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Abstract
We sought to determine the molecular basis for the anticancer activities of 5,3′-
dihydroxy-3,6,7,8,4′-pentamethoxyflavone (DH-PMF), isolated from Gardenia obtusifolia
traditionally used in Thailand for a variety of ailments. As little as 1 μM DH-PMF inhibited the
proliferation of prostate, colon, kidney, lung, head and neck, pancreas, breast, leukemia, and
myeloma cancer cell lines. DH-PMF also suppressed the colony-forming ability of tumor cells,
with 50% inhibition occurring at a dose less than 10 nM. DH-PMF induced G2/M and subG1 cell
cycle arrest, increased the levels of p21WAF1/CIP1 and p27KIP1, and reduced the expression of
cyclin D1, CDC2, and c-MYC. Furthermore, DH-PMF inhibited AKT and glycogen synthase
kinase 3 beta (GSK3β) activation, reduced cell survival proteins, and induced apoptosis, as
indicated by annexin V staining, TUNEL assay, and activation of caspase-8, -9 and -3. Overall,
our results demonstrate that DH-PMF induces suppression of cell proliferation through modulation
of AKT-GSK3β pathways and induction of cyclin-dependent kinase (CDK) inhibitors.
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Although hundreds of agents have been suggested for the treatment of cancer, most are
unsafe, expensive, and lack efficacy. Of the currently available anticancer agents approved
for use over the past three decades (e.g. paclitaxel, doxorubicin, and camptothecin), up to
70% were directly or indirectly derived from natural sources (1).

As a means of identifying anticancer agents, this reverse pharmacology, or the ‘bedside-to-
bench’ approach, involves studying medicinal plants that have been traditionally used to
treat various ailments. Such an approach is thought to be advantageous for several reasons.
Firstly, it provides a quick lead. Natural products are also usually multitargeted and thus
ideal for chronic diseases such as cancer, which involves the dysregulation of multiple
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genes. Additionally, most natural products tend to have a low affinity, which is also
preferred as cancer is due to overexpression of certain proteins. Thus, natural products are
expected to exhibit less toxicity, as they do not completely inhibit (or knock out) a given
protein.

One promising medicinal plant is Gardenia obtusifolia (of the Rubiaceae family), which is
commonly used in Thailand. Extracts of this plant are used as inhibitors of implantation (2),
ulcer suppressants (3), and antibacterial (4), analgesic (5), diuretic (5) and hypotensive (5)
agents. Extracts also have antipyretic properties (6) and are used as larvicides (7). One of the
compounds isolated from this plant, 5,3′-dihydroxy-3,6,7,8,4′-pentamethoxyflavone (DH-
PMF) (Figure 1A), has been found to be cytotoxic to various cancer cell lines (8–10) and to
exhibit anti-HIV activity (11). PMF isolated from another medicinal plant native to North
America, Polanisia dodecandra, has also been found to exhibit anticancer activity by
binding to tubulin and inhibiting its polymerization, with a 50% inhibitory concentration
(IC50) of 0.83 μM (8–10).

AKT, a serine (Ser)-threonine (Thr) kinase known as protein kinase B, is a central signaling
molecule in the phosphatidylinositide-3-kinase (PI3K) pathway (12). Activation of PI3K/
AKT signaling results in a decrease in activity of proapoptotic proteins or an increase in
activity of antiapoptotic proteins (13). Akt is activated in response to various mitogens or
growth factors and then phosphorylates glycogen synthase kinase 3 beta (GSK3β) at Ser
residue 9, inactivating the kinase (14). GSK3β is involved in regulating cell fate and
differentiation in a variety of organisms (15) and has a role in cell survival (16). Blockade of
the PI3K/AKT/GSK3β pathway has been found to sensitize various tumor cell types to
apoptotic cell death induced by a variety of chemotherapeutic agents (17), and thus, this
pathway is an attractive target for the development of novel anticancer therapies.

Because it is not known which cell signaling pathways and proteins are modulated by DH-
PMF in cancer cells, we investigated the effect of DH-PMF on cell signaling pathways
involved in tumor cell survival, proliferation, and apoptosis.

Materials and Methods
Chemicals

Penicillin, streptomycin, RPMI-1640, Iscove’s modified Dulbecco’s medium (IMDM), and
Dulbecco’s modified Eagle’s medium (DMEM) were obtained from Invitrogen (Carlsbad,
CA, USA). Fetal bovine serum (FBS) was supplied by Atlanta Biologicals (Lawrenceville,
GA, USA). Antibodies against cyclinD1, c-MYC, polyadenosine ribose polymerase
(PARP), B-cell leukemia/lymphoma 2 (BCL-2), B-cell lymphoma-extra large (BCL-xL),
myeloid cell leukemia 1 (MCL-1), caspase-3, caspase-8, caspase-9, CDC2, p21, BCL-2–
associated protein X (BAX), AKT and PI3K were obtained from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). Anti-survivin antibody was purchased from R&D Systems
(Minneapolis, MN, USA). Antibodies against phosphorylated AKT (Ser 473),
phosphorylated GSK3β (Ser-9), GSK3β, phosphorylated PI3K, and p27 were obtained from
Cell Signaling Technology (Danvers, MA, USA). Anti-X-linked inhibitor of apoptosis
protein (XIAP) antibodies was obtained from BD Biosciences (San Diego, CA, USA).
Antibody against cellular FLICE inhibitory protein (cFLIP) was kindly provided by
Imgenex (San Diego, CA, USA). Fine chemicals were obtained from Sigma (St. Louis, MO,
USA).

Cell lines
The cell lines used in our studies included those established from chronic myelogenous
leukemia (KBM-5), human lymphoblastic leukemia (Jurkat), human promyelocytic
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leukemia (HL-60), human chronic myelogenous leukemia (K562), human prostate cancer
(PC-3, Du145), human colorectal cancer (HCT-116, Caco2), human embryonic kidney cells
(A293), human non-small cell lung cancer (H1299), human head and neck cancer (SCC4),
and human multiple myeloma (U266, RPMI8226, MM1S) were obtained from the American
Type Culture Collection (Manassas, VA, USA). Panc-28 (pancreatic carcinoma) cell line
was kindly provided by Dr. Shrikanth Reddy (The University of Texas M.D. Anderson
Cancer Center, Houston, TX, USA). Breast cancer cell lines that express different levels of
HER2, including stably transfected MCF7/HER2 and their vector control, were kindly
provided by Dr. D. Yu (The University of Texas M. D. Anderson Cancer Center, Houston,
TX). The mouse embryonic fibroblast (MEF) derived from GSK3β−/−C57Bl/6J mice and
their wild type counterparts were kindly provided by Dr. James R. Woodgett (Ontario
Cancer Institute, Toronto, Ontario, Canada). These cells have been well characterized and
described (18). MEF/GSK3β+/+, MEF/GSK3β−/−, A293, Panc28, and HCT-116 cells were
cultured in DMEM with 10% FBS; KBM-5 cells were cultured in IMDM with 15% FBS;
MCF-7/Neo, MCF-7/HER2 cell lines were cultured in DMEM/F12 with 10% FBS and no
antibiotics; SCC4 cell lines were cultured in DMEM with 1% sodium pyruvate and 10%
FBS, and all other cell lines were cultured in RPMI-1640 with 10% FBS. All media were
supplemented with 100 U/ml penicillin and 100 mg/ml streptomycin.

Extraction and isolation of DH-PMF
The leaves of Gardenia obtusifolia were collected from the Doi Suthep-Pui National Park,
Chiang Mai, Thailand. Voucher herbarium specimen (No.18749) of the plant was identified
by J.F. Maxwell, and deposited in the Chiang Mai University Herbarium, Chiang Mai,
Thailand. The samples were washed, air-dried, and chopped into small pieces. They were
oven-dried at temperature below 50°C and ground to powder. The dried powder was
macerated with 95% ethanol. The ethanolic solutions were combined and evaporated at
50°C under reduced pressure to give a dark-brown residue. A portion of the crude extract
was separated based on liquid-liquid partition procedure. These chloroform extracts
exhibited the highest cytotoxic activity. Based on the bioassay-guide isolation, the crude
chloroform extract was subjected to further isolation with column chromatography (CC) on
SiO2. Gradient elution was performed with different compositions of a mobile phase as a
gradient of increasing polarity. Separated fractions were evaluated by thin layer
chromatography (TLC). Repeated separations were performed using CHCl3/ethyl acetate
with increasing polarity up to a ratio of 5:5 to yield a pure fraction of DH-PMF. The purity
and the structure of these yellow crystals was measured and identified by TLC, HPLC, MS
and NMR analysis.

Cytotoxicity assay
Cytotoxicity was assayed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay as described previously (19).

Clonogenic assay
Clonogenic assay was performed as described previously (19). Briefly, 6-well dishes were
seeded with HCT-116 cells (500 cells/well) in complete medium and allowed to grow for 24
h. The cells were then incubated in the presence or absence of different concentrations of
DH-PMF for up to 24 h. The DH-PMF-containing medium was then removed, and the cells
were washed in Dulbecco’s phosphate-buffered saline (DPBS) and incubated for an
additional 9 days in complete medium. Each treatment was carried out in triplicate. The
colonies obtained were stained in clonogenic reagent (50% methanol and 0.25% crystal
violet) for 30 min at room temperature followed by washing with PBS twice. The colonies
were counted and compared with those formed by untreated cells.
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Flow cytometric analysis
Cells were pretreated with DH-PMF for the indicated times. Propidium iodide staining for
DNA content analysis was carried out as described elsewhere (20).

Western blot analysis
To determine the levels of protein expression, we prepared extracts and fractionated them by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After
electrophoresis, the proteins were electrotransferred to nitrocellulose membranes, blotted
with the relevant antibody, and detected with an electrogenerated chemiluminescence
reagent (GE Healthcare, Piscataway, NJ, USA).

Live/dead assay
To measure apoptosis, we also used the Live/Dead assay (Invitrogen Carlsbad, CA, USA),
which determines intracellular esterase activity and plasma membrane integrity was used
(19).

Annexin V assay
An early indicator of apoptosis is the rapid translocation and accumulation of the membrane
phospholipid phosphatidylserine from the cytoplasmic interface of membrane to the
extracellular surface. This loss of membrane asymmetry can be detected by using the
binding properties of annexin V (19).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay
Cytotoxicity using the terminal deoxynucleotidyl-transferase-mediated dUTP nick end-
labeling (TUNEL) method with an in situ cell death detection reagent (Roche Molecular
Biochemicals, Indianapolis, IN, USA). This assay was performed as described previously
(19).

Statistical analysis
The statistical analysis was carried out using Student’s t-test using Microsoft Excel software.

Results
In the present studies, we investigated the effect of DH-PMF on cell proliferation and
apoptosis in a wide variety of human tumor cell lines. The mechanisms by which DH-PMF
modulates cell proliferation and apoptosis was then examined in human myeloid KBM-5
cells as these cells are well-characterized in our laboratory.

DH-PMF inhibits proliferation of different types of tumor cells
Whether or not DH-PMF affects the proliferation of various human tumor cell lines was
examined using cell viability assays. DH-PMF inhibited the proliferation of prostate, colon,
embryonic kidney, lung, head and neck, pancreas and breast carcinoma, and leukemia and
multiple myeloma cell lines in a dose- and time-dependent manner (Figure 1B). As little as 1
μM DH-PMF suppressed the proliferation of most tumor cells lines completely. Leukemia
and myeloma cells were the most sensitive to DH-PMF. Human breast cancer cells
(MCF-7), irrespective of HER2 expression, were also sensitive to DH-PMF.

DH-PMF inhibits colony formation of human colon cancer cells in a long-term assay
Tumors in vivo do not grow as monolayers but as colonies (21). We thus examined whether
DH-PMF inhibits colony formation in human colon cancer HCT-116 cells in a long-term
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assay. We found that DH-PMF can inhibit colony formation of HCT-116 cells, and that 50%
inhibition can be seen with as little as 0.01 μM of the flavone. These results thus suggest that
flavone treatment is highly effective in suppressing the colony-forming ability of human
colorectal HCT-116 cells (Figure 2A and 2B).

DH-PMF arrests cells at the G2/M and subG1 phases of the cell cycle
To discover the mechanism by which DH-PMF inhibited the proliferation of cells, we
investigated whether it affects the progression of these cells through the cell cycle. For this
KBM-5 cells were treated with DH-PMF and cell cycle analysis was performed using flow
cytometry. We found that DH-PMF induced a G2/M phase arrest after 12 h and that
prolonged treatment led to apoptosis (sub G1 phase) at 24 h (Figure 2C).

DH-PMF modulates the expression of cell-cycle regulated proteins
Because D-type cyclins and cyclin-dependent kinases (CDKs) are required for the
progression of cells through the cell cycle (22), we determined the effect of DH-PMF on
cyclin D1 and CDC2 expression in KBM-5 cells. We found that DH-PMF inhibited the
expression of both cyclin D1 and CDC2 in a time-dependent manner (Figure 3A). DH-PMF
also down-regulated the expression of c-MYC, which has been closely linked to growth
modulation (23) (Figure 3A).

The CDK inhibitors p21WAF1/CIP1 and p27KIP1 are prototypical members of the CIP/KIP
family of CDK inhibitors. They negatively modulate cell-cycle progression by inhibiting the
activity of cyclin/CDK2 complexes and block DNA replication by binding to CDK (24).
DH-PMF induced the expression of both p21WAF1/CIP1 and p27 KIP1 in a time-dependent
manner (Figure 3B).

Because of mutations in the p53 gene in most tumors, clinically useful antineoplastic agents
are less potent and efficacious in the context of mutant p53. We next investigated whether
the up-regulation of p21WAF1/CIP1 and p27 KIP1 was mediated through the up-regulation of
p53. DH-PMF, however, was found to have no effect on the expression of p53 (Figure 3C),
thus indicating the induction of p21WAF1/CIP1 and p27KIP1 by DH-PMF was independent of
p53.

DH-PMF down-regulates the expression of cell survival proteins
Because the constitutive expressions of survivin, XIAP, cFLIP, MCL-1, BCL-2 and BCL-
xL, which interfere with apoptotic pathways, has been implicated in cell survival and
suppression of apoptosis (25–27), we examined the effect of DH-PMF on the constitutive
expression of these proteins in KBM-5 cells. DH-PMF suppressed the expression of all these
proteins in a time-dependent manner (Figure 3D). These results thus suggest that DH-PMF
induces apoptosis.

DH-PMF induces apoptosis in tumor cells
Whether DH-PMF can induce apoptosis in KBM-5 cells was investigated by the esterase-
staining method, which examined plasma membrane integrity. We found that DH-PMF
induced apoptosis in a time-dependent manner from 5% to 71% within 72 h (Figure 4A).

To confirm these results, we used annexin V staining, which detects early-stage apoptosis.
Our results confirmed that DH-PMF induced apoptosis in a time-dependent manner. The
proportion of annexin V-positive cells increased from 8% to 75% within 72 h (Figure 4B).

TUNEL staining, which examined DNA integrity, also confirmed that DH-PMF induced
apoptosis in a dose-dependent manner (Figure 4C).
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DH-PMF induced BAX expression
Members of the BCL-2 family of proteins are the most important regulators of apoptosis
(28). BAX is one such protein that has been shown to promote apoptosis (29, 30). We
therefore studied the effect of DH-PMF on BAX expression in KBM-5 cells. Western blot
analysis showed that DH-PMF induced up-regulation of BAX expression, thus suggesting
another mechanism by which DH-PMF may induce apoptosis (Figure 5A).

DH-PMF induces activation of upstream and terminal caspases
Procaspases-8 and -9 are upstream caspases, whereas procaspase-3 is a downstream caspase,
all closely associated with the apoptotic cell death pathway (31, 32). Caspase-8 is stimulated
in response to external stimuli and is negatively regulated by cFLIP. We examined whether
this caspase was activated in DH-PMF-treated KBM-5 cells. Western blot analysis showed
that DH-PMF activated caspase-8 by inducing the cleavage of procaspase-8 at 12 to 24 h, as
seen by the disappearance of the procaspase-8 band and the appearance of its cleavage
products (Figure 5B).

Caspase-9 is stimulated in response to internal stimuli and is negatively regulated by IAP
and XIAP. We then examined whether this caspase was also activated in DH-PMF-treated
KBM-5 cells. DH-PMF induced the cleavage of procaspase-9, as indicated by the
disappearance of the procaspase-9 band and the appearance of its cleavage products at 12 to
24 h (Figure 5C).

Caspase-3 is a terminal caspase that is stimulated in response to activation of caspase-8 and
-9. We thus examined whether this caspase is activated in DH-PMF-treated KBM-5 cells
and found that treatment with DH-PMF also significantly induced the activation of
caspase-3. The cleavage products of procaspase-3 were noted at as early as 2 h and
increased gradually (Figure 5D).

Activation of caspase-3 has been shown to induce the degradation of multiple cellular
proteins, including PARP, hence we investigated whether DH-PMF induced PARP cleavage
as well. We noted the cleavage of PARP by caspase-3 at as early as 2 h, and it gradually
increased thereafter (Figure 5E).

Overall, these results demonstrate that DH-PMF induced the activation of caspase-8, -9, and
-3 that led to the cleavage of PARP.

DH-PMF suppresses the AKT pathway
Because the PI3K/AKT pathway is an important regulator of tumor cell survival, inhibitors
of this pathway can lead to suppression of tumor growth and induction of apoptosis (33).
Thus we examined the effect of DH-PMF on AKT activation. As shown in Figure 6A, AKT
was constitutively phosphorylated (i.e. activated) in KBM-5 cells, but DH-PMF treatment
inhibited this activation. Inhibition can be seen at as early as 2 h after treatment; however,
DH-PMF had no effect on the level of expression of the AKT protein itself.

We then investigated the effect of DH-PMF on the proteins both upstream (PI3K) and
downstream (GSK3β) of the AKT signaling pathway. We found that DH-PMF inhibited the
phosphorylation of PI3K, as shown in Figure 6B, without having any affect on the
expression of the non-phosphorylated PI3K protein.

Whether DH-PMF can also affect AKT substrate GSK3β was next investigated. As can be
noted in Figure 6C, KBM-5 cells expressed constitutively active GSK3β, and DH-PMF
treatment led to the suppression of phosphorylation at Ser 9 of GSK3β.
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GSK-3β abolishes DH-PMF-induced apoptosis
Because DH-PMF suppressed AKT activation and down-regulated GSK3β
phosphorylatytion, we sought to determine the role of GSK3β in DH-PMF-induced
apoptosis. We thus compared the cytotoxic effects of DH-PMF on MEF cells in which the
GSK3β gene had been deleted. We found that DH-PMF was more highly cytotoxic to
fibroblasts with GSK3β gene deletions (MEF/GSK3β−/−) than to wild-type murine
fibroblasts (MEF/GSK3β+/+) (Figure 6D). These results once again suggest that GSK3β
negatively controls DH-PMF-induced apoptosis. Thus, it is possible that suppression of
tumor cell proliferation and induction of apoptosis by DH-PMF occurs in part through the
modulation of the PI3K/AKT/GSK3β pathway.

Discussion
The killing of tumor cells through the induction of apoptosis is now recognized as a strategy
for identifying anticancer drugs (34). In the present report, we sought to determine the
mechanisms by which DH-PMF exerts its antiproliferative, proapoptotic, and anticancer
properties on cancer cells. We confirmed that DH-PMF inhibits growth of a wide variety of
cancer cells and concluded that DH-PMF induces apoptosis through modulation of
antiapoptotic gene products and cell cycle proteins, activation of caspases, and inhibition of
the PI3K/AKT/GSK3β pathway (see Figure 7).

Numerous PMFs are found in the Citrus genus (35–37), including nobiletin (37, 38),
tangeretin (38), artemetin (39), and sinensetin (40) but DH-PMF are present in G.
obtusifolia, in the spices thyme and estragon (41), and in other plants (8, 9, 11). To our
knowledge, our study is the first to demonstrate how DH-PMF inhibits proliferation in a
wide variety of tumor cells, including those of prostate, colon, embryonic kidney, lung, head
and neck, pancreas, leukemia, multiple myeloma, and breast.

DH-PMF was previously found to exhibit cytotoxic effects against different tumor cell lines
(8, 9, 11). Moreover, numerous reports have shown that different analogs of PMF are
cytotoxic to tumor cells (8, 9, 11, 36, 42, 43). Little is known, however, about the
mechanism by which PMF exhibits its anticancer effects.

Although inhibition of tubulin polymerization has been suggested as one of the mechanisms
by which DH-PMF mediates its cytotoxic effects, other mechanisms responsible are not
known. We therefore sought to find out how DH-PMF suppresses cell proliferation and
induces apoptosis in detail.

In our studies, at least six different pathways, connected either directly or indirectly, were
identified by which PMF could manifest its affects. Firstly, by down-regulation of cell
proliferation gene products (cyclin D1, CDC2, and c-MYC); secondly, by up-regulation of
CDK inhibitors (p21WAF1/CIP1 and p27KIP1); thirdly, by down-regulation of cell survival
proteins (survivin, XIAP, cFLIP, MCL-1, BCL-2, and BCL-xL); fourthly, by up-regulation
of proapoptotic proteins (such as BAX); fifthly, by activation of caspases-3, -8, -9 and
PARP cleavage; and finally, by inhibition of the PI3K/AKT/GSK3β pathway.

Indeed, our results suggest that DH-PMF blocks proliferation of tumor cells by arresting the
cells in the G2/M and subG1 phases of the cell cycle. Cyclin D1, CDC2 and c-MYC are
required for the progression of the cell cycle (22, 23). DH-PMF suppressed the expression of
these proteins in a time-dependent manner. The expression of CDK inhibitors p21WAF1/CIP1

and p27KIP1, which block cell cycle progression by inhibiting the activity of cyclin/CDK2
complexes, was also up-regulated by DH-PMF. These observations are in agreement with
reports where tangeretin (5,6,7,8,4′-pentamethoxyflavone) has been shown to induce G1 cell
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cycle arrest in colorectal cancer cells through up-regulation of p21WAF1/CIP1 and p27KIP1

(44) and inhibited growth of HL-60 cells through induction of apoptosis, without causing
serious side-effects in immune cells (42). Moreover, in vivo studies found that consumption
of 3′,4′,5′,5,7-pentamethoxyflavone by mice reduced Apc(Min) mouse adenoma cell
proliferation (45).

Furthermore, we found that the expression of antiapoptotic gene products was suppressed by
DH-PMF. These include survivin, XIAP, cFLIP, MCL-1, BCL-2, and BCL-xL. Our study
also demonstrates that DH-PMF induces apoptosis in part through the activation of
caspase-8, -9, and -3, followed by PARP cleavage. These results are in agreement with
reports where monodemethylated PMFs were much more potent in growth inhibition,
increasing the number of cells in the subG0/G1 phases of the cell cycles, and down-
regulating oncogenic proteins, as well as in inducing apoptosis as evidenced by activation of
caspase-3 and cleavage of PARP, than their permethoxylated counterparts (36).
Furthermore, 5-hydroxy-6,7,8,3′,4′-pentamethoxyflavone and 5-hydroxy-3,6,7,8,3′,4′-
hexamethoxyflavone showed strong inhibitory activities against the proliferation and
induced apoptosis of HL-60 cell lines (46). Likewise, hydroxylated PMFs were dramatically
more active in inducing Ca2+-mediated apoptosis than were nonhydroxylated PMFs (43).
However, whether flavones that are hydroxylated and methoxylated at different positions
exhibit similar activities, is not known.

In addition, we found that DH-PMF suppressed the phosphorylation of AKT, which is
closely linked with cell survival (47). Phosphorylation of the upstream kinase PI3K was also
suppressed by DH-PMF. Suppression of AKT by PMF led to the suppression of
phosphorylation of the AKT substrate GSK3β. We found that DH-PMF was more cytotoxic
to GSK3β gene-deleted fibroblasts (MEF/GSK3β−/−) than to their wild-type counterparts.
Thus, it is possible that the suppression of tumor cell proliferation and induction of apoptosis
by DH-PMF occurs through the PI3K/AKT/GSK3β pathway.

PMF appears to potently inhibit tubulin polymerization, and therefore warrants further
investigation as an antimitotic agent (9). It is well known that PI3K regulates tubulin
polymerization via the AKT/GSK3β pathway (48). Inhibition of tubulin polymerization may
induce apoptosis through inhibition of the PI3K/AKT pathway (49). It is therefore likely that
PMF inhibits tubulin polymerization through the PI3K/AKT/GSK3β pathway.

It is also possible that the anti-HIV activity associated with DH-PMF (11) is caused by
suppression of the PI3K/AKT pathway. T-Cells expressing wild-type AKT showed reduced
glycoprotein 120 (gp120)-induced apoptosis and the expression of a dominant-negative
mutant of AKT accelerated cell death as compared to the vector control (50). In addition, the
inhibition of PI3K leads to enhanced gp120-induced apoptosis and identification of AKT-
mediated signaling pathways may provide novel therapeutic targets to combat immune
deficiency in AIDS.

On the other hand, various analogs of PMF have also been shown to inhibit the expression
of the P-glycoprotein (P-gp) (35, 40, 51) that mediates chemoresistance. Because the PI3K/
AKT pathway is involved in modulating P-gp-mediated multidrug resistance (52), it is thus
possible that the down-regulation of P-gp by DH-PMF is caused by suppression of the PI3K/
AKT pathway. Furthermore, since the suppression of multidrug resistance proteins also
contributes to chemosensitization, this DH-PMF may contribute to chemosensitization in
this way.

Overall, our results indicate that DH-PMF inhibits the growth of a wide variety of tumor
cells and induces apoptosis through down-regulation of antiapoptotic gene products,
modulation of cell cycle proteins, activation of caspases, and inhibition of the PI3K/AKT/
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GSK3β pathway. These results may provide the molecular basis for using DH-PMF as an
anticancer agent.
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Figure 1.
A. The chemical structure of DH-PMF. B: DH-PMF inhibits proliferation of various tumor
cells. Cells (2,000 cells/well) were incubated at 37°C with DH-PMF for different durations,
and the cell viability was assayed by MTT uptake as described in Materials and Methods.
The results are shown as the mean±SD from triplicate cultures.
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Figure 2.
DH-PMF inhibits cell growth as indicated by colony formation assays using HCT-116 cells.
Cells were incubated with DH-PMF for 24 h and subsequently allowed to grow into
colonies. After 9 days incubation, cells were stained with clonogenic reagent and
photographed (A) and colonies were counted (B). Results are representative of three
independent experiments. Data represent the mean of three measurements±S.D. **, p<0.005;
*, p<0.01. C: DH-PMF arrests the cells at the G2/M and sub G1 phases of the cell cycle.
KBM-5 cells (1×106/ml) were incubated in the absence or presence of 100 μM DH-PMF for
different times. Thereafter, the cells were washed, fixed, stained with propidium iodide, and
analyzed for DNA content by flow cytometric analyses (20).
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Figure 3.
DH-PMF modulates expression of cell cycle protein. KBM-5 cells (1×106/ml) were treated
with DH-PMF (100 μM) for different times and then whole-cell extracts were prepared.
Thirty micrograms of whole-cell extracts were resolved on 10% SDS-PAGE gel,
electrotransferred onto a nitrocellulose membrane, and probed with antibodies against A:
cyclin D1, CDC2, and c-MYC; B: p21 and p27; C: p53. The blots were stripped and
reprobed with anti–β-actin antibody to show equal protein loading. D: DH-PMF inhibits the
expression of antiapoptotic gene products. KBM-5 cells (1×106 cells/ml) were left untreated
or incubated with 100 μM DH-PMF for different lengths of time. Whole-cell extracts were
prepared, and 30 μg of the whole-cell lysate were analyzed by Western blot analysis using
antibodies against survivin, XIAP, cFLIP, MCL-1, BCL-2 and BCL-xL. The blots were
stripped and reprobed with anti–β-actin antibody to show equal protein loading.
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Figure 4.
DH-PMF induces apoptosis. A: Cells were treated with 100 μM DH-PMF for different
times, stained with Live/Dead reagent, and incubated at 37°C for 30 min. KBM-5 cells were
analyzed under a fluorescence microscope. B: KBM-5 cells were treated with 100 μM DH-
PMF for different lengths of time, incubated with anti-annexin V antibody conjugated with
FITC, and analyzed with a flow cytometer for early apoptotic effects. C: KBM-5 cells were
treated with different concentrations of DH-PMF for 48 h. Cells were fixed, stained with
TUNEL assay reagent, and then analyzed with a flow cytometer for apoptotic effects.
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Figure 5.
DH-PMF induces BAX expression, caspase activation, and PARP cleavage. KBM-5 cells
were treated with 100 μM DH-PMF for the different lengths of time. Whole-cell extracts
were prepared and subjected to Western blot analysis using antibodies against A: BAX; B:
caspase-8; C: caspase-9; D: caspase-3; E: PARP.

PHROMNOI et al. Page 16

Anticancer Res. Author manuscript; available in PMC 2011 July 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
DH-PMF inhibits the AKT pathway. KBM-5 cells were treated with 100 μM DH-PMF for
different lengths of time. Whole-cell extracts were prepared and analyzed by Western blot
using antibodies against A: phosphorylated AKT and AKT; B: phosphorylated PI3K and
PI3K; C: phosphorylated GSK3β (Ser-9) and GSK3β; D: GSK3β blocks DH-PMF-induced
cytotoxicity. MEF/GSK3β−/− and wild-type, MEF/GSK3β+/+ cells (2000 cells/well) were
incubated at 37°C with different concentrations of DH-PMF for 24 h, and the viable cell
number was assayed by MTT uptake as described elsewhere (19). The results are shown as
the mean±S.D. from triplicate cultures. Data represent the mean of three measurements±S.D.
**p<0.001; *p<0.05.
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Figure 7.
Schematic diagram showing how DH-PMF suppresses proliferation and induces apoptosis in
cancer cells.
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