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Abstract

Recent studies have shown that MDR could be induced by the high stemness of can-
cer cells. In a previous study, we found bufalin could reverse MDR and inhibit cancer
cell stemness in colorectal cancer, but the relationship between them was unclear.
Here we identified overexpressing CD133 increases levels of Akt/nuclear factor-xB
signaling mediators and MDR1, while increasing cell chemoresistance. Furthermore,
bufalin reverses colorectal cancer MDR by regulating cancer cell stemness through
the CD133/nuclear factor-kB/MDR1 pathway in vitro and in vivo. Taken together, our
results suggest that bufalin could be developed as a novel 2-pronged drug that targets
CD133 and MDR1 to eradicate MDR cells and could ultimately be combined with
conventional chemotherapeutic agents to improve treatment outcomes for patients

with colorectal cancer.
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1 | INTRODUCTION

Colorectal carcinoma is one of the most common malignant tumors
in the world, with the third highest incidence among cancers.! The
incidence of CRC has continued to rise in many countries in recent
years. Although chemotherapy is an effective treatment method for
CRC, MDR is the main cause of chemotherapy failure and disease
progression.z'3 Cancer stem cells play important roles in MDR ac-
cording to the viability of self-renewal and infinite proliferation.*
Therefore, it is important to discover new agents that are capable
of specifically targeting MDR cells and CSCs, which is difficult but
essential for reversing MDR and curing CRC.

To date, some agents derived from nature have been identified
to overcome MDR by inhibiting ABC transporters and/or targeting
CSCs.” Bufalin has shown strong antitumor activity against various
cancers.81! The anticancer mechanisms of BU can be summarized as
follows: inhibition of proliferation, promotion of apoptosis, inhibition
of angiogenesis, inhibition of metastasis, reversal of drug resistance,
and induction of autophagy.'?'* Recent studies suggested that BU
could inhibit the differentiation, proliferation, and drug resistance
of cancers by inhibiting stemness in osteosarcoma, and improve the
sensitivity of human glioma stem-like cells to temozolamide.*>*’

Our previous studies showed that BU could effectively reverse
MDR in colon cancer by inhibiting the expression of the MDR1/
P-gp protein.18 In addition, BU can reverse acquired cisplatin resis-
tance by inhibiting the expression of CD133.Y It was reported that
CD133" colon CSCs often show excessive activation of the PI3K/Akt
pathway;%° PI3K/Akt activates NF-kB, which induces MDR1/P-gp
expression through binding to its promoter.?*2® Therefore, we hy-
pothesized that BU can reverse MDR1/P-gp-mediated MDR by the
inhibition of stemness through the AKT/NF-kB axis in CRC.

The purpose of our work was to investigate the potential molec-
ular mechanism of the BU-mediated reversal of MDR in CRC, includ-
ing the relationship between CD133 and MDR1/P-gp, and the role
of the AKT/NF-kB pathway in this relationship.

2 | METHODS
2.1 | Celllines and reagents

The human colon cancer cell lines LoVo and HCT8 were ob-
tained from the Cell Bank of the Chinese Academy of Sciences.
Doxorubicin-selected LoVo/ADR and HCT8/ADR cell lines were
purchased from Shanghai Yan Sheng Industrial Co. All cell lines
were used for the reversal study and were cultured in RPMI-1640
or F12K containing 10% FBS at 37°C in a humidified atmosphere
of 5% CO,. All the DOX-selected cells were seeded in medium con-
taining 1 pmol/L DOX to maintain the drug resistance phenotype.
LoVo P33 and HCT8P33* cells were established by infecting the
LoVo and HCT8 cell lines with a lentivirus containing an empty plas-
mid or full-length CD133 and were cultured in medium containing

10 pg/mL puromycin.

Bufalin, DOX, MMC, VCR, and CTX were obtained from Sigma-
Aldrich Chemical Co. The AKT overexpression plasmid, the NF-xB/
p65 overexpression plasmid, and the MDR1 promoter plasmid were

purchased from Addgene.

2.2 | Cell viability and apoptosis assays

Colon cancer cells were plated in 96-well plates and treated with
various chemotherapeutic agents for the indicated times. After
48 hours, cell viability was assessed using a CCK-8 assay (Dojindo
Molecular Technologies). For apoptosis, an annexin V-FITC apop-
tosis detection kit (Invitrogen) was used according to the manufac-
turer’s instructions.

2.3 | DOX uptake and retention

To visualize the uptake of DOX, the cells incubated with DOX (1 pg/
mL). Nuclei were stained with DAPI (Invitrogen). The cells were visu-
alized with a Zeiss 510 confocal laser-scanning microscope using a
63 N (NA1.32) objective.

To investigate the cellular DOX retention level, DOX concen-
trations in the cell lysates were measured using a Wallac Victor2
TM1420 multilabel counter (Perkin Elmer). Cellular DOX uptake is
expressed as nanomoles per milligram of protein. The protein con-
centrations were determined with a BCA Protein Assay Kit (Thermo

Fisher Scientific).

2.4 | Immunofluorescence

Cells cultivated on glass cover slides were fixed in 4% paraformal-
dehyde/PBS for 10 minutes, permeabilized in 0.2% Triton X-100 for
20 minutes, and blocked in 100% FBS for 1 hour. The fixed cells were
incubated with a primary Ab specific for CD133, NF-xB/pé5, or P-gp
(Cell Signaling Technology) and a secondary Ab. Images were obtained
by using a confocal laser-scanning microscope (LSM 510; Carl Zeiss).

2.5 | Quantitative RT-PCR

Total RNA was extracted with TRIzol (Invitrogen), and re-
verse transcription was carried out using the PrimeScript
RT-PCR Kit (TaKaRa Biotechnology) based on the instruc-
tions of the manufacturer. Quantitative RT-PCR was under-
taken by using the PrimeScript RT-PCR Kit according to the
procedures of specification. Sequences of the PCR primers
were as follows: MDR1, 5-AACGGAAGCCAGAACATTCC-3'
and 5-AGGCTTCCTGTGGCAAAGAG-3'; CD133, 5-TTCTATGC
TGTGTCCTGGGGC-3' and 5 TTGTTGGTGCAAGCTCTTCA
AGGT-3'; and GAPDH, 5-CTCCATCCTGGCCTCGCTGT-3' and
5'-GCTGTCACCTTCACCGTTCC-3".
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FIGURE 1 Bufalin reverses MDR in adriamycin (ADR)-resistant colorectal cancer cells. A, B, Bufalin (BU) significantly enhanced the
sensitivity of LoVo/ADR and HCT8/ADR cells to doxorubicin (DOX), mitomycin C (MMC), vincristine (VCR), and cyclophosphamide (CTX) and
significantly reduced the corresponding IC,, values based on a CCK-8 assay. C, D, BU significantly enhanced the intracellular concentration
of DOX in LoVo/ADR and HCT8/ADR cells. E, BU significantly decreased CD133 expression in LoVo/ADR and HCT8/ADR cells by
immunofluorescence. F, BU significantly decreased CD133 and P-gp expression in LoVo/ADR and HCT8/ADR cells by western blotting.

*P < .05, **P < .01. Each bar represents the mean * SD of 3 independent experiments
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2.6 | Luciferase activity assay

The cells (2 x 10% were cotransfected with 500 ng plasmid contain-
ing the MDR1 promoter (Plasmid #37627; Addgene) with or without
BU treatment. A luciferase activity assay was carried out 48 hours
after transfection with the dual-luciferase reporter assay system
(Promega).

2.7 | Western blot analysis

Proteins were resolved using SDS/PAGE and subjected to immuno-
blot analysis with specific Abs (Cell Signaling Technology). All Abs
were used at a 1 mg/mL working concentration. The membranes
were further probed with HRP-conjugated rabbit anti-mouse 1gG
(Santa Cruz Biotechnology). Quantification of protein bands was
undertaken using Image) software (Wayne Rasband, National
Institutes of Health).

2.8 | Invivo xenograft model

LoVoP13%* or LoVo/ADR colon cancer cells were injected into the
flanks of male athymic nude mice (4-5 weeks old). Two weeks after
injection, DOX (0.5 mg/kg) or bufalin (0.1 mg/kg) was given by i.p. in-
jection 5 days per week for 4 weeks. Tumor volumes were measured
at the beginning of the treatment and every 4 days until the mice
were killed. The estimated tumor volumes (V) were calculated by
the formula V = W2 x L x 0.5, where W represents the largest tumor
diameter in centimeters and L represents the next largest tumor di-
ameter. Tumors were dissected out and weighed. Harvested tumors
were weighed and immediately fixed in formalin for IHC.

All proposals were approved and supervised by the institu-
tional animal care and use committee of Putuo Hospital, Shanghai
University of Traditional Chinese Medicine, China. All animal studies
were carried out in accordance with the NIH Guidelines for the Care
and Use of Laboratory Animals.

2.9 | Immunohistochemistry

Tissues were fixed in 10% formalin, embedded in paraffin, and sec-
tioned (5-mm thickness). For IHC of TUNEL, CD133 and P-gp was
carried out. For quantifications, positive expression cells of 30 ran-
dom images (400x) per experimental group were captured with a

microscope (Leica).

2.10 | Statistical analysis

Each experimental value was expressed as the mean + SD. Statistical
analysis was carried out using a t test to evaluate the significance of
differences between cell line groups, with significance accepted at
*P < .05 and **P < .01. All data points represent the mean value of
triplicate measurements. Statistical analysis of tissue samples was
undertaken using the Spearman’s rank statistical test and the Mann-
Whitney test to evaluate the significance of differences between

groups.

3 | RESULTS

3.1 | Bufalin reverses MDR in ADR-resistant CRC
cells

We treated ADR-resistant CRC cells with BUF (20 nmol/L). The re-
sults showed that BU could significantly increase the sensitivity of
ADR-resistant cells to DOX, MMC, VCR, and CTX and remarkably
reduce the corresponding IC50 values (Figure 1A,B). The DOX up-
take experiment showed that BU significantly enhanced the con-
centration of intracellular DOX in ADR-resistant cells (Figure 1C,D).
The detection of CD133 by immunofluorescence was decreased in
ADR-resistant cells (Figure 1E) after BU treatment. Moreover, BU
significantly decreased CD133 and MDR1/P-gp expression in those
cells (Figure 1F). Taken together, these results suggest that BU could
reverse MDR in ADR-resistant cells by inhibiting both CD133 and
P-gp.

3.2 | Multidrug resistance correlates with
CSC properties

We generated CD133-OE LoVo“P*3%* and HCT8P133* CRC cells by a

CD133+ and

lentivirus vector system. The high levels of CD133 in LoVo
HCT8P133* cells were also confirmed by flow cytometry, immunoflu-
orescence, PCR, and western blotting (Figure 2A,B,G,H). Compared
to their respective control cells, LoVo P33 and HCT8CP133* cells
displayed significant resistance to chemotherapeutic agents (DOX,
MMC, VCR, and CTX) (Figure 2C,D) and markedly inhibited DOX up-
take (Figure 2E,F). Notability, MDR1/P-gp mRNA and protein levels
were clearly increased in CD133-OE cells (Figure 2G,H). The above-
mentioned studies indicated that CD133-OE cells possess MDR
and features similar to CSCs; in other words, MDR is related to CSC

characteristics.

FIGURE 2 Multidrug resistance correlates with cancer stem cell properties. A, B, CD133 expression in LoVo and HCT8 colorectal cancer
cells and CD133-overexpressing LoVo®P33* and HCT8 P33 cells was determined by flow cytometry and immunofluorescence (blue, DAPI;
red, CD133). C, D, IC,, values of doxorubicin (DOX), mitomycin C (MMC), vincristine (VCR), and cyclophosphamide (CTX) in LoVo, HCTS,
LoVoP133* and HCT8P133* cells were determined with a CCK-8 assay. E, Intracellular distribution of DOX (red) in LoVo, HCT8, LoVoP*33*
and HCT8P13% cells 6 h after a 1-h incubation with 1 pg/mL DOX. F, Quantitative DOX profiles over 6 h. G, H, CD133 and MDR1/P-gp
expression in LoVo, HCTS, LoVo®P133* and HCT8CP13%* cells was determined by quantitative PCR and western blotting. *P < .05, **P < .01.

Each bar represents the mean + SD of 3 independent experiments
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3.3 | Bufalin reverses CD133-associated MDR

To determine the relationship between the stemness protein
CD133 and the MDR protein MDR1/P-gp in the BU-mediated re-
versal of MDR in CRC, we treated CD133-OE cells with BU. The
results showed that BU could significantly increase the sensitiv-
ity of CD133 cells to DOX, MMC, VCR, and CTX and remarkably
reduce the corresponding IC,, values (Figure 3A,B). One of the
important indicators of tumor cell sensitivity to chemotherapy
is induced apoptosis; thus, we detected the apoptotic capac-
ity of LoVo P13%* and HCT8P13%* cells by flow cytometry. After
48 hours of treatment, the BU group displayed greater sensitiv-
ity to DOX (Figure 3C). The DOX uptake experiment showed
that BU significantly enhanced the concentration of intracellular
DOX in CD133-0E cells (Figure 3D,E). The detection of CD133
by immunofluorescence was decreased in both CD133-OE cell
lines (Figure 3F) after BU treatment. Moreover, BU significantly
decreased CD133 and MDR1/P-gp expression in those cells
(Figure 3G). Taken together, these results suggest that BU could
reverse CD133-associated MDR in CRC.

3.4 | Bufalin regulates MDR1/P-gp expression
through CD133

Protein kinase B signal transduction is related to MDR1 expression.
In addition, CD133 activates the Akt pathway in CD133"* glioma
stem cells. Therefore, we hypothesized that CD133 regulates MDR1
through the Akt-NF-kB axis, whereas BU regulates the expression of
MDR1/P-gp through the Akt-NF-kB axis. To test this hypothesis, we
treated LoVo®P**%* HCT8P™*%* LoVo/ADR, and HCT8/ADR cells
with BU. The gPCR results showed that MDR1 mRNA expression
was inhibited by BU (Figure 4A,B), and MDR1 gene promoter activ-
ity was downregulated in a luciferase reporter assay (Figure 4C,D).
Moreover, the western blot results showed that CD133, p-Akt,
p-NF-kB/p65, and P-gp levels were all decreased in whole cells after
BU treatment, and total NF-kB/p65 and p-NF-kB/p65 levels were
decreased in the nucleus (Figure 4E,F). Inmunofluorescence showed
that NF-xB localized to the cytoplasm after BU or CD133 KD plas-
mid treatment (Figure 4G,H). The above studies showed that BU
could decrease MDR1/P-gp expression by inhibiting CD133 expres-
sion, AKT phosphorylation, NF-kB/p65 nuclear translocation, and
MDR1 translation in CD133-OE cells and ADR-resistant cells.

3.5 | Protein kinase B-NF-«B signaling pathway
is the crucial mechanism by which BU regulates
MDR1/P-gp expression through CD133

To investigate whether the Akt-NF-xB signaling pathway is the
crucial mechanism by which BU regulated MDR1/P-gp expression
through CD133, we undertook a rescue experiment with the Akt
OE plasmid or the NF-xB/p65 OE plasmid. The protein and mRNA

level of MDR1/P-gp induced by BU were restored by Akt or NF-xB/
p65 (Figure 5A-C). The same factors restored MDR1 gene pro-
moter activity, as indicated by luciferase reporter assay (Figure 5D).
Moreover, Akt or NF-kB/p65 OE significantly decreased DOX up-
take (Figure 5E,F). Finally, the CCK-8 assay results showed that the
Akt OE plasmid or the NF-xkB/p65 OE plasmid could reverse the en-
hanced sensitivity of LoVo“P**%* and LoVo/ADR cells after treatment
with BU (Figure 5G). These results suggest that BU regulates the
expression of MDR1/P-gp through CD133, and the Akt-NF-xB sign-

aling pathway plays an important role in this process.

3.6 | Bufalin increases antitumor effects of DOX
in vivo

We observed that BU could reverse CD133-associated MDR in
CRC cells in vitro. We used in vivo experiments to verify this find-
ing. We established a xenograft model of colon tumors by s.c.
inoculation of 1 x 10® ADR-resistant LoVo/ADR cells or 1 x 10°
CD133-0E LoVoP1*3* cells into nude mice. After 2 weeks, the
mice were randomly divided into 4 groups (control group, BU
group, DOX group, and BU + DOX group). After 4 weeks of treat-
ment, tumor growth and therapeutic sensitivity were monitored
until the mice were killed.

After measuring the tumor weight, we plotted a growth curve of
the transplanted tumors. The results showed that BU significantly

CDI33* cells to

increased the sensitivity of LoVo/ADR cells and LoVo
DOX (Figure 6A,B), and the tumor size and tumor weight showed
similar results, as expected (Figure 6C). As shown in Figure S1, none
of the test subjects lost body weight or died in any of the 4 groups
at the doses tested, suggesting minimal toxicities. Moreover, the
gPCR results showed that MDR1 mRNA expression was inhibited
by BU, as observed in vitro (Figure 6D). To assess whether BU sen-
sitized the tumors to DOX and induced tumor growth regression
through the CD133/P-gp pathway in vivo, representative samples
from harvested tumor tissues were analyzed by IHC for active
CD133 or P-gp, as described previously. Consistent with our in vitro
observations, a discernible decline was observed in tumor tissues
after BU treatment, and BU significantly increased the apoptotic
effect of DOX in a TUNEL assay (Figure 6E,F). The positive staining
rates of CD133, P-gp, and TUNEL based on IHC are shown (Figure
S2). These data indicated that BU could enhance the antitumor ef-
fect of chemotherapy agents through CD133/MDR1 in vivo.

3.7 | Discussion

Multidrug resistance of tumor cells contributes to severe clinical

restrictions in CRC. An additional limitation is the fact that many

available drugs target the quickly dividing cells and not the CSCs.?*

Bufalin was shown to have reversed of MDR in various tumors, such

27

as leukemia cells,? hepatocellular carcinoma,?® myeloma,~” and

colorectal cancer.® However, the precise underlying mechanisms



ZHAN ET AL. - 1625
Cancer Science mi4i8=%
(A) 10 [ Venhicle (B) 8 [ Venhicle
T 8 [ Bufalin 3. [ Bufalin
= S
56 s,
2 i 2
S 4 ﬂ 3
2
0+ t I I 1
DOX MMC VCR CTX MMC VCR
LOVOCD133+ HCTBCD133+
(©) Veihicle Bufalin DOX Bufalin + DOX .
. ’ [ Vehicle @ DOX
5 3 2.09%| ° 2.93% | ° 14.6% | '° 42.5% O Bufalin Il Bufalin+DOX
s o 10° 10° R 10° %
D i 0 102 102 102 60 *k s
>o s 10 10! 10!
a0 [ . . R
$ 100l 100 L 100 L 40
10° 10" 102 10° 10 10° 10" 102 10® 10¢ 10° 10" 102 10° 104 10° 10" 10% 10° 10° g
s o . 2 * %
— &5 31 2.54% | '° 3.04% | ° 16.3% | '° 41.8% 2 20
a 2 100 10° 10° 3 10° g <
;5_0 102 102 102 102
:LE) : et 10 :D’:'.*f' 10° L 2 10° 0
S s 75 ol 2 A it g - RATET S 1  eeeessssssccssssss oo + ............... .
* U100 10' 107 10° 10° 10° 10 10° 10° 10¢  10° 10' 10° 10° 10 10° 10' 10° 10° 10* LoVoCP133* HCT8en13?
Annexin V
(D) (E)
Vehicle Bufalin Vehicle Bufalin o [ Vehicle [ Bufalin
o
8 8 *k
T 5
< X 6 hh
S g
x N
o c 4
o (0]
2
s 2
()
s 11 1]
... L . vees eeveeens e
LoVoCD133+ HCT8cp133+ LoVOCD133+ HCT80D133+
(F) Vehicle Bufalin Vehicle Bufalin (G) LoVoCD133+  HCTgop13s+
< CD133 | W o | | s e | -133 kDa
e
2
a P-gp |#e & & | | % = = |-141kDa
&
B-Actin | s s | | s s |- 42 kDa
& O & Q&
"\\0 \0\\ "\\Q \0\\
LoVoCD133+ HCTgcD133+ 40 %Q \\0 Q\)

FIGURE 3 Bufalin (BU) reverses CD133-associated MDR. A, B, BU significantly enhanced the sensitivity of LoVo®P133* and HCT8CP133+
cells to doxorubicin (DOX), mitomycin C (MMC), vincristine (VCR), and cyclophosphamide (CTX) and significantly reduced the corresponding
IC, values based on a CCK-8 assay. C, BU significantly enhanced the apoptosis level of LoVoP1%3* and HCT8P*%3* cells in response to
DOX, as indicated by an annexin V-Pl assay. D, E, BU significantly enhanced the intracellular concentration of DOX. F, BU significantly
decreased CD133 expression in LoVo®P133* and HCT8CP133* cells by immunofluorescence. G, BU significantly decreased CD133 and P-gp
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experiments
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HCT8P13%* LoVo/ADR, and HCT8/ADR cells treated with BU. G, H, Immunofluorescence showing the localization of NF-kB/p65 in
LoVo®P133* and HCT8CP133* cells treated with BU. *P < .05, **P < .01. Each bar represents the mean + SD of 3 independent experiments
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FIGURE 5 Akt-nuclear factor (NF)-xB signaling pathway is the crucial mechanism by which bufalin (BU) regulates MDR1/P-gp expression
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expression by quantitative PCR. C, Reversal of reduced P-gp expression by immunofluorescence. D, Reversal of reduced MDR1 gene
promoter activity by a luciferase reporter assay. E, F, Reversal of enhanced intracellular doxorubicin (DOX) concentrations. G, Reversal of
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FIGURE 6 Bufalin (BU) increased the antitumor effects of doxorubicin (DOX) in vivo. BU increased the effectiveness of DOX in the
inhibition of tumor growth in vivo. A, B, Xenograft tumor growth curves. C, Photographs of tumors and tumor weights. D, BU decreased
MDR1 mRNA expression in vivo. E, F, BU significantly increased apoptosis in response to DOX, as indicated by TUNEL, and reduced CD133
and P-gp expression levels in vivo. Images are representative of multiple fields of tumor sections from each group. Percentage of cells with
positive TUNEL, CD133, and P-gp staining for quantifications, positive expression cells of 30 random images (400x) per experimental group
were captured with a microscope (Leica). *P < .05, **P < .01. Each bar represents the mean + SD of 3 independent experiments
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remain unknown, and more efforts should be directed toward clari-
fying its effects on CRCs.

Prior studies have shown that BU can inhibit CSCs or stem-
ness in different cancer cells.> Meng et al reported that BU sup-
pressed stemness through the Hedgehog signaling pathway in
gemcitabine-resistant pancreatic cancer cells.?8 Chang et al found
that BU was capable of inhibiting the proliferation and differen-
tiation of CSCs in human osteosarcoma cells.® CD133 has been
identified as a cell surface marker for CRC.2%%° Evidence suggests
that CD133 regulates tumor biology including drug resistance.
El-Khattouti et al found that CD133" melanoma cells showed
increased drug resistance to paclitaxel compared with CD133"
cells.®* Another study found that CD133 was capable of regulating
MDR of glioma cells.®?

In our previous study, we first identified the ability of BU to re-
verse acquired cisplatin resistance by inhibiting stemness in CRC.Y?
Therefore, we postulated that the mechanism by which BU inhibits
MDR1/P-gp expression might be related to the stemness of CRC. In
this study, our results revealed that BU could decrease both CD133
and MDR1/P-gp expression and increase chemosensitivity to DOX
in CD133" cells.

Furthermore, we examined the potential interaction of CD133
and MDR1/P-gp, which contributed to BU-mediated MDR rever-
sal in CRC. The current work found that BU-mediated inhibition
of MDR1/P-gp was regulated by CD133 through PI3K-Akt-NF-xB
signaling. In addition, silencing CD133 reversed chemoresistance
in DOX-resistant cells and increased AKT- and NF-kB-induced drug
resistance, confirming that these molecules are relevant for che-
motherapy and play roles in this process. In vivo, BU significantly
increased the effect of DOX against LoVo/ADR and LoVo P133* ¢o-
orectal cancer cell xenografts in nude mice, decreasing the expres-
sion of MDR1/P-gp and CD133.

In summary, we identified that BU reverses CRC MDR by regulat-
ing cancer cell stemness through the CD133/NF-kB/MDR1 pathway
in vitro and in vivo. Therefore, BU could be developed as a novel
2-pronged drug that targets CD133 and MDR1/P-gp to eradicate
CD133" drug-resistant cells and could ultimately be combined with
conventional chemotherapeutic agents to improve treatment out-

comes for patients with CRC.
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