth arrest. This would suggest that part of the
glucose-6-phosphate is converted to glycogen and de-
graded by GP to glucose-1-phosphate, which is con-
verted to glucose-6-phosphate. Since GP is regulated by
phosphorylation and various allosteric effector [4] inhi-
bition or activation of GP could represent a mechanism
to regulate cell proliferation.

The GP isoform important for cell proliferation ap-
pears to be brain GP, which we demonstrated to be
present in all 59 cell lines. Brain GP was also found to be
expressed in prencoplastic gastric and colon cancers,
which confirms its importance for proliferation [10].
Surprisingly, we observed that the brain GP protein le-
vel is low in a majority of the 59 cell lines. One expla-
nation could be that the reduced levels of total brain GP
may be sufficient to support growth, since we also found
that all cells with increased GP activity showed reduced
expression of brain GP, reflecting a high GP-a (activated
form)/GP-b (inactive form) ratio (Fig. 5). Cell lines such
as transformed fibroblasts, C6 and U87 gliomas with
low brain GP expression were resistant to CP-91,149
and did not respond with glycogen accumulation and
growth inhibition. One likely possibility for their drug
resistance is an increase in the I1Cs, value for CP-91,149
in GP inhibition in these cells. CP-91,149 stabilizes the
less active T-state of GP and can cause dephosphoryl-
ation of GP-a. Furthermore, effector molecules like
glucose, which allosterically regulate GP activity, de-
crease the ICsy value for CP-91,149 in GP inhibition
[18,19] so that the intracellular levels of positive or
negative effector molecules and the phosphorylation
state of GP likely contribute to the efficacy of CP-91,149
to inhibit GP.

Inhibition of cell growth by CP-91,149 appears to be
dependent upon levels of the brain GP protein and that
this is associated with intracellular glycogen accumula-
tion, suggesting the possibility that expression of brain
GP is a phenotypic manifestation of other regulatory
gene alterations. As an example, breast cancer cells ex-
press lower brain GP levels when they overexpress the
transfected Her2/Neu oncogene as compared with
transfected cells having lower levels of the Her2/Neu
gene product [11]. Potentially, downregulation of brain
GP by an upstream element may result in ablation of the
regulatory function of GP. However, using correlation
analyses to search for targets in the NCI database that
were inversely expressed was unsuccessful. We postulate
that there may not be a single protein in all cell lines but
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cancer type specific proteins responsible for the down-
regulation of GP protein. We found two proteins, which
are coordinately expressed with brain GP, ADP-ribo-
syltransferase 3 (ART3) and colony stimulating factor 2
receptor o (CSF-R o). Although there is no obvious
connection of both proteins to brain GP, CSF-R o is
involved in upregulation of glucose uptake via the Pi3
kinase pathway [35]. Further, the disruption of a protein
associated with CSF-R o, GRAP, in the yeast Saccha-
romyces cerevisiae leads to a stress response manifested
by early glycogen accumulation [36]. This suggests that
CSF-R o maybe involved in the regulation of glycogen
metabolism.
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