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Baicalein is a Chinese herbal compound extracted from Scutel-
laria baicalensis that has anti-tumor properties. The aim of this
study was to elucidate the mechanisms of action of baicalein
against human colorectal cancer cell lines and to assess whether
the anti-proliferative effects of baicalein may be amplified with
autophagy inhibition. Human colon cancer cell lines (HT-29,
HCT-116, SW480, and SW620) were treated with baicalein
alone and in combination with the autophagy inhibitor chloro-
quine (CQ). Baicalein reduced cell viability in all four colon
cancer lines in a dose-dependent fashion. Combination treat-
ment of baicalein and the autophagy inhibitor CQ significantly
decreased cell viability compared with baicalein alone in HT-29
and HCT-116 cell lines. Western blot analysis of the HCT-116
cell line treated with both baicalein and CQ demonstrated
increased expression of LC3-II, a component of autophagy.
The combination of baicalein with CQ culminated in activation
of caspase-3-mediated apoptosis. These findings demonstrate
that inhibition of autophagy enhanced apoptotic cell death
induced by baicalein treatment in colon cancer cell lines.
Future work will assess other targetable apoptotic pathways
activated by baicalein and autophagy inhibition.

INTRODUCTION

Colorectal cancer (CRC) is the second most common malignancy,
impacting nearly 150,000 patients, and accounts for greater than
50,000 deaths in the United States annually." Up to 50% of patients
ultimately present with metastatic disease.” Median survival after initi-
ation of systemic therapy can range from 24 to 36 months.” Once tu-
mors become resistant to standard first- and second-line therapy,
including appropriate biologic epidermal growth factor receptor anti-
body or vascular endothelial growth factor receptor antibody therapy,
there are few options that render a robust response in microsatellite
stable cancers.” To this end, there is a critical gap for novel therapy.

Baicalein is a phenolic flavonoid that is derived from the plant Scutel-
laria baicalensis.” It has been characterized by its anti-inflammatory
and anti-neoplastic properties.”” Most notably, baicalein has been
shown to induce both autophagy and apoptosis in malignant cells.
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Autophagy is a cellular process that allows for the catabolic degrada-
tion of organelles and proteins in lysosomes that lead to essentially a
cytosolic recycling of DNA and amino acids.'® Early in tumor forma-
tion, autophagy appears to be protective." However, well-developed
cancers utilize autophagy as a mechanism of survival adaptation that
allows for tumors to thrive and proliferate in the context of stress,
starvation, and hypoxia.”*'' The mechanisms of apoptosis culmi-
nate in cleavage of caspase-3 following activation of both the intrinsic
pathway leading to the activation of the caspase cascade through cas-
pase-9 and the extrinsic pathway with binding of membrane death re-
ceptors leading to initiation of the caspase cascade via caspase-8."”
This study aims to assess the impact of blocking autophagy on the
anti-proliferative effects of baicalein in human CRC cells.

RESULTS

Baicalein Inhibits the Proliferation of Human Colorectal Cancer
Cells

Baicalein inhibits cell proliferation in all six human CRC cell lines
tested, including KRAS wild-type (WT; HT-29, COLO) and KRAS
mutant (HCT-116, LoVo, SW480, SW620). As shown in Figure 1,
the results demonstrated that baicalein treatment inhibits prolifera-
tion of CRC cells in a dose-dependent manner. At a concentration
of 40 pM, baicalein significantly inhibited cell growth in all of the
CRC cell lines (p < 0.05). Baicalein had the greatest anti-proliferative
effect on HCT-116, LoVo, and SW480 (13.5%, 18.8%, and 28%
respectively) at a concentration of 160 pM.

Blocking Autophagy Enhances the Anti-proliferative Effect of
Baicalein

Autophagy was targeted as a strategy to enhance the anti-proliferative
effects of baicalein. Chloroquine (CQ) inhibits autophagy by blocking
lysosomal fusion with autophagosomes, resulting in abrogated auto-
phagic flux and accumulation of the LC3-II protein. In this experiment,
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Figure 1. Inhibitory Effect of Baicalein Treatment on Human Colorectal
Cancer Cell Lines

KRAS wild-type (HT-29, COLO) and KRAS mutant (HCT-116, LoVo, SW480,
SW620) cell lines were seeded in 96-well plates at a concentration of 1 x 10% cells/
well. Twenty-four hours later, cells were treated with baicalein at increasing con-
centrations (0, 10, 20, 40, 80, and 160 uM). Seventy-two hours after treatment, MTS
assay was performed to evaluate the percentage of cell viability. Results from one
representative experiment are presented as means + SD, with triplicate de-
terminations. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. ns, not significant
difference.

CRC cells (HT-29, HCT-116, SW480, and SW620) were pre-treated
with 20 uM CQ for 4 h and then incubated with different concentra-
tions of baicalein (50, 100, 150, and 200 pM) for 72 h. CQ alone mark-
edly decreased cell viability of HT-29, SW480, and SW620 cells, but not
HCT-116 cells (p < 0.0001) (Figure 2). However, the combination of
CQ and baicalein 50 and 100 pM significantly suppressed the growth
of HCT-116 compared with baicalein alone (p < 0.001). In HCT-116
there was synergy between baicalein and CQ (Figure 2B). The
increasing expression of LC3-II in CQ-treated groups indicated that
CQ impaired autophagosome fusion with lysosomes, resulting in the
accumulation of LC3-II (Figure 2C). These data suggest that blocking
autophagy by CQ had a substantial enhancing effect against HCT-116
CRC cell viability following baicalein treatment.

Baicalein Activates the Caspase-3-Mediated Apoptosis

Pathway in the HCT-116 Cell Line

Because the caspase-3-mediated apoptosis has been noted as a mech-
anism of growth inhibition by baicalein, we assessed capase-3 activity
and expression with baicalein alone and in combination with CQ. The
expression of cleaved caspase-3 was observed after 48 h in the baica-
lein-treated groups (Figure 3A), and caspase-3 activity was even more
prominent with the addition of CQ (Figure 3B). Altogether, these data
suggest that the caspase-3 pathway of apoptosis with baicalein is
augmented with the inhibition of autophagy.

Human Apoptosis PCR Array Screened Baicalein-Regulated
Genes

To further explore the downstream signaling molecules of baicalein-
induced apoptosis, we performed quantitative real-time PCR
using a human apoptosis primer library (HPA-1; https://www.
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realtimeprimers.com/). The data showed that TNFRSF10C and
BIRC3 genes increased 1,464- and 38-fold, respectively, after 16 h of
combination treatment (Figure 4). Neither gene was induced with bai-
calein or CQ alone. The protein encoded by TNFRSF10C gene is a
member of the tumor necrosis factor (TNF) receptor superfamily.
This receptor contains an extracellular Tumor Necrosis Factor-related
apoptosis-inducing ligand (TRAIL)-binding domain and a transmem-
brane domain, but no cytoplasmic death domain. Genomic analysis of
515 patients with CRC revealed that TNFRSF10C copy number varia-
tion is associated with metastatic disease.'” Aberrant methylation or
deletion of TNFRSF10C is frequently found in prostate cancer, sug-
gesting that loss of TNFRSF10C is pro-tumorigenic.'* Baculoviral
inhibition of apoptosis protein (IAP) repeat-containing protein 3
encoded by the BIRC3 gene (also known as c-IAP2) is a member of
the inhibitor of apoptosis family that inhibits apoptosis by interfering
with the activation of caspases. In CRC, expression of BIRC3 is regu-
lated by PKC (protein kinase C) and nuclear factor kB (NF-kB) path-
ways, contributing to apoptosis resistance.'

These findings indicate that CRC clones capable of surviving combi-
nation therapy of baicalein with CQ may upregulate pro-survival
pathways mediated by TNFRSF10C and BIRC3, because these are
important apoptosis-related genes.

DISCUSSION

This work is the first that demonstrates that baicalein-induced growth
inhibition of CRC cells is augmented by inhibition of autophagy in
combination with CQ. Additionally, combination treatment with bai-
calein and CQ yields an increase in caspase-3 activity and cleaved cas-
pase-3 as markers of apoptosis in addition to changes in expression of
several upstream apoptosis-related genes.

Baicalein is a flavonoid with various biological activities, including
antibacterial, anti-viral, anti-inflammatory, and anti-cancer ef-
171 The anti-cancer effects of baicalein have been seen in

many solid tumors, including breast, colon, bladder, osteosarcoma,
8,9,20—

fects.
liver, lung, and thyroid cancers. ** The anti-proliferative mecha-
nisms have included induction of apoptosis, inhibition of migration

. . 5-
and invasion, cell-cycle arrest, and enhancement of autophagy.”” >

In CRC, baicalein and baclin have been looked at both in vivo and
in vitro demonstrating growth inhibition.”” Patients with mutations
in the kras gene have a worse prognosis than those that are kras WT.”
Because the mutational profile of CRC can impact prognosis, we looked
at six cancer cell lines with a distribution of both kras WT and kras
mutant cells; our results suggest that baicalein can inhibit cell growth
in CRC cell lines with either mutational profile, demonstrating a kras-
independent mechanism of baicalein action. In a human study evalu-
ating multiple-dose administration of 200, 400, or 800 mg baicalein
chewable tablets, the steady-state concentration in plasma was achieved
after 5 days of repeated dosing twice daily.”" With this approach, the
Cnax range can reach up to 65 pM, which is comparable with in vitro
dosing noted in the present study. There is currently further work under
way to optimize the bioavailability of baicalein. Baicalein has been
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Figure 2. Enhancing the Inhibitory Effect of Baicalein
Treatment When Combined with Chloroquine (CQ) on
Human Colorectal Cancer Cell Lines

(A) KRAS wild-type (HT-29) and KRAS mutant (HCT-116,
SW480, SW620) cell lines were seeded in 96-well plates at
a concentration of 1 x 10* cells/well. Twenty-four hours
later, cells were treated with baicalein only at increasing
concentrations (0, 50, 100, 150, and 200 M) or combined
with CQ 20 pM (pre-treatment for 4 h). Seventy-two hours
after treatment, MTS assay was performed to evaluate the
percentage of cell viability. Results from one representative
experiment are presented as means + SD, with triplicate
determinations. *p < 0.05; **p < 0.01; **p < 0.001; ***p <
0.0001. ns, not significant difference. (B) The combination
index (Cl) was calculated for CQ 20 uM (pre-treatment for 4
h) and baicalein (0, 50, 100, 150 and 200 uM). A Cl < 1
indicates synergism. (C) Cells were treated with 20 uM CQ
only (pre-treatment for 4 h), 50-100 uM baicalein only, or
CQ + baicalein combination for 48 and 72 h. Cell pellets
were collected, and western blot analysis was performed.
For expression of the autophagy pathway, LC3-1and LC3-II
antibodies were used. B-actin was used as a loading
control.
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shown to induce apoptosis with an increase in cleaved caspase-3 and
decreased cleaved caspase-9 in HCT-116 human colon cancer cell
lines.>* Baicalein also inhibits colon cancer cell colony formation and
migration.zo The mitogen-activated protein kinase (MAPK), p38, and
extracellular signal-regulated kinase (ERK)1/2 signaling pathways are
also involved in colon cancer cell apoptosis and senescence induced
by baicalein.”” Baicalein has also been shown to mitigate various coli-
tis-induced models of colon cancer.”® > Despite the various mecha-
nisms that have been explored in colon cancer, this is the first study
to assess baicalein and autophagy inhibition in combination.

Autophagy in general is a highly conserved catabolic process that in-
volves the formation of double-membraned vesicles known as auto-

<+ LC3-
- LC3-ll

to the lysosome to be digested by lysosomal hy-

drolases.””*' In the initiation of tumors, auto-

phagy may function to inhibit tumor formation

by degradation of damaged organelles or pro-

teins.' However, after cancer development, tu-

mors can utilize autophagy as a survival mecha-
B-actin nism to counter against hypoxia, starvation,
and an acidic environment.'” The formation
and turnover of the autophagosome involves
evolutionarily autophagy-related
genes and is typically divided into stages of initi-
ation, nucleation, and expansion/elongation of
the autophagosome membrane.’® LC3II is the
lipid conjugate form of LC3 and commonly
serves as an autophagosome marker."* Ultimately, the autophago-
some fuses with the lysosome, the contents are degraded, and macro-
molecular precursors are recycled or used to fuel metabolic path-
ways.”® Autophagy activity varies in tumors, and this process can
play a dual role in promoting and inhibiting tumor development, de-
pending on cell context.*’ Circumstances where there is an accumu-
lation of LC3-II imply that the fusion with the autophagosome was
disrupted. In cancer cells this can be deleterious to survival and
growth. In this study, we demonstrate that the combination of baica-
lein and CQ markedly increases the accumulation of LC3-II, and this
is perhaps a mechanism by which the combination therapy inhibits
cell growth more significantly than either agent alone in CRC cell
lines. autophagy

conserved

Interestingly, Dbaicalein also induced in
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Figure 3. Baicalein Activated the Caspase-3-Mediated Apoptosis Pathway
in the HCT-116 Cell Line

(A) Cells were treated with 20 uM CQ only (pre-treatment for 4 h), 50-100 uM
baicalein only, or CQ + baicalein combination for 48 and 72 h. Cell pellets were
collected, and western blot analysis was performed. For the apoptosis pathway,
pro-caspase-3 and cleaved caspase-3 antibodies were applied. B-actin was used
as a loading control. (B) Cells (1 x 10*/well) were seeded into 96-well tissue culture
plates and then treated with baicalein (50 and 100 uM) or in combination with 20 uM
CQfor 24 h. Caspase-3 and -7 activity was measured by the caspase-Glo 3/7 assay
(Promega). Results from one representative experiment are presented as means +
SD, with triplicate determinations. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.

hepatocellular carcinoma HepG2 cells as measured by LC3-II accu-
mulation.® The combination of baicalein and the autophagy inhibitor
CQ decreased HepG2 cell viability and colony formation.® Similar to
our findings in colon cancer, the data in hepatocellular cancer suggest
that baicalein in combination with an autophagy inhibitor may exert
an enhanced anti-cancer effect.

In several cancers, baicalein has also been shown to activate the cas-
22,44
pase cascade.
. 9 . .
both apoptosis and autophagy.” In colon cancer, baicalein has also

In breast cancer, baicalein has been shown to induce

been shown to induce apoptosis.”” Cell apoptosis and autophagy
are both forms of programmed cell death.'> Caspase-3 activation is
the convergence or overlapping component of both the intrinsic
and extrinsic pathways of apoptosis. Cleaved capase-3 expression
and increased capase-3 activity indicate the activation of the execu-
tion pathway of apoptosis.'>** In this study, we demonstrated that
the combination of baicalein with the autophagy inhibitor CQ
increased cleaved caspase-3 expression and increased caspase-3 activ-
ity, thus demonstrating augmentation of programmed cell death. This
is the first study demonstrating that the CQ augments the previously
described programmed cell death effect of baicalein alone in colon
cancer.

Because one of the established anti-proliferative mechanisms of bai-
calein is through apoptosis, we utilized an apoptosis-related gene
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panel to identify changes in expression of apoptosis-related genes
in the context of baicalein alone or in combination with CQ. A
notable finding was the marked increase in the expression of
TNFRSFI10C. TNF receptor superfamily member 10 ¢, also known
as decoy receptor-1 (DcR1) and TRAIL-R3, is located on 8p21.3,
which is one of the most frequently deleted loci in CRC.*® Addition-
ally, TNFRSF10C expression has been found to be downregulated in
CRC, and a decreased TNFRSF10C copy number was shown to accel-
erate CRC distant metastasis.">*” As a TRAIL receptor, TNFRSF10C
was primarily modulated by the NF-kB pathway in cancer cells.*®
This pathway is implicated in the pathogenesis of most human malig-
nancies.”” Therefore, this receptor is not capable of inducing
apoptosis and is an antagonistic receptor that protects cells from
TRAIL-induced apoptosis. Perhaps this receptor is upregulated in
CRC clones that are capable of overcoming an autophagic stress
response and survive the combination of CQ and baicalein therapy.

Similarly, combination therapy of baicalein and CQ also upregulated
expression of Baculoviral IAP repeat-containing protein 3, encoded
by the BIRC3 gene. BIRC3 is a member of the inhibitor of apoptosis
family that inhibits apoptosis by interfering with the activation of cas-
pases.”® It is possible that by inducing apoptosis and inhibiting auto-
phagy, these genes are upregulated as a defense mechanism to pro-
mote cell survival in a portion of CRC clones. Future directions to
assess whether targeting TNFRSF10C or BIRC3 will further potentiate
the effects seen by the combination of baicalein and CQ compared
with baicalein alone are being explored.

MATERIALS AND METHODS

Reagents

Baicalein (Cayman Chemical, Ann Arbor, MI, USA) was dissolved
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA) and stored at
—20°C before use. CQ was purchased from Sigma, USA. The stock
solution (10 mM) was prepared in water, stored at —20°C, and diluted
with medium before each experiment. Fetal bovine serum (FBS),
penicillin/streptomycin, and trypsin-EDTA were obtained from
GIBCO (Carlsbad, CA, USA).

Cell Lines and Cultures

The human CRC cell lines HT-29 (McCoy’s 5A), COLO (DMEM),
HCT-116 (McCoy’s 5A), LoVo (F-12K), SW480 (DMEM), and
SW620 (DMEM) were obtained from American Type Culture Collec-
tion (ATCC). The cells were cultured and maintained in the indicated
medium supplemented with 10% FBS and 1% penicillin/streptomycin
in a humidified atmosphere with 5% CO, at 37°C. All media and sup-
plements were purchased from Corning (Tewksbury, MA, USA) and
GIBCO (Carlsbad, CA, USA), respectively.

Cell Proliferation Assay

Cytotoxicity of baicalein against human CRC cell lines was deter-
mined using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays (CellTiter
96 Aqueous One Solution; Promega, USA). Cells (1 x 10* cells/
100 pL/well) were seeded into 96-well tissue culture plates. After
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Figure 4. Apoptosis-Related Genes Upregulated in Baicalein Treatment
HCT-116 cells (5 x 10°/well) were seeded into six-well tissue culture plates and then
treated with baicalein 100 uM. After 16 h of baicalein treatment, total RNA was
extracted and cDNA was synthesized from 2 ug total RNA. RT-PCRs were per-
formed with human apoptosis library primer sets (https://www.realtimeprimers.
com/).

24 h, cells were incubated with increasing concentrations of baicalein
(0, 10, 20, 40, 80, and 160 uM) in 100 pL of fresh media. The final con-
centration of DMSO was 0.25%. Controls were exposed to culture
medium containing 0.25% DMSO. After 72 h of treatment, cell pro-
liferation was evaluated using an MTS assay according to the manu-
facturer’s instructions. In brief, 20 pL of MTS reagent was added to
each well, and the plates were incubated for 2 h. Absorbance at
492 nm was measured with a microplate reader (Filtermax F3). The
results were expressed as percent of control (DMSO vehicle set at
100%) because 0.25% DMSO did not influence the proliferation of
those cell lines (data not shown). Results were represented as the
means + standard deviation of the mean (SEM) from triplicate wells.
ComboSyn (http://combosyn.com/) was utilized to assess for synergy
between CQ and baicalein in HCT-116 cells.

Western Blot Analysis

Cells (5 x 10 cells/2 mL/well) were seeded into six-well tissue culture
plates. The next day, cells were pre-treated with 20 uM CQ and then
treated with baicalein (0-100 pM). Controls were exposed to culture
medium containing DMSO and/or 20 pM CQ. After treatment, cell
pellets were collected and lysed in protein extraction buffer
(150 mM NaCl, 10 mM Tris-HCI [pH 7.4], 1 mM EDTA [pH 8.0],
1% Nonidet P-40 [NP-40], 1 mM EGTA, and 50 M NaF) supple-
mented with the phosphatase inhibitor cocktail (Roche, USA). The
protein (25 ng) was separated on 10% SDS-PAGE and subsequently
transferred onto polyvinylidene fluoride (PVDF) membranes (Invi-
trogen). After blocking with 5% non-fat milk in Tris-buffered saline
(TBS), the membranes were probed with polyclonal rabbit anti-hu-
man LC3A/B (4108), monoclonal rabbit anti-human caspase-3
(9665), monoclonal rabbit anti-human cleaved caspase-3 (9664),
monoclonal rabbit anti-human B-tubulin (2128), or monoclonal rab-
bit anti-human B-actin (4970) (all antibodies were purchased from

Cell Signaling and prepared for use at 1:1,000 dilution), followed by
goat anti-rabbit IgG (whole molecule) peroxidase conjugate
(A6154; 1:2,000 dilution; Sigma). Bioluminescence was catalyzed us-
ing a Quick Spray Chemiluminescent HRP Antibody Detection Re-
agent (E2400; Thomas Scientific), and bands were detected in a lumi-
nescent image analyzer PXi (Syngene).

Caspase-3 and Caspase-7 Activity Assay

Caspase-3 and -7 activities were determined using the Caspase-Glo 3/
7 assay (Promega, USA). Cells (1 x 10* cells/100 pL/well) were seeded
in 96-well tissue culture plates. After 24 h, cells were pre-treated with
20 uM CQ and then treated with different concentrations of baicalein
(0, 50, and 100 uM) in 100 pL of fresh media. The final concentration
of DMSO was 0.15%. Controls were exposed to culture medium con-
taining 0.15% DMSO and/or 20 pM CQ. After 24 h of treatment,
100 pL of the caspase-Glo 3/7 reagent was added to each well and
incubated at room temperature for 45 min, and the luminescence
in each well was measured using a luminometer (Filtermax F3). Re-
sults were represented as the means + SEM from triplicate wells.

Human Apoptosis PCR Array

Gene expression analysis was carried out by quantitative real-time PCR
using a human apoptosis primer library (HPA-1; https://www.
realtimeprimers.com/). Cells (5 x 10° cells/2 mL/well) were seeded in
six-well tissue culture plates and incubated overnight at 37°C and 5%
CO,. Then cells were pre-treated with 20 pM CQ and treated with
100 uM baicalein for 16 h. The final concentration of DMSO was
0.15%. Controls were exposed to culture medium containing 0.15%
DMSO and/or 20 uM CQ. After treatment, cells were collected and total
RNAs were extracted using RNeasy Mini Kit (QIAGEN, USA), accord-
ing to manufacturers’ instructions. The cDNA was synthesized from
RNA using RevertAid Reverse Transcriptase (Thermo Fisher Scientific,
USA). Thereafter, cDNA was amplified using the human apoptosis
primer library (HPA-1; https://www.realtimeprimers.com/). PCRs
were performed in QuantStudio 3 machine (Thermo Fisher Scientific,
USA). Select Master Mix (Applied Biosystem, USA) was used to detect
amplification under the following conditions: 2 min at 50°C, 2 min at
95°C followed by 40 cycles of 15 s at 95°C, and 60 s at 60°C. Results
were analyzed with QuantStudio Analysis Software. HPRT was used
as housekeeping gene to assess target gene.
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