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Abstract

Losing controls on cell cycle, cell growth, and cell death usually lead to cancer development,
which threatening many people’s lives all over the world. The poor prognosis of advanced
cancer underscores the urgency of continuing efforts to find new effective strategies. In Chinese
medicine, herbal medicine is commonly used to treat individuals suffering from many types of
diseases. I thus expected that some herbal medicines would contain promising compounds for
cancer therapy. Indeed, Sanguisorba officinalis extracts were observed to effectively inhibit the
growth of B16F10 melanoma cells. I proposed a simplified method to purify the responsible
ingredient, which was then identified as ellagic acid (EA). B16F10 cells treated with EA
exhibited strong G1 arrest accompanied by accumulation of p53, followed by attenuation of the
AKT signaling pathway. Addition of a PTEN inhibitor, but not a p53 inhibitor, abrogated all
the EA-induced phenotypes including AKT inactivation and G1 arrest. The PTEN inhibitor also
diminished EA-induced p53 accumulation. Furthermore, EA apparently increased the protein
phosphatase activity of PTEN, as demonstrated by the reduced phosphorylation level of FAK,
a protein substrate of PTEN. Moreover, an in vitro PTEN phosphatase assay on PIP3 showed
the direct modulation of PTEN activity by EA. These results collectively suggest that EA
functions as an allosteric modulator of PTEN, enhancing its protein phosphatase activity while
inhibiting its lipid phosphatase activity. Last, I proposed a therapeutic strategy using a
combination of EA and cisplatin, a broadly used chemotherapy agent. The combination
dramatically enhanced cell death and inhibit cell proliferation for extended periods in BI6F10

cells, suggesting a promising possibility in chemotherapy application.



1. Introduction

1-1 Cell cycle control and cancer development

Cancer development arises from and progresses via the accumulation of abnormal
alterations in genes related to cell growth, cell cycle control, and cell death 2, which eventually
leads to uncontrolled proliferation of the cells. The cell cycle normally arrests at defined
checkpoints: the G1 checkpoint, the G2/M checkpoint, or the metaphase checkpoint, if the
appropriate signals for the progression are not elicited ** (fig. 1). The ability of cells to undergo
cell cycle arrest is a crucial factor for maintaining genomic stability, and the dysregulation of
the cell cycle usually leads to cancer development *#. Regulation of the cell cycle relies on the
activities of cyclin-dependent kinases (CDKs) %6, which are dependent on the quantities of
cyclins and the binding of the inhibitory proteins *%7. The activated cyclin-CDK complexes
then in turn, activate downstream targets to promote or prevent cell cycle progression. The
expression of cyclins and the inactivation of their inhibitory proteins are under exacting control
to ensure that cells appropriately progress through the cell cycle #7. Cancer cells tend to lose
some of the aforementioned controls; for instance, continuously activated proliferative kinases,
such as MAPK or PI3K/AKT 810, facilitate abnormal cell cycle progression and survival. Loss-
of-function mutation or loss of heterozygosity of tumor suppressor genes, such as PTEN or p53,

is commonly found in cancer cells and

G2 checkpoint
checkpein Metaphase checkpoint

Cell size results in abnormal proliferation !4,
DNA replication Chromosome spindle attachment
\ Terminating the uncontrolled cell cycle
M o .
G2 progression is an attractive strategy for
G1 cancer therapy, and therefore, is of great
S interest in translational research.

G1 checkpoint
Cell size
Nutrients

GO  Growth factors
DNA damage Fig. 1 The cell cycle checkpoints



1-2  G1 checkpoint

The G1 checkpoint, also known as the restriction point in mammalian cells, is the point
that the cell is committed to entering the cell cycle. To get through G1 checkpoint (Fig. 2),
stimulation of mitogen signaling pathways, such as Ras-Raf-MEK-ERK or PI3K-AKT-mTOR,
are required'>'®. Activation of these pathways increases the expression and stability of cyclin
D', which binds to and activates CDK4 or 6'7. AKT also phosphorylates the CDK inhibitory
proteins, such as p21 and p27, preventing their nuclear import and decreasing their stability'!°.
Moreover, AKT promote Mdm2-mediated ubiquitination and degradation of p532°, the
transcription factor targeting p21 expression. The E2F transcription factors, which target many
genes with activating ability, is bound to and restrained by its inhibitory protein pRb?!:?2,
Activated CDK4/6-cyclin D complex phosphorylates pRb, releasing E2F and in turn, push

forward the cell cycle progression?!-?2,

mitogen
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1-3 The PI3K-AKT Cell growth promoting signaling pathways

The PI3K-AKT signaling is important for the regulation of multiple biological processes
23, Extracellular stimulating signals activates PI3K, which phosphorylates and turns PIP2 into
PIP32* (Fig. 3). Accumulation of PIP3 recruits cytosolic inactive AKT to the membrane where
it is activated by PDK1 and mTORC?2, which are also dependent on PIP3%3. Signal termination
could be achieved by PTEN, a dual lipid/protein phosphatase with the opposite activity to
PI3K?324, Activated AKT then phosphorylates its downstream effectors, such as GSK3,
mTORCI1, and FOXOI1, which play critical roles in metabolism, cell growth, cell cycle
progression, and apoptosis®#?°, Amplification or oncogenic somatic mutations in growth factor
receptors, PDK1, or PI3K results in hyperactivation of AKT, which is usually observed in
human cancers®?. Similarly, loss-of-function mutations in PTEN or AKT phosphatase also lead
to abnormal AKT activation. PI3K/AKT inhibition are often applied for cancer treatments with
hyperactivated AKT?”?°, However, feedback activation of AKT during treatments of patients
with PI3K inhibitors is a problem in cancer therapy as well as biological experiments®.
Therefore, it is important to find novel strategy that effectively governing the uncontrolled AKT

activation.
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Survival Fig. 3 The PI3K-AKT pathways



1-4 Melanoma

Malignant melanoma is one of the most invasive types of cancer 3%3!, Unresectable
advanced melanoma is quite resistant to chemotherapy, which translates to an extremely poor
survival rate 3!-33, Most of the current treatments show low response rates and manifest little
effect on survival of the melanoma patients®**. Furthermore, the incidence of melanoma is
keeping rising on a global level *%33. Recently, novel antibody-based drugs have been developed,
and these have produced dramatic remissions in certain patients with advanced stages of
malignant carcinoma’®?’. However, the drugs are really expensive, and the efficacies are
limited to approximately 30% of melanoma patients, at best’’. These facts underscore the

urgency of continuing efforts to find new effective strategies for malignant melanoma therapy.

1-5 The plant extract and the aim of this study

A few years ago, in our lab, a plant extract was found to manifest anti-Alzheimer’s Disease
activity®®. Encouraged by this discovery, I speculated that some plant extracts used in Chinese
herbal medicine might harbor preferential anti-cancer activities. After screening kinds of plant
extracts, an ethanol extract of the dried root of Garden Burnet (Sanguisorba officinalis) was
found to manifest anti-proliferative effects accompanied by G1 arrest on B16F10 malignant
melanoma cells. Sanguisorba officinalis is an herbaceous plant distributed throughout the
cooler regions in Europe, Asia, and North America. It has been used as a traditional Chinese
medicine for treatment of hematemesis, melena, intestinal infections, and inflammatory

39-41

diseases for decades . Recently, its extract was found to induce cell cycle arrest and cell

death in gastric carcinoma and breast cancer cell lines 4343

. However, its effects on melanoma
cells and the mechanism of how it induces cell cycle arrest are not yet well understood.

In this study, first, I purified and identified the compound responsible for inducing cell
cycle arrest. Next, I further characterized and provided novel insights as to how the compound

induces cell cycle arrest, suggesting new leads for therapeutic intervention. And last, I proposed

a novel combination therapeutic strategy using the purified chemical.



2. Materials and Methods

2-1 Materials and Reagents

Materials, reagents, and vendors are as follows:

>

Cell culture: Roswell Park Memorial Institute medium 1640 (RPMI 1640); phosphate
buffer saline (-) (PBS) (NACALAI TESQUE); fetal bovine serum (FBS) (Sigma, St.
Louis, MO, USA); 10cm dishes (FPI, Japan); 24-well plates (Thermo Fisher Scientific).
Purification process: Oasis MAX column (Waters); Mightysil RP-18 GP150-4.6 (5 uM)
column (KANTO Chemical).

FACS analysis: RNaseA (Roche); propidium iodide (PI) (NACALAI TESQUE); BD
FACS Calibur (BD Biosciences).

Western Blot: EDTA free protease inhibitor cocktail (NACALAI TESQUE); Protein
Assay Bicinchoninate Kit (Nacalai Tesque); PVDF membrane (Pall corporation)

Cell death: trypan blue stain (Thermo Fisher Scientific).

Chemical treatments: Ellagic acid (LKT Laboratories); VO-OHpic trihydrate (Abcam);
Pifithrin-a-HBr (Abcam); LY294002 (Abcam); Cisplatin (Nippon Kayaku).

In Vitro phosphatase assay: Malachite Green Phosphatase Assay Kit (Echelon K-1500);
phosphatidylinositol 3,4,5-trisphosphate diC8 (PI (3,4,5) P3 diC8) (Echelon

Biosciences); Recombinant PTEN enzyme (Echelon Biosciences).

2-2 Cell culture

The B16F10 (obtained from Riken Bioresource Center Cell Bank) mouse melanoma cell line

was cultured in RPMI 1640, with 10% FBS in 5% COx, in a 37°C humidified incubator.

10



2-3 Plant crude extract
An ethanol extract of Sanguisorba officinalis was purchased from an import company of

Chinese medicine.

2-4 Bligh-Dyer method

Crude plant extract was dissolved in a solvent mixture in the ratio of 1 g crude: 10 ml
chloroform: 20 ml methanol: 8 ml H,O, and mixed thoroughly by vortexing and incubating at
room temperature (RT) for over 20 min. Then, 10 ml ddH>O and 10 ml chloroform were added
followed by incubation for over 30 min at RT. The sample was then vortexed and centrifuged

(10,000 g, 15 min) to separate the organic-soluble (F1) and water-soluble (F2) fractions.

2-5 Solid-Phase Extraction

An Oasis MAX column was used for separation. Dried F1 / F2 fraction was dissolved in basic
buffer (1.0% (C2Hs)sN in 0.2% CH3COOHq)) and slowly passed through the column. After
washing the column with the same buffer, the samples were eluted with Methanol, and the
neutral compounds (F1-N fraction) was collected. Lastly, the column was eluted with 2%

HCOOHmeon), and the basic compounds (F1-B fraction in figure 6¢, 6d) was collected.

2-6 Decantation

5 ml acetonitrile was added to a 15 ml centrifuge tube with 80 mg sample. Water bath sonication
was performed to resuspend the insoluble compounds thoroughly before centrifugation (10,000
g, 3 min.). The supernatant was discarded and the previous steps were repeated for at least 5

times before drying the samples using a vacuum dryer.

11



2-7 Pyridine recrystallization
60 mg sample was fully dissolved in 4 ml pyridine after heating the solution to around 80 °C in
a water bath. The sample was placed on ice, and after recrystallization, the crystal was recovered

by vacuum filtration.

2-8 HPLC analysis
A Mightysil RP-18 GP150-4.6 (particle size 5 pM) column was used for separation. The mobile
phase of HPLC analysis was 0.1% formic acid, 40% acetonitrile in H>O (isocratic elution), with
a flow rate of 1 ml/min. Samples were dissolved in the same solution. HPLC chromatograms
were acquired at 254 nm and recorded on an Alliance 2690 HT (Waters, Massachusetts, USA),
996 Photodiode Array Detector (Waters).

For the quantification of EA in the crude extract, EA solution was made in concentration
of 2, 10, 20, 50 pg/ml, and the height of peaks were calculated to make standard calibration
curve. Sanguisorba officinalis extract was dissolved in the HPLC solution in concentration

between 700-2,000 pg/ml.

2-9 NMR analysis

"H-NMR spectra were recorded on a JINM-AL 400 (JEOL, Tokyo, Japan) at 400MHz. Chemical
shifts were reported relative to residual solvent of DMSO- ds (6 2.49). Multiplicity was
indicated by one or more of the following: s (singlet); bs (broad singlet). '*C-NMR spectra were
recorded on a JNM-AL400 (JEOL) at 101MHz. Chemical shifts were reported relative to

residual solvent of DMSO- d¢ (6 39.5).

2-10 FT-IR analysis
The IR spectra were obtained by an FT/IR-4100 Fourier-transform infrared spectrometer with

attenuated total reflectance (JASCO, Japan).
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2-11 Mass Spectrometry

High-resolution mass spectra were recorded on an LCMS-IT-TOF (Shimadzu) for
electrospray ionization (ESI)-MS.

2-12 Melting point measurement
Melting point (mp) was determined on BUCHI Melting Point M-565 (BUCHI, Postfach,

Switzerland) micro melting point apparatus.

2-13 Chemical treatments

Ellagic acid, Pifithrin-a-HBr, VO-OHpic trihydrate, LY294002, plant crude extract, and the
intermediate compounds collected throughout the extraction process from crude plant to ellagic
acid were dissolved in DMSO. Cisplatin was dissolved in ddH,O. All treatment conditions

received DMSO at a final concentration of 0.5%.

2-14 Cell cycle analysis

After various treatments, cells were lightly washed with PBS and harvested using 0.25% trypsin
-EDTA. Culture medium, wash liquid (PBS), and cells were all collected into 15 ml centrifuge
tubes and centrifuged (800 g, 5 min, room temperature) to harvest all the cells including the
dead ones. The cells were resuspended in 0.3 ml PBS and transferred into 1.5 ml tube before
being fixed in 70% ethanol at 4°C for over 4 hours. Before FACS analysis, cells were treated
with 500 pg/ml RNaseA for 30 min at room temperature, followed by staining with 50 pg/ml
propidium iodide (PI) on ice. 10,000 cells were counted for analysis by BD FACS Calibur. The
data were analyzed using BD Cell Ques+ Pro (Version 5.2). FL2A was selected as the vertical

axis of the histogram chart to display the relative DNA content.
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2-15 Cell Proliferation assay of ellagic acid and cisplatin combined treatment

3 x 10* cells were plated per well in 24-well plates. After 24-hour incubation, cells were treated
with 0, 5, 10 pg/ml EA combined with 0, 15, 30 uM cisplatin for 24 hours (day 1), then the
treatments were halted by replacing the medium with fresh medium lacking EA and cisplatin.
The living cell numbers were counted by Trypan blue assay on day 1, 2 (1 day after removal of
EA and cisplatin), 3, 5 and day 7, or until the cell proliferation exceeded 10 times the cell

density determined on day 0.

2-16 Trypan Blue analysis

After various treatments, cells were washed with PBS and harvested using 0.25% trypsin -
EDTA. Cells, culture medium, wash liquid (PBS) were all collected into 1.5 ml tubes and
centrifuged (800 g, 5 min, room temperature) to harvest all the cells including the dead ones.
The pellets were resuspended in 100 uL. PBS. 10 puL of the PBS suspension were mixed
thoroughly with 10 pL 0.4% trypan blue stain in and the living cell numbers and ratios were

counted using countess II FL.

2-17 Western blot analysis
Cells in 60 mm dishes were washed with 1 ml PBS and the attached ones were collected by
adding 120-200 puL RIPA buffer and scraping, with the volume of RIPA buffer depending on
the cell density. Brief sonication to lyse cells was followed by centrifugation at 15.000 g, 4°C
for 3 min and collection of supernatants. The protein concentration was estimated by a Protein
Assay Bicinchoninate kit and diluted to a concentration of 7-10 pg/ul. with RIPA buffer and
SDS protein loading dye.

7 ng of total protein was loaded per lane, and proteins were separated by 12% SDS-PAGE
and transferred to a PVDF membrane. The blots were blocked in 5% BSA TBS-T buffer for 1-

2 hours at room temperature and were then incubated with the primary antibody at 4°C

14



overnight, followed by 50 min secondary antibody binding at room temperature. Amersham™
ECL™ Western Blot Detection Reagent was used for signal detection.

RIPA buffer: 0.5 mM DTT, 1 mM EDTA, 0.1% CHAPS, 5 mM B-glycerophosphate, 1
mM NaF, 1 mM NaVOs, 1 mM NaPP1i, 0.5 mM PMSF, EDTA free protease inhibitor cocktail
(1:100).

The primary antibodies used for Western blot are listed in table 1. Secondary antibodies
labeled with HRP were purchased from GE Healthcare, and signals were visualized by
enhanced chemiluminescence (GE Healthcare). Signal intensities for the statistical data were

calculated using ImageJ, and the protein amount was normalized to actin, the loading control.

Table 1. List of antibodies.

_ Catalog o
Antibody vendor Dilution
number

Anti-actin Millipore MABI1501 1: 2,500
Anti-p53 (FL-393) Santa Cruz Biotechnology sc-6243 1:200
Anti-p21 (C-19) Santa Cruz Biotechnology sc-397 1:200
Anti-cyclin D1 (H-295) Santa Cruz Biotechnology sc-753 1:200
p-AKT (Ser473) (D9E) Cell Signaling Technology #4060 1:2,000
anti-phosho-AKT (Thr308) Cell Signaling Technology #4056 1:1,000
anti-AKT Cell Signaling Technology #4691 1:1,000
anti-phosho-p70S6K (Thr389) Cell Signaling Technology #9234 1:1,000
anti-p70S6K Cell Signaling Technology #2708 1:1,000
anti-phosho-p44/42 MAPK ) )

Cell Signaling Technology #9101 1:1,000
(Thr202/Tyr204)
anti-p44/42 MAPK Cell Signaling Technology #9102 1:1,000
anti-PTEN Abcam ab32199 1:5,000
anti-phospho-CK2 substrate _ _

Cell Signaling Technology #8738 1:1,000
[(pS/pT)DXE]
anti-phosho-FAK (Tyr397) ) )

Cell Signaling Technology #556 1:1,000
(D20B1)
anti-FAK Santa Cruz Biotechnology sc-271126 1:200

15




2-18 PTEN Activity Assay

PTEN lipid phosphatase activity was measured by the dephosphorylation of
phosphatidylinositol 3,4,5-trisphosphate diC8 (PI (3,4,5) P3 diC8). Recombinant PTEN
enzyme was reconstituted in distilled water to yield a concentration of 50 pg/ml just before the
start of the assay. EA/VO-OHpic trihydrate dissolved in DMSO was added to the PTEN
reaction buffer (25 mM Tris-Cl pH7.4, 140 mM NaCl, 2.7 mM KCl, 10 mM DTE) to achieve
the indicated concentration. Each reaction contained 75 ng PTEN enzyme, and 3 nmol of PIP3
was added (final volume of 25 pL) to start the reaction. After the indicated reaction duration in
37°C, 100 uL of Malachite Green Solution was added to terminate the reaction. After 20 min
of development of the color at room temperature, the absorbance at 600 nm was measured. The
phosphate amount was calculated by interpolating experimental values into the standard curve

(phosphate standard: Echelon K-1500 kit).

2-19 Statistical Analysis
The statistical significance was tested by a one-tailed or two-tailed paired Student’s t-test

depending on the hypothesis. P values < 0.05 were considered to be statistically significant.
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3. Results

3-1 A Sanguisorba officinalis extract decreases B16F10 cell numbers

I started the investigation by examining the effects of varying concentration of Sanguisorba
officinalis extract on the growth of B16F10 melanoma cells. The extract brought about a dose-
dependent inhibition in cell proliferation after a 24-hour treatment (Fig. 4a, 4b). Treatment of
cells with a higher concentration of extract (300 pg/ml) further elicited a prominent subG1

population (Fig. 4¢), typically composed of cells undergoing apoptosis.

L 12 - 30 1
Q
Q
E 11 ,, w 251
T % %k %k
= 08 - g 20 -
8 —
w0 0.6 Q 15 1
'S 3
= 04 - ok 2 10 A1
g B
5 02 * %k e 5 -
2 | L ol BN wm  wm
0 30 100 300 0 30 100 300
Extract concentration (ug/ml) Extract concentration (pug/ml)

Fig. 4 Extract of Sanguisorba officinalis inhibits B16F10 cell growth and inducing cell death

(a, b) B16F10 cells morphology (a) and relative living cell numbers (b) after 24 hr treatments with the
labeled concentrations of Sanguisorba officinalis extract. Data are means + SD, student's t-test *: p <
0.05, ***: p <0.001.

(c) Percentage of subG1 cells after 24 hr treatments, determined by FACS analysis. Data are means =+
SD. ***: p <0.001.
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3-2 Sanguisorba officinalis extract induced G1 arrest in B16F10 cell

To determine whether the reduction in cell number was related to cell cycle arrest, the
distribution of cellular DNA content was measured by FACS. In 0.5% DMSO treated cells
(control) (Fig. 5a), about 50% of cells were in G1 phase, whereas approximately 70% of cells
treated with 100 ug/ml of Sanguisorba officinalis extract were in G1 phase (Fig. 5b, 6a). |
assumed that at least one component in the extract harbors the ability inducing G1 arrest, and

then performed the following purification experiments.

0 ug/ml, 24 hr 100 ug/ml, 24 hr
200 ..
150 -
L
% 100
3 ]
500 -
0 4
200 400 600 800 1000 0 200 400 600 800 1000
DNA content DNA content

Fig. 5 Extract of Sanguisorba officinalis induced G1 arrest in B16F10 cell
(a,b) Cell-cycle profiles based on PI fluorescence intensity after 24 hr DMSO control (a), 100 pug/ml (b),

Sanguisorba officinalis extract treatment.
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3-3 An active compound was purified from the Sanguisorba officinalis extract

To purify the active compound responsible for inducing G1 arrest, I first conducted Bligh-Dyer
method to separate the organic-soluble and the water-soluble components. The organic fraction
in the Bligh-Dyer method appeared to have higher activity in inducing G1 arrest than the
aqueous fraction (Fig. 6a). HPLC analysis determined that 3 main components, labeled as A,
B, and C in figure 6b, were present in the organic fraction. The chemical released at 2.019 min
(component A in Fig. 6b) was deemed to be the responsible compound, since the results of an
SPE Oasis MAX column separation showed that fraction F1-B, with the highest percentage of
component A (Fig. 6¢), possessed a higher G1 arrest-inducing activity than the F1 fraction (Fig.
6d). component A is relatively non-polar, and it is insoluble in CHCIs, as indicated by a 90%
purity through filtration of the organic fraction (fraction F1-In-1 in Fig. 6f) via the Bligh-Dyer
method, followed by acetonitrile decantation (fraction F1-In-2). After conducting pyridine
recrystallization (fractionF1-In-3), a 98% sample purity with 0.2% recovery was achieved (Fig.
6e, 6f) and this sample was then used for structure identification. The purification procedure is
summarized in Fig. 6f. In brief, the active compound was successfully purified from the
Sanguisorba officinalis extract by sequential application of the Bligh-Dyer method, acetonitrile

decantation, and pyridine recrystallization.
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Fig. 6 Purification of the active compound in Sanguisorba officinalis extract

(a) Percentage of G1 cells after one day of the indicated treatments. Data are means + SD, n=3.

(b) HPLC elution profile of Bligh-Dyer organic fraction (F1). Numbers on the peaks refer to the
retention time of each compound.

(c) Percentages of the main components in the F1 fraction and the Oasis MAX column acidic buffer
eluted fraction (F1-B) (basic compounds). A, B, C: main compounds in HPLC analysis (fig. 6b), with
the retention time of A: 2.019 min, B: 3.654 min, C: 6.249 min.

(d) Percentage of G1 cells after a one-day treatment with the indicated concentrations of each fraction.
(e) HPLC elution profile of the compounds obtained from pyridine recrystallization (F1-In-3), labeled
with the percentages of the total, based on the area under the curve of each peak. Numbers on the peaks
show the retention time of each compound.

(f) Purification procedure with the relative amounts of samples and solvents. F1: organic-soluble

fraction, F2: water-soluble fraction; F1-In: insoluble components in the F1 fraction.
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3-4 The purified compound was identified as ellagic acid

The recrystallized sample was then characterized using 'H-NMR (Fig. 7a), '*C-NMR (Fig. 7b),
FT-IR, and Mass Spectrometry. '"H-NMR (400MHz, DMSO-ds) 8 10.61 (bs,4H), 7.44 (s, 2H);
3C-NMR (101MHz, DMSO-ds) 6 159.39, 148.36, 140.02, 136.57, 112.58, 110.34, 107.65; The
IR ATR spectrum showed peaks at 3475, 3154, 1721, 1617, 1322, 1261, 1108, 1037 cm™'. The
HR-MS (ESI) m/z was calculated the molecular formula for C14HsO0g [M-H]- 300.9955; found
300.9974. The melting point was measured to exceed 350°C. From these results, ellagic acid
(EA) was assumed to be the compound 1 purified from the Sanguisorba officinalis extract **.

The chemical structure of EA 1s shown in Fig. 7c.

. |
N 1
Mol WWMWM ST—— mwmaw
i k_ M/“ l\‘V “’k -Awg)_, —
T i SRR 3100 1900 | 170.0 1500 1300 110.0 | 9.0 700 " 50.0 3001100
| | | | AN N
z g g 8 B BEE B RABRRARE
e N a ® $98 935 SERARRR
C 0
HO
O
OH
HO
(e}
OH
o}

Fig. 7 Identification of the purified compound
(a,b) 'H (a) and "*C (b) NMR spectra of the purified compound. DMSO-d6 was used as the solvent. X-

axis: chemical shift, ppm.

(¢) The structure of ellagic acid, which was identified as the purified compound.
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3-5 Ellagic acid is indeed the active compound inducing G1 arrest in the extract

Ellagic acid (EA) purified from Sanguisorba officinalis showed similar effectiveness in
inducing G1 arrest in B16F10 with synthetic EA purchased from a commercial vendor. And
both of them were significantly more effective than the crude extract (Fig. 8a).

To further confirm that EA is indeed the active compound in the extract, HPLC analysis of
the Sanguisorba officinalis extract was conducted (Fig. 8b), and the component released at
2.029 min is inferred to be EA. The weight ratio of EA in Sanguisorba officinalis extract was
calculated to be 0.049 = 0.015 (n=3). Namely, 100 pg/ml crude extract contained 4.9 pg/ml

(16.3 uM) EA, which is sufficient for inducing G1 arrest (Fig. 8a, 10b) in BI6F10 cells.
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Fig. 8 Ellagic acid is indeed the compound responsible for inducing G1 arrest in the extract

(a) Percentage of cells in G1 phase after 24 hr indicated treatments. EA (LKT lab.): ellagic acid powder
purchased from LKT Laboratories, Inc. Data are means + SD. Student's t-test: **: p < 0.01, ***: p <
0.001.

(b) HPLC elution profile of Sanguisorba officinalis extract. Numbers on the peaks refer to the retention

time.
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3-6 The anti-proliferation effect of EA is time- and dose-dependent
EA 1is a polyphenol found in many plants and is known for harboring liver-protection,

4348 Previous studies also showed that EA induces cell

melanogenesis inhibition activities
cycle arrest, cell death through modulating NF-xB, PI3K/Akt, TGF-f/Smad3 pathways in many
cancer cell lines #-3!. However, its effects on melanoma cells and the key mechanism are still
unknown.

I then further characterized the effects of pure EA on B16F10 cells. B16F10 cells were
incubated with varying concentrations of EA for 1-3 days (Fig. 9a). Cell morphology began to
change on day 1 (Fig. 9b) but significant differences in cell numbers were not observed at that
time (Fig. 9d). Dose-dependent growth inhibition was observed on day 2 and day 3 (Fig. 9c,
9d).

After 2 days of treatment with either 20 or 30 uM EA, a population of subG1 cells was
prominent (Fig. 9f), and on day 3 of treatment, the percentage of subGl1 cells became even
greater (Fig. 9e, 9f). Also, 30 uM EA treatment induced more cell death than the 20 uM EA

treatment (Fig. 9e, 9f). These results demonstrate that EA treatment inhibits B16F10 cell

proliferation and induces cell death in a time- and a dose-dependent manner.

Fig. 9 Cell toxicity caused by EA is dose and time dependent

(a) The experimental procedure, orange line indicates the drug-treatment duration and the blue one
indicates time without any treatment.

(b, ¢) B16F10 cell morphology after 1 day (b) and 2 days (c) of treatment with EA at the indicated doses.
(d) Relative living cell numbers after EA treatments (uM) compared to day 0, the time point for the
addition of drugs. Data are means + SD, n=3. Student's t-test, *: p <0.05, **: p <0.01.

(e) Cell cycle profiles based on PI fluorescence intensity after 3 days of EA treatment at the indicated
concentrations.

(f) Percentage of subG1 cells estimated by FACS analysis. Concentration unit: pM. Data are means +
SD, n=3. *: p < 0.05, **: p <0.01, ***: p <0.001 in Student's t-test.
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3-7 EA induced G1 Arrest in a dose-dependent manner

Next, to examine the effects of EA on the cell cycle, flow cytometry was conducted. A 24
hr treatment with 20 uM EA resulted in 85% of the cells accumulating in G1 phase; and a 24
hr treatment with higher concentration (30 uM) of EA did not lead to a further accumulation in
G1 phase (Fig. 10a, 10b). The percentages of G1 cells within living cells showed similar
patterns in treatments with increasing exposure times (Fig. 10c). The results in 3-6 and 3-7
clearly demonstrate that EA treatment induces G1 arrest in a dose-dependent manner at
relatively low concentrations, and elicits cell death as the duration or the concentration of the

treatment increases.
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Fig. 10 EA causes dose-dependent G1 arrest in B16F10 cells

(a) Cell cycle profiles based on PI fluorescence intensity after 24 hours of EA treatment at the indicated
concentrations.

(b) Percentage of G1-phase cells after 24-hour treatment. Data are means = SD, n=3. Student's t-test:
**%: p <0.001.

(c) Percentage living cells in G1 phase, determined by FACS analysis. Concentration unit: pM. Data are

means + SD, n=3. Student's t-test: ***: p <0.001.
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3-8 EA affects AKT, MAPK activities and pS3 protein levels in B16F10 cells

MAPK and AKT signaling pathways, which play important roles in promoting cell growth
and survival, are often excessively activated in melanoma cells through N-RAS, BRAF, or PTEN
mutations 3234, Moreover, some previous studies indicated that EA is related to the modulation
of the MAPK and AKT signaling networks 3. Also, EA somehow causes increment of p53
protein levels in some cancer cell lines .

After a 24-hour treatment, EA reduced the phosphorylation levels of AKT, its downstream
effector p70S6K (Fig. 11a), and p44/42 MAPK (Erk1/2) (Fig. 11b) in B16F10 cells. Since
phosphorylation of these kinases is indispensable for their biological activities 3-°, EA
treatment leads to the diminished capacity to activate these cell growth-promoting signaling
pathways. Additionally, p53 and p21 protein levels increased (Fig. 11c). All these effects were

positively correlated with the EA concentration.
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Fig. 11 EA attenuates cell growth related signaling pathways and increases p53 protein levels
(a-c) Western blot analysis of growth factor stimulated signaling pathway activation (a, b) and protein
levels of p53, p21 (c). Lysates from B16F10 cells were collected after 24 hours, with the indicated

treatments. Actin is shown as the loading control.
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3-9 EA did not appear to inhibit CK2 activity

In order to find targets of EA, I first investigated the molecules related to p44/42 MAPK,
AKT, and p53 modulation. Casein kinase 2 (CK2) has been reported for its multiple roles
affecting numerous pathways within a cell, including the activities of both MAPK and AKT
signaling and p53 stability 696, A previous study suggested EA as a potential inhibitor of CK2
64 CK2 is a serine/threonine protein kinase targeting multiple substrates, and thus I examined
the phosphorylation levels of CK2 substrate motifs as indicators of its activity. Compared to
DMSO (vehicle) treatment, no any suppression of phosphorylation levels in potential CK2
targets was observed in EA treatment (Fig. 12), implying that CK2 is not likely a target of EA

regarding the phenotypes observed in BI6F10 cells.
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Fig. 12 CK2 inhibition is not the primary effect of EA
After time variable treatment of B16F10 cells with 30uM EA, phosphorylation levels of CK2 substrates
were detected by Immuno-blotting with a phospho-CK2 substrate motif [(pS/pT)DXE] antibody.
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3-10 An increase in p53 protein was the earliest event observed in EA treatment

Next, to narrow down EA targets to a small number of candidates, time-course experiments
were performed on the supposition that the molecule more closely related to EA target may
show difference earlier than its downstream effectors. Cells were collected at various time
points after the initiation of EA treatment to a final concentration of 30 puM, and
phosphorylation/protein levels were measured by western blotting. Significant declines of AKT
Thr308 and Ser473 phosphorylation were observed after a 24-hour treatment with EA (Fig. 13a,
13b). Regarding the phosphorylation levels of p44/42 MAPK on T202 and Y204, EA treatment
appeared to dampen the phosphorylation (Fig. 13c), but the variations among the experiments
were too large to unambiguously express significant differences between EA and control
treatments (Fig. 13d). The earliest event that I observed was an increment in the level of p53
protein, which started as early as 2 hours after the EA addition, and became significantly
elevated 4 hours after the treatment (Fig. 13e, 13f). It is notable that an elevation in the level of
p21 protein, a p53 transcriptional target, followed the rising in the p53 protein level (Fig. 13e).
From these results, I assumed that increase in p53 level is the cause of G1 arrest and other

phenotypes.
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Fig. 13 Time course experiments showed p53 accumulation as the earliest event in EA treatment

(a, ¢, e) Time courses of the indicated proteins/phosphorylations from B16F10 cell lysates collected

after indicated duration of treatments with DMSO control or 30 uM EA, analyzed by western blotting.

(b, d, f) Relative protein/phospho-protein amounts normalized to the 0 hr time point (adding treatments)
for each respective treatment. DMSO: 0.5% DMSO solvent control, EA: 30 uM. (b, d) n=3. (f) n=4. *:
p <0.05, **: p <0.01, ***: p <0.001, NS: non-significant in student's t-test.
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3-11 p53 increment is not the cause of other phenotypes

Subsequently, I examined whether the elevated p53 protein amount is causative for the G1
arrest as well as the other phenotypes. To know the answer, B16F10 cells were treated with EA
and variable concentrations of Pifithrin-a-HBr, a p53 inhibitor® , simultaneously. As I expected,
pifithrin-a-HBr treatments repealed the EA-induced elevation in the levels of p21 and cyclin
DI proteins (Fig. 14a), both of which are transcriptional targets of p53. However, the p53
inhibitor did not affect the EA-induced reduction of AKT phosphorylation; nor did they
influence the EA-induced attenuation in p70S6K phosphorylation, a downstream effector of
AKT signaling pathway (Fig. 14a). With respect to G1 arrest, pifithrin-a-HBr treatments failed
to reverse the EA-induced G1 arrest, as might be expected with p53 inhibition (Fig. 14b). Rather,
pifithrin-a-HBr treatments by themselves induced G1 arrest (Fig. 14c). Taken together, these
results exclude the possibility that p53 activity is essential for inactivation of the AKT signaling

pathway as well as for inducing G1 arrest in response to the EA treatment.
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Fig. 14 p53 upregulation is not the primary effect of EA

(a) Protein levels of p53, p21, cyclin D1, and the phosphorylation levels of AKT (T308) and p70S6K
(T389) were detected by Western blotting following 24-hour EA/p53 inhibitor Pifithrin-o-HBr
treatments.

(b, c) Cell cycle profiles after 24 hours of each respective treatment. The number in each plot indicates
the relative abundance of G1-phase cells among the entire population. EA concentration: 20 uM. Pif:
pifithrin-o-HBr.
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3-12 Inhibition of PTEN reversed all the EA-induced phenotypes in B16F10 cells

It 1s known that activated PI3K phosphorylates PIP2 into PIP3, which in turn stimulates
downstream signaling modules, such as PDK 1 and AKT ®. And PTEN plays an opposing role,
converting PIP3 into PIP2 4. In order to reactivate AKT signaling in EA treatments, increasing
concentrations of VO-OHpic trihydrate, a PTEN specific phosphatase inhibitor ¢, were added
to the cells combined with EA. Surprisingly, all of the EA-induced effects--G1 arrest (Fig. 15a,
15b) as well as declined phosphorylations of AKT (both at Thr308 and Ser473), p70S6K (at
Thr389), and even p44/42 MAPK (at Thr202/Y204) (Fig. 15c)--were reversed by the addition
of VO-OHpic trihydrate in a dose-dependent manner. VO-OHpic trihydrate treatment alone
appeared to affect neither the cell cycle (Fig. 15a) nor the cell morphology (Fig. 15d),
suggesting that the reversal of the cell cycle arrest was possibly achieved by counteracting the
effect of EA. Furthermore, addition of VO-OHpic trihydrate reversed the anti-proliferation
effect of EA in a dose-dependent manner (Fig. 15d, 15¢). These data demonstrate that PTEN
phosphatase activity is indispensable for the EA-induced phenotypes. This in turn raised the

possibility that EA contributes to PTEN activation.

Fig. 15 Inhibition of PTEN reverses the phenotype induced by EA treatment

(a) FACS-based cell cycle profiles based on PI fluorescence intensity after 24 hr treatments of EA /VO-
OHpic trihydrate (VO) or combinations of both compounds. EA concentration: 20 uM. VO-OHpic
trihydrate concentration: 4 uM.

(b) Percentage of cells in G1 phase, determined by FACS analysis after 24 hr treatments with 20 uM
EA combined with increasing concentrations (1, 2, 4 uM) of VO-OHpic trihydrate (VO). Data are means
+ SD, n=3. **: p <0.01, *** p <0.001 in student's t-test.

(c) Western blots with indicated antibodies after 24 hr treatments with 20 uM EA, VO-OHpic trihydrate,
or combinations of both compounds. Concentrations of VO-OHpic trihydrate: 1, 2, 4 uM.

(d) Cell morphology after 24 hr of each respective treatment.

(e) Relative living cell numbers after 48 hr treatment with 20 uM EA and various concentrations (1, 2,
4 uM) of VO-OHpic trihydrate. Data are means = SD, n=3. Student's t-test, **: p <0.01, ***p < 0.001.
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3-13 The PI3K inhibitor LY294002 showed different effects from EA

Although I favored my hypothesis that EA enhances PTEN activity, it’s necessary to inquire
into the possibility that EA works as a PI3 kinase inhibitor, since the activation of AKT is a
result of the balance of PI3K and PTEN activities. To discern which is the EA mechanism, |
checked the effects of LY294002, a well-used PI3K inhibitor ¢, in B16F10 cells. As expected,
an apparent immediate decrease of AKT phosphorylation, as early as 2 hr after the LY294002
treatment, was observed (Fig. 16a). However, at later timepoints (24 hr to 48 hr) the
phosphorylation levels of AKT were restored or even enhanced (Fig. 16a), quite different from
EA properties (i.e., slow, but sustained inhibition (Fig. 13a)). The combination of EA with
LY294002 prevented the slow restoration of AKT phosphorylation (Fig. 16b), implying that
EA may not act on PI3K as LY294002 does. More importantly, the sustained p53 accumulation
observed with EA treatment (Fig. 13¢) was not observed with LY294002 treatment (Fig. 16¢).
Moreover, the time-course data of EA treatment showed that the increment in the p53 level
occurred much earlier than the onset of AKT dephosphorylation (Fig. 13). Consequently, it is
not likely that AKT inactivation resulted in upregulation of p53. Previous studies showed that
PTEN directly interacts with p53, enhancing its stability and causing increased p53 levels and
activity %8. These observations and the previous results collectively support the idea that rather

than PI3K, PTEN is more likely the target of EA.
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3-14 EA treatment affects PTEN activities in B16F10 Cells

Based on my observation that a PTEN inhibitor reversed the EA activity, EA probably
causes an overall increase in PTEN activity, meaning that either an increase in the total PTEN
protein amount or PTEN activation, or both, are possible mechanisms. First, PTEN protein
levels were measured at various time points after the initiation of EA (30 M) treatment.
However, no difference was observed up to 24 hours of treatment between control and EA
treatments (Fig. 17a, 17b). Therefore, I next examined the effect of EA on PTEN activity. It is
known that PTEN harbors both lipid phosphatase activity and protein phosphatase activity .
FAK is a well-defined PTEN protein substrate 7°, and its dephosphorylation leads to inactivation
of its downstream targets, including the PI3K-AKT signaling pathway *7!. PTEN is also
known to dephosphorylate Shc, which, in turn, inactivates RAF-MEK-p44/42 MAPK?
pathway. What’s more, PTEN interacts with p53, leading to p53 stabilization 8. Combining
these lines of evidence with my observations, I anticipated that an upregulation in protein
phosphatase activity of PTEN is a key mechanism of EA action. Therefore, I performed
experiments monitoring the phosphorylation levels of FAK in Tyr397 (PTEN
dephosphorylation site) after time-variable treatments of EA, and observed that EA treatment
resulted in decreased FAK phosphorylation, and VO-OHpic trihydrate prevented the
attenuation (Fig. 17¢c, 17d). No change was found in the total amount of FAK protein (Fig. 17c¢).
Moreover, a transitory increase in p53 protein levels, which was observed with EA treatment,
was also eliminated by the VO-OHpic trihydrate (Fig. 17e, 17f). Treatment of B16F10 cells
with VO-OHpic trihydrate alone did not affect phosho-FAK or p53 levels (Fig. 17¢c, 17¢). In
conclusion, these results support my idea that EA causes an enhancement in PTEN protein

phosphatase activity.
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Fig. 17 EA treatment affects PTEN activities in B16F10 cells

(a, c) Western blot of PTEN (a), phospho-FAK and FAK (c), after the indicated duration of treatments.
Actin is shown as the loading control. EA+VO: the combination of 30 uM EA and 4 uM VO-OHpic
trihydrate; EA: 30 uM ellagic acid; DMSO: 0.5% DMSO control; VO: 4 uM VO-OHpic trihydrate.

(b, d) Relative PTEN (b) and phospho-FAK (d) amounts normalized 0 hr time point (adding treatments)
for each respective treatment. EAVO: the combination of 30 uM EA and 4 uM VO-OHpic trihydrate;
EA: 30 uM ellagic acid; DMSO: 0.5% DMSO control. n=3. *: p <0.05, **: p<0.01. NS: non-significant
in Student's t-test.

(e) Immuno-blotting time course of p53 protein after the indicated treatments. EA+VO: the combination
of 30 uM EA and 6 uM VO-OHpic trihydrate, EA: 30 uM EA, DMSO: 0.5% DMSO solvent control.
(f) Relative p53 protein amounts, normalized to the 0 hr timepoint, after the indicated treatments. EA:
30 uM EA, EAVO: the combination of 30 uM EA and 6 uM VO-OHpic trihydrate, DMSO: 0.5% DMSO
control. n=4. Student's t-test, *: p <0.05, **: p <0.01, ***: p < 0.001
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3-15 EA directly modulates the PTEN phosphatase activity

To further confirm that EA is directly related to PTEN activity, an in vitro analysis of PTEN
lipid phosphatase activity was performed. The activity assays showed that EA directly
modulates the PTEN phosphatase activity; namely, EA inhibited PIP3 conversion to PIP2 in a
dose-dependent manner (Fig. 18a). Differ from the observation in cell culture, the addition of
VO-OHpic trihydrate with EA resulted in further inhibition of PTEN lipid phosphatase activity
(Fig. 18b). This result excluded the concern that VO-OHpic trihydrate directly captures EA and
compensates its function. Furthermore, EA partially counteracted the effects of the PI3K
inhibitor at earlier time points (Fig. 16a and 16b), meaning that EA and PI3K inhibitor may
play opposite roles in PIP2-PIP3 conversion. The results in 3-14 and 3-15 collectively suggest
that EA functions as an allosteric modulator of PTEN, enhancing its protein phosphatase

activity while inhibiting its lipid phosphatase activity (Fig. 19).
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Fig. 19 Schematic illustration of the proposed EA function
EA enhances PTEN protein phosphatase activity whereas abrogates its lipid phosphatase activity, and

thus, is supposed to be an allosteric modulator of PTEN.

3-16 Combination treatment of EA and cisplatin in B16F10 cells

Inhibition of AKT-related signaling pathways is generally applied as a strategy for impeding
cancer cell growth . Unluckily, most of the time, re-activation of AKT is observed through a
feedback mechanism that cells are able to conquer the unfavorable circumstances of PI3K
inhibition, thus limiting the application of PI3K inhibitors in the clinical treatments’>’. In my
experiments, re-elevation of phospho-AKT was also observed in B16F10 cells after 48 hours
of adding PI3K inhibitor LY294002 (Fig. 16a). On the other hand, EA provided quite different
profiles in impeding AKT activation, namely a slow, prolonged decline in AKT

phosphorylation (Fig. 13a). These results raised the possibility that EA could inhibit AKT
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activity in cancer cells without the re-activation of AKT, as observed in PI3K inhibitor
treatment, proposing that a combination treatment of EA with a general antiproliferative
chemotherapeutic drug would possibly provide a new anti-cancer strategy with great efficacies.

Cisplatin is a chemotherapy agent used to treat kinds of cancers including lung cancer,
ovarian cancer, testicular cancer, et cetera’”. It is known to cause DNA damage in treated cells
5. To reduce the risk of drug resistance and adverse side effects, combination therapy with
other agents to lower concentration of cisplatin is recommended 77, The AKT signaling
pathway has been suggested to contribute to the protection of cells from death during cisplatin
treatment 7>7%, 1 thus assumed that EA treatment, which weakens AKT signals, would induce
strong anti-proliferative effects in conjugation with cisplatin.

The experimental procedure is shown in Fig. 20a. Indeed, the combination treatment of EA
and cisplatin strongly inhibited cell proliferation and induced much more pronounced cell death
(Fig. 20b). B16F10 cells arrested the cell cycle in G2 phase when incubated with cisplatin alone
(Fig. 20c). In contrast, about 80% cells were dead (subG1 population in FACS analysis/ trypan
blue assay) 3 days after the combined treatment (even 2 days after the removal of the drugs)
(fig. 20c, 20d). The cell death was much more conspicuous with the combined treatment than
with either of the single drug treatments. I then traced the living cell numbers for longer time
periods to see whether the cells started to re-grow after the cessation of the treatment. In 1 week
after removal of drugs, living cell numbers were still declining in the combination treatment
(Fig. 20e), indicating that the cells are still engaged in the cell death program even after the
removal. In this process, EA with cisplatin more effectively reducing phosphorylation level of
AKT and its downstream effector p70S6K (Fig. 20f). These results propose that EA and
cisplatin have a synergistic effect in inducing cell death in B16F10 melanoma cells, providing

a possible application in novel cancer therapeutic strategy.
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Fig. 20 Combined treatment of EA and cisplatin effectively causes cell death in B16F10 cells

(a) The experimental design: orange line indicates the drug-treatment duration, and blue one represents
absence of drug exposure. CP, cisplatin.

(b) Cell morphology with the indicated combination of treatments on day 2 (one day after the removal
of the compounds).

(c) Cell cycle profiles based on PI fluorescence intensity of cells collected on day 3 of treatment with
DMSO control, 30 uM CP (cisplatin), 30 uM EA, or in combination of the both.

(d) Percentage of dead cells in a trypan blue assay. Cells were collected on day 3 (two days after removal
of the compounds). EA concentration: 15, 30 uM. Data are means = SD, n=4. Student's t-test, **: p <
0.01, ***: p<0.001.

(e) Relative living cell numbers compared to day 0, the time point for the initiation of drug treatment.
Cells were treated with 30 uM cisplatin, 30 uM EA, or the combination for 1 day and then the treatments
were halted by replacing the medium with fresh medium lacking EA and cisplatin. Data are means +
SD, n=3.

(f) Western blot analysis of protein phosphorylation after 24 hr treatments, as indicated.
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4. Discussion

The inhibition effect of Sanguisorba officinalis extract in tumor growth has been
demonstrated in numbers of cancer cell lines. Though numerous studies have described the
purification procedures and identification of effective compounds, only a few studies identified
ellagic acid (EA) or EA-derived compounds as the responsible ingredient %7778, Also, this is
the first report identifying EA as the G1-arrest inducing compound in Sanguisorba officinalis
extracts. It is notable that this study outlines a simplified and practical method for extracting
EA from Sanguisorba officinalis without using any column chromatography. EA is already
marketed as a health supplement (antioxidant) or skin whitener, and there seem to be few side
effects, if any, in healthy people. However, EA is very expensive. My simple method could not
only shorten the operation time but also lower its price.

Both EA and Sanguisorba officinalis extracts were able to cause anti-proliferative effects
with G1 arrest phenotypes in a dose- and a time-dependent manner. The quantification result
of EA amount in the extract also suggests that these effects were mostly due to the presence of
EA. Together with the results of the in vitro experiment, in which EA directly inhibited the
PTEN lipid phosphatase activity, I posit that EA works as an allosteric regulator of the PTEN
protein phosphatase activity. The EA-bound PTEN protein, with a dampened lipid phosphatase
activity, may have the tendency to bind to and dephosphorylate its target protein substrates,
such as FAK. Still, my in vitro experiments could not completely rule out the possibility that
EA may activate/inhibit a yet-unidentified PTEN regulator in the cells. Further investigation
would be required to exclude this possibility. Also, examinations of how PTEN exactly behaves
in the present of EA, for example, the interaction with its substrate proteins, the cellular
localization, or even the conformational change of PTEN should be done in the future.

Previous studies described that PTEN binding stabilizes p53, which in turn results in an

elevated p53 abundance . Other researchers indicated that p44/42 MAPK activation is also
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related to the PTEN protein phosphatase activity 72. In this study, a PTEN inhibitor not only
reversed EA-caused AKT inactivation but also diminished the p53 upregulation and the
dephosphorylation of p44/42 MAPK. These observations also support my hypothesis that EA
acts as a PTEN regulator. Then, what are mechanisms on inducing G1 arrest without p53
activity? PTEN and AKT signaling pathways play various roles in Cell cycle control. Besides
upregulation of p53, some previous studies showed that PTEN is able to increase p27 protein
levels”. In addition, inhibition of AKT pathway keeps cyclin D1 from localizing to the
nucleus®. Moreover, AKT was found to directly phosphorylate p21 and p27, preventing their
nuclear translocation'®!”; namely, inhibition of AKT released the inhibition proteins into the
nucleus, where they bind to and inactivate the CDKs. All would be possible mechanisms of
inducing G1 arrest without p53 activity. However, I still need some more direct observations
on how the relationship between PTEN and p53 changes in EA treatments. Last, further
investigation of EA effects on p53-deficient cancer cell line is necessary to reveal the exact
mechanism.

But yet, without doubt, this is the first evidence that EA is related to the regulation of PTEN
activity, and its reversible property further underscores its potential as a convenient tool to study
PTEN functions in living cells.

Feedback activation of AKT during treatments of patients with PI3K inhibitors is often an
annoying problem in cancer therapy as well as biological experiments. EA inhibits AKT
activation in a different way from the PI3K inhibitors, providing a novel tool to achieve
prolonged AKT inactivation. Moreover, EA mitigated the PI3K inhibitor-caused later
enhancement of AKT phosphorylation, and therefore, EA may provide a way investigating the
feedback activation pathway. Therefore, as an alternative to PI3K inhibitors, EA may be useful
for studying AKT-related signaling pathways.

It has been suggested that in some cancer cell lines, cisplatin treatment activates the AKT

signaling pathway, which, in turn, prevents the cell death’®. I demonstrated that EA ultimately
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caused the attenuation of AKT signaling. Indeed, I showed that a combination of EA and
cisplatin synergistically induced B16F10 cell deaths. Interestingly, previous research has shown
that EA could protect hepatic cells and testicular cells from apoptosis in cisplatin treatments
478182 seemingly contrary to my observations with B16F10 cells. However, these reports
studied normal cells, and therefore further highlight the potential usefulness of the combination
of EA and cisplatin in cancer therapy, since the combination appears to be beneficial to normal
cells but toxic to cancer cells. The combination treatment of EA and cisplatin is expected to
induce cancer cell death more effectively. It goes without saying, however, that much work,
including in vivo experiments, will be needed to study for tumor specificity, unexpected side
effects, or other possible limitations to the combined treatment strategy before the application

of clinical trial.
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