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Abstract

Breast cancer is found to be the number one cancer observed in women worldwide.
Despite good impact obtained from current breast cancer therapies, many concerns and
downsides such as serfous side effects and developing of drug resistance still remain.
Thersfore, the search for novel chemotherapeutic compounds is necessitating. Medicinal
plants are an importance source for novel drug development. Andrographis paniculata (Burm)
Nees, commonty known in Thai as Fa Tha Lai Jon, is a weli-known traditional medicine in
several countries Including Thailand. This herbal has been used for treatment of common
cold, fever, and nan-infectious diarrhea. It has been reporied that andrographolide (AP1) the
major active compounds isolated from this plant inhibit growth of several cancer cell fines.
Here, we investigated the anticancer mechanisms of AP1 and the other two diterpene
compounds from A, paniculfafa: 14-deoxy-11,12-didehydroandrographolide (AP3) and
necandrographolide (AP4). Estrogen-independent MOA-MB-231 and estrogen-dependent
T47D human breast cancer cells were used for study the anticancer of either individuat AP
compound or in combination. All AP treatments induced growth suppression with the order of
potency of combination > AP1 > AP3 > AP4. MDA-MB-231 ceils exhibit higher sensitivity to
growth inhibitory effect of AP compounds than T47D cells. Our results showed that AP
compounds induced ceil cycle arrest via down-regulation of cyclin D1, cyclin €, cydlin A, and
cdk2 and by up-regulation of p21 and p27. AP compounds also induced cell death by
apoptosis that was associated with increase of pro-apoptotic Bax and Bad, decrease of anti-
apoptotic Bel-xL protein tevels, release of cytochrome C from mitochondria o cytosel. These
resuits indicted that apoptosis induced by AP compounds is via mitochondria-mediated
pathway. Moreover, proteolysis of DNA repair enzyme PARP was observed after combination,
AP1, and AP4 treatmenis which suggested that caspase-3 or caspase-8 may participate in
apoptosis induced by AP compounds.

In addition to cell cycle and apoplosis, growth of cancer celis can be controlled by
MAPK signaling system. Our results showed that growth of both breast cancer cetfi lines used
in this study is in part’under controlled of this signaling system. Growth inhibitory effect of
AP1 can be intensified by inhibitors of MEK. Additionaily, the three AP compounds induced
activation of p38MAPK as svidenced by increase in levels of an active phosphorylated
038MAPK protein which can tead to induction of apopiosis. Taken together, our study showed
that AP compounds inhibit growth of breast cancer celis by mechanisms via cell cycle arrest,
and induction of apopfosis. Although, the machanisms inveived appear to be similar, the most
significant effects occurred with AP1. However, greater effects can be achieved after
combination treatment. In conclusion, compound from A. panicujata especlally AP1 and

combination of AP1+AP3+AP4 have potential to be used for breast cancer therapy.
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Cancer Therapeutic Mechanisms of Pure Compounds Isolated from

Andrographis paniculata

Background and Significance

Cancer is a leading cause of death that claims the lives of more than six million
people globally each year, of which 100,000 new cases is reported in Thailand each year.
Among all types of cancer, breast cancer is found to be the number one cancer observed in
women worldwide and is the second most common cause of cancer death among Thai
women. Despite good impact obtained from current breast cancer therapies, many concems
and downsides still remained. For example, an increase in the incidence of endomelrium
carcinoma in long-term tamoxifen treated patients due to the pariial antagonistic effect of drug .
{Fornander et.al 1993). Moreover, resistance was found io develop after standard treatments.
Therefore, the search for novel chemotherapeutic compounds is still a need. Medicinal plants
are an importance source for novel drug development. The use of pure compounds or
extracts from plants as subsiitution or combination with modern medicine might improve the
efficacy and/or decrease the side effects of conventional compounds.

Andrographis paniculata (Burm) NEES, commonly known in Thai as Fa Tha Lai Jon, is
a well-known traditional medicine In several countries including Thailand. This herbal has
been used for treatment of common cotd, fever, and non-infectious diarchea. Twenty-three
compounds in the group of diterpenes, flavanoids, and steroids have been isolated and
characterized from the whole plant, of which diterpena lactones are the major components
{Siripong &t al., 1992; Rao et al., 2004). Collective evidences reveai that the extracts possess
a variety of beneficial activiies such as ant-inflammatory (Shen et al., 2002), antiviral
{Calabrease et al., 2000), antithrombolic (Shao and Fang, 1991), immunostimulatory (Kumar
et al., 2004), hypoglycaemic (Zhang and Tan, 2000), hypotensive (Zhang and Tan, 1996), and
anticancer (Matsuda et at., 1994; Kumar et al., 2004), Most therapeutic aclivities of this plant
are aftributed to andrographolide {AP1) and its related diterpene compounds such as 14-
deoxy-11,12-didehydroangrographolide (AP3), and neoandrographolide (AP4) (Fig 1). AP1
has board antiproliferative effect on a panef of human cancer cell tines (Siripong et al., 1892,

Kumar et al., 2004; Satyanarayana et al., 2004) and this compound inhibit growth of MCF-7



afyn Woususlant

breast cancer cells by causing cell cycle arrest at GO/G1 phase (Rajagopal etal., 2003).

There was no report for anticancer mechanism of AP3 and AP4.

HO ] o
AP1: Andrographolide cHf
g CHy
HO™ ; ] i
Y
HOFRC  CHy Sj%
© Pty
C::H’: CHy HOCH, ,; Hl
SR
HO™ H
oK
HOH,C  CH,y om
APZ: 14-Deoxy-11,12-didehydro &HP4: Meoandrographolide
andrographolide :
Figure 1 The three active diterpenoids from Andrographis paniculata

Tissue homeostasis is controlted by balance between cell growth and ¢ell death. Cell
cycle machinery consists of regulatory proteins which play critical role in controliing cell
growth. Apoplosis is a morphologically and biochemically distinet form of cell death.
Deregulation of the balance between cell growth and apoptosis lead to tumor development.
Because of their pivotal roles, apoptosis and cell cycle are being the imporiant targets for
anticancer drug development. Previous study has showed that cell cycle asrest and induction
of apoptosis are the molecular mechanisms for anticancer activity of aromatase inhibitors and
antiestrogens, the two groups of breast cancer hormonal therapy currently available
{Thiantanawat et al., 2003). Although the anticancer efficacy of AP1 has been reposted, no
study has fully investig']ated for responsible molecutar mechanisms. Likewise, there is no
intensive study for anticancer aclivity of AP3 and AP4. Traditionally, medicinal plants are used
as crude extract composed of more than one active compound. Indeed, many times these
combinations bring out the better therapeutic effect. Therefore, much remain to be study for
the celivlar and molecular mechanisms of the effects of the three active diterpenoids APA1,
AP3, and AP4 and their combinations when used in breast and other types of cancer. In this
application, we s:et up the study to investigate anticancer molecular mechanisms of AP1, AP3,

AP4, and their combinations by targeting their effect on celf cycle machinery and apoptosis
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signaling pathway. Our studies specifically accentuate on thelr anti-cancer therapeutic effect
on both hormone-independent and hormone-dependent breast cancers. We ufilized two
different breast cancer cell ines MDA-MB-231 and T47D to represent hormone-independent
and hormone-dependent breast cancer cetls, respectively.

In addition to cell cycie and apopiosis, fissue homeostasis is also under influence of
molecules in the milcgen-activated protein kinases (MAPK) signal transduction network. This
network comprise of highly interactive series of protein kinases. Thase proleins are
serinefthreonine protein kinases that convey, amplify, and integrate signals from diverse
stimuli such as growth factors, neurotransmitters, and cellular stresses. The net resuit
includes array of cellular responses such as proliferation, differentiation, development,
inflasmmation, or apoptosis {Dong and Bode, 2003}. Several studies suggest an important role
of MAPK signaling pathway in breast cell protiferation and development of drug resistance in
breast cancer {Kaic et al., 1995; Saten et al., 2002; Jelovac et al., 2005). Therefore, this
study is also examine the effects of the three diterpencids and combinations on the MAPK
signaling which will provide the better and inclusive understanding of molecular mechanisms

of the tested compounds.
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Specific Aims

The ultimate goal of this project is to gain knowledge about the anticancer moiecular
mechanisms of the three diterpenoids from A. panicufata.

The specific aims of this project are:

Specific Aim 1: To determine the effects of the three diterpenoids (AP1, AP3, and
AP4} and combination on cell cycle machinery.

Specific Aim 2: To examine the role of apoptotic cell death for anticancer activity of
the three diterpenoids and identify the signaling pathway induced by the three diterpenoids.

Specific Alm 3: To investigate the involvement of MAPK signaling pathway in

antiproliferative effect of the three diterpencids.
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Materials and Methods

Materials

Plant Material and Active Diterpenoids Preparation

Leaves and stems of A. panicufafa plant were collected, air-dried, and powdered, The
diterpencids AP1, AP3, and AP4 were isolated and puriflied by Laboratory of Pharmacoiogy
and Laboratory of Medicinal Chemistry, Chulabhorn Research instifute using column
chromatography and identified by UV, IR, and NMR spectra data following method by
Matsuda et al. {1994},

Cell Lines

MDA-MB-231 hormone-independent and T47D hormone-dependent human breast
cancer cells were obtained from American Type Culture Collection. MDA-MB-231 cells were
maintained in a standard medium of DMEM with 2 mM L-gtutamine, non-essential amino acid,
4.5 g/l glucose, and 10% fetal hovine serum {FBS). The hormone-dependent T470 cells
were maintained in RPMI 1640 medium with 2 mM L-glufamine, 4.5 g/L glucose, 10 mM
HEPES, 1.0 mM sodium pyruvate, 0.2 Units/ml bovine insulin (90%), and 10% FBS. Cells

were cultured at 37 °C in a humidified incubator with 5% CC, and 95% air.

Methods
Cell Growth Assay

Plates of 80% confluent cells were harvesied by trypsinization. Cells were seeded in
triplicate into 24-wells plates at 5,000 cellsiwell (for MDA-MB-231 celis) or 10,000 caills / well
(for T470 cells) and were allowed to attach overnight. The medium is replaced with fresh
medium containing the pure compounds AP1, AP3, or AP4 (single or in combination} at
various concentrations as indicated to test for their effecis on the cell growth. Control cells
were treated with vehicle (0.2% DMSO). After 48 hours of treatment, cells were harvested by
trypsinization and total cell number in each well was determined using a Coulter Counter
model Z-1. Concenérations of each compound and their combinations that vyield 50% ceb
number (1Csg) compared to control were calcuiated using linear equation.

Deteclion of Apopiosis by Annexin V/Propidium lodide {Pl) Assay

Apoptosis was assessed by measuring membrane translocation of phosphatidylserine
using an annexin V-FITC apoptosis detection kit | (BD Pharmingenm, BD Biosciences USA).
According fo the manufacturer's protocol, afier treatments, cells were collected and washeg
twice with cold PBS, resuspended in binding buffer at a concentration of 1x40° cells/ml. Then
100 W of the solution was transferred to new tube before added with 5 ! of FITC-conjugated

annexin V antibody and 5 pi of Pl {250 ug/ml stock solution). After incubation at room
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temperature for 15 min, 400 pl of binding buffer were added and cells were analyzed by flow
cytometry, The percentage of ¢elis undergoing apoptosis was determined by three
independent experiments.

Preparation of Total Cali Lysates

Adherent and floating cells were harvested afier treatment. The floating cells were
collected by centrifugation at 500xg {4°C) for 15 min, and the celis thal remained attached to
the culture plate were detached by scraping. Both the fioating and aftached cells were mixed
together, centrifuged, and washed in 10 mi of ice-cold DPBS, The celi pellet was
resuspended in chilled cel! lysis buffer (0.1 M Tris HCI, 0.5% Triton X-100, protease inhibitor
mixture {Complete TM; Boehringer, Indianapolis, 1N) with aor without phosphatase inhibitors (1
mM NazvV0y, 160 mM NafF, and 100 uM PMSF} and sonicated for 20 sec. The homogenates
were fransferred to new Eppendorf tubes and were incubated on ice for 30 min. The
homogenates were spun at 10,000xg {4°C) for 30 min, and supernatants were separated and
siored at -80°C. Protein concenfrations were determined by Bradford method using a Bio-Rad
kit (Bio-Rad, Hercules, CA).

Cytosolic Fractionation

Cells were incubated with extraction buffer (10 mM HEPES pH 7.4, 150 mM Nabl,-
1.5 mim MgCl,, 1 mM EDTA, 0.02% digitenin, 1 miM sodium orthovanadate, 50 mM soedium
fluoride, t mM PMSF, and protease inhibitor cocktail) for 10 min on ice. The cell extract was
cenirifuged at 700 x g for 10 min at 4°C, resulting in a pellet (P1) containing nuclei and
supernatant (S1) retaining mitochondria and cytosol. The S1 supernatant was recentrifuged at
16,000 x g for 30 min at 4°C. The resulting supernatant (82) was further centrifuged at '
100,000 x g at 4°C for 1 h to obtain the supernatant cytosclic fraction. Protein concentrations
were determined by Bradford method using a Bio-Rad kit. Ten Jg of fractionated cytosolic
protein extract was subjected to SDS-polyacrylamide gels, and transferred to nitrocellutose
membranes, and the protein levels of cytochrome C (cyt C), F1-ATPase, and actin were
measured by Western immunoblot analysis.

Gel Electrophoresis and Western Blotting

Equal amount of total protein (20-30 pg) were subjected to SDS-PAGE (20 mA/gel),
using the mini-Protean3 electrophoresis modules assembly (Bio-Rad} and kansferred (100 V,
1 h) to nitroceilulose membranes (Hybond ECL; Amersham, UK}. immunodetections were
performed using mouse monoclonal antibodies against human cyclin D1, p21, p38 MAPK,
phospho-p44/42 MAPK (Cell Signaling Technology, USA), Cdk2, cyckn A, cyclin E (BD
Transduction Laboratories, USA), Bel-2 {Upstate, USA}, cytochrome C, B-actin {Sigma, USA)
or rabbit polyclenal antibodies against Bad, Bax, Belxi.,, PARP, p27, phospha-p38 MAPK, .
pa4id2 MAPK (Cell Signaling Technology, USA). Iimmunoreactive bands were visualized using

the enhanced chemiluminescence detection reagents {(Amersham Corp., Arlington Heights, IL)

13
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according to the manufacturer's instructions and quantitated by densitormetry using Bio-Rad
software {Quantity One).

Statistical Analysis

The statisticat differences were analyzed using the student’s { test. All statistical tests

were two sided and differences were considared to be stafistically significant when P<0.05.
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Results

Effect of AP1, AP3, AP4 and their combinations on in vitro growth of human
breast cancer cells

The first experiment is to examine anfiproliferative effects of the three diterpenolds
from Andrographis paniculata (AP1, AP3, and AP4. Two human breast cancer cell jings MDA-
MB-231 (hormone-independent, ER -ve} and T47D (hormone-dependent, ER +ve} were
ulilized. In addition to effect of individual compound, the combinatory effect of AP1+AP3,
AP1+APA, AP3+AP4, angd AP1+AP3+AP4 were aiso studied. Our results showed that the
three diterpenoids compounds decreased in vitro growth of both cell fines. Among the three
compounds, AP 1 was the most potent growth Inhibitor for with the ICy, valties of 4,38 £ ¢.11
UM and 22.62 + 441 pM for MDA-MB-231 and T470 cells, respectively. AP4 was a iess
effective growth inhibitor with the (Cs, » 100 M. As shown in Table 1, combination treatments
induced a siight increase in growth inhibitory effect compared fo single compound. This was
except for AP3+AP4 combination which 1C;, value was markedly reduced to 46.93 LM
compare to 80.72 uM in AP3 or >100 uM in AP4 alone. Interestingly, the hormone dependent
T47D cells exhibited lesser sensitivity (3 to 5 fold} than the hormone independent MDA-M8-
231 breast cancer cells.

Effect of the three diterpenoids on celf cycle machinery

Cell cycle machinery is known to piay a pivotal role in the regulation of caflular
proliferation. In attempt to investigate whether antiproliferative effect of AP compounds and
their combinations observed in both cell lines are related to ceil cycle controf, several key cell
cycle regulatory proteins cyclins, cyclin-dependent kinases (cdk}), and inhibitors of cdk {CKI})
are studied. As demonstrated in figure 2 and 3. expression of cyclin D1 the key protein that
regulates driving of cell from G1 to 8 phase in the cell cycle is significantly down-regulated in
AP1 treated cells. Levels of cyclin D1 protein after cells were treated with AP1 25 uM for 24
hours were decreased to 0.08 fold and 0.47 fold of control in MDA-MB-231 and T47D cells,
respectively. There is a slight decrease in expression levels of this protein in AP 3 and AP4
treated ceils. However,' greater down-regulatory effects on cyclin D1 protein expression are
observed after AP combination (AP1+AP3+AP4) treatment. This profie of cyclin D1
expression after AP freatments is similar for both celi fines.

Decreases in cyclin D1 protein levels ohserved after AP treatment indicate that AP
compoungds interfere with celt cycle controt at G1/3 phase. In addition to cyclin D, other
cycling which are cyclin £ and cyclin A have also been shown to regulate move of cell from
G1 to S phase of the celt cycle. These cyclin proteins work with their partner proteins calied

cyclin-dependent kinases (cdks) to drive cells through cell cycle (Sheer, 2000). Therefore, the
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effect of AP compounds on expression of oyclin E, cyclin A, and their partner cgk2 proteins

are also studied.

Table 1 IC,, values of AP1, AP3, AP4, and their combinations in MDA-MB-

231 and T47D cells

afyn Weawsusdant

Treatments IC, (LM}

MDA-MB-231 T47D
APt 4.39 £ 0.11 2262+ 4.41
AP3 15.67 £1.06 8072+ 9.02
AP4 > 100 > 100
AP1+AP3 3.26 £ 0.54 14.09 £ 0.76
AP1+AP4 3221010 16.24 £ 0.52
AP3+AP4 16.05 + 0.87 46.93 + 2563
AP1+AP3+AP4 262 £ 0.84 14.19 £ 0.83

MDA-MB-231 cells (5:(1{.1a cellsiwell) or T470 cells (1x104c:ellsfwell) were cullured in 24 wells plale. The

day later, media were refreshed and triplicate wells were trealed with the indicaled trealments of AP1, AP3, AP4, or

their combinations at concentrations of 1, 5, 10, 25, 50, and 100 LIM. At 48 hours of treatments, numbers of call in
sach well were determined using Coulter Counter Model Z-1. Cell growlh inhibition was caleulaled as percentage of

control cells grew In vehicle (0.2%DMSO). Linear equalion was ulilized for ICy, values delemmination.  Resulls are

expressed in the mean T SE of triplicate independent exparments.
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Thera was no alteration in lavels of cyciin A protein in T47D cells after AP1, AP3, or
AP4 single compound treatment. However, the maximum of 80 percent decrease in cyclin A
protein levels were evidenced in cells feated with AP1+AP3+AP4 when compared to the
controt vehicie-treated celis (figure 3). In addition to cyclin D1 and cyclin A, expression levels
of cychin E protein are slightly decreased (0.9 to 0.7 fold of controf) after AP treatments.

Moreover, AP treatments caused decreases in expression levels of cdk?2 protein
which can be observed in both MDA-MB-231 and T47D cells (figure 2 and figure 3,
respectively). There are decreases of 20 to 30 percent in cdk2 protein expression levels in
MDA-MB-231 cells while no change of cdk2 protein expression are evidenced in T47D cells
after AP1, AP3, or AP4 single compound treatment. However, there is a significant decrease
in cdk? protein expression levels of 50 io 70 percent reduction in MDA-MB-231 cells (figure
2) and 30 to 40 percent reduction in T47D ceils {figure 3} after the AP combination
treatments.

in addition to cyclins and their kinase enzyme partner cdks, control of cell cycle
machinery is also regulated by the inhibitor of cyclin-dependent kinase such as p{6, pi8,
p21, and p27 proteins (Vidal and Koff, 2000). These proteins can inhibit kinase activity of the
cdks which will tead to arrest of cells at G1/S phase. Therefore after seeing that AP'
treatments induced decrease in expression levels of c¢yclins and cdk2, we then further
investigate whether AP reatments cause any effect on the cyclin-dependent kinase inhibitors.
As expected, up-regulation in expression levels of p21 protein a cyclin-dependent kinase
inhibitor are evidenced in all AP treaiments in T47D cells {figure 3). However, we could not
detect p21 protein expression in MDA-MB-231 cells. It has been reported that the tumor
suppressor gene pb3 is mutated at the DNA binding domain in both MDA-MB-231 and T47D
cells on R280K and L134F, respectively {(Runnebaum et al., 1981). Transcription of p21 can
be Induced by p53. Mutation at R280K on DNA binding domain of p53 in MDA-MB-231 cell
may affects transcription of p21 protein and may be the reason for no detection of p21
protein in this cell fine. Unable to detect p21 protein in MDA-MB-231 cells we then turn to p27
another cdk inhibitor. As shown in figure1, expression levels of p27 protein are siighily up-
regulated (1.1 to 1.42 fold of control) In MDA-MB-231 cells after AP combination freatments.

Our results demonstrate that AP compounds from A. paniculata possess inhibitory
effect on in vitro growth of MDA-MB-231 andT470 cells in part by interfere with the cell cycle
machinery. The mechanism is via down-reguiate the expression of cyciin D1, cyclin A, and
cyclin E protein and induce a reduction of their enzyme partner cdk2 protein level. Moreover,

AP compounds also induced up-regulation of cgk irhibitors p21 and p27 protein expression.
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cdk2 33
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Con AP1 AP3 AP4 Comb
Figure 2 Western immunoblctting analysis of whole cell lysates from MDA-MB-

231 cells cultured in vifro for cyclin D1, cdk2 and p27 protein expression. Cells were
treated with 25 pM of AP1, AP3, AP4, or combination {AP1+AP3+AP4) for 24 hr.
Control (Con) lane is lysate from cells treated with vehicle (G.2% DMSO) for the same
period of lime. Blots were stripped and probed for $-aclin to verify that equal amounis

of protein were loaded in each lane.
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Figure 3 Weslern immunoblotting analysis of whole cell lysates from T470

cells cultured in vitro for cyclin D1, cyclin E, cyclin A, cdk2 and p21 protein.
expression. Cells were treated with 25 uM of AP1, AP3, AP4, or combination
(AP1+AP3+AP4) for 24 hr. Control (Con) lane is lysate from cells treated with vehicle
(0.2% DMSO) for the same period of time. Blots were stripped and probed for B-actin

to verify that equal amounts of protein were loaded in each lane.
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AP compounds induce apoptosis in MDA-MB-231 and T47D cells

MNet celi number is the result of the balance between cell proliferation and cell death.
In addition to their effects on cell cycle progression, the reduction in cell number observed
after AP treatments could be the resuit of induction of cell death. To investigate whether
AP1, AP3, and AP4 induce apoptosis in the tested cell lines, the annexin V assay to detect
cell death via apoptosis was performed by flow cytometry analysis. This assay detect
membrane transiocation of phosphatidyiserine (from inner to outer} which is occur in early
stage of cell undergoing apoptosis.

in the hormone-independent MDA-MB-231 breast cancer cells, percentage of
apoptotic cell was increased to 23.3 £ 5, 185 £6, and 14.1 + 2.5 after 48 hr treated with 25
UM of AP1, AP3, and AP4, respectively. The induction of apoptosis observed in these
treatments were stafistically significance (p<0.05) when compared to 7.1 £ 2.1 percent of
apoptosis detect in confrol vehicle-treated cells {figure 4 and 5). Treatment with AP
combinration induced 39.7 = 4.8 percent ¢ell death by apoptosis which is significantly greater
than the effect of each singie compound (p<9.05).

The same profile was cbserved in T47D cells that all the three compounds induced
apoptosis which the potency in apoptosis induction of AP{ >AP3>AP4. In T47D cevlls, A.P’r
induced apoptosis by 36.7 percent compared to 7.6 percent of the control cells (figure6 and
7). AP3 and AP4 freatments induced apopliosis In T47D celts by 20.3 and 15.5 percent,
respectively. As in MDA-MB-231 cells, treatment with combination of AP1+AP3+AP4 in T47D
cells also resulted in more potent apoptosis induction effect. The percentage of apoptolic celis
was increase to 45.7 percent after combination treatment. '

Previously, cell growth study showed that the IC,, values of all AP treatments were
higher in hormone-dependent T47D breast cancer cells than fhose in MDA-MB-231 ceils. In
agreement with the celi growth study, coﬁcentration 50 UM of AP compounds was needed in
T470 cells to induce the same levels of apoptosis by 25 uM of AP compounds in MDA-MB-
231 cells. The profiles of apoptotic induction cbserved in annexin V assay in both MDA-MB-
231 and T47D cells were correfated weli with the profile of cell growth inhibiting and 1C,
values obtained in previous study (table 1).

Taken together, these resulls indicated that the growth inhibiting sffects of AP1, AP3,
and AP4 on MDA-MB-231 and T47D cells are mediated via disrupting cell cycle progression

and by inducing apogptotic cell death.
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Figure 4 Histograms from fiow cytometry analysis of apoptosis in MDA-MB-231 cells
as determined by annexin V assay. MDA-MB-231 cells wers treated with 25 uM of AP1, AR3,
AP4, AP1+AP3+AP4 {comb}, or vehicle 0.2%DMSO (control). After 48 hours of kreatments,
cells were harvested and subjected to annexin V flow cytomeftry analysis as described in
"Materials and Mathods™. Cells in Q3 and Q4 were early and late apoptotic celis,

respectively.
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Figure 5 Induction of apoptosis in MDA-MB-231 cells as determined by annexin V
assay. MDA-MB-231 cells were treated with 25 uM of APt, AP3, AP4, AP1+AP3+AP4
{comb), or vehicle 0.2%DMSO (control). After 48 hours of treatments, cells were harvested
and subjected to annexin V flow cytometry analysis as described In "Materlals and Methods".
Percentages of apoptotic cells were quantitated from three independent experiments. Data are
presented as mean £ SE. *, statistically significant (P<0.05) versus control, +, statisticaily -

significant {P<0.05) versus AP1.
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Figure 6 Histograms from flow cylometry analysis of apoptosis in T47D cells as

determinaed by annexin V assay. T47D cells were treated with 50 pM of AP1, AP3, AP4,

APT+AP3+AP4 (comb), or vehicle 0.2%DMSO (controf). After 48 hours of treatments, cells

were harvested and subjected to annexin V flow cytometry analysis as described in "Materials

and Methods”. Cells in Q3 and Q4 were early and late apoptotic cells, respectively.
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Figure 7 induction of apoptosis in T47D cells as determined by annexin V assay.
T47D cells were treated with 5 ph of AP1, AP3, AP4, AP1+AP3+AP4 {comb), or vehicle.
0.2%DMSO (control}. After 48 hours of treatments, cells were harvested and subjected to
annexin V flow cytometry analysis as described in "Materials and Methods". Percentages of
apoptotic cells were quantitated from three independent experiments, Data are presented as

maan + SE. *, statistically significant {P<0.05} versus control.
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Mechanlsm of apoptosis activated by the three diterpenoids

a} Involvement of Bel-2 family of protein in apoplosis activated by AP compound
treatments

After observing Induction of apoptosis by AP1, AP3, and AP4, we further examine the
meachanisms involved. We first investigated the effect of the three compounds and their
combination on protein members in Bcl-2 family. The Bci-2 famity of proteins is known to play
key roles in the regulation of apoptosis by several stimuli {Dagovich et al., 1998}. In this
study, effects of the three diterpenocids and their combination on expression of protein in 8cl-2
family members both pro-apoptofic (Bax and Bad) and anti-apoptotic (Bcl-2 and Bcl-xL)
proteins were examined.

As shown in figure 8, the expression levels of pro-apoptotic Bax and Bad proteins
were Increased in MDA-MB-231 cells {reated with AP compounds at the concenfration of 10
LM for & hours. Among the threg compounds AP1 induced greatest induction in expression of
Bax and Bad proteins {1.87 and 2.38 fold of contral, respectively). AP3 and AP4 also induced
up-regulaticns in Bax and Bad proteins but at a lesser extent. Treatment with combinaticn of
AP1+AP3+AP4 increased exprassion levels of Bax and Bad protein to 1.95 and 1.96 !olci of
coentrol, respectively. However, the combination keatment did not exhibit additive effect
compared to that observed from AP1 alone (figure 8).

in the hormane-dependent T470 breast cancer celis, the significant up-regulation in
expression of Bax and Bad proteins were evidenced in all treatments. As shown in figure 2,
expression ievels of Bax protein in T47D cells were increased to 4.48, 3.96, and 2.26 foid of
contral afier treated with AP1, AP3, and AP4, respectively, Unlike MDA-MB-231 cells, a
potentiated effect in induction of Bax protein expression was exhibited in T470 cells after
combination treatrment. Twenty four hours after celis were freated with combination of
AP1+AP3+AP4, the levels of Bax protein was elevated {o 6.19 fold when compared to the
leveis in vehicie treated cells.

In addition to Bax protein, sffect of AP compounds on expression leveis of another
pro-apoptotic molecuie Bad in T47D cells was also investigated. All treatments significantly
induced up-reguiation in expression of Bad protein at 4.2, 4.55, 3.18, and 4.72 fold of control
in AP1, AP3, AP4, and combination treatments, respectively (figure 9).

In MDA-MB-231 cells, although up-regulations of pro-apoptosis proteins Bax and Bad
were evidenced, nc afteration in expression levels of the anti-apopiotic 8¢l-2 were observed
after treatment with AP compounds (figure 8). Similarly, AP compounds also have no effect
on Bel-xL whieh is another anti-apoptotic molecuie. However, a forty percent reduction ins
expression levels of Bel-xL was detected after treatment with combination of three compounds

{figure 8).
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In contrast to MDA-MB-231 cells, treatment with AP1 and combination
(AP1+AP3+AP4} in T47D cells significanlly decreased the levels of anii-apoptotic 8cl-2 protein
o forty and thily percent of control, respeciively (figure 8). A slight down-regulation in
exprassion of Bcl-2 protein was induced by AP3 and AP4 with tha decrease of fifteen percent
from control levels in both treatments.

In conclusion, ow results showed that the three tested AP compounds up-regulate
expression of pro-apoptotic proteins Bax and Bad In both MDA-MB-231 and T470 cefls. The
potency in inducing Bax and Bad profein expression was combination > AP1> AP3 > AP4 in
both cell lines. In contrast, AP compounds have lesser effect on anti-apoptotic members of
Bel-2 family of protein. However, combination treatment significantly inguced down-regutation
of the anti-apoptotic Bcl-2 and Bel-xi in T47D and MDA-MB-231, respectively. The relative
levels of pro- and ant-apoptotic Bcl-2 family proteins function as a “rheostat” regulating the
apoptotic threshold of the cell (Yang and Korsmeyer, 1998). Therefore, a markedly increase in
expression levels of pro-apoptotic proteins with a slight decrease in expression levels of anti-
apoptotic proteins observed after AP compounds treatment should affect the regulation of

apoplotic threshold of the cells leading {0 apoptosis.

b) induction of cytochrome C release and PARP cleavage by AP compound treatments

The involvement of Bax, Bad, Bcl-xL, and Bei-2 implied that apoptosis induced by AP
compounds might be via the mitochondria-mediated apoptotic pathway. Several studies have
reported that the key function of Bel-2 family members is to regulate the release of pro-
apoplotic factors, in particular cytochrome ¢, from the mitochondrial intermembrane '
compartment into cytosol {Yang et al.,, 1995; Vander Heiden et al., 1997). Over expression of
either Bel-2 or Bel-xL inhibits eytochrome c release whereas over expression of Bax resulted
in dissipation of mitochondrial membrane potential and release of cytochrome ¢ (Rosse et al.,
1998). Therefore, the next question was whether AP compounds induced cytochrome C
reiease from mitochondria into c¢ytosol. To assess this question cell fractionation was
perormed. Because AP1 and combination treatment were the most effective in inducing
apoptosis in MOA-MB-231 and T47D ceils, we tested efiect of these two treatments on
release of cytochrome C. Twenty-five uM of AP1 significantly induced release of cytochrome
C into cytosol. This was evidenced in both cell lines as early as 3 hours (data not show) with
the maximum release at 6 hours afier treatment {figure 10). In MDA-MB-231 cells, a markedly
increase in levels of cytochrome ¢ refease into cylosol was detected in AP combination
treatment. Quantitative anatysis revealed 5.7 and 10.7 fold increase of ecytochrome ¢ release
in AP1 and AP combination treatment when compared 1o controb vehicle-treated cells {figure

10). Release of cytochrome ¢ was also observed in hormone-dependent breast cancer T47D
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cells. However, levels of cytochrome c release after treatments with 25 puM of AP1 or AP
combination were in the same range of 2.9 fold of control {figure 10}.

The hallmark characteristic of apoplosis is DNA fragmentation. Poly {ADP-ribose)
polymerase (PARP) is a key protein involved in DNA-repair system. Proteolysis of PARP is
common in cell undergoing apoptosis induced by various stimuii (LazebniK et al., 1994).
Therefore, we investigated whether mechanism of apoptosis induced by the three AP
compounds involved PARP proteolysis, Qur previous experimenis in delermination of 1C,
values and annexin V assay for apoptotic index of the three AP compounds and their
combination were performed after 48 hours of treatments. However, aiteration in members of
Bcl-2 protein family and cytochrome ¢ release induced by our treatments can be observed
earlier at 3 and 6 hours. Therefore, we sel up a time course assay (3, 6, and 24 hr) to
determine the effect of AP1, AP3, AP4, or AP combination on PARP protein expression.
Westarn immunoblefting for the PAPR protein reveatad an elevation in the levels of the
proteclytic form in both cell lines after treatments. The profile of PARP proteolytic activated by
AP compounds was in agreement with the IG5y valug and apoptotic index data obtained from
previous experimeants.

As showed in figure 11 and 12, the levels of proteolytic form of PARP were in‘creas;ed
significantly (p<0.05) in MDA-MB-231 and T47D cells after treated with all ireatments.
Treatment with combination of the three compounds activated more PARP cleavage than that
induced by each compound alone. induction of PARP proteolytic can be observed as sarly as
3 hours after treatments and the fevels of cleaved PARP were increased along the time
courses of experiment, -

Taken together, these data indicate that the growth inhibiting effect of AP compounds
on MDA-MB-231 and T470 celis are mediated by Inducing apoptosis. The mechanism
involved up-regulation of pro-apoptotic Bax and Bad and down-regulation of anti-apoptotic
Bcl-xL protein expression, induction of mitochondria cytochreme ¢ release and proteolytic of
PARP protein. Among the three AP compounds tested, the andrographolide (AF1) exhibit the
greatest effect. Treatment with combination of the three compounds resulted in significant

additional effect when compared to each compound alone,
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Figure 8 Western immunoblotting analysis of whole ceil lysates from MDA-MB-231
cells cultured in vitro for Bax, Bad, Bcl-xL and Bcl-2 pretein expressions. Cells were
treated with 25 M of AP1, AP3, AP4, or combination (AP1+AP3+AP4) for 24 hr.
Conirol {Con) lane is lysate from celis treated with vehicle {0.2% DMSQO) for the same
period of time. Blots were stripped and probed for 8-actin {boltom panel} to verify that
equal amounts of protein were loaded in each lang. A. Blots of Bax, Bad, Bel-xL, Bcl-,
2, and aclin. B. Quanlitative analysis from threg independent experiments. Results

represent fold of control; bars,  S.E.
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Figure 9 Western immunoblotling analysis of whole cell lysates from T47D cefls
cultured in vifro for Bax, Bad, and Bcl-2 protein expressions. Cells were treated with
25 uM of AP1, AP3, AP4, or combination (AP1+AP3+AP4) for 24 hr. Control (Con)
lane is lysate from celis treated with vehicle (0.2% DMSO) for the same period of
time. Biots were stripped and probed for B-actin (bottom panel} to verify that equal
amounts of protein were loaded in gach fane. A. Blots of Bax, Bad, Bcl-2, and actin.

B. Quantitative analysis from {hree independent experiments. Results represent fold

of controf; bars, + S.E.
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Figure 10  Western immunoblotting analysis of cylosolic fraction from MDA-MB-231
cells and T470D cells cullured in wvitro for cytochrome ¢ protein. Cells were freated with
25 uM of AP1, or combination (AP1+AP3+AP4) for 6 hr. Control (Con) lane is
cytosolic fracllon of cells trealed with vehicle (0.2% DMSO) for the same period of
lime. Blots were slripped and probed for P-actin {boltom panel) to verify that equal
amounts of protein were loaded in each lane. A. Blots of cytochrome ¢ and actin. B,

Quantitative analysis from three independent experiments. Resulis represent fold of
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Figure 11 Induction of proteolysis of PARP in MDA-MB-231 celis.. Western
immunoblotting analysis of whole cefl lysates from MDA-MB-231 ceits cultured jn vfr;'o
for PARP protein expression. Celts were treated with 25 uM of AP1, AP3, AP4, or
combination {(AP1+ARP3+AP4) for 3, 6, and 24 hr, Control {Con) lane is lysate from
cells treated with vehicle (0.2% DMSO) for 3 hr. Blots were probed with ani-PARP
antibodies that recognized both intact PARP at M, 116 kDa and proteolytic PARP at
M, 85 kDa. Biot were stripped and probed for B-actin (boftom panel) to verify that
equal amounts of protein were lpaded in each lane. A. Blots of PARP and actin. B.
Quaniitative analysis from three independent experiments. Results reprasent fold of

control; bars, £ S.E.
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Figure 12 Induclion of proteolysis of PARP in T470D cells. Western immunoblofting
analysis of whole cell tysates from T47D cells cultured in witro for PARP prole.in
expression. Cells were treated with 25 pM of AP1, AP3, AP4, or combination
(AP1+AP3+AP4) for 3, 8, and 24 hr. Control (Con) lane is lysate from cells treated
with vehicie (0.2% DMSO) for 3 hr. Blots were probed with anti-PARP antibodies that
recognized beth intact PARP at M, 116 kDa and proteolytic PARP at M, 85 kDa. Blot
were slrippad and probed for B-actin (bottom panel) to verify thal equal amounts of
protein were loaded in each lane. A. Blots of PARP and actin. B. Quantitaiive
analysis from thres independent experiments. Results represent fold of control; bars,

+ SE.
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Involvement of MAPK signaling pathway in antiproliferative effects of
andrographelides

Praliferation of breast cancer cells can be promoted via a MAPK-dependent pathway.
MAPK phosphorylates Ser-118 in the estrogen receptor (ER), leading to ligand-independent
ER activation (Kato et al., 1995}, Moreover, {t has been reported that MAPK is over activity in
tamoxifen resistant breast cancer cells (Kurokawa et al., 2000; Saten et al., 2002). These
findings suggest an important rote of MAPK signaling pathway in breast cell proliferation.

To investigate whether profiferation of T47D and MDA-MB-231 cells was associated
with MAPK signaling, we utilized two different inhibitors PD98058 (a specific inhibitor of
MEK1) and U0126 {an inhibitor of MEK1 and MEK2). Our results show that PDI8059 at
concentrations of 5, 10,and 20 uM have a siight inhibitory effect on growth of MDA-MB-231
cells {figure 13 A} whereas UQ126 exhibits a greater effect in inhibiting growth of MDA-MB-
231 cells and the effect was evidenced in a dose-dependent manner (figure 13 B). Similar
growth inhibitory profile was observed in T47D cells as shown in figure 14 A and B. These
data indicated that ERK1/2 involves in proliferating of these two cell lines and that their
proliferation required activity of both MEK 1 and MEK 2 protein.

In order to expiore whether growth inhibitory effect of AP compounds relaie_d fc ihe
activation of MAPK or not, additional experiments were designed. We hypothesized that AP
compounds may exert their growth inhibitory effect in part via alleration of the ERK1/2
activity. Thersfore treatments of AP compound with the inhibitors of MEK an upstream
activator of ERK were performed.

As the most potent compound, AP1 at low concentration of 1 UM and at ICS{,‘
concentration of 5 uM were selected. There was no significant change in growth inhibiting
effect of AP1 at low concentration of 1 uW when combine with PD98059 or UCG126 in both
cell lines. However, a significant additive growth inhibiting effect was detected when cells
were treated with AP1 at concentration of 5 uM together with PDI8059 or U0126 at
concentration of 20 UM. These resuits indicated that the antiproliferative aclivity of AP1 may

involve inhibiting of ERK activity.
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Figure 13 Effect of MEK inhibitors {PD98059 and UG126) and their combination with AP1
compound (1 or &5 pM} on in vitro growth of MDA-MB-231 celis. * statisticaily significant difference
(P<0.05) to AP1 and PD at the same dose.
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Figure 14 Effect of MEK inhibitors {(PD98059 and UG126) and their combination with AP1
compound (1 or 5 LIM) on in vitro growth of T47D cells. * statistically significant difference (P<0.05)

o AP1 and PD al the same dose.
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After found that growth of MDA-MB-231 and T47D cells were regulated in part via the
MAPK signaling, we then determined the effect of AP compounds on MAPK signating. This
signal ransduction network comprises of a highly interactive serles of serinefthreonine protein
kinases which convey, amplify, and integrate signals from diverse stimull. The net result is an
array of cellular responses such as proliferation, differentiation, inflammation, or apoptosis.
Two subgroups of the MAPK family; the extracellutar signal-regulated protein kinase {ERK)
and the p38 family of protein kinases, were well characterized. Therefore, the ERK1/2 and
pP3BMAPK proteins the key molecuie of these pathways were selected to study.

The levels of ERK1/2, p38 and their active phosphorytated pERK1/2 and pp38
proteins were monitored at 3, 6, and 24 hours after treatments with 25 pM of AP1, AP3, AP4,
or AP combination (figure 15, 16, 17, and 18, respectively),  in MDA-MB-231 celis, no
alterations in expression levels of p38 protein were observed in all reatments. However,
exprassion levels of pp38 which is an active form of p38 were increased in all treatments
except AP4 treatmeni (figure 17). Our fime-course study revealed that AP1 induce p38
activation at 6 hours after treatment (figure 15) while an activation induced by AP3 was
evidenced at earlier time course of 3 hours after treatment (figure 16}). Activation of p38 by
AP1 and AP3 was in a transient manner. ‘ ‘

In T47D cells, acfivation of p38 was detected after APi and AP4 treatment, As
observad in MDA-MB-231 celis, inducticn of p38MAPK phosphorylation by AP1 and AP4
compounds in T47D cells were also short-lived. A significant increase in expression levels of
pPP38 can be observed at 24 hours after AP1 treatment (figure 15) and at 3 hours afier AP4
treatment {figure 17). Albeit a slight increase in pp38 protein levels observed at 3 and 5
hours after AP3 treatment, significance p38 activation was not in consider since total form of
p38 at those time courses were also increased {figure 16).

As showed in figure 18, combination treatment induced p38 activation with the same
pattern in both cell lines. A significant increase in pp38 protein expression was evidenced at 8
hours after combination treatment. Uniike a fransient activation as observed in single
compound treatments, p38 activation induced by combination treatment was sustained for the
duration of treatment.- Moreover, levels of pp38 proiein were further increased at 24 hours
after treatment.

Qur results as showed in figure 13 and 14 suggested thal ERKY/2 may involve in
growth inhibitory effect of AP compounds. Therefore, the expression of ERK1/2 and their
active phosphorylated pERK1/2 proteins were examined. As showed in figure 15, AP1
induced a significant decrease in pERK1/2 protein levels in both cell lings at 24 hours after
treatment, Decrease in pERK1/2 was detected in MDA-MB-231 celis at 24 hours after AP3.
treatment whereas an increase in pERK1/2 was observed in T470D celis at 3 and 6 hours

before went back to the control tevels at 24 hours {figure 18).
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Leveis of pERK1/2 proteins were also increased after AP4 treatment in both cell lines.
The activation was detected at 3 hours after freatment before it return to the control level at
24 hours (figure 17).

Surprisingly, despite the most potenl condition for anti-growth effect, combination
treatment did not inhibit activation of ERK1/2 in MDA-MB-231 cells. In contrast an induction in
ERK1/2 activation was observed as the lavels of pERK1/2 proteins were increased at 3 and 6
hours {figure 18). However, decrease in expression levels of pERK1/2 proteins were detected
in T47D celis at 3 hours after combination kreatment before retusn to the control levels at 6
hours.

in conclusion, these results indicate that the three AP compounds caused different
effect on activation of p38 and ERK1/2 proteins. AP1 induced activation of p38 and reduced
activation of pERK1/2 in both cell ings. AP3 induced activation of p38 and reduce activation
of pERK1/2 in MDA-MB-231 cells but not in T47D cells. Transient activation of pERK1/2 in
both cell lings and a fansient activation of p38 in T470D cells were observed afier AP4

treatment. Combination treatment induced a prolong activation of p38 in both celt lines.
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Figure 15 Western immunoblotling analysis of whoie cell lysates from MDA-MB-231
and T47D cells culiured in vilro for pp38, p3B, pERK1/2. ERK1/2 protein expression. Cells
were lreated with 25 M of ARP1 for 3, 6, and 24 hr. Contre! (Con) lane is lysate from cells
trealed with vehicla (0.2% DMSOQ). Blot were siripped and probed for B-actin (bottom panel)
to verify lhat equal amounts of protein were loaded in each lane. Resulls are shown from a_

single representatlive of three independent experiments.
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