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Abstract

The metabolic comparison between
normal and lung cancer cell lines

in the anoikis condition

CHOO MUN KI

Natural Products Science Major
College of Pharmacy

The Graduate School

Seoul National University

Lung cancer is a fatal disease with a low survival rate because it has little or no
symptoms in the advanced stage. Further, it has the highest mortality, 22.6%, among
all cancers in Korea. Generally, when normal cells lose their interaction with the
matrix, it results in a phenomenon called anoikis as a defense mechanism of the

living body, and the cells die. Tumors can be completely removed from the primary



site without metastasis; therefore, cancer cells can survive, and this plays an
important role in the early stages of cancer metastasis. Therefore, by studying the
anoikis resistance of cancer cells, we can prevent cancer metastasis and improve the
existing cancer treatment methods. In this study, we compared the difference
between the metabolism of normal and cancer cells; further, we analyzed how cancer
cells can be resistant to anoikis. First, we compared the cell viability of the lung
cancer cell (A549) and the normal cell (MRCS5) in the anoikis condition, establishing
time points of 8 h, the time point when the cell survival rate starts to change, and 29
h, the time point that shows the most different survival rate. Using metabolic
analyses, the ratio of GSH (reduced)/total glutathione in the normal cells dipped
notably at 29 h. This indicates that normal cells die because they cannot overcome
the increased oxidative stress. Furthermore, the *C glucose flux data of the energy
metabolites (e.g., ATP, CTP, etc.) using stable isotope labeling showed a significant
reduction of M + 5 of energy metabolites, especially at 29 h in normal cells. The M
+ 5 labeling of ATP corresponded to the ribose ring with '3C glucose labeled. In other
words, it was possible to deduce that some specific step of purine synthesis was down
regulated from glucose to ATP. De novo purine biosynthetic enzyme PPAT was
decreased in the normal cells using real-time PCR. In terms of cancer, pyruvate
carboxylase (PC) of the cancer was significantly increased at 29 h than at 8 h in the
anoikis condition. Moreover, the total amount of NADPH was higher in the cancer
cells, indicating that it was actively using the pentose phosphate pathway (PPP).

Consequently, it contributed to the survival of cancer cells under the anoikis



condition. Studies have shown that metabolic differences between the normal and
cancer cells might play an important role in anoikis resistance. This could provide a

new perspective for future studies of metastasis and resistance to lung cancer.
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I. Introduction

Lung cancer is a fatal disease with a low survival rate because it presents few or no
symptoms in the advanced stage.! Lung cancer is classified as Small Cell Lung
Cancer (SCLC) and Non-Small Cell Lung Cancer (NSCLC), depending on the tissue
type.? The reason for this distinction is that SCLS is unique from other types of lung
cancers in terms of treatment and prognoses, thus biopsy is very important for
determining the therapeutic decision. NSCLC accounts for about 85% of all lung
cancers and is relatively less sensitive to chemotherapy compared to SCLC. The
most common types of NSCLCs are squamous cell carcinoma, large cell carcinoma,
and adenocarcinoma.’ Squamous cell carcinoma is mostly associated with cigarette
smoking and has relatively slower proliferation; however, it is well metastasized in

the liver, adrenal gland, central nervous system, and pancreas.*

According to the data released by the Health Insurance Review & Assessment
Service (HIRA), lung cancer has the highest mortality, 22.6%, among all cancers in
Korea. The 5-year survival rate of lung cancer was about 25% in 2015, lower than
that for other cancers. Moreover, 85% of lung cancer cases are already metastasized
when diagnosed, and the 5-year survival rate for metastatic lung cancer is only 4%.

Thus, lung cancer metastasis is a crucial aspect.

There is a correlation between cancer metastasis and anoikis.> Anoikis is a kind of

programmed cell death that occurs when anchorage-dependent cells detach from the



extracellular matrix (ECM).® The ECM provides an essential signal for cell growth
or survival’, and when detached from the ECM, normal cell-matrix interaction

decreases, leading to anoikis.’

Generally, when normal cells lose their interaction with the matrix, it causes a
phenomenon called anoikis as a defense mechanism of the living body resulting in
cell death. By contrast, cancer cells can survive in the same situation, and this plays
an important role in the early stages of cancer metastasis.'® Therefore, by studying
the anoikis resistance of cancer cells, we may have a clue to prevent cancer
metastasis and improve the existing cancer treatment methods.!* !? In order to study
the metabolism in the anoikis condition, we used a stable isotope analysis
technique.'> ' Previous methods engaged in biology have focused on measuring the
transcript, enzyme and metabolite concentrations. These may be suitable for
discriminating control and disease; however, they could not provide practical

information about alterations in the metabolic pathway:.

Therefore, a broadly accessible system for quantitative studies of the metabolomics
is essential. The Stable Isotope-Resolved Metabolomics (SIRM) is useful for
mapping the flow of carbon across the total biochemical network.'> SIRM is
performed by supplying the cells with an isotope labeled substrate (e.g., *C-labeled
glucose or glutamine) and measuring the isotope transfer pattern that appears in the
downstream metabolite using a mass spectrometer (MS) or with nuclear magnetic
resonance (NMR).!%,!7 For example, the metabolites produced by the pathway can

yield different mass changes affecting the mass isotopomers distribution (MID) of



the final product that can be measured using MS analysis. The patterns of MID can
be analyzed to identify the metabolic pathways that are activated or down regulated.

In this project, we studied how cancer cells acquire the resistance to anoikis by
comparing and analyzing the metabolisms after anoikis induction in normal and
cancer cells. This may provide a new perspective for future studies on lung cancer

metastases and resistance to lung cancer.



II. Materials and Methods

1. Cell Culture

Human lung adenocarcinoma A549 and human lung fibroblast MRC5 were
purchased from Korean Cell Line Bank (KCBL, Seoul, Korea) and maintained in
high-glucose(25mM) Dulbecco’s modified Eagle’s medium (DMEM, Welgene,
Gyeongsan-si, Korea). All culture media were supplemented with 10% fetal bovine
serum (FBS, Welgene, Gyeongsan-si, Korea), 1% penicillin/streptomycin (Gibco,
NY, USA) and incubated at 37°C under 5% of CO, humidified air. For stable isotope
labeling, 5.5 mM of [U-*C] glucose (CLM-1396-5, Cambridge Isotope Laboratories,

MA, U.S.A.) was added to cell culture medium, and the cells were incubated at 37°C.

2. Poly-HEMA coating plate for anoikis condition

To make low adhesion dishes, 6 well plates (H31106, Hyundai micro, Seoul, Korea)
were coated with Poly-HEMA (Poly 2-hydroxyethyl methacrylate; P3932, Sigma,
MO, USA). 0.5g of Poly-HEMA was dissolved in 1000ml 95% EtOH by sonicating
several hours. This gives a 0.5 mg/ml solution. 6 well plates were coated with
6ml/well and dry overnight at 45°C, 3 times. Plates were wrapped in bags and stored

indefinitely at 4°C prior to use.



3. Cell sample preparation for LC-MS

The metabolites were extracted using two phase methanol-chloroform extraction
methods. Cell pellets were re-suspended with the mixture of 400 pL. methanol and
200 pL chloroform. Three cycles of the following steps were then repeated: dipping
into liquid nitrogen for 1 min, thawing at room temperature for 2 min. After
additionally adding a mixture of 200 uL chloroform and 200 pL distilled water, the
samples were centrifuged at 15,000 g for 20 min at 4°C. The upper water phase and
lower lipid phase were collected and dried with a centrifugal vacuum evaporator
(Vision, Seoul, Korea). The middle phase, proteins, were collect for the
normalization. 1M urea was added to proteins to denature and shaken overnight, and
quantified using a BCA Protein Assay Kit (Pierce, Appleton, WI). The upper phase
pellets were dissolved in 20 pLL mixture of HPLC-grade acetonitrile and water (1:1,

v/v) for LC-MS.

4. Metabolite analysis by LC-MS

For LC-MS analysis, the extracted metabolites were injected with an injection
volume of 5 pL. HPLC was performed on an Agilent 1100 Series liquid
chromatography system equipped with a degasser, an auto-sampler, and a binary
pump (Agilent, Santa Clara, CA, U.S.A.). Sample separation was achieved by a ZIC-
pHILIC Polymeric Beads Peek Column (150 x 2.1 mm, 5 pm, Merck kGaA,

Darmstadt, Germany) at 35°C, and the temperature of auto-sampler was set at 4°C.



For the solvent system, mobile phase A and B were distilled water with 10 mM
ammonium carbonate (pH = 9.1) and acetonitrile. The mobile phase was delivered
at a flow-rate of 0.15 mL/min and the entire eluent was carried into a mass
spectrometer. The linear gradient was as follows: 80% B at 0 min, 35% B at 10 min,
5% B at 12 min, 5% B at 25 min, 80% B at 25.1 min, and 80% B at 35 min. Mass
spectra were obtained in negative and positive ion mode using an LTQ Mass

Spectrometer (Thermo, USA).

5. Reverse transcriptase-polymerase chain reaction (RT-PCR)

and Real-time Polymerase chain reaction (QPCR)

Total RNA was isolated from cell lines by easy-spin™ Total RNA Extraction Kit
(Intron, Seoul, Korea). The cDNA was synthesized by High Capacity cDNA Reverse
Transcription Kit (Applied Biosystem, U.S.A.) following the manufacturer’s
instruction. Real-time PCR reaction was performed in triplicate in an Applied
Biosystems 7300 PCR machine with SYBR green —based detection (iTaq TM
Universal SYBR Green Supermix, Cat. No. 172-5120, Bio-Rad, USA). The gene

expression ACt value of PC was calculated by normalization with b-actin.



The primer sequences of PC, b-actin as follows :

PC sense : 5'-GCAAGATGGGAGACAAGGTG-3'

PC antisense : 5'-AGTAGGCCCGGGTGTAATTC-3'

b-actin sense : 5'-GGACTTCGAGCAAGAGATGG-3'

b-actin antisense : 5'-AGCACTGTGTTGGCGTACAG-3'

6. Western blot

For Western blot analysis, cells grown in the anoikis condition were harvested at
8 h and 29 h. For protein extraction, cells were suspended in 100 ul of RIPA buffer
containing protease inhibitors (1 pg/ml of Aprotinin, 1 pg/ml of Pepstatin, and 2
pug/ml of PMSF) and phosphatase inhibitors (4 pg/ml of Sodium Fluoride and 25
pg/ml Sodium Orthovanadate) and put on ice for 30 min. The supernatant containing
the total protein from the cell was harvested after centrifugation twice at 10,000 g
for 10 min, and quantified using a BCA Protein Assay Kit (Pierce, Appleton, WI).
30mg of total protein was subjected to 10% SDS-PAGE, and the resolved proteins
were transferred to nitrocellulose membranes (Bio-Rad). The membrane was
blocked with 5% skim-milk and blotted with antibodies against PC (PCB (C-13)

Antibody Santa SC-46228 goat polyclonal) - 1:1000 in TBST and as a loading

control, B-actin(Antibody Santa SC-47778 mouse monoclonal) - 1:1000 in TBST



was used at 4°C overnight and followed by incubation secondary antibody - rabbit
anti-goat IgG-HRP (Santa SC-2922) in 1:10000 in 2.5% skim milk TBST and goat
anti-mouse IgG (Abfrontier LF-SA8001) 1:10000 in TBST at Room temperature for
1h. The protein bands were visualized using the enhanced chemiluminescence (ECL)
detection kit EZ-Western (DOGEN, DG-W250, Seoul, Korea). Blots were analyzed

by LAS4000 (GE Healthcare, ImageQuant)



I11. Results

1. Cell viability and proliferation assay in the anoikis condition

First, when studying the effects of anoikis on cell metabolism, the viability of cells
was an important consideration. We compared the cell viability of the lung cancer
cell line (A549) and the normal cell line (MRC5) using MTT assay in the anoikis
(Fig. 1A). After setting the time condition, we confirmed the proliferation by
counting (Fig. 1B). In the anoikis condition, cancer cells grew; however, the normal

cells decreased.
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Figure 1. Cell Viability and Proliferation Assay

(A) MTT assay, In the anoikis condition, the viability of MRCS5 and A549 cells was
analyzed by MTT assay. We established time points 8 h the time point when the cell
survival rate starts to change, and 29 h, the time point with the most different survival

rate. (B) Identifying the proliferation by cell counting.
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2. Overall metabolite analysis

We checked the *C-labeling pattern of some metabolites to identify the ones that
were different between the cancer and normal cells. The alterations of malate and
NADPH were distinct in the cancer cells; by contrast, the changes in GSH, GSSG,

and ATP were noticeable in the normal cells (Fig 2).
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Figure 2. *C-labeling pattern of metabolites
(A) NADPH, (B) NADP, (C) ATP. (D) CTP, (E) Malate, (F) Succinate

The bar charts represent labeling patterns of some metabolites in cancer and normal.
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3. Pyruvate carboxylase (PC) increased in the cancer cells at

29 h, as inferred from *C;-malate

In addition, there were significant changes in '*Cs-malate in cancer cells. In contrast,

the change in the '*C;-malate was relatively consistent in the normal cells (Fig. 3).

The increment in *Cs-malate is thought to be due to an increased PC activity.
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Figure 3. *C labeling pattern of Malate
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The bar chart represents the relative labeling patterns of malate in cancer and normal.

There was an important alteration in '*Cs-malate in cancer cells.
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Figure 4. An atom-resolved map illustrates how PC produces the *C isotopologs
of malate

PC and PDH catalyze the major inputs into the Krebs cycle to support the anabolic
demand for biosynthesis. Also shown is the fate of *C from *Ce-glucose through

glycolysis and into the Krebs cycle via PC (red) and PDH (blue).
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In figure 4, full labeling of *Ce-glucose passes through the PC and produces three
labeled '*Cs-malate.'® Therefore, it was assumed that the PC activity was increased
in cancer, giving resistance to the anoikis condition. Consequently, Western blot

analysis was conducted to confirm the amount of PC.

Cancer Normal
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PC. 130kDa ! ‘ ‘ ]

|~.-._|

Figure 5. Representative Western blots of PC protein expression levels in cancer
and normal cell lines

B-actin, 43kDa

The protein expression measured by western blot assay. The protein extract of the
anoikis condition at 8 h and 29 h were obtained. The expression of PC was detected
in cancer and normal. The graph of relative ratio shows representative of the results

acquired from three independent experiments.

17



At the protein level, the longer the exposure time in the anoikis condition, the more
noticeable the increment in PC was confirmed in cancer cells (Fig. 5). This confirms
that there is a correlation between the activity and amounts of PC, verifying that

increase in PC results in anoikis resistance in cancer cells.

18



4. High levels of total NADPH from PPP in cancer cells
The total amount of NADPH was also high in cancer cells (Fig. 6). NADPH was

produced mainly from Pentose phosphate pathway (PPP) (Fig. 7).
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Figure 6. Bar chart of total amounts of NADPH in cancer and normal
The bar chart represents the intensity of NADPH in cancer and normal. There was a

big difference between cancer and normal.
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Figure 7. A plot of the relationship between NADPH and PPP
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By measuring the carbon NMR using [1,2-*C5] glucose labeling, difference in the
singlet and doublet peaks of lactate was used to determine whether PPP or glycolysis
was dominant in the cell line. If PPP is dominant, the singlet peak will increase. If
glycolysis is dominant, doublet peak will increase (Fig. 8)."” Based on this, we
applied it to our experiments and found that the singlet to doublet ratio in cancer
cells was higher than that in the normal cells, indicating that cancer cells use PPP
more actively (Fig. 9). Consequently, PPP activation contributed to the survival of

cancer cells under the anoikis condition.

20
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Figure 8. A plot of [1,2-13C;] glucose metabolism through glycolysis and PPP
The plot indicates that the resulting labeling pattern of lactate C3 by [1,2-13C3]

glucose metabolism through glycolysis and PPP.

F6P, fructose 6-phosphate; Glc, glucose; Glc-6-P, glucose 6-phosphate; G3P,
glyceraldehyde 3-phosphate; LAC, lactate; 6PG, 6-phosphogluconate; PYR,
pyruvate; R5P, ribose-5-phosphate
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A carbon NMR peak of lactate
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Figure 9. Peak ratio of lactate
(A) C NMR spectrum illustrating the labeling pattern of lactate

As a consequence of the higher activity of relative PPP to glycolysis in cancer, the

contribution of the singlet (S3) to doublet (D23) is significantly important.

(B) Singlet to doublet ratio of lactate in cancer and normal

The bar chart represents the ratio of s/d in cancer and normal. Cancer has high s/d

ratio that indicates use PPP more actively
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5. Oxidative stress is increased in normal cell lines at 29 h

GSH/total glutathione
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Figure 10. GSH/total glutathione ratio in cancer and normal
The bar chart represents the ratio of GSH/total glutathione in cancer and normal. In
the normal cells, the ratio was decreased at 29 h. It means that the oxidative stress

was greater than before.

The ratio of GSH (reduced)/total glutathione in the normal cells dipped notably at
29 h (Fig. 10), indicating that the oxidative stress was increased, which in turn
suggests that normal cells die because they cannot overcome the increased oxidative

stress.
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6. ATP M+5 is decreased in normal cell line at 29 h

ATP
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Figure 11. *C-labeling pattern of ATP
The bar charts represent labeling patterns of ATP in cancer and normal. There is an

important decrease in M + 5 of ATP, especially at 29 h in the normal cells

The 3C glucose flux data of the energy metabolite (e.g., ATP, CTP, etc.) using stable
isotope labeling also showed a significant reduction in M + 5 of energy metabolites,
especially at 29 h in the normal cells (Fig. 11). The M + 5 labeling of ATP
corresponded to the ribose ring (Fig. 12A, circled area) that comes from *C glucose
(Fig. 12B). In other words, it was possible to deduce that some specific step of purine

synthesis was down regulated from glucose to ATP.
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Figure 12. (A) Structure of ATP and (B) A synthesis scheme of ATP
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Previously, in the experiment with 1,2-13C-glucose labeling, there was no significant
difference in the PPP in the normal cells (Fig. 9B). Therefore, it seemed that the
process after PPP is down-regulated. PPAT is an enzyme responsible for catalyzing
the PRPP in de novo purine synthesis (Fig. 13). De novo purine biosynthetic enzyme
PPAT was decreased in the normal cells, as measured using real-time PCR (Fig. 14).
It was thought that the relative decrease in normal cells compared to that in the cancer

cells would contribute to the death of normal cells in the anoikis condition.

PPP
(Pentose Purine

Phosphate synthesis
Pathway)
PPAT

Glucose ——p——pPRPP =———> 5-PRA =—>—>—>—> |[MP —> AMP

Figure 13. A plot of the purine synthesis
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Figure 14. Bar chart of PPAT’s real-time PCR
The bar chart represents the relative mRNA expression of cancer and normal in the
anoikis condition at 8 h and 29 h analyzed by real-time PCR. De novo purine

biosynthetic enzyme PPAT was decreased in the normal at 29 h.
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IV. Discussion

Accumulating evidence suggests that anoikis resistance may play an important role
in cancer metastasis.’ When normal cells lose the interaction with ECM, it can induce
anoikis as a defense mechanism. However, cancer cells can survive in the anoikis
condition, a crucial step in cancer metastasis.' In particular the metabolic
comparison between cancer and normal lung cancer cell lines in the anoikis
condition has not been fully understood. Changed metabolisms in normal and cancer
cell lines in the anoikis condition can provide valuable information for cancer
metastasis in clinical practice. In this study, we examined the metabolic changes in

response to anoikis in normal and cancer cell lines by metabolomics.

Results from the SIRM showed metabolic alterations of the cancer and normal cell
lines. PC was increased in the cancer cells at 29 h of the anoikis condition, as inferred
from '3Cs-malate. PC is an enzyme that catalyzes pyruvate to oxaloacetate (OAA).?
This reaction is a crucial anaplerotic reaction that makes oxaloacetate from pyruvate.
PC is an important factor in the gluconeogenesis, lipogenesis, and synthesis of
neurotransmitters. Oxaloacetate produced from PC is an important intermediate used
for several biochemical pathways.?"2? It has been established that PC is high in lung
cancer tissue.'® In the anoikis condition, the longer the exposure time, the more

noticeable the increment of PC, as was confirmed using Western blot analysis.
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Cancer cells were able to resist the anoikis condition by increasing their PC amount.

An increasing trend in the total amount of NADPH was seen in the cancer cells than
in the normal cells.?* Nicotinamide Adenine Dinucleotide Phosphate (NADP) is a
major coenzyme present in living organisms along with nicotinamide adenine
dinucleotide (NAD). NADPH, a reduced form of NADP, is an important reducing
agent in vivo. NADP+/NADPH pairs provide redox potential in organisms.?*
NADPH allows GSH regeneration by providing a reducing equivalent for oxidation-
reduction that protects against the biosynthesis reactions and toxicity of reactive
oxygen species (ROS).” The PPP generates NADPH, a reducing agent used in
reductive biosynthesis reactions. In this process, the cancer cells obtain NADPH and
remove ROS to overcome the oxidative stress and enhance survival.® As can be seen
in Fig 9, cancer cells can use PPP actively, consequently contributing to their survival
under the anoikis condition.

In contrast, normal cells died as they could not overcome the increased oxidative
stress. The ratio of GSH (reduced)/total glutathione in the normal cells dipped
notably at 29 h. ROS are involved in multiple pathologies, including malignant
diseases, chronic inflammatory process, ischemia, type Il diabetes, atherosclerosis,
and several neurodegenerative diseases. Further, ROS are essential in cell
metabolism because they activate certain transcriptional factors and several enzyme
cascades. Oxidative stress is a favorable unevenness to produce ROS through

antioxidant barricades.?’

Moreover, the amount of ROS in normal cells in the anoikis condition is increased,
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and antioxidant treatment allows fatty acid oxidation and restoration of the low ATP
levels in the normal breast cell line.?® % . In the *C glucose flux data using stable
isotope labeling, energy metabolites (e.g., ATP, CTP, etc.) showed a significant
decrease in the M + 5 of energy metabolites, especially at 29 h in the normal cells. It
is inferred that ATP could not be synthesized well; therefore, the normal cells were
unable to survive in the anoikis condition. The M + 5 labeling of ATP is related to
the ribose ring that comes from *C glucose. In other words, it was possible to deduce
that some specific step of purine synthesis was down regulated from glucose to ATP.
De novo purine biosynthetic enzyme PPAT was decreased in the normal cells, as
measured using real-time PCR.

In summary, there are altered pathways in the anoikis condition (Fig. 15). The
change in the oxidative stress related metabolites, NADPH, GSH, and GSSG as well
as the energy related metabolite, ATP, was noticeable under the anoikis condition.
Studies have shown that metabolic differences in normal and cancer cells might play
an important role in anoikis resistance. Especially pyruvate carboxylase (PC) of lung
cancer was dramatically increased in the anoikis condition, as treating with specific
inhibitors for PC or siRNA could be a new therapeutic target for the lung cancer.
Also in this project, we just used only one cancer cell line, but we can apply this
metabolomic approaches to the other metastatic lung cancer cell lines. It could
provide a new perspective for future studies of metastases and resistance to lung

cancer.
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