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Abstract

Objectives—Novel quantitative proteomic approaches were used to study the effects of
inhibition of glycogen phosphorylase on proteome and signaling pathways in MIA PaCa-2
pancreatic cancer cells.

Methods—We performed quantitative proteomic analysis in MIA PaCa-2 cancer cells treated
with a stratified dose of CP-320626 (25 uM, 50 pM and 100 uM). The effect of metabolic
inhibition on cellular protein turnover dynamics was also studied using the modified SILAC
method (MSILAC).

Results—A total of twenty-two protein spots and four phosphoprotein spots were quantitatively
analyzed. We found that dynamic expression of total proteins and phosphoproteins was
significantly changed in MIA PaCa-2 cells treated with an incremental dose of CP-320626.
Functional analyses suggested that most of the proteins differentially expressed were in the
pathways of MAPK/ERK and TNF-o/NF-«B.

Conclusions—Signaling pathways and metabolic pathways share many common cofactors and
substrates forming an extended metabolic network. The restriction of substrate through one
pathway such as inhibition of glycogen phosphorylation induces pervasive metabolomic and
proteomic changes manifested in protein synthesis, breakdown and post-translational modification
of signaling molecules. Our results suggest that quantitative proteomic is an important approach to
understand the interaction between metabolism and signaling pathways.
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Introduction

Recent studies have demonstrated an intricate relationship between network of metabolic
pathways and the cellular signaling network 1 2. The result of such interaction is the special
metabolic phenotype of proliferating cells in that the utilization of glucose is optimized to
supply the necessary energy and substrate for the production of macromolecules (DNA,
proteins and membrane lipids) 3-9. A distinctive feature of this phenotype is the Warburg
effect which is the preferential use of anaerobic glycolysis rather than the more efficient
pathway of aerobic glycolysis for energy productionl? 11, The metabolic phenotype is
maintained by the opposing metabolic actions of the oncogenes and tumor suppressor
genes 12, Conversely, it is well known that interruption of the metabolic network with
metabolic inhibitors can bring about cell cycle arrest and apoptosis 12,

The effect of metabolic changes on post-translational modification of signaling molecules
such as P53 has been well studied 2 13, How the effect of metabolic changes impacts on the
whole signaling network is poorly understood. In the present study, an attempt was made to
perform a comprehensive and comparative analysis of proteins expression and
phosphorylation associated with the inhibition of a metabolic pathway by CP-320626 in
MIA PaCa-2 cells using a newly established quantitative proteomic approach. CP-320626 is
a glycogen phosphorylase inhibitor which is the key enzyme for the degradation of glycogen
into glucose-1-phosphate. It was first developed for blood glucose control as potential
antidiabetic agents 14 15, Previously, treatment with CP-320626 was reported to induce cell
cycle arrest and apoptosis in cultured MIA pancreatic cells by interrupting the
macromolecule synthesis necessary for cell proliferation 16. The present proteomic study
showed that inhibition of glycogen phosphorylation by CP-320626 induced dynamic
changes of protein signals, which are key components in MAPK/ERK and TNF-a/NF-xB
signaling pathways, resulting in cell cycle arrest and apoptosis in the MIA PaCa-2 cell. The
dose-dependent proteomic changes induced by CP-320626 suggest a strong link between
metabolic and signaling network, and the potential for the identification of “metabolic
targets” for cancer therapy through proteomics and metabolomics research.

Materials and Methods

Chemicals and Regents

15N enriched algal amino acid mixture (2°N enrichment, 98%) was purchased from
Cambridge Isotope Laboratory Inc. (Andover, MA). Fetal bovine serum was purchased from
Irvine Scientific (Santa Ana, CA). Dulbecco’s modified Eagles’s medium and antimycotic
were from Gibco (Calsbad, CA). Sequencing grade trypsin was purchased from Promega
(Madison, WI). Water was prepared using a Milli-Q system (Millipore, Bedford, MA).
Other chemicals employed were purchased from Sigma (St. Louis, MO).

Cell Culture

MIA PaCa cells were cultured in MEM containing natural amino acids or 50% of 1°N algal
amino acid mixture (1N enrichment, 98%) as previously described 17 18 with slight
modification. Briefly, MIA PaCa-2 cells were adapted to grow in MEM supplemented with
10% fetal bovine serum, 1% antibiotic antimycotic, and 5% CO, at 37 °C until 85-95%
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confluence when the experiment started. Experiments were set up in five groups: group A,
cells were cultured in MEM medium containing 1 mg/mL of natural amino acids; group B,
cells with 50% of 1°N algal amino acid mixture; group C, cells with 50% of 1°N algal amino
acid mixture plus 25 uM CP-320626; group D, cells with 50% of 15N algal amino acid
mixture plus 50 uM CP-320626; and group E, cells with 50% of 1°N algal amino acid
mixture plus 100 uM CP-320626. Each treatment was repeated four times using/in four
flasks with 10 mL/flask. After incubation for 48 h, the cell pellets were collected and stored
at —80 °C.

Protein sample preparation

For 2-DE analysis, the cell pellets were washed with ice-cold PBS, treated with 300 uL of
lysis buffer [7 M urea, 2 M thiourea, 4% CHAPS, 100 mM DTT, 5% glycerol, protease
inhibitor set 111 (100 mM AEBSF, 80uM aprotinin, 5 mM bestatin, 1.5 mM E-64, 2 mM
leupeptin, 1mM pepstatin) (Calbiochem, La Jolla, CA), phosphatase set 11 (200 mM
imidazole, 100 mM sodium fluoride, 115 mM sodium molybdate, 200 mM sodium
orthovanadate, 400 mM sodium tartrate dehydrate) (Calbiochem, La Jolla, CA), 0.2%
biolyte 3-10, 0.1% biolyte 4-6, and 0.1% biolyte 5-8], and sonicated for 3 x 5s. The
mixture was spun down at maximum speed at 15 °C for 10 min. The protein concentration in
the supernatant was measured by Bradford assay using bovine serum albumin as the
standard. The samples were stored at —80 °C until analysis.

Two-Dimensional Gel Electrophoresis

Five hundred micrograms of proteins were mixed with a rehydration solution containing 7
M urea, 2 M thiourea, 4% CHAPS, 50 mM DTT, 0.2% biolyte 3-10, 0.1% biolyte 4-6, and
0.1% biolyte 5-8, and a trace of bromophenol blue to a total volume of 300 pL. The
mixtures were pipetted into IPG strip holder channels. After 14 h of rehydration, the strips
were transferred to an isoelectric focusing (IEF) cell (Bio-Rad, Hercules, CA). Prefocusing
and focusing were performed on a Protean IEF cell (500 V hold 2.5 h, linear 500-1000 V
increase 1 h, 1000 V hold 1 h, linear 1000-8000V increase 1.5 h, and 8000 V hold 60,000
KV h). Following IEF separation, the equilibration was done by incubating with
equilibration buffer I and Il (37.5 mM Tris-Cl, pH 8.8, 20% glycerol, 2% SDS, 6 M urea,
with 2% DTT in buffer | and 2.5% iodoacetamide in buffer Il, respectively). The second
dimension electrophoresis was run on 8-16% Tris-HCI gel in a Protean Plus Dodeca cell
(Bio-Rad, Hercules, CA) until the bromophenol blue reached the bottom of the gels. After 2-
DE, the gels were stained with SYPRO-Ruby (Molecular Probes, Eugene, OR) or visualized
with the Coomassie Brilliant Blue R-250 (Merck, Germany). The phosphorylated proteins
were stained with Pro-Q Diamond 19 20, Following 2-DE and protein staining, gels were
then scanned with a Pharox FX molecular imager (Bio-Rad, Hercules, CA) with a 532 nm
laser excitation and a 580 nm band-pass emission filter. The differential protein spots were
identified using PDQuest (8.1.0.0) 2-DE analysis software (Bio-Rad, Hercules, CA). The
intensity of each protein spot was normalized to the total intensity of the entire gel image.

In-gel Trypsin Digestion

Spots of interest were excised from the gels and transferred to Eppendorf LoBind tubes
(Eppendorf, Hamburg, Germany). Gel pieces were destained with 1700mM ammonium
bicarbonate in 30% ACN until transparent and dried in a vacuum centrifuge as described by
Jiang et al. 21, Proteins were proteolyzed with 25 ng of modified trypsin (Promega, Madison,
WI) in 25 mM ammonium bicarbonate for 20 h or overnight at 37 °C. Supernatant was
collected, and peptides were further extracted twice with 0.1% TFA, 60% ACN with
vortexing for 45 min at room temperature. Peptides extracts were vacuum-dried.
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MALDI-TOF-MS

For mass spectrometric analysis, the peptides were taken up in 10 uL of 0.1% TFA and
purified with a C18 ZipTip (Millippore, MA). A volume of 2 uL. of CHCA matrix in 50%
ACN/0.1% TFA was used to elute peptide onto the ground steel plate (Bruker, Germany). A
matrix-assisted laser desorption ionization time-of-flight/time-of-flight (MALDI-TOF/TOF)
mass spectrometer (Ultraflex 111, Bruker, Germany) was used for the peptide fingerprint in
the reflector mode and sequence analysis in the “lift” mode. MALDI-TOF spectra were
recorded in the positive ion reflectron mode over a mass range of 600-4000 Da, and the ion
acceleration voltage was 25 kV. After analysis of the peptide mass fingerprinting (PMF)
results by FlexAnalysis 2.2 (Bruker Daltonics GmbH, Germany), the proteins were
subjected to MS/MS analysis in the “lift” (second ion source in the TOF/TOF instrument)
mode. Some strong peaks of each PMF spectra were selected as precursor ions, which were
accelerated in TOF1 at a voltage of 8 kV and fragmented by lifting the voltage to 19 kV.

Protein Identification and Spectral Data Analysis

The MS/MS data were searched against Homo sapiens proteins (20338 sequences) in the
SWISS-PROT database (release SwissProt 57.15) using the in-housed Mascot search
program (Matrix Science, London, United Kingdom, www.matrixscience.com). Search
parameters were set as follows: enzyme, trypsin; allowance of up to one missed cleavage
peptide; fixed modification parameter, carbamidomethylation (C); variable modification
parameters, oxidation (at Met). The tolerance for the parent ion is 100 ppm, and for the
daughter ion is 0.3 Da. Protein or peptide score with p < 0.05 was regarded as significant. In
the case of peptides matching to multiple members of a protein family, the positive
identified protein was selected based on both the highest score and the highest number of
matching peptides. The peaks were externally calibrated with peptide standards from Bruker
(MHZ1: angiotensin I, 1046.5420 Da; angiotensin I, 1296.6853 Da; substance P, 1347.7361
Da; bombesin, 1619.823 Da; ACTH clip 18-39, 2465.199 Da).

The synthesis rates of the differential proteins were calculated according to our in-house
algorithms 18. 19, The synthesis rate of each protein is the average of three to four fragments.
One-way ANOVA with the Tukey’s adjustment was used for multiple comparisons in SPSS
13.0 (SPSS Inc., Chicago, IL).

In vitro cytotoxic activity

The cell cytotoxicity of CP-320626 against the MIA PaCa-2 cells was determined by MTT
assay 2223, The cells at exponential phase were dispensed in 96-well plates at a density of
2x 10% cells per well. The cells were incubated in different concentrations of CP-320626.
After 48h incubation with the CP-320626, 20 ul MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyl tetrazolium bromide) (Sigma, USA) reagent was added into each well for 4 h. The
medium was discarded and 100 ul of dimethyl sulfoxide (Sigma, USA) was added into each
well and incubated for 10 min. The optical density of each well was measured with
Multiskan Ascent (Thermo, USA). The cell viability and 1Csq value were calculated by the
following equations: cell viability = mean optical density of experimental group/mean of the
control x 100%; ICsq value=concentration of CP-320626 at 50% cell viability 22 23,

Western blot analysis

Western blotting analysis was performed as described previously 24, In brief, whole-cell
extracts were prepared by lysing cells. Lysates containing 50 ug proteins were subjected to
gel electrophoresis. Proteins were then transferred to PVDF membranes (Millipore, CA).
The blots were blocked in superBLOCK T20 blocking buffer (Pierce, Rockford, IL) for 1 h
at room temperature, and then incubated at 24°C for 2 h with the primary antibody. Cyclin
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D1, p21, and p27 were purchased from Millipore, USA. Anti-B-actin was obtained from
Sigma (Sigma-Aldrich, MA) and served as loading control. After incubation with secondary
antibodies (GE healthcare, Piscataway, NJ) at room temperature for at least 1 h, the blot was
visualized with an enhanced chemiluminescence (ECL) detection system (Pierce Biotech
Inc., Rockford, IL).

Ingenuity Pathway Analysis

Results

Ingenuity Pathway (Ingenuity Systems, Inc., Redwood City, CA, www.ingenuity.com)
analysis assigned to the overall analysis based on findings in the scientific literature and
those stored in the Ingenuity Pathways Knowledge Base.

CP-320626 Caused MIA PaCa-2 Cell Cycle Arrest and Apoptosis

Previous studies suggest that the glycogen phosphorylase inhibitor CP-320626 induces
apoptosis and inhibits cancer cell proliferation through limiting glucose oxidation 16: 25,
However, how the metabolic inhibition on glycogen phosphorylase by CP-320626 interacted
with cellular signaling pathways resulting in apoptosis is unknown. In the present study, the
effects of CP-320626 on MIA PaCa-2 cell proliferation were firstly assessed using MTT
assay (Fig. 1A). Results showed that CP-320626 inhibited the growth of the cancer cells,
and increased the death of MIA PaCa-2 cells in a dose-dependent manner with an ICsq of
222.49 uM. To investigate the dynamic changes at the protein level, MIA PaCa-2 cells were
treated with three different concentrations of CP-320626 (25 uM, 50 uM, and 100 uM). The
expression of cell cycle biomarkers such as p21, p27, and cyclin D1 were analyzed by
western blotting to study the effects of CP-320626 on cell cycle activity in MIA PaCa-2
cells (Fig. 1B). P21 and p27, the negative regulators of cell cycle, were increased upon the
CP-320626 treatments 26. Conversely, cyclin D1, the positive regulator of cell cycle, was
found to be decreased 27. These data suggest that cell cycle was significantly inhibited by
CP-320626 in a stratified dose level. It has been reported that cell cycle negative regulator
p21 can be also transactivated by tumor suppressor gene p53 leading to G1 phase arrest 28,
To find out whether CP-320626 also caused cancer cell pre-apoptosis, we examined the
levels of p53 expression in MIA PaCa-2 cells in response to a stratified doses of
CP-320626 2% 30, The results showed that an elevated dose of CP-320626 caused over-
expression of p53, suggesting that CP-320626 caused cell pre-apoptosis (Fig. 1B).

Proteomic Analysis of the MIA PaCa-2 Cells Treated with CP-320626

To study the effect of metabolic inhibition of glycogen phosphorylase by CP-320626 on
protein expression, we analyzed cellular protein expression using a newly established
method 18, Protein expression profiles in MIA PaCa-2 cells treated with and without
CP-320626 are shown in Figure 2A. Differentially expressed proteins in MIA cells treated
with a hierarchical dose of CP-320626 were selected according to a criterion of the intensity
of a spot in the gels showing less or greater than 2-fold difference (p<0.05) determined by
using PDQuest software (Bio-Rad, Hercules, CA). A total of 22 protein spots were analyzed
and identified by using MALDI-TOF MS/MS and protein identities are listed in Table 1,
which showed that inhibition of glycogen phosphorylase by CP-320626 significantly
affected dynamics of protein expression. Among twenty-two proteins identified, thirteen
proteins were significantly suppressed and nine proteins were significantly enhanced (Table
1).

To confirm the expression of these identified proteins, three proteins were selected for
further analysis by western blot (Fig. 2B). The expression of calreticulin was expectedly
increased by an incremental dose of CP-320626. Conversely, the expression of two other
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proteins selected, Profilin and GAPDH, was decreased as the dose increased (Fig. 2B).
These results suggested that the expression pattern on the 2-D map of proteins identified can
be confirmed by Western blotting analysis.

CP-320626 Interrupted Protein Synthesis Rate

Protein expression is the result of protein synthesis and degradation in cells. The
understanding of the dynamics of protein turnover is key to the understanding of regulation
of protein expression in cells 31 32 The protein turnover rate may be also an indicative
factor reflecting the functional significance of the protein, especially in drug-treated cells.
Proteins with high protein turnover rate, in which protein synthesis is more than its
degradation, may be actively involved in cell physiological process. In the present study, we
were able to determine the fraction of new synthesis (in 48 hours) in 18 proteins represented
by 22 protein spots by our recently developed method (Table 1) 17: 18, Stathmin and 40S
ribosomal protein SA had low turnover rates (<40%). Alpha-enolase, F-actin-capping
protein subunit alpha-2, guanine nucleotide-binding protein subunit beta-2-like 1, RNA 3'-
terminal phosphate cyclase-like protein and phosphoglycerate mutase 1 showed turnover
rates between 40% and 50% in 48 hours. Eight proteins (Ras-related GTP-binding protein A,
nucleoside diphosphate kinase A, annexin Al, macrophage migration inhibitory factor,
calreticulin, heterogeneous nuclear ribonucleoproteins A2/B1, glyceraldehyde-3-phosphate
dehydrogenase and profilin-1) showed turnover rates between 50% and 60%.
Glyceraldehyde-3-phosphate dehydrogenase, protein SET, heterogeneous nuclear
ribonucleoprotein H, and myosin light polypeptide 6 displayed the highest turnover rate, at
more than 60% (Table 1).

We also examined the dose-dependent relationship of protein synthesis to CP-320626
treatment in MIA PaCa cells (Table 2). Because of the low protein concentration recovered
from the 2-D gel, we were only able to determine the fraction of new synthesis in nine
proteins at the various doses of CP-320626. The effect of 1°N incorporation on the
isotopomer distribution of a peptide from protein spot #9 is illustrated in Figure 3. The
isotopomer distribution of fragment 1763 m/z in spot #9 is shown in Figure 3A-C. Figure
3A shows the distribution of the unlabeled (natural) fragment from the control medium. The
spectrum in Figure 3B is from the same peptide obtained from cells grown in 50% 15N
enriched medium, showing the obvious spectrum shift in mass. The spectrum in Figure 3C
was from the same peptide obtained from cells grown in 50% 15N and 100 M CP-320626
enriched medium, which showed smaller mass shift than that of 50% 1°N enrichment only.
Turnover rates were then calculated by multiple linear regression analysis of the observed
peptide spectrum. The fraction of new synthesis of the peptide was reduced from 65% to
50% by CP-320626 treatment. Using a Mascot database search, we determined that the
sequence of the peptide shown in Figure 3D is part of Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Fig. 3D). Table 2 shows the dose response of the fraction of new
synthesis (% new synthesis in 48 hours) of nine proteins. Six of these proteins were down-
regulated and the remaining three were up-regulated. Fraction of new synthesis was
decreased in the down-regulated proteins, while new synthesis of up-regulated proteins was
increased, suggesting synthesis is less than degradation in the down-regulated proteins, and
that there is the opposite relationship between synthesis and degradation for the up-regulated
protein. Calreticulin was convincingly shown to be increasing with CP-320626 treatment by
western blotting (Fig. 2B). However, its turnover rate was no different from 15N only in
CP-320626-treated cells. It may be that Calreticulin was degraded more slowly in
CP-320626-treated cells.
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CP-320626 Suppressed Expression of the Cellular Phosphoproteome

Reversible phosphorylation of protein is one of the most important posttranslational
modifications involved in regulation of many of the fundamental cellular activities, such as
energy storage and utilization, cell-cycle progression, cellular division and apoptosis, and
gene transcription and differentiation. In the present study, Pro-Q Diamond phosphoprotein
gel stain has been used to display the phosphoproteome maps of CP-320626-treated MIA
PaCa-2 cells. The expression profile patterns of cellular phosphorylated proteins of MIA
PaCa-2 were significantly reduced following the increase of CP-320626 concentration (Fig.
4). Four proteins (tyrosine-protein kinase ZAP-70 (ZAP70), F-actin-capping protein subunit
alpha-2 (CAZ2), loss of heterozygosity 12 chromosomal region 1 protein (LOH12CR1), and
eukaryotic translation initiation factor 5A-1(EIF5A)) were identified by MALDI-TOF MS/
MS following in-gel digestion of each spot (Table 3). These four proteins, which belong to
protein kinases or phosphorylated proteins, were involved in signal transduction, cancer,
apoptosis, and cellular differentiation. ZAP70 is phosphorylated on tyrosine residues upon
T-cell antigen receptor (TCR) stimulation. It plays a vital role in T-cell development and
lymphocyte activation and induces TCR-mediated signal transduction 33 34, Defects in
ZAPT0 are the causes of a selective T-cell defect, which is an autosomal recessive form of
severe combined immunodeficiency characterized by a selective absence of CD8-type T-
cells 35 36, F-actin-capping proteins bind to the fast-growing ends of actin filaments in a
Ca?*-independent manner, thereby blocking the exchange of subunits at these ends 37,
CAZ2 has been reported to be amplified in glioblastomas, breast cancer, and human renal
cell carcinoma 3840, CAZ2 may play a role in regulating tumor-specific aspects of cell
motility. LOH12CR1 is a recently characterized gene whose function has not yet been
determined 4. Researchers have revealed that phosphorylated LOH12CR1 was associated
with T-cell receptor signaling by quantitative phosphoproteomic analysis 42. LOH12CR1
family proteins were characterized in the critical region associated with childhood acute
lymphoblastic leukemia 43. Eukaryotic translation initiation factor 5A-1 is involved in cell
cycle progression, mMRNA decay, and probably in a pathway involved in stress response and
maintenance of cell wall integrity. It has an important function as a regulator of TP53/p53
and TP53/p53-dependent apoptosis 44 4%, Some studies revealed elF5SA-1 could be
considered as a diagnostic marker for aberrant proliferation in intraepithelial neoplasia of the
vulva 6. Taken together, the MIA PaCa-2 cells’ treatment with CP-320626 displayed a
dose-dependent decreased profile patterns of the phosphoproteome. However, only some of
the signaling and phosphorylated proteins were identified and annotated in this study. In the
future, characterization of the cellular proteome may provide a valuable resource for the
phosphorylated changes of CP-320626 treatment or treatment with other metabolic
inhibitors.

Functional Characteristics of the Differentially Expressed Proteins

To examine the functional role of the proteins identified in this study, all 21 differential
proteins, which represented 22 protein spots and 4 phosphorylated protein spots, were
uploaded to Ingenuity (www.ingenuity.com). Nineteen of these proteins were annotated in
Ingenuity. Figure 5A showed the proportion of each functional class with statistical
significance (p<0.05) in the following: (a) cell signaling (nine proteins, 23.7%), (b) DNA
replication, recombination, and repair (five proteins, 13.2%), (c) nucleic acid metabolism
(five proteins, 13.2%), (d) small molecule biochemistry (10 proteins, 29.3%), and (e)
molecular transport (five proteins, 13.2%). Moreover, many proteins were involved in the
pathway associated with diseases, including cancer (11 proteins, 31.4%), inflammatory
response (five proteins, 14.3%), gastrointestinal disease (five proteins, 14.3%),
cardiovascular disease (four proteins, 11.4%), and neurological disease (10 proteins, 28.6%)
(Fig. 5B). Further network analysis via Ingenuity was applied to reveal these main signaling
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pathways involved in the treatment of CP-320626. The 17 differential proteins found in the
study were mostly in the pathways for MAPK/ERK and TNF-a/NF-«xB (Fig. 5C).

Discussion

Despite progress in the understanding of oncogenes and signaling pathways in cancer
biology, metabolic inhibitors/anti-metabolites (small molecules) remain the most effective
chemotherapeutic agents. These metabolic inhibitors exert pervasive effects on the
vulnerable areas of total cellular metabolism in cancer cells, eventually resulting in cancer
cell death. How such diffused (non-specific) metabolic signals converge on known signaling
pathways involved in cell cycle progression and apoptosis is largely unknown. The results of
the present study suggest that signaling pathways and metabolic pathways form an
integrated network (Figure 6), which is regulated by the shared pools of energy (ATP) and
substrate supplies. Dose dependent perturbation of the metabolic network thus can lead to
perturbation of energy and substrate supplies leading to metabolic changes, proteomic and
signaling pathway changes, cell cycle arrest and/or apoptosis.

Oncogene such as P53 is known to regulate glucose metabolism by modulating glucose
uptake and glycolysis towards energy production for cell function. Loss of P53 regulation is
thought to lead to increased glucose uptake and increased pentose cycle activity associated
with increased lactate production and cell proliferation of the Warburg effect. The use of a
less efficient energy producing pathway in cancer cells in favor of macromolecular synthesis
is part of the systems biology of dividing cells to optimization glucose utilization 47. The
principle of systems biology that allows optimization of glucose utilization also predicts that
interruption of a metabolic pathway can lead to changes in substrate flow throughout the
metabolic network, albeit in a less optimal way for cell proliferation. We previously have
shown that treatment of MIA PaCa-2 pancreatic cancer cells with CP-320626 altered
glucose utilization throughout the glucose metabolic network 16. The substrate flow through
many glucose metabolic pathways was reduced. These include fluxes through the oxidative
branch (glucose-6 phosphate dehydrogenase, GBPDH) as well as the non-oxidative branch
(tranketolase/transaldolase, TK/TA) of the pentose cycle for ribose and deoxyribose
synthesis, and pyruvate dehydrogenase (PDH) for the production of acetyl-CoA for de novo
lipogenesis. The effect of restriction of one glucose metabolic pathway on other glucose
metabolic pathways is most likely due to its effect on the availability of precursors and co-
factors that are shared by these pathways in the cellular metabolic network. Signaling
pathways, similar to metabolic pathways, share many of these common cofactors and
substrates. Together, signaling pathways and metabolic pathways form an extended
metabolic network (Figure 6) 1. The restriction of substrate through one pathway such as
inhibition of glycogen phosphorylation induces pervasive metabolomic changes. In this
study we showed that similarly, treatment of MIA PaCa-2 pancreatic cancer cells with
CP-320626 also induced proteomic changes: in protein synthesis, protein breakdown and
post-translational modification of signaling molecules, e.g., MAPK/ERK, PI3K/AKT, which
eventually affect expression of cell cycle signals such as p21, p27, and cyclin D1.

The dynamic changes induced by CP-320626 treatment of MIA PaCa-2 cells were in areas
of protein turnover, protein expression, and protein phosphorylation. Using quantitative
proteomic methods of modified SILAC and 2 DE-MS/MS analysis 17: 18, we were able to
classify proteins isolated from 2-D gel according to their respective fraction of new
synthesis (turnover rate). As noted, the distribution of turnover rate among the up-regulated
proteins was similar to those of the down-regulated proteins, suggesting the importance of
both protein synthesis and degradation in the regulation of protein expression. Both
processes are subject to metabolic regulation at the translational and post-translational
levels. In our study, four proteins (heterogeneous nuclear ribonucleoprotein H,
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glyceraldehyde-3-phosphate dehydrogenase, protein SET, and myosin light polypeptide 6)
were shown to have high turnover rates of greater than 60% in 48 hours (Table 1) (Fig. 4).
The high turnover rate in these up-regulated proteins suggests that these proteins may play
an important role in the response to treatment with CP-320626 in MIA PaCa-2 cells.
Interestingly, pathway analysis via Ingenuity revealed that more than 85% of differential
proteins identified in this study were involved in the MAPK/ERK and TNF-o/NF-kB
pathways (Fig. 5C). Additionally, the expression profile patterns of cellular phosphorylated
proteins of MIA PaCa-2 pancreatic cancer cells were significantly reduced following the
increase of CP-320626 concentration (Fig. 4). Such findings together suggest that the cell
cycle arrest and apoptosis caused by CP-320626 may be associated with the MAPK/ERK
and TNF-a/NF-«xB pathways in the MIA PaCa-2 pancreatic cancer cells.

Intriguingly, although the endogenous level of p53 expression is very low, we observed that
p53 protein was overexpressed in p53-mutated MIA PaCa-2 pancreatic cancer cells in
response to the treatment of an elevated dose of CP-320626 28. P53, as a tumor suppressor
gene, serves as a pivotal component of the apoptosis pathways 28. Loss of activity (by
mutation) of p53 in human pancreatic cancer cell line MIA PaCa-2 pancreatic cancer cells
enhances the aggressive growth of human pancreatic cancer cells 48. Our data suggested that
CP-320626 can up-regulate the expression of p53 in MIA PaCa-2 pancreatic cancer cells
(Fig. 1B). The molecular mechanism of how metabolic inhibitor CP-320626 regulates p53
expression in this cancer cell line remains to be investigated.

At present, medical intervention is only successful in prolonging the life of most cancer
patients from months to a few years. A wide range of small molecule antimetabolite agents
that interact with pathways crucial to cell survival are now being tested as chemotherapeutic
agents in pancreatic cancer. Some features of tumor energy metabolism are actually used as
a marker for cancer diagnosis and targets for a therapeutic approach known as “metabolic
therapy” 49. Our study of glycogen phosphorylase inhibitor revealed that inhibition of
glycogen break down induced metabolic 16 and proteomic changes in a manner consistent
with the working of an extended metabolic network. We believe a combination of proteomic
and metabolomic approaches is a powerful way to investigate such a metabolic network; and
should be applied for discovering new drug targets and their associated pathways for
“metabolic therapy”, and to evaluate the efficacy of such new drugs that target signaling or
metabolic pathways in cancer chemotherapy.
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Fig. 1. CP-320626 causes cell cycle arrest and cell apoptosis in MIA cells through the MAPK
pathway

A. The effects of CP-320626 on MIA PaCa-2-2 cell proliferation using MTT assay.
CP-320626 could inhibit the growth and enhance the death of MIA PaCa-2-2 cells in a dose-
dependent manner. 1C50 of CP-320626 for MIA PaCa-2-2 cells was 222.49 uM. B. The
expression of p21, p27, cyclin D1, and p53 were analyzed by western blotting to validate the
effects of CP-320626 on cell cycle activity and cell apoptosis in MIA PaCa-2-2 cells.

Pancreas. Author manuscript; available in PMC 2013 April 1.



1duosnuei\ Joyiny Vd-HIN 1duosnueiN Joyiny Vd-HIN

1duosnuei\ Joyiny Vd-HIN

Maetal. Page 14

T' : g -

P . s
. A § - . o
& R alala] . s
20 - o \ - e

\ \

CP-320626:0uM »
4 5 3 8
kDa 1 1 1 .
250 -7 1
150 -
100
1 3
75 - —
: i 1
50 - - ¥ a3
¥ o
T LYS \ =
4 gl LT == #1: Calreticulin
- \

15 - is/ - - - A\ #9’10'“: ~\ A . . - e |
- - . E “.“‘C‘I ldehyde-3 "L l'l ‘I ‘.. ..' E ;
e » - \ dehydrogenase 3 TR
2 \ \ ' 21 o
21 . - H 100pM
== i

kDa - 3

250 -~ : . X

150 - ° = \ ‘

i o = #22:Profilin-1 R }

N T - l o -

5 - - E El El To :

» — 0 25 50 100 |

37 - - . . .

12 # -~

% -3 —

20 - ) =

15 = @ - T g - 3 T o

. =
20

CP320626 (M)

0 25 50 100

T T TR

A !' . -t-.:'

Calreticulin

R ——— . [}- actin

Fig. 2. Proteomic analysis of the MIA PaCa-2-2 cells treatment with CP-320626
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A. Two-DE patterns of whole-cell proteins obtained from MIA PaCa-2-2 cells treated with
CP-320626 (0 uM, 25 pM, 50 uM, and 100 pM). These 2D gels were stained by SYPRO
Ruby. Based on PDQuest software analysis, ratios of normalized spot intensities of four
different concentrations of CP-320626 were calculated, and spots showing more than 2.0-
fold difference with statistical significance (p<0.05) were selected. A total of 22 spots on 2-
D gel were labeled with arrows. B. The validation of three differential proteins (profilin,
calreticulin, and GAPDH) by western blotting. Results were consistent with the 2-DE
patterns for these three proteins.
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Fig. 3. CP-320626 interrupted protein synthesis rate of GAPDH

MS spectra of 1763 m/z fragment from GAPDH of lysates of cells grown in the presence of
natural amino acids (A), 50% enriched 1°N algal amino acid mixtures (B), 50%

enriched 1°N algal amino acid mixtures and 100 uM CP-320626 (C). The synthesis rate of a
protein was based on the isotopomer distribution of these spectra. D. MS/MS spectrum of
this fragment in the “lift” mode. Sequences were confirmed from the labeled b- and y-ions
in the spectrum.
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Fig. 4. The expression patterns of phosphorylated proteins by two-dimensional gel

The expression profile patterns of cellular phosphorylated proteins of MIA PaCa-2-2 were
significantly reduced following the increase of CP-320626 concentration. Four proteins
(tyrosine-protein kinase ZAP-70 (ZAP70), F-actin-capping protein subunit alpha-2 (CAZ2),
loss of heterozygosity 12 chromosomal region 1 protein (LOH12CR1), and eukaryotic
translation initiation factor 5A-1(EIF5A)) were identified by MALDI-TOF MS/MS
following in-gel digestion of each spot (Table 3).
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Fig. 5. Functional characteristics of the differential proteins

A. Functional classification of differentially expressed proteins. B. Classification of
differential expressed proteins in the diseases and disorders. C. Network analysis via
Ingenuity showed that 17 differential proteins found in the study were mostly in the

pathways for MAPK/ERK and TNF-o/NF-«kB.
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proliferating cells treated with CP-320626
This schema shows the interconnected network of the key metabolic and signaling

pathways, including glycolysis, oxidative phosphorylation, the pentose phosphate pathway,
and critical cell signaling pathways. Biological macromolecular synthesis can be influenced

by these key metabolic and signaling

pathways. The critical metabolic and signaling

pathways are labeled in blue with boxes. The up-regulated proteins are shown in red and

down-regulated proteins are in green
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