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Our previous studies indicated that combination of Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and PPAR~ ligand Troglitazone (TZD), can induce significant apoptosis in various TRAIL-
resistant prostate and hepatocellular carcinoma (HCC) cells. These also suggested serine/threonine
. kinase AMP-activated protein kinase (AMPK) to be a mediator of TRAIL-TZD-induced apoptosis. To
. further validate AMPK's role in TRAIL sensitization, we determined the apoptotic potential of TRAIL in
: combination with the natural compound Berberine (BBR), the latter being a potent activator of AMPK.
. These demonstrated a significant reduction of cell viability and induction of apoptosis (increased
© cleavage of caspase 3, 8, 9) when treated with TRAIL-BBR combination. This apoptosis is attenuated
in cells overexpressing AMPKo.-dominant negative (DN) or following AMPKo knockdown, confirming
involvement of AMPK. To identify potential downstream mediators involved, an apoptosis RT?
PCR array analysis was performed. These showed induction of several genes including TNFRSF10B
(expresses DR5) and Harakiri following BBR treatment, which were further validated by qPCR analysis.
Furthermore, knocking down DR5 expression significantly attenuated TRAIL-BBR-induced apoptosis,
. suggesting DR5 to be a mediator of this apoptosis. Our studies indicate that combination of TRAIL and
- AMPK activator BBR might be an effective means of ameliorating TRAIL-resistance involving DR5 in
: advanced cancer.

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL/Apo2L) belongs to the tumor necrosis factor
(TNF) ligand superfamily and has been studied extensively for its potential use as a cancer chemotherapeutic
. agent due to its low toxicity towards normal tissue'2 Despite this proapoptotic activity of TRAIL in transformed
. tissue, clinical studies with TRAIL or related agents have shown limited efficacy’. One of the reasons behind this
© limitation is attributed to the development of cancer cell resistance towards TRAIL via various mechanisms**. An
. understanding of the molecular mechanisms that mediate TRAIL-resistance is critical to identify suitable targets
and develop future TRAIL-based therapeutic strategies for advanced cancer.
Resistance towards standard therapeutic regimens and evasion of apoptosis are some of the hallmarks of
. advanced cancer, which include Sorafenib-resistance in hepatocellular carcinoma (HCC), castration-resistance in
. prostate cancer (Pca). In an attempt to enhance the apoptotic response of resistant cancer cells, our recent studies
. have been focused towards developing novel combinatorial strategies to antagonize TRAIL-resistance in cancer
cells. These TRAIL combination studies are expected to provide a mechanistic insight towards ameliorating not
only TRAIL-resistance but drug-resistance in general. Extensive research over the past decade have revealed
some novel combinatorial approaches that can increase cancer cell sensitivity towards TRAIL-induced cytotox-
© icity. These TRAIL-sensitizing agents include kinase inhibitors®’, Peroxisome Proliferator-activated Receptor
© ~ (PPAR~) agonists®’, histone deacetylase inhibitors!® and more!'"'2. Despite their efficacies in increasing
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TRAIL sensitivity, the detailed signaling mechanism by which this is achieved is still largely unclear and yet
to be unraveled. Towards our goal of achieving a mechanistic insight, we have demonstrated that treatment
with a combination of TRAIL and PPAR~ ligand Troglitazone (TZD) induces profound apoptosis compared
to either agent alone®. Further insight towards the mechanism involved demonstrated that TRAIL and TZD
combination-induced apoptosis was mediated via Adenosine monophosphate-activated protein kinase (AMPK)
pathway'>. These studies showed that while combination of TRAIL-TZD induced potent apoptosis in various
cancer cells, this was significantly attenuated following inhibition of AMPK pathway.

AMPK belongs to the family of highly conserved serine threonine kinases and is critically involved in energy
homeostasis'*!* and in regulating ATP production and consumption. Structurally, it consists of a catalytic subunit
(AMPKa), two regulatory subunits (AMPK@ and ~) and their multiple isoforms giving rise to various hetero-
trimeric compositions. AMPK can be activated via two mechanisms: (i) increase in cellular AMP levels leading
to allosteric activation and (ii) via phosphorylation of Thr!”? residue in the activation loop of the a-subunit by
LKB1, CAMKKS, TAK1 or MLK3'6-%, Via regulating its downstream targets, AMPX can control various cellu-
lar and biological processes such as metabolism, protein translation, cellular growth, autophagy and cancer®.
A wide variety of pharmacological and natural activators of AMPK are available which include metformin?!,
phenformin®?, 5-Aminoimidazole-4-Carboxamide Riboside (AICAR)?, thiazolidinediones?, berberine (BBR)?,
resveratrol?® and are being studied towards their role as anticancer agents.

Based on the facts that the natural compound BBR can activate AMPK and that TRAIL-TZD-induced apop-
tosis involved AMPK pathway, we postulated that a combination of TRAIL and BBR might also sensitize cells
towards apoptosis involving AMPK axis. Our results indicate a significant potentiation of apoptosis when treated
with TRAIL and BBR combination, which was also mediated via AMPK. An apoptosis specific RT? Profiler
PCR Array performed following BBR treatment to identify potential downstream effectors showed a significant
increase in the expression of several genes including Caspase 5, GADD45A, Harakiri, TNFRSF10B (for DR5),
TNFSF8 and downregulation of TNFRSF1B. Knockdown studies designed with DR4 or DR5 specific siRNA indi-
cated that TRAIL-BBR-induced apoptosis is mediated predominantly by DR5. These promising results demon-
strate the potential to use BBR in ameliorating TRAIL-resistance in advanced forms of cancer and sheds light
towards its clinical importance, since no negative side effects of BBR in human is known so far.

Results

Effect of treatment with TRAIL and BBR alone or in combination on cancer cell viability. In
earlier studies, we have demonstrated that combination of TRAIL along with TZD can induce potent apoptosis in
various resistant cancer cells, an effect that involved AMPK!"3. In order to determine whether other activators of
AMPK can also mediate similar apoptotic responses in cancer cells, in the current studies we utilized the natural
compound BBR, which is a known activator of AMPK?. Treatment of various Pca cells as well as HCC cells with
a combination of TRAIL and BBR significantly reduced cell viability and at a higher potency compared to either
agent alone (Fig. 1A-D and Supplementary Fig. S1).

Effect of TRAIL-BBR combination on the apoptotic potential of cancer cells. To determine
whether the reduction of cell survival following treatment with TRAIL-BBR combination was due to increased
apoptosis, western blot analyses were performed following treatment with these agents for different periods
of time. These showed a significant increase in cleavage of caspases 8, 9, 3 and PARP (indicative of apoptosis)
when treated with the combination compared to TRAIL alone (Fig. 2A-C and Supplementary Fig. S2). To com-
pare whether the degree of this apoptosis was comparable to that induced by TRAIL-TZD combination, Huh7
cells were treated with vehicle or TRAIL in combination with TZD or BBR for various lengths of time. These
showed that TRAIL-BBR-combination was equally potent towards apoptosis induction when compared with
TRAIL-TZD combination (Fig. 2D).

Effect of increasing concentration of BBR on TRAIL-induced apoptosis. In order to determine
the optimal concentrations of TRAIL and BBR needed to increase apoptosis significantly, cells were treated with
increasing concentrations of TRAIL or BBR alone or in combination. These showed that although TRAIL alone
can induce some degree of apoptosis (Fig. 3A,B, lanes 2-3), this was significantly potentiated when combined
with BBR which was maximum at 25-50 uM concentrations (lanes 7-9). Based on these results, the apoptosis
studies described here were carried out with a combination of 100ng/ml TRAIL and 50 uM BBR.

Involvement of AMPK in TRAIL-BBR combination-induced apoptosis. Since BBR is a known acti-
vator of AMPK, we next determined whether TRAIL-BBR-induced apoptosis was mediated by AMPK. Utilizing
Pca cells overexpressing either empty vector (C42-EV) or dominant negative AMPKa (C42-DN)?, we com-
pared the apoptotic potential of TRAIL-BBR combination in these two cell types. These results demonstrated an
increase in the apoptosis profile in the C42-EV cells when treated with a combination of TRAIL-BBR, which was
significantly attenuated in the C42-DN cells (Fig. 4A). To confirm the role of AMPK further, TRAIL-BBR-induced
apoptosis was carried out following knocking down of endogenous AMPKal or 2. These results demonstrated
that while knockdown of either AMPKal or a2 can attenuate TRAIL-BBR-induced apoptosis, the effects were
predominantly mediated by AMPK a1 (Fig. 4B).

Analysis of BBR-induced apoptotic gene expression using RT? Profiler PCR Array. The studies
above indicated that BBR might modulate the apoptotic pathway to potentiate the effects of TRAIL. To deter-
mine the effect of BBR on apoptotic gene expression, cells treated with vehicle or BBR were subjected to RNA
extraction, cDNA synthesis and RT? Profiler PCR Array analysis (using PAHS-012Z) as per manufacturer’s
instructions. Those genes that showed a fold change of >2 (and a P-value of <0.05) were considered signifi-
cant and are shown in Fig. 5A,B and Supplementary Fig. S3. The genes that were highly induced included a 15
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Figure 1. Treatment with a combination of TRAIL and BBR reduces cancer cell viability. (A) LNCaP (B) C42
(C) DU 145 and (D) Huh7 cells were treated with DMSO (as vehicle) or TRAIL (100ng/ml) or BBR (50 uM)
alone or in combination for 12-16 hrs and subjected to MTT assay. The results were expressed as percentage
of control considering the vehicle-treated values as 100%. Each treatment was performed in triplicate and
each experiment was repeated at least two times. The data represent the mean £ S.D. of two independent
experiments.

fold induction of Caspase 5, apoptosis-related cysteine peptidase (CASP5), 11 fold induction of Growth arrest
and DNA-damage-inducible, alpha (GADD45A), >14 fold induction of Harakiri, BCL2 interacting protein
(contains only BH3 domain) (HRK), >8 fold induction of Tumor necrosis factor receptor superfamily, mem-
ber 10b (TNFRSF10B), >7 fold induction of Tumor necrosis factor (ligand) superfamily, member 8 (TNFSF8)
(Supplementary Fig. S3). The only gene that was down regulated 4 fold was Tumor necrosis factor receptor super-
family, member 1B (TNFRSF1B).

Validation of BBR-induced changes of Harakiri and DR5 gene expression by qPCR.  To validate
the changes in apoptosis-specific gene expressions obtained in RT? Profiler PCR Array analysis, qPCR analyses
were performed with RNA extracted from cells treated with BBR for various lengths of time using primers for
Harakiri, Death receptor 4 (DR4) and DR5 as listed (Supplementary Table S1) with 18S rRNA as control. These
showed a significant induction of HRK and DR5 mRNA expressions when treated with BBR, while DR4 changes
were more modest (Fig. 6A-D, Supplementary Table S2).

Involvement of DR5 in TRAIL-BBR combination-induced apoptosis. Apoptosis induction via
TRAIL involves extrinsic pathway mediated via two receptors DR4 and DR5°. Since BBR showed an induction
of DR5 gene expression we hypothesized that this apoptotic pathway might be mediated via DR5. To obtain
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Figure 2. Combinatorial treatment with TRAIL and BBR induces potent apoptosis in cancer cells. Confluent
populations of (A) LNCaP (B) C42 or (C) Huh7 cells were treated with DMSO or TRAIL (100ng/ml) alone or
in combination with BBR (50 uM) for the indicated periods of time. Cells were harvested at the end of treatment
and analyzed by Western blots with the indicated antibodies specific for apoptosis and GAPDH was used as
control. (D) Huh?7 cells were treated for the indicated periods of time with DMSO or a combination of TRAIL
and TZD or TRAIL and BBR. Western blot analyses were performed with the indicated antibodies. [CC3, 8,

9: Cleaved Caspase 3, 8, 9; Cl PARP: Cleaved Poly (ADP-ribose) Polymerase]. For all western blots (A-D),

the bands from adjacent lanes were cropped from the same blot (full-length uncropped blots are included in
Supplementary Fig. S4).

an insight into the mechanism how TRAIL-BBR mediated the apoptosis pathway, we determined whether this
involved the death receptors DR4 or DR5. Endogenous expression of DR4 or DR5 or both were knocked down
first followed by treatment with TRAIL-BBR combination. These results showed that cleavage of caspases and
PARP (indicating apoptosis) are predominantly mediated by DR5 in cancer cells (Fig. 7A,B), although additional
mechanisms are likely involved as well.

Discussion
Despite a significant amount of research efforts towards developing TRAIL-based cancer therapies, TRAIL
receptor agonists have not shown significant efficacy clinically?®*. Developing combination therapies targeting
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Figure 3. Effect of increasing concentrations of TRAIL and BBR on apoptosis. (A) C42 EV (overexpressing
empty vector) and (B) Huh?7 cells were treated for 4 hrs with DMSO or increasing concentrations of

TRAIL alone (lanes 2, 3) or BBR alone (lanes 4-6) or a combination of TRAIL (100ng/ml) and increasing
concentrations of BBR (lanes 7-9). Western blot analyses were performed with the indicated antibodies. For
all western blots (A,B), the bands from adjacent lanes were cropped from the same blot (full-length uncropped
blots are included in Supplementary Fig. S5).

pathways that promote TRAIL-resistance is needed to increase TRAIL sensitivity. In earlier studies we have
demonstrated that treatment of TRAIL-resistant cells with a combination of TRAIL and PPAR~ agonist TZD can
increase their apoptotic potential and activate caspase-induced apoptosis®. In fact, various TRAIL combination
studies have been reported by different investigators that show promise towards ameliorating TRAIL-resistance.
These include inhibitors of signaling pathways®’, PPAR~ agonists®®, histone deacetylase inhibitors'” and more!>'2,
In order to develop these drug combinations as effective cancer therapies, it is however, necessary to have a
clear understanding of how these function. To elucidate the mechanism involved, in more recent studies we
have demonstrated that AMPK pathway is involved in mediating TRAIL-TZD combination-induced apoptosis'.
These suggested the possibility that combination of TRAIL with various AMPK agonists might be an effective
means of targeting TRAIL-resistant cells. This is supported by the recent report that metformin can sensitize
triple negative breast cancer cells to TRAIL-induced apoptosis'?. The authors demonstrated that metformin’s
effects were mediated via reducing XIAP expression, which is an antagonist of TRAIL-induced apoptosis. With
metformin being a type II diabetic drug and an agonist of AMPK?!, we hypothesized that combination treatment
with other AMPK activators might ameliorate TRAIL-resistance in cancer cells. To address this, in the current
studies we explored the apoptotic potential of combining TRAIL and BBR, since BBR is a known activator of
AMPK?. Although TRAIL and BBR combination has been shown to induce apoptosis in earlier studies®*’!, a
clear mechanistic insight towards the downstream mediators is still unknown. Our results showed that com-
bination of TRAIL with BBR potentiated the apoptotic effects of TRAIL in both HCC and Pca cells. This was
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Figure 4. Effect of AMPKa inhibition on TRAIL-BBR-induced apoptosis. (A) C42 cells overexpressing empty
vector (C42-EV) or FLAG epitope-tagged dominant negative AMPKal vector (C42-DN) were treated with
DMSO or TRAIL alone or TRAIL in combination with increasing concentrations of BBR for 8 hrs. The samples
were analyzed by Western blot analyses with the indicated antibodies. (B) C42 cells were transiently transfected
with 50 nM of either control siRNA (lanes 1 & 2), or AMPKal siRNA (lanes 3 & 4) or AMPKa2 siRNA (lanes
5 & 6) for 72 hrs and then treated with DMSO or a combination of TRAIL and BBR for 8 hrs. Western blot
analysis was performed utilizing the antibodies indicated. For all western blots (A,B), the bands from adjacent
lanes were cropped from the same blot (full-length uncropped blots are included in Supplementary Fig. S6).

associated with a significant reduction of cell viability with combination treatment and an increase in the cleav-
age of Caspase 8, 9, 3 and PARP, indicative of apoptosis. Utilizing cells overexpressing dominant negative (DN)
AMPK, we demonstrated that TRAIL-BBR-induced apoptosis was significantly attenuated in the DN cells as
indicated by reduced caspase activation. Furthermore, knocking down endogenous AMPKa1 or o2 expression
attenuated TRAIL-BBR-induced apoptosis. These further validated the participation of AMPK in mediating
TRAIL-BBR-combination-induced apoptosis.
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Figure 5. RT? Profiler PCR Array analysis of human apoptotic gene expression. Total RNA was extracted from
LNCaP cells treated with DMSO or BBR (50 uM) for 16 hrs and subjected to cDNA synthesis and analyzed by
human apoptosis PCR Array (PAHS-012Z). Fold changes >2.0 and a P-value < 0.05 were considered to be
significant variations. The data represent the mean of two independent experiments. (A) Shows the heat map
with the upregulated genes marked in red and the downregulated gene marked in green and (B) includes an
overview of scatter plot on expression levels of 84 genes. Red dots indicate genes upregulated and the Green

dot (marked by an arrow) indicates the only gene downregulated in BBR-treated cells. The central line indicates
genes that were unchanged with boundaries representing the two-fold regulation cut-off. Genes Highly
Induced: (C10) CASP5, Caspase 5, apoptosis-related cysteine peptidase; (E06) GADD45A, Growth arrest and
DNA-damage-inducible, alpha; (E07) HRK, Harakiri, BCL2 interacting protein (contains only BH3 domain);
(F09) TNFRSF10B, Tumor necrosis factor receptor superfamily, member 10b; (G05) TNFSF8, Tumor necrosis
factor (ligand) superfamily, member 8; Gene Downregulated: (F12) TNFRSF1B, Tumor necrosis factor receptor
superfamily, member 1B.

To elucidate the mechanism by which BBR might be sensitizing the cells towards TRAIL, we performed an
apoptosis specific RT? Profiler PCR Array with RNA extracted from cells treated with BBR. These showed a sig-
nificant increase in the expression of several apoptotic genes including Casp5, GADD45A, Harakiri, TNFRSF10B,
TNFSF8 and downregulation of TNFRSF1B. qPCR studies were designed with specific primers to validate the
results of PCR Array, which showed that BBR indeed can induce expression of HRK and DR5 genes significantly,
while its effects on DR4 gene expression was modest. These results provided a clue on the potential mecha-
nism by which BBR might promote TRAIL-induced apoptosis and suggested that modulation of DR5 expression
might be one of them. To determine which of the TRAIL receptors (DR4 or DR5) mediated TRAIL-BBR-induced
apoptosis, we knocked down these receptor expressions either alone or in combination. Interestingly, knocking
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Figure 6. Validation of BBR-induced changes of gene expression by gPCR. (A) Agarose gel showing equal
loading of RNA extracted from LNCaP cells treated with vehicle (DMSO) or BBR (50 uM) for different lengths
of time. Changes in gene expression of HRK (B), DR5 (C) and DR4 (D) following BBR treatment were validated
by qPCR analysis. The experiment was repeated twice and data represent the mean + S.D. of three independent
PCR reactions. Significant differences were determined by ¢-test and indicated: ns, P > 0.05, *P < 0.05,
*#P<0.01, ¥**P<0.001.

down DR5 expression significantly attenuated TRAIL-BBR-induced apoptosis suggesting that this apoptotic cas-
cade is predominantly mediated via DR5, although the involvement of additional mechanisms are also possible.
Considering AMPK’s profound role in regulating the metabolic pathways and antagonizing mammalian target of
rapamycin (mTOR) signaling axis, it is conceivable that these downstream signaling molecules might also play a
role in increasing TRAIL sensitivity.

It is however, unclear how BBR induces DR5 gene expression and whether this involves AMPK activity. It has
been reported that pharmacological inhibition of mTOR pathway can induce DR5 expression via transcription
factor CHOP?2 Since AMPK is known to antagonize the mTOR pathway??, one possibility is that BBR-induced
activation of AMPK might antagonize mTOR signaling leading to increased DR5 expression. In addition, DR5 can
be induced via p53 pathway>. Since BBR can also induce p53 expression®, the second possibility is the involve-
ment of p53 in DR5 induction. In fact, the LNCaP cells used in our studies (Figs 5,6 and Supplementary Fig. S3)
express wild type p53 as reported earlier*®?. The role of p53 can be determined by comparing BBR-induced DR5
expression in p53 wild type and p53 null cancer cells. Studies are currently underway to address these possibil-
ities. In addition, further studies are needed to determine whether any of the other molecules identified in our
PCR Array are also involved in mediating TRAIL-BBR effects. In conclusion, our results suggest that treatment
with a combination of TRAIL and AMPK agonist BBR can induce potent apoptosis mediated via AMPK and
involving DR5. Due to limited availability of therapeutic options to treat resistant forms of cancer, combinatorial
treatment with TRAIL and BBR or other AMPK agonists might be an effective means of ameliorating therapeutic
resistance.

Materials and Methods

Reagents and Antibodies. RPMI tissue culture media, Lipofectamine 2000 were purchased from
Invitrogen (Carlsbad, CA); Berberine (catalogue number B3251, purity >98%) was from Sigma (St. Louis,
MO), Troglitazone, TRAIL were purchased from EMD Biosciences (Gibbstown, NJ). The antibodies utilized
were obtained from the following sources: poly (ADP-ribose) polymerase (PARP), caspase-3, caspase 8, caspase
9, pAMPK"72, total AMPK, AMPKal and o2, DR4, DR5 from Cell Signaling Technologies (Danvers, MA),
FLAG from Sigma (St. Louis, MO), GAPDH from Ambion Inc. (Austin, TX); TRIzol reagent from Invitrogen,
(Carlsbad, CA), RT? PCR Profiler PCR Array PAHS-012Z (Cat # 330231) was from Qiagen (Valencia, CA).
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Figure 7. Role of DR4 and DR5 in mediating TRAIL-BBR-induced apoptosis. Subconfluent populations of
C42 (A) or Huh7 (B) cells were transiently transfected with 50 nM of either control siRNA (lanes 1 & 2), or
DR4 siRNA (lanes 3 & 4) or DR5 siRNA (lanes 5 & 6) or both DR4 and DR5 siRNA (lanes 7 & 8) followed by
treatment with DMSO or a combination of TRAIL (100ng/ml) and BBR (50 uM) for 6 hrs. The samples were
analyzed by Western blots with the indicated antibodies. For all western blots (A,B), the bands from adjacent
lanes were cropped from the same blot (full-length uncropped blots are included in Supplementary Fig. S7).

Cell Culture. Human Prostate cancer cells (LNCaP, DU 145) were obtained from ATCC and C42, C42-EV
and C42-DN cells were obtained as described'*” and maintained in RPMI-1640 media supplemented with 10%
FBS, 100 IU/ml penicillin, and 100 pg/ml streptomycin. Human HCC cells (Huh7) were obtained as described®
and maintained in DMEM/F12 media with 10% FBS and 1% Pen/Strep. In TRAIL and BBR or TRAIL-TZD
experiments, cells were treated with 100 ng/ml TRAIL alone or in combination with 50 uM Berberine or 50 uM
TZD (unless indicated otherwise) for various lengths of time followed by Western blot analysis.

MTT Assay. MTT assays were performed as described previously!'®. Briefly, cells were plated at a density
of 10,000 cells/well in 96-well plates. Following overnight attachment, they were treated in serum-containing
medium with DMSO (as vehicle) or TRAIL (100 ng/ml) or BBR (50 uM) alone or in combination for 12 or 16 hrs.
At the end of each treatment, the cells were incubated with 0.5 mg/ml MTT solution for 3-4 hrs at 37 °C, followed
by incubation with DMSO for another 30 mins at 37 °C and measurement of absorbance at 570 nm in a microtiter
plate reader.
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RNA Isolation and RT2 Profiler PCR Array. Total RNA was extracted from LNCaP cells treated with
vehicle (DMSO) or Berberine (50 uM) for 16 hrs using TRIzol reagent and the quality of RNA was checked by 1%
Agarose gel electrophoresis. Equal amounts of total RNA (2.5 ug) was then reverse transcribed to cDNA using
RT? First Strand kit (Qiagen) and Real-Time PCR was performed using SYBR Green Mastermix with human
apoptosis RT? Profiler PCR Array (PAHS-012Z, Qiagen) on StepOne Plus machine as per manufacturer’s pro-
tocol. Fold changes in expression of mRNA transcripts in BBR-treated compared to vehicle-treated groups were
analyzed using SABiosciences webportal software (http://www.sabiosciences.com/pcrarraydataanalysis.php) and
P-values were calculated using Students ¢-test. A P-value < 0.05 and a fold change >2.0 were considered to be a
significant variation.

Quantitative Polymerase Chain Reaction (qPCR) Analysis. qPCR analysis was performed as
described earlier®. Briefly, total RNA was extracted from LNCaP cells treated with DMSO or BBR for various
lengths of time and the integrity of 18 S and 28 S ribosomal RNA assessed by gel electrophoresis to confirm
RNA quality. cDNA synthesis was performed using Superscript III First-Strand Synthesis System kit (Invitrogen,
Carlsbad, CA) and amplified using SYBR Green PCR Master Mix (Applied Biosystems) in ABI StepOnePlus
detection system (Applied Biosystems). The PCR cycling condition was set as: 50 °C for 2 min followed by an
initial denaturation step at 95 °C for 10 min, 40 cycles at 90 °C for 105, 60 °C for 305 finally subjecting to melting
temperature to check amplification curve. The relative changes in gene expression were estimated using the 2—
AACt method using 18 S rRNA as a housekeeping gene. The lists of primers used are included in Supplementary
Table S1.

Small Interference RNA (siRNA). siRNA smart pool against hAMPKal (Cat # L-005027-00), hAMPKa:2
(Cat # L-005361-00), DR4 (cat # L-008090-00), DR5 (cat # L-004448-00) were purchased from Dharmacon
(Lafayette, CO). A negative control siRNA from Ambion Inc. (Austin, TX) was used as control siRNA. siRNA
transfection was performed using Lipofectamine 2000 as per the manufacturer’s instructions and as described
previously'®. Briefly, subconfluent cells plated in 35 mm plates were transfected with 50 nM of either control
siRNA or target siRNA for 24 hrs followed by recovery in serum containing medium. The transfected cells were
treated after 72 hrs of transfection with either DMSO or a combination of TRAIL and BBR for an additional 8 hrs
followed by western blot analysis.

Western Blot Analysis. Western blot analysis was performed utilizing procedures described previously**C.
Briefly, equal amounts of total cell extracts were fractionated by SDS-PAGE, transferred to PVDF membranes,
and subjected to Western blot analysis utilizing various antibodies.

Statistical analyses. Student’s t-test was performed and expressed as *P < 0.05, **P < 0.01, ***P < 0.001,
ns: P> 0.05 not significant.

Data availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

References
1. Ashkenazi, A. et al. Safety and antitumor activity of recombinant soluble Apo2 ligand. J Clin Invest 104, 155-162 (1999).
2. Walczak, H. et al. Tumoricidal activity of tumor necrosis factor-related apoptosis-inducing ligand in vivo. Nat Med 5, 157-163
(1999).
3. Sun, S. et al. Results on efficacy and safety of cancer treatment with or without tumor necrosis factor-related apoptosis-inducing
ligand-related agents: A meta-analysis. Mol Clin Oncol 2, 440-448 (2014).
4. Lim, B. et al. Targeting TRAIL in the treatment of cancer: new developments. Expert Opin Ther Targets 19, 1171-1185 (2015).
. Dimberg, L. Y. et al. On the TRAIL to successful cancer therapy? Predicting and counteracting resistance against TRAIL-based
therapeutics. Oncogene 32, 1341-1350 (2013).
6. Chen, K. F. et al. Sorafenib overcomes TRAIL resistance of hepatocellular carcinoma cells through the inhibition of STAT3. Clin
Cancer Res 16, 5189-5199 (2010).
7. Abdulghani, J. et al. Sorafenib sensitizes solid tumors to Apo2L/TRAIL and Apo2L/TRAIL receptor agonist antibodies by the Jak2-
Stat3-Mcl1 axis. PLoS One 8, €75414 (2013).
8. Senthivinayagam, S. et al. Caspase-mediated Cleavage of {beta}-Catenin Precedes Drug-induced Apoptosis in Resistant Cancer
Cells. J Biol Chem 284, 13577-13588 (2009).
9. Lu, M. et al. Peroxisome proliferator-activated receptor gamma agonists promote TRAIL-induced apoptosis by reducing survivin
levels via cyclin D3 repression and cell cycle arrest. ] Biol Chem 280, 6742-6751 (2005).

10. Inoue, S., Mai, A., Dyer, M. J. & Cohen, G. M. Inhibition of histone deacetylase class I but not class II is critical for the sensitization
of leukemic cells to tumor necrosis factor-related apoptosis-inducing ligand-induced apoptosis. Cancer Res 66, 6785-6792 (2006).

11. Strekalova, E., Malin, D., Good, D. M. & Cryns, V. L. Methionine Deprivation Induces a Targetable Vulnerability in Triple-Negative
Breast Cancer Cells by Enhancing TRAIL Receptor-2 Expression. Clin Cancer Res 21, 2780-2791 (2015).

12. Strekalova, E., Malin, D., Rajanala, H. & Cryns, V. L. Metformin sensitizes triple-negative breast cancer to proapoptotic TRAIL
receptor agonists by suppressing XIAP expression. Breast Cancer Res Treat (2017).

13. Santha, S., Viswakarma, N., Das, S., Rana, A. & Rana, B. Tumor Necrosis Factor-related Apoptosis-inducing Ligand (TRAIL)-
Troglitazone-induced Apoptosis in Prostate Cancer Cells Involve AMP-activated Protein Kinase. ] Biol Chem 290, 21865-21875
(2015).

14. Krishan, S., Richardson, D. R. & Sahni, S. Adenosine monophosphate-activated kinase and its key role in catabolism: structure,
regulation, biological activity, and pharmacological activation. Mol Pharmacol 87, 363-377 (2015).

15. Hardie, D. G. AMP-activated/SNF1 protein kinases: conserved guardians of cellular energy. Nat Rev Mol Cell Biol 8, 774-785 (2007).

16. Woods, A. et al. LKBI is the upstream kinase in the AMP-activated protein kinase cascade. Curr Biol 13, 2004-2008 (2003).

17. Hurley, R. L. et al. The Ca2+/calmodulin-dependent protein kinase kinases are AMP-activated protein kinase kinases. J Biol Chem
280, 29060-29066 (2005).

18. Momcilovic, M., Hong, S. P. & Carlson, M. Mammalian TAK1 activates Snfl protein kinase in yeast and phosphorylates AMP-
activated protein Kinase in vitro. ] Biol Chem 281, 25336-25343 (2006).

19. Luo, L, Jiang, S., Huang, D., Lu, N. & Luo, Z. MLK3 phophorylates AMPK independently of LKB1. PLoS One 10, €0123927 (2015).

w

SCIENTIFICREPORTS | (2018) 8:5521 | DOI:10.1038/s41598-018-23780-x 10


http://www.sabiosciences.com/pcrarraydataanalysis.php

www.nature.com/scientificreports/

20. Faubert, B., Vincent, E. E., Poffenberger, M. C. & Jones, R. G. The AMP-activated protein kinase (AMPK) and cancer: many faces of
a metabolic regulator. Cancer Lett 356, 165-170 (2015).

21. Zhou, G. et al. Role of AMP-activated protein kinase in mechanism of metformin action. J Clin Invest 108, 1167-1174 (2001).

22. Hawley, S. A. et al. Complexes between the LKB1 tumor suppressor, STRAD alpha/beta and MO25 alpha/beta are upstream kinases
in the AMP-activated protein kinase cascade. Journal of biology 2, 28 (2003).

23. Hardie, D. G., Carling, D. & Carlson, M. The AMP-activated/SNF1 protein kinase subfamily: metabolic sensors of the eukaryotic
cell? Annu Rev Biochem 67, 821-855 (1998).

24. Fryer, L. G., Parbu-Patel, A. & Carling, D. The Anti-diabetic drugs rosiglitazone and metformin stimulate AMP-activated protein
kinase through distinct signaling pathways. ] Biol Chem 277, 25226-25232 (2002).

25. Lee, Y. S. et al. Berberine, a natural plant product, activates AMP-activated protein Kinase with beneficial metabolic effects in
diabetic and insulin-resistant states. Diabetes 55, 2256-2264 (2006).

26. Baur, J. A. et al. Resveratrol improves health and survival of mice on a high-calorie diet. Nature 444, 337-342 (2006).

27. Zhou, J. et al. Inactivation of AMPK alters gene expression and promotes growth of prostate cancer cells. Oncogene 28, 1993-2002
(2009).

28. Plummer, R. et al. Phase 1 and pharmacokinetic study of lexatumumab in patients with advanced cancers. Clin Cancer Res 13,
6187-6194 (2007).

29. Merchant, M. S. et al. Phase I trial and pharmacokinetic study of lexatumumab in pediatric patients with solid tumors. J Clin Oncol
30,4141-4147 (2012).

30. Lee, S.J. et al. Berberine sensitizes TRAIL-induced apoptosis through proteasome-mediated downregulation of c-FLIP and Mcl-1
proteins. Int ] Oncol 38, 485-492 (2011).

31. Refaat, A., Abdelhamed, S., Saiki, I. & Sakurai, H. Inhibition of p38 mitogen-activated protein kinase potentiates the apoptotic effect
of berberine/tumor necrosis factor-related apoptosis-inducing ligand combination therapy. Oncol Lett 10, 1907-1911 (2015).

32. He, K., Zheng, X., Li, M., Zhang, L. & Yu, J. mTOR inhibitors induce apoptosis in colon cancer cells via CHOP-dependent DR5
induction on 4E-BP1 dephosphorylation. Oncogene 35, 148-157 (2016).

33. Gwinn, D. M. et al. AMPK phosphorylation of raptor mediates a metabolic checkpoint. Mol Cell 30, 214-226 (2008).

34. Wu, G. S. et al. KILLER/DR5 is a DNA damage-inducible p53-regulated death receptor gene. Nat Genet 17, 141-143 (1997).

35. Zhang, X. et al. Degradation of MDM2 by the interaction between berberine and DAXX leads to potent apoptosis in MDM2-
overexpressing cancer cells. Cancer Res 70, 9895-9904 (2010).

36. Planchon, S. M. et al. Beta-lapachone-mediated apoptosis in human promyelocytic leukemia (HL-60) and human prostate cancer
cells: a p53-independent response. Cancer Res 55, 3706-3711 (1995).

37. Mukhopadhyay, U. K., Senderowicz, A. M. & Ferbeyre, G. RNA silencing of checkpoint regulators sensitizes p53-defective prostate
cancer cells to chemotherapy while sparing normal cells. Cancer Res 65, 2872-2881 (2005).

38. Viswakarma, N. et al. Transcriptional regulation of mixed lineage kinase 3 by estrogen and its implication in ER-positive breast
cancer pathogenesis. Oncotarget 8,33172-33184 (2017).

39. Mishra, P,, Paramasivam, S. K., Thylur, R. P,, Rana, A. & Rana, B. Peroxisome proliferator-activated receptor gamma ligand-mediated
apoptosis of hepatocellular carcinoma cells depends upon modulation of PI3Kinase pathway independent of Akt. ] Mol Signal 5, 20
(2010).

40. Pradeep, A. et al. Gastrin-mediated activation of cyclin D1 transcription involves beta-catenin and CREB pathways in gastric cancer
cells. Oncogene 23, 3689-3699 (2004).

Acknowledgements

This work was supported by the National Institutes of Health grants CA178063 (to B.R.), CA176846 and
CA216410 (to A.R.), and the Veterans Affairs Merit Award grants BX003296 (to B. R.) and BX002703, BX002355
(to A.R.).

Author Contributions

R.K., K.V, N.V,, S.S. and S.D. helped in developing the overall methodologies, performing the experiments,
acquisition and interpretation of data. R.K. and N.V. contributed to the writing, drafting and preparation of the
manuscript. A.R. helped with the analyses of the data and provided intellectual input in this collaborative study.
B.R. contributed to the overall study design, interpretation of the results during all phases and drafted/edited the
final manuscript, which was read and approved by all the authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23780-x.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:5521 | DOI:10.1038/s41598-018-23780-x 11


http://dx.doi.org/10.1038/s41598-018-23780-x
http://creativecommons.org/licenses/by/4.0/

	Involvement of AMP-activated protein kinase and Death Receptor 5 in TRAIL-Berberine-induced apoptosis of cancer cells

	Results

	Effect of treatment with TRAIL and BBR alone or in combination on cancer cell viability. 
	Effect of TRAIL-BBR combination on the apoptotic potential of cancer cells. 
	Effect of increasing concentration of BBR on TRAIL-induced apoptosis. 
	Involvement of AMPK in TRAIL-BBR combination-induced apoptosis. 
	Analysis of BBR-induced apoptotic gene expression using RT2 Profiler PCR Array. 
	Validation of BBR-induced changes of Harakiri and DR5 gene expression by qPCR. 
	Involvement of DR5 in TRAIL-BBR combination-induced apoptosis. 

	Discussion

	Materials and Methods

	Reagents and Antibodies. 
	Cell Culture. 
	MTT Assay. 
	RNA Isolation and RT2 Profiler PCR Array. 
	Quantitative Polymerase Chain Reaction (qPCR) Analysis. 
	Small Interference RNA (siRNA). 
	Western Blot Analysis. 
	Statistical analyses. 
	Data availability. 

	Acknowledgements

	Figure 1 Treatment with a combination of TRAIL and BBR reduces cancer cell viability.
	Figure 2 Combinatorial treatment with TRAIL and BBR induces potent apoptosis in cancer cells.
	Figure 3 Effect of increasing concentrations of TRAIL and BBR on apoptosis.
	Figure 4 Effect of AMPKα inhibition on TRAIL-BBR-induced apoptosis.
	Figure 5 RT2 Profiler PCR Array analysis of human apoptotic gene expression.
	Figure 6 Validation of BBR-induced changes of gene expression by qPCR.
	Figure 7 Role of DR4 and DR5 in mediating TRAIL-BBR-induced apoptosis.




