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ABSTRACT
Given that colon cancer is the third most common cancer in incidence and cause
of death in the United States, and current treatment modalities are insufficient, there
is a need to develop novel agents. Towards this, here we focus on γ-Mangostin,
a bioactive compound present in the Mangosteen (Garcinia mangostana) fruit.
γ-Mangostin suppressed proliferation and colony formation, and induced cell cycle
arrest and apoptosis of colon cancer cell lines. Further, γ-Mangostin inhibited
colonosphere formation. Molecular docking and CETSA (Cellular thermal shift assay)
binding assays demonstrated that γ-Mangostin interacts with transcription factor
TCF4 (T-Cell Factor 4) at the β-catenin binding domain with the binding energy of
-5.5 Kcal/mol. Moreover, γ-mangostin treatment decreased TCF4 expression and
reduced TCF reporter activity. The compound also suppressed the expression of
Wnt signaling target proteins cyclin D1 and c-Myc, and stem cell markers such as
LGR5, DCLK1 and CD44. To determine the effect of γ-mangostin on tumor growth in
vivo, we administered nude mice harboring HCT116 tumor xenografts with 5 mg/
Kg of γ-mangostin intraperitoneally for 21 days. γ-mangostin treatment significantly
suppressed tumor growth, with notably lowered tumor volume and weight. In
addition, western blot analysis revealed a significant decrease in the expression
of TCF4 and its downstream targets such as cyclin D1 and c-Myc. Together, these
data suggest that γ-mangostin inhibits colon cancer growth through targeting TCF4.
γ-mangostin may be a potential therapeutic agent for colon cancer.

catenin signaling is important in embryonic development
and tissue homeostasis [1, 2]. In addition, the pathway
is frequently dysregulated in cancers leading to high
levels of expression of target genes. β-catenin, the key
factor in the pathway is regulated by the multiprotein
destruction complex consisting of multiple proteins
including adenomatous polyposis coli (APC), axin,

INTRODUCTION
Current treatment modalities for colon cancer
include surgery, radiation and chemotherapy; however,
limitations include severe side effects and emergence
of resistance. Therefore, there is a need of a novel
therapeutic agent that targets in colon cancer. Wnt/βwww.oncotarget.com
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glycogen synthase kinase 3β (GSK3β), casein kinase 1α
(CSK1α) and β-transducin repeats containing protein
(β-TrCP). In the absence of a Wnt signal, β-catenin is
phosphorylated by casein kinase 1α (CSK1α) and APC/
Axin/GSK3-β complex and subsequently undergoes
ubiquitination and proteasomal degradation. However,
in the presence of Wnt ligand, receptor engagement
relocalizes the destruction complex to the cell membrane
wherein, the ubiquitination of phosphorylated β-catenin
is blocked within the intact complex. Consequently,
the complex becomes saturated by the phosphorylated
form of β-catenin, leading to accumulation of newly
synthesized β-catenin, free to translocate to the nucleus
and to activate target genes [3, 4].
In colon cancer, the APC gene is frequently
mutated generating in a truncated APC product that
results in constitutive β-catenin activation. In addition,
β-catenin mutations have been identified that result in
its hyperactivation. This ultimately results in aberrant
accumulation of stabilized β-catenin, followed by
nuclear translocation and subsequent interaction with
TCF4 (T-cell factor 4). The β-catenin:TCF4 complex
plays a vital role in the canonical Wnt signaling pathway
and thereby results in the activation of downstream
targets such as cyclin D1 and c-myc. These genes play
a significant role in cell proliferation, migration and
survival. The inhibitors which target the upstream targets
of the Wnt/β-catenin pathway fail to inhibit downstream
APC and β-catenin mutation-driven gene transcriptions
[5–8]. Inhibitors targeting the interaction between
β-catenin, APC or E- cadherin may result in aberrant
Wnt/β-catenin signaling that results in the formation
of new cancer [9]. Selectively targeting the β-cateninTCF4 interaction will not interfere with β-catenin/Ecadherin and β-catenin/APC interaction. Thus, targeting
β-catenin-TCF4 interaction will have a significant
impact on tumor cytotoxicity while remaining non-toxic
to normal cells.
Here, we focus on the natural compound
γ-mangostin (Figure 1A), which is a major bioactive
compound present in the fruit of Mangosteen (Garcinia
mangostana), and has been shown to possess anticancer activity [10]. Xanthones are the major secondary
metabolites present in the mangosteen fruit. All the
three derivatives α, β and γ-Mangostin have xanthone
as the backbone in their structures. Mangosteen,
‘the queen of fruits’ has been already reported for its
anti-bacterial [11–13], antimalarial [14, 15], anticancer
[16–21], antioxidant [22, 23] and anti-fungal properties
[24, 25]. Here, we aimed to determine the effects
of γ-mangostin on colon cancer growth and elucidated
the mechanism, which we have identified to be
inhibiting the β-catenin-TCF4 interaction by inhibiting
the transcriptional activity of TCF4.

www.oncotarget.com

γ-Mangostin inhibits cell proliferation and
colony formation
We determined the effects of γ-mangostin
(Figure 1A) on six different colon cancer cell lines,
HCT116, SW480, LS174T, RKO, HT29 and DLD1.
The rationale for choosing these cell lines are due to
harboring different types of mutations [26]. γ-mangostin
treatment significantly inhibited the cell proliferation
in concentration and time-dependent manner (p<0.001,
Figure 1B). The 50% inhibitory concentration values at
48 hours were ranging from 10-15 µM for colon cancer
cell lines. The IC50 values are listed in Supplementary
Table 1. The long-term effect of γ-mangostin was assessed
by colony formation assay (Figure 1C). The cells were
treated with different concentrations of γ-mangostin
for 48 hours and then grown in normal medium.
γ-mangostin treatment also inhibited the colony number
in the colon cancer cell lines (p<0.05, Figure 1D). Colony
formation assay confirmed that the inhibition induced by
γ-mangostin was irreversible.

γ-Mangostin induces apoptosis
Next, we determined if γ-mangostin induces
apoptosis in HCT116 and LS174T cell lines by the
Annexin V/propidium iodide (PI) staining (Figure 2A).
Of interest, γ-mangostin treatment induced 15.9% of
early apoptosis and 4.7% of late apoptosis in HCT116
cells, whereas in LS174T cells the values were 10.2% for
early apoptosis and 34.2% for late apoptosis. These results
were further confirmed by caspase 3/7 assay. γ-mangostin
treatment significantly induced the caspase 3/7 activity in
both HCT116 (p<0.05) and LS174T (p<0.001) cell lines
at 24 h (Figure 2B). Western blot analysis also revealed
an increase in cleaved caspase 3 and cleaved PARP levels
after γ-mangostin treatment at 24 and 48 hours (Figure
2C). Increased cleaved caspase 3 in γ-mangostin treatment
was also visualized by immunofluorescence (Figure 2D).
These data collectively suggest that γ-mangostin treatment
induces apoptosis-mediated cell death.

γ-Mangostin induces cell cycle arrest
Considering that γ-mangostin inhibits cell
proliferation and induces apoptosis, we further evaluated
its effect on cell cycle progression. γ-mangostin treatment
induced HCT116 cells to undergo G2/M cell cycle arrest
at 48 hours following treatment. However, in LS174T
cells, γ-mangostin treatment induced G0/G1 phase cell
cycle arrest (Figure 3A). This was further confirmed by
expression of specific cell cycle marker proteins. Western
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blot analysis revealed a reduction in in cyclin D1 was
observed along with CDK4 and CDK6 expression which
are markers for the G0/G1 phase. Further, a reduction
cyclin B1 and cdc2 expression in both the cells lines
which is a marker for G2/M phase (Figure 3B). Cyclin
D1 downregulation was more pronounced in LS174T
cells. These results confirmed that γ-mangostin treatment

induces cell cycle arrest in colon cancer cell lines thereby
inducing cell death.

γ-Mangostin suppresses Wnt/β-catenin pathway
The Wnt/β-catenin signaling pathway activates
transcription of many genes involved in cancer cell

Figure 1: γ-Mangostin inhibits colon cancer cell proliferation. (A) Chemical structure of γ-mangostin. (B) γ-mangostin inhibits
proliferation of colon cancer cells. Cells were incubated with increasing dose of γ-mangostin (0-40 µM) for upto 72 h and assessed for cell
proliferation. γ-mangostin treatment resulted in a significant reduction in cell proliferation with increase in concentration and time when
compared to the untreated controls (***p<0.001, 0 vs 5- 40 µM for up to 72 h). (C) γ-mangostin inhibits colony formation. γ-mangostin
(0-20µM) was incubated with colon cancer cells for 48 h and allowed to grow as colonies for 10 days. Incubation with γ-mangostin inhibits
colony formation. (D) γ-mangostin inhibits colon cancer cell colony number. Colony formation of Colon cancer cell lines HCT116, SW480,
LS174T and RKO treated with γ-mangostin were counted using Image J (Fiji) Analysis software. γ-mangostin treatment significantly
inhibits colony number respective to controls (*p<0.05 and ***p<0.001).
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proliferation, including cell cycle regulated gene cyclin
D1 [27]. Moreover, β-catenin has been shown to increase
during S-phase with maximum levels during G2/M [28].

Wnt signaling is active when β-catenin binds to TCF4 and
together induce transcription of target genes such as cyclin
D1 an c-myc [27, 29]. We first determined the expression

Figure 2: γ-Mangostin induces apoptosis. (A) Cells were incubated with γ-mangostin for 48h and assessed for apoptosis by
Annexin V/PI staining. The following are the representations, Q1: Necrosis, Q2: Late apoptosis, Q3: Early apoptosis, Q4: Live cells.
γ-mangostin treatment induces apoptosis in HCT116 and LS174T cells. (B) Cells were incubated with γ-mangostin for 24 h and assessed
for apoptosis by Caspase3/7 assay. γ-mangostin treatment results in significant increase in Caspase3/7 activity in HCT116 and LS174T
cells (*p<0.05 and ***p<0.001). (C) γ-mangostin treated HCT116 (10 µM) and LS174T (15 µM) cell lysates were analyzed for Caspase
3 and PARP expression. Both the cell lines showed cleaved Caspase 3 and cleaved PARP expression after γ-mangostin treatment. (D)
Immunofluorescence of HCT116 cells, untreated (top) and treated with 10 µM γ-mangostin (bottom) were evaluated for Cleaved Caspase
3 (green), α-Tubulin (Red) staining with DAPI mounting. Treatment induces increased cleaved caspase 3 expression in γ-mangostin
treatment.
www.oncotarget.com
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Figure 3: γ-Mangostin inhibits cell cycle progression. (A) γ-mangostin treated HCT116 (10 µM) and LS174T (15 µM) cells
were analyzed by flow cytometry. γ-mangostin treatment induces G2/M and G0/G1 arrest in HCT116 and LS174T cells respectively.
(B) γ-mangostin treated HCT116 (10 µM) and LS174T (15 µM) cell lysates were analyzed for Cyclin D1, CDK4, CDK6, Cyclin B1 and
CDC2 expression. Treatment shows reduction in the expression levels of Cyclin D1, CDK4, CDK6, Cyclin B1 and CDC2.
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of β-catenin and TCF4 following γ-mangostin treatment.
Treatment with the compound resulted in significant
reduction in the expression of the two proteins and its
downstream targets c-myc (Figure 4A). We also performed
western blot analyses to access the levels of β-catenin
and TCF4 in the cytoplasmic and nuclear fractions.
γ-mangostin treatment also significantly reduced nuclear
β-catenin and TCF4 levels in HCT116 and LS174T cell
lines. Moreover, the treatment also reduced cytoplasmic
β-catenin expression (Figure 4B). β-catenin and TCF4
levels have been shown to be affected by proteosomal
degradation [30, 31]. Accordingly, to determine whether
β-catenin and TCF4 is affected by degradation, we used
the proteosomal inhibitor MG132 (10 µM for 6 h).
Western blot analysis showed that addition of MG132
suppressed γ-mangostin reduction in the levels of two
proteins (Figure 4C). Next, we evaluated the ability
of β-catenin-TCF4 interaction to activate transcription
following binding to its cognate DNA binding site. For
this, we performed the TOP/FOP assay, where TOP Flash
encodes the firefly luciferase reporter under the control
of a minimal promoter and TCF4 binding sites. Other
the other hand, FOP Flash is the control which encodes
everything that TOP Flash has except the TCF4 binding
site, and therefore is not responsive to β-catenin-TCF4
activity. γ-mangostin significantly inhibited the TOP Flash
luciferase reporter activity in both HCT116 (p<0.001)
and LS174T (p<0.05) cell lines (Figure 4D). These data
suggest that γ-mangostin inhibits β-catenin-TCF4 activity,
thereby reducing cell growth.

performing CETSA by using HCT116 cell lysates (Figure
5E–5F). These data indicate that γ-mangostin interacts
with the TCF4, thereby inhibiting the β-catenin/TCF4
interaction.

γ-Mangostin inhibits colonosphere formation
and expression of stem cell markers
Since stem cells confer on tumor cells to grow in
suspension, we assessed the effect of γ-mangostin in
HCT116, LS174T and DLD1 cell lines. Colonospheres
were grown in a serum free media containing stem
cell growth factors required to form an intact spheroid.
γ-mangostin treatment inhibited colonosphere formation
(p<0.001, Figure 6A), with significant reduction in the
number of both first generation (primary) and second
generation (secondary) spheroids (p<0.001, Figure 6B).
We also evauated the expression of specific stem cell
markers LGR5, DCLK1 and CD44. γ-mangostin treatment
significantly inhibited the expression of these stem cell
markers (Figure 6C). These data suggest that γ-mangostin
inhibits cancer stem cell marker protein affecting the
colonosphere formation.

γ-Mangostin inhibits tumor xenograft growth
To determine the effect of γ-mangostin on tumor
growth in vivo, nude mice harboring HCT116 tumor
xenografts in their flanks were administered 5 mg/Kg of
γ-mangostin intraperitoneally for 21 days. γ-mangostin
treatment significantly reduced the tumor growth (p<0.05,
Figure 7A), with notably lower tumor volume and weight
(p<0.001, Figure 7B). Further, western blot analysis
revealed a significant decrease in the expression of TCF4,
β-catenin and its downstream targets Cyclin D1, c-myc
(Figure 7C). The treatment also decreased expression
of LGR5, a stem cell marker that is a target of the Wnt
signaling pathway. These data suggest that γ-mangostin
has the ability to inhibit tumor growth.

γ-Mangostin binds TCF4, and not β-catenin
protein
To determine the mechanism by which γ-mangostin
affects β-catenin-TCF4 activity, we performed molecular
docking studies. We first determined the protein structure
of β-catenin binding to TCF4 along with the interacting
amino acids by molecular modeling (Figure 5A). This
data looks similar to the published X-ray crystallographic
structure [32]. Protein-protein interface of β-catenin and
TCF4 are shown in Figure 5B. We also screened for
target engagement of γ-mangostin and determined that
the compound interacts with TCF4 (Figure 5C). Our
data suggested that γ-mangostin binds to TCF4 with the
binding energy of -5.5 Kcal/mol, the interaction site being
isoleucine-19 (ILE-19) (Figure 5C). To experimentally
confirm that γ-mangostin interacts with TCF4 and
not β-catenin, we performed the cellular thermal shift
assay (CETSA). For this, we treated HCT116 cells with
γ-mangostin, which resulted in a shift in the denaturation
temperature of TCF4 compared to the control cells (Figure
5D). However, there was no stabilization observed for
β-catenin between the control and γ-mangostin treatment
(Figure 5D). Further, we confirmed these results by

www.oncotarget.com

DISCUSSION
Colon cancer exerts a staggering effect on healthcare,
ranking third in the incidence and mortality in both men
and women in the United States [33]. 5-fluorouracil (5-FU)
and capecitabine, are the current standard chemotherapy
for colon cancer treatment [34] with low response rates of
10–15% [35]. Sporadic colon cancers are mostly caused
by genetic mutations of APC and β-catenin which results
in β-catenin stabilization and formation of the β-catenin/
TCF4 complex. There are numerous Wnt signaling pathway
inhibitors developed including targeting β-catenin:TCF4
interactions, however, while some of them may show
promise, none of them have been approved by the FDA
[8, 9]. There is also a need to show binding to TCF4 to
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inhibit β-catenin:TCF4 interactions, hence the need
to develop an inhibitor that binds TCF4 and inhibits
β-catenin:TCF4 interaction remains a challenge. We have
previously reported the role of different natural compounds
in inhibiting the colon cancer growth [36–38]. Previous
work on γ-mangostin demonstrated the inhibition of
β-catenin was through the increased expression of PKG,
cGMP dependent kinase and cGMP, a PKG activator
which involves the non-classical wnt/β-catenin signaling
[10]. In the present study, we have deciphered the role
of γ-mangostin in inhibiting the colon cancer growth

by targeting TCF4, thereby hindering β-catenin:TCF4
interaction. We have employed in silico approach along
with thermal denaturation analysis to show the interaction of
γ-mangostin with TCF4. Additionally, we have also carried
out tumor xenograft experiments to study the efficacy of
γ-mangostin, in vivo.
In our study we have shown that γ-mangostin
inhibits cell proliferation and colony formation in the
colon cancer cells. The inhibition of cell proliferation by
α and γ-mangostin have been reported in various cancers
including melanoma, brain, breast, prostate, colon and

Figure 4: γ-Mangostin inhibits TCF4 expression. (A) γ-mangostin treated HCT116 (10 µM) and LS174T (15 µM) cell lysates

were analyzed for TCF4, total β-catenin and c-Myc expression. Treatment shows reduction in the expression levels of TCF4, total β-catenin
and c-Myc. (B) Nuclear/ Cytoplasmic extracts of HCT116 and LS174T cells treated with γ-mangostin showed decrease TCF4 expression
(nuclear extract) and total β-catenin (both nuclear and cytoplasmic extracts). (C) For the proteasomal degradation experiment, HCT116
cells was treated with γ-mangostin for 48 hours. MG132 was added six hours before collecting the lysate. Western blot analysis showed
decrease in the TCF4 and total β-catenin expression after treatment. MG132 added γ-mangostin treated cells showed increased expression
when compared to the treated cells alone. (D) HCT116 and LS174T cells were transfected with 450 ng of Super 8x TOPFlash or FOPFlash
luciferase plasmid and 50 ng of pRL-null vector for 4 hours. Cells were then treated with γ-mangostin for 24 hours and analyzed by Dualluciferase assay kit. Treatment inhibits TCF reporter activity in both HCT116 and LS174T cells (*p<0.05 and ***p<0.001).
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Figure 5: γ-Mangostin interacts with the β-catenin/TCF4 complex. (A) Left panel shows structure of β-catenin/TCF4 complex
(PDB code: 1JDH) and right panel shows the amino acid interactions of β-catenin (Green) and TCF4 (Yellow) structure. (B) Protein-protein
interface of β-catenin (Green) and TCF4 (Yellow) structure. Residue interactions by hydrogen bonds (blue dotted line) across interface were
shown. (C) Molecular docking study shows γ-mangostin binds to TCF4 protein in beta-catenin binding site (Left panel: Cartoon view, right
panel: surface view). γ-mangostin interacts with Ile-19 (2.1 Å) of TCF4 with the binding energy of -5.5 Kcal/mol. (D) Cellular thermal
shift assay (CETSA)-Method I. HCT116 cells were treated with γ-mangostin (5 µM) and subjected to differential temperature treatment
for 3 mins. Resulting lysates were subjected to western blot analysis. γ-mangostin protected TCF4 against thermal degradation, suggesting
that the compound interacts with the receptor. (E-F) Cellular thermal shift assay (CETSA)-Method II. HCT116 cell lysates were collected
and treated with γ-mangostin (20 µM) and subjected to differential temperature treatment for 3 mins. Resulting lysates were subjected to
western blot analysis. γ-mangostin protected TCF4 at 60 ºC and 62ºC against thermal degradation, again suggesting that the compound
interacts with the receptor.
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pancreas [39]. Our study also showed that γ-mangostin
induces apoptosis and cell cycle arrest in colon cancer
cells. Similarly, α and γ-mangostin was shown to induce
apoptosis and G1 phase cell cycle arrest in melanoma
cells [39]. Further, the induction of apoptosis and cell
cycle arrest has been reported in breast cancer cells [39].
α-mangostin treatment also induced apoptosis and cell
cycle arrest in pancreatic cancer cells [39]. One interesting

point is that we observed HCT116 cells undergoing G2/M
phase cell cycle arrest, whereas LS174T showed G0/G1
cell cycle arrest. It has been reported that β-catenin/TCF4
complex formation is high in S and G2 phase of the cell
cycle and this plays a significant role in transcribing the
Wnt target genes [40]. However, inhibiting this interaction
decrease the cell proliferation and G2/M phase cell cycle
progression. It is shown that β-catenin levels are high

Figure 6: γ-Mangostin inhibits colonosphere formation and stem cell marker expression. (A) HCT116, LS174T and DLD1
cells were grown in ultra-low attachment plates and treated with γ-mangostin of increasing concentration. After 5 days the spheroids
were imaged and the numbers were counted. γ-mangostin significantly inhibits spheroid growth in all the three cell lines with increasing
concentration. (B) Primary spheroids number were calculated with relative to control. γ-mangostin significantly inhibits the primary
spheroid number. The primary spheroids were dissociated into single cells and re-plated for secondary spheroids. The secondary spheroids
were allowed to grow for 5 days and counted. γ-mangostin significantly inhibits the secondary spheroid number (*p<0.05 and ***p<0.001).
(C) γ-mangostin treated HCT116 (10 µM) and LS174T (15 µM) cell lysates were analyzed for LGR5, DCLK1 and CD44 expression.
Treatment shows reduction in the expression of LGR5, DCLK1 and CD44.
www.oncotarget.com
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Figure 7: γ-Mangostin inhibits tumor xenograft growth. (A) Athymic nude mice were injected with 1×106 HCT116 cells into
the flank and allowed to grow into tumors. γ-mangostin (5 mg/kg body weight) was administered intraperitoneally daily for 21 days.
γ-mangostin treatment induces significant reduction in tumor weight compared to the control (*P<0.05). (B) Tumor volume was measured
every week. γ-mangostin treatment results in significant reduction in tumor volume compared to the control (***p<0.001). (C) Western
blot analysis in γ-mangostin treated tumor tissue samples showed decrease TCF4, total β-catenin, Cyclin D1, c-Myc and LGR5 expression
compared to the control group tumor tissues.
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in S-phase of the cell cycle and reaches the maximum
level in the G2/M phase of the cell cycle [28]. Moreover,
inhibiting the β-catenin/TCF4 interaction by a diterpenoid
derivative, 15-oxospiramilactone (NC043) induces G2M
arrest in colon cancer cells [41]. Further studies are
required to determine whether unique mutations in the
LS174T cell line contributes to G0/G1 arrest, and whether
this is also observed in patient samples harboring the same
mutation.
In order to induce cytotoxicity in colon cancer cells,
targeting the β-catenin:TCF4 interaction is critical. The
N-terminal region amino acids of TCF4 that are required
for interacting with β-catenin are Ala14, Asp16, Glu17,
Ile19, Glu29, Ser32, Asn34, Ser35, Asp40 and Lys45
[42]. This suggests that interaction of β-catenin and
TCF4 spread over a large surface area [43]. However,
our molecular docking data shows that γ-mangostin
interacts with ILE-19 of TCF4. This suggests that
γ-mangostin possibly binding to a single amino action
in TCF4 is sufficient enough to inhibit TCF4:β-catenin.
This was confirmed by CETSA assay, where γ-mangostin
stabilized TCF4 but not β-catenin. Further, a reporter
assay confirmed a reduction in the transcriptional activity
of β-catenin:TCF4 following γ-mangostin treatment.
Other studies also reported that targeting the β-catenin/
TCF4 interaction suppresses the β-catenin/TCF4 driver
reporter activity [44, 45], followed by a decrease in cell
viability and clonogenicity. Moreover, it has been shown
in colon cancer that the knockdown of TCF4 rather than
knockdown of β-catenin enhances the chemosensitivity of
the drugs in inhibiting the cell proliferation and inducing
apoptosis [46].
Dynamic transcriptional activation of the β-catenin
promoter results in increased nuclear β-catenin levels
where it interacts with the TCF/LEF transcription factors
and activates the β-catenin:TCF target genes [47]. We
have now shown that γ-mangostin not only inhibits
the nuclear fraction of β-catenin and TCF4, but it also
inhibits the β-catenin expression in the cytoplasm. Our
data also shows the proteasomal degradation of TCF4 in
HCT116 cells after γ-mangostin treatment. Proteasomal
degradation of TCF4 has been reported earlier in colon
cancer cells after resveratrol treatment, followed by
decreased TCF4 protein expression [31].
β-catenin and TCF4 interaction can also influence
stemness signature genes in colon cancer cells [48].
One such protein is LGR5. Numerous reports have
demonstrated LGR5 overexpression in colon cancer,
and this correlates with increased proliferation and
chemoresistance [49–52]. LGR5 positive cells in the
tumor has been reported to have increased TCF/LEF
activity along with increased clonogenic potential both in
vitro and in vivo [53]. Further in our previous studies, we
have shown that DCLK1 acts as stem cell marker in cancer
cells as well as a quiescent marker in normal cells of the
intestine [54, 55]. Here we have shown that γ-mangostin
www.oncotarget.com

decreases expression of both LGR5 and DCLK1 in
colon cancer cells along with inhibition of colonosphere
formation. This clearly shows that γ-mangostin also affect
the stemness property in colon cancer cells by inhibiting
the β-catenin/TCF4 interaction. Furthermore, downstream
targets of the β-catenin/TCF4 complex such as cyclin D1
and c-myc were also reduced following γ-mangostin
treatment. This was also observed in vivo in HCT116
tumor xenograft model which showed a reduction in
TCF4, β-catenin and LGR5 expression after γ-mangostin
treatment along with the reduced tumor volume and tumor
weight.
In conclusion, our study has deciphered a target of
γ-mangostin through inhibition of the β-catenin/TCF4
complex formation. γ-mangostin may be a potential
therapeutic target for colon cancer. Future studies will
focus on further developing preclinical data that will
enable moving the compound to the clinic either in the neo
adjuvant or adjuvant setting. In addition, our studies will
utilize a medicinal chemistry approach to develop novel
analogs γ-mangostin that has better efficacy at lower
concentrations in inhibiting TCF4:β-catenin interactions
to suppress tumorigenesis.

MATERIALS AND METHODS
Cells and reagents
HCT116, SW480, RKO, DLD1, HT29 and LS174T
(American Type Culture Collection, Manassas, VA)
cell lines were grown in DMEM medium (Corning,
Tewksbury, MA) containing 10% fetal bovine serum
(VWR, Radnor, PA) and 1% antibiotic-antimycotic
solution (Corning, Tewksbury, MA) at 37°C in a
humidified atmosphere containing 5% CO2. The cells
used were within 20 passages after reviving. STR allele
profiling was performed to authenticate the cell lines
by an independent source (NIH-funded University
of Arizona Genetics Core, Tucson, AZ-Cell Line
Authentication Core). The validity of the cell lines was
confirmed by 80% homology to published STR profiles.
γ-mangostin was purchased from (Sigma-Aldrich, St.
Louis, MO).

Proliferation and clonogenicity assay
Cells were grown in 96 well plates and treated with
different concentration of γ-mangostin. Proliferation was
analyzed by a hexoseaminidase assay. For clonogenicity
assay, six-well plates were seeded with 500 viable cells
per well and allowed to grow for 24 h. The cells were
then incubated in the presence of varying concentrations
of γ-mangostin for 48 h. γ-mangostin containing
medium was then removed, and the cells were rinsed in
phosphate buffered saline (PBS) and incubated for an
additional 10 days in complete medium. The colonies
5586

Oncotarget

obtained were washed with PBS and fixed in 10%
formalin for 10 minutes at room temperature, followed
by washing with PBS and staining with Crystal violet.
The colonies were counted using Image J (Fiji) software.
The colonies were then compared with untreated
cells [56].

treatment (42–72ºC) on thermal cycler, centrifuged and
subjected to western blot analysis [57, 58].

TOP/FOP flash assay
M50 Super 8x TOPFlash (Addgene plasmid # 12456;
https://www.addgene.org/12456/; RRID: Addgene_12456)
and M51 Super 8x FOPFlash (TOPFlash mutant) was a
gift from Randall Moon (Addgene plasmid # 12457;
https://www.addgene.org/12457/; RRID:Addgene_2457)
[59]. HCT116 and LS174T cells were plated in 24-well
plates and transfected with plasmid mixtures containing
450 ng of Super 8x TOPFlash or FOPFlash plasmid and
50 ng of a pRL-null vector (Promega, Madison, WI) for
4 h at 37 °C under a humidified atmosphere of 5% CO2.
The transfected cells were treated with γ-mangostin. Dualluciferase assay kit (Promega, Madison, WI) was used to
measure the luciferase activity.

Caspase 3/7 assay
HCT116 and LS174T cells grown in 96 well plates
were treated with γ-mangostin for 24. Caspase 3/7 activity
was examined using the Caspase-Glo 3/7 Assay systems
according to the manufacturer’s instructions (Promega,
Madison, WI).

Cell cycle analysis and annexin V/PI staining
HCT116 and LS174T cells were treated with
γ-mangostin for 24 h, then cells were trypsinized and
resuspended in PBS. Single-cell suspensions were fixed
using 70% ethanol for 2 h, and subsequently permeabilized
and stained with FxCycle PI/RNase staining solution
(Thermo Fisher Scientific, Waltham, MA) at room
temperature. Flow cytometry was done with a BD LSR
II (BD Biosciences) capturing 10,000 events for each
sample. For Annexin V/PI staining, flow cytometry was
performed using dead cell apoptosis kit with Annexin V
FITC and PI solution (Thermo Fisher Scientific, Waltham,
MA) after treatment with γ-mangostin. Results were
analyzed with FlowJo software.

Immunofluorescence
Cells were grown on coverslips, treated with
γ-mangostin and then fixed using neutral buffered
formalin and permeabilized with 0.3 % Triton X-100.
This was then blocked with 1% BSA in PBS and then
incubated overnight with primary antibody at 4° C.
Suitable fluorophore-conjugated secondary antibody was
incubated at room temperature for 1 hour. The coverslips
were mounted using VECTASHIELD Antifade Mounting
Medium with 4′,6-diamidino-2-phenylindole (DAPI,
Vector Laboratories).

Western blot analysis

Colonosphere assay

Whole cell lysates were prepared with RIPA buffer
and then subjected to polyacrylamide gel electrophoresis
and blotting onto Immobilon polyvinylidene difluoride
membranes. Specific proteins were detected by incubating
the membranes with respective primary antibody and
suitable HRP-conjugated secondary antibody which then
detected by the enhanced chemiluminescence system. For
the nuclear-cytoplasmic extracts, the cells were extracted
using 0.1% NP40 (Thermo Fisher Scientific Waltham,
MA) and the cytoplasmic and nuclear fractions were
collected separately. For the proteasomal degradation
experiment, HCT116 cells were treated with γ-mangostin
for 48 hours. MG132 (10 µM) (Sigma-Aldrich, St. Louis,
MO) was added six hours before collecting the lysate.

HCT116, LS174T and DLD1 cells were grown in
ultra-low attachment plates containing RPMI 1640 with
specific growth factors such as EGF, bFGF and B27
supplement. After γ-mangostin treatment, the spheroids
were allowed to grow for 5 days. The spheroids were then
imaged and counted. For secondary spheroids, the primary
spheroids were dissociated into single cells and re-plated
again without γ-mangostin treatment and counted after 5
days [56].

HCT116 xenograft tumors in mice
Five-week-old male athymic nude mice (Charles
River) were utilized for in vivo experiments. They were
maintained with water and standard mouse chow ad
libidum and used in protocols approved by the Institutional
Animal Care and Use. Animals were injected with 1×106
HCT116 cells into the flank and allowed to grow into
tumors. Upon the identification of a palpable tumor,
γ-mangostin (5 mg/kg body weight) was administered
intraperitoneally once daily for 21 days. At the end of
treatment, the animals were euthanized, and the tumors

Cellular thermal shift assay (CETSA)
CETSA analysis was performed by two methods.
In Method I HCT116 cells were treated with γ-mangostin
containing media for 4 hours and subjected to differential
temperature treatment (42-72ºC) for 3 mins. In Method II,
protein lysates were prepared from HCT116 cells and the
lysates were incubated with γ-mangostin for 2 hours. The
resulting lysates were subjected differential temperature
www.oncotarget.com
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were excised, weighed and subjected to western blot
analysis.

79–90. https://doi.org/10.1016/j.pharmthera.2018.11.008.
[PubMed].
2. Clevers H, Nusse R. Wnt/β-catenin signaling and disease.
Cell. 2012; 149: 1192–205. https://doi.org/10.1016/j.
cell.2012.05.012. [PubMed].

Statistical analysis
The values were expressed as Mean ± SD. One-way
ANOVA was used to analyze the data followed by postBonferroni test. Student t-test was applied to calculate the
weekly tumor volume in xenograft experiment. A p value
of less than 0.05 was considered as statistically significant.
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Gerlach JP, Mohammed S, Heck AJ, Maurice MM,
Mahmoudi T, Clevers H. Wnt signaling through inhibition
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Cell. 2012; 149: 1245–56. https://doi.org/10.1016/j.
cell.2012.05.002. [PubMed].

Abbreviations

4. Azzolin L, Panciera T, Soligo S, Enzo E, Bicciato S, Dupont
S, Bresolin S, Frasson C, Basso G, Guzzardo V, Fassina
A, Cordenonsi M, Piccolo S. YAP/TAZ incorporation in
the β-catenin destruction complex orchestrates the Wnt
response. Cell. 2014; 158: 157–70. https://doi.org/10.1016/j.
cell.2014.06.013. [PubMed].

APC: Adenomatous polyposis coli; β-TrCP:
β-Transducin repeats containing protein; CETSA:
Cellular thermal shift assay; DAPI: 4′,6-diamidino-2phenylindole; GSK3β: glycogen synthase kinase 3β; PI:
Propidium Iodide; TCF4: T-Cell Factor 4.

5. Krishnamurthy N, Kurzrock R. Targeting the Wnt/
beta-catenin pathway in cancer: update on effectors and
inhibitors. Cancer Treat Rev. 2018; 62: 50–60. https://doi.
org/10.1016/j.ctrv.2017.11.002. [PubMed].

Author contributions
B.K., S.S., T.A. and S.A. designed and
conceptualized the research B.K., P.D., S.P., P.S.,
P.R. performed in vitro and D.S. performed animal
experiments. P.D. performed experiments related to in
silico modeling. B.K, D.S. and S.A. Analyzed the data.
B.K. and S.A. wrote the manuscript. S.U, S.M.T., S.J.W.
and S.A. provided advice on experimental design and
interpretation of data. S.A. supervised the research. All
authors read the manuscript and approved the study.

6. Cheng X, Xu X, Chen D, Zhao F, Wang W. Therapeutic
potential of targeting the Wnt/β-catenin signaling pathway
in colorectal cancer. Biomed Pharmacother. 2019; 110:
473–81.
https://doi.org/10.1016/j.biopha.2018.11.082.
[PubMed].
7. Voronkov A, Krauss S. Wnt/beta-catenin signaling and
small molecule inhibitors. Curr Pharm Des. 2013; 19:
634–64. https://doi.org/10.2174/138161213804581837.
[PubMed].

ACKNOWLEDGMENTS

8. Yan M, Li G, An J. Discovery of small molecule inhibitors of
the Wnt/β-catenin signaling pathway by targeting β-catenin/
Tcf4 interactions. Exp Biol Med (Maywood). 2017;
242:1185–97. https://doi.org/10.1177/1535370217708198.
[PubMed].

The authors thank Tyce Bruns for managing the
work during the course of the project.

CONFLICTS OF INTEREST

9. Catrow JL, Zhang Y, Zhang M, Ji H. Discovery of Selective
Small-Molecule Inhibitors for the β-Catenin/T-Cell Factor
Protein-Protein Interaction through the Optimization of the
Acyl Hydrazone Moiety. J Med Chem. 2015; 58: 4678–92.
https://doi.org/10.1021/acs.jmedchem.5b00223. [PubMed]

The authors declare no conflicts of interest.

FUNDING

10. Yoo JH, Kang K, Jho EH, Chin YW, Kim J, Nho CW. αand γ-Mangostin inhibit the proliferation of colon cancer
cells via β-catenin gene regulation in Wnt/cGMP signalling.
Food Chem. 2011; 129: 1559–66. https://doi.org/10.1016/j.
foodchem.2011.06.007.

The work was funded in part by a grant from the
Midwest Cancer Alliance and NIH grants CA190291
(SA) and CA227838 (SMT). We acknowledge the Flow
Cytometry Core Laboratory, which is sponsored, in
part, by the NIH COBRE program of the NCRR P20
RR016443 and The University of Kansas Cancer Center
P30CA168524-01 grants.

11. Chomnawang MT, Surassmo S, Wongsariya K,
Bunyapraphatsara
N. Antibacterial
activity
of
Thai
medicinal
plants
against
methicillinresistant Staphylococcus aureus. Fitoterapia. 2009; 80: 102–
04. https://doi.org/10.1016/j.fitote.2008.10.007. [PubMed].

REFERENCES

12. Koh JJ, Qiu S, Zou H, Lakshminarayanan R, Li J, Zhou
X, Tang C, Saraswathi P, Verma C, Tan DT, Tan AL, Liu
S, Beuerman RW. Rapid bactericidal action of alphamangostin against MRSA as an outcome of membrane

1. Huang P, Yan R, Zhang X, Wang L, Ke X, Qu Y. Activating
Wnt/β-catenin signaling pathway for disease therapy:
Challenges and opportunities. Pharmacol Ther. 2019; 196:

www.oncotarget.com

5588

Oncotarget

targeting. Biochim Biophys Acta. 2013; 1828: 834–44.
https://doi.org/10.1016/j.bbamem.2012.09.004. [PubMed].

Chirino YI. The alpha-mangostin prevention on cisplatininduced apoptotic death in LLC-PK1 cells is associated to
an inhibition of ROS production and p53 induction. Chem
Biol Interact. 2010; 188: 144–50. https://doi.org/10.1016/j.
cbi.2010.06.014. [PubMed].

13. Sakagami Y, Iinuma M, Piyasena KG, Dharmaratne HR.
Antibacterial activity of α-mangostin against vancomycin
resistant Enterococci (VRE) and synergism with antibiotics.
Phytomedicine. 2005; 12: 203–08. https://doi.org/10.1016/j.
phymed.2003.09.012. [PubMed].

23. Wihastuti TA, Sargowo D, Tjokroprawiro A, Permatasari N,
Widodo MA, Soeharto S. Vasa vasorum anti-angiogenesis
through H2O2, HIF-1α, NF-κB, and iNOS inhibition
by mangosteen pericarp ethanolic extract (Garcinia
mangostana Linn) in hypercholesterol-diet-given Rattus
norvegicus Wistar strain. Vasc Health Risk Manag. 2014;
10: 523–31. https://doi.org/10.2147/VHRM.S61736.
[PubMed].

14. Riscoe M, Kelly JX, Winter R. Xanthones as antimalarial
agents: discovery, mode of action, and optimization.
Curr Med Chem. 2005; 12: 2539–49. https://doi.
org/10.2174/092986705774370709. [PubMed].
15. Upegui Y, Robledo SM, Gil Romero JF, Quiñones W,
Archbold R, Torres F, Escobar G, Nariño B, Echeverri F.
In vivo Antimalarial Activity of α-Mangostin and the New
Xanthone δ-Mangostin. Phytother Res. 2015; 29: 1195–201.
https://doi.org/10.1002/ptr.5362. [PubMed].

24. Kaomongkolgit R, Jamdee K, Chaisomboon N. Antifungal
activity of alpha-mangostin against Candida albicans.
J Oral Sci. 2009; 51: 401–06. https://doi.org/10.2334/
josnusd.51.401. [PubMed].

16. Nakagawa Y, Iinuma M, Naoe T, Nozawa Y, Akao Y.
Characterized mechanism of alpha-mangostin-induced
cell death: caspase-independent apoptosis with release of
endonuclease-G from mitochondria and increased miR-143
expression in human colorectal cancer DLD-1 cells. Bioorg
Med Chem. 2007; 15: 5620–28. https://doi.org/10.1016/j.
bmc.2007.04.071. [PubMed].

25. Gopalakrishnan G, Banumathi B, Suresh G. Evaluation of
the antifungal activity of natural xanthones from Garcinia
mangostana and their synthetic derivatives. J Nat Prod.
1997; 60: 519–24. https://doi.org/10.1021/np970165u.
[PubMed].

17. Hung SH, Shen KH, Wu CH, Liu CL, Shih YW. Alphamangostin suppresses PC-3 human prostate carcinoma
cell metastasis by inhibiting matrix metalloproteinase-2/9
and urokinase-plasminogen expression through the JNK
signaling pathway. J Agric Food Chem. 2009; 57: 1291–98.
https://doi.org/10.1021/jf8032683. [PubMed].

26. Mouradov D, Sloggett C, Jorissen RN, Love CG, Li S,
Burgess AW, Arango D, Strausberg RL, Buchanan D,
Wormald S, O’Connor L, Wilding JL, Bicknell D, et al.
Colorectal cancer cell lines are representative models of the
main molecular subtypes of primary cancer. Cancer Res.
2014; 74: 3238–47. https://doi.org/10.1158/0008-5472.
can-14-0013. [PubMed].

18. Wang JJ, Sanderson BJ, Zhang W. Cytotoxic effect of
xanthones from pericarp of the tropical fruit mangosteen
(Garcinia mangostana Linn.) on human melanoma cells.
Food Chem Toxicol. 2011; 49: 2385–91. https://doi.
org/10.1016/j.fct.2011.06.051. [PubMed].

27. Shtutman M, Zhurinsky J, Simcha I, Albanese C, D’Amico
M, Pestell R, Ben-Ze’ev A. The cyclin D1 gene is a
target of the beta-catenin/LEF-1 pathway. Proc Natl Acad
Sci U S A. 1999; 96: 5522–27. https://doi.org/10.1073/
pnas.96.10.5522. [PubMed].

19. Aisha AF, Abu-Salah KM, Ismail Z, Majid AM. In vitro and
in vivo anti-colon cancer effects of Garcinia mangostana
xanthones extract. BMC Complement Altern Med. 2012;
12:104.
https://doi.org/10.1186/1472-6882-12-104.
[PubMed].

28. Olmeda D, Castel S, Vilaró S, Cano A. Beta-catenin
regulation during the cell cycle: implications in G2/M and
apoptosis. Mol Biol Cell. 2003; 14: 2844–60. https://doi.
org/10.1091/mbc.e03-01-0865. [PubMed].
29. He TC, Sparks AB, Rago C, Hermeking H, Zawel L,
da Costa LT, Morin PJ, Vogelstein B, Kinzler KW.
Identification of c-MYC as a target of the APC pathway.
Science. 1998; 281: 1509–12. https://doi.org/10.1126/
science.281.5382.1509. [PubMed].

20. Chitchumroonchokchai C, Thomas-Ahner JM, Li J, Riedl
KM, Nontakham J, Suksumrarn S, Clinton SK, Kinghorn
AD, Failla ML. Anti-tumorigenicity of dietary α-mangostin
in an HT-29 colon cell xenograft model and the tissue
distribution of xanthones and their phase II metabolites. Mol
Nutr Food Res. 2013; 57: 203–11. https://doi.org/10.1002/
mnfr.201200539. [PubMed].

30. Iwai A, Hijikata M, Hishiki T, Isono O, Chiba T,
Shimotohno K. Coiled-coil domain containing 85B
suppresses the beta-catenin activity in a p53-dependent
manner. Oncogene. 2008; 27: 1520–26. https://doi.
org/10.1038/sj.onc.1210801. [PubMed].

21. Syam S, Bustamam A, Abdullah R, Sukari MA, Hashim
NM, Ghaderian M, Rahmani M, Mohan S, Abdelwahab
SI, Ali HM. β-Mangostin induces p53-dependent G2/M
cell cycle arrest and apoptosis through ROS mediated
mitochondrial pathway and NfkB suppression in MCF-7
cells. J Funct Foods. 2014; 6: 290–304. https://doi.
org/10.1016/j.jff.2013.10.018.

31. Jeong JB, Lee J, Lee SH. TCF4 Is a Molecular Target of
Resveratrol in the Prevention of Colorectal Cancer. Int J
Mol Sci. 2015; 16: 10411–25. https://doi.org/10.3390/
ijms160510411. [PubMed].
32. Poy F, Lepourcelet M, Shivdasani RA, Eck MJ. Structure of
a human Tcf4-beta-catenin complex. Nat Struct Biol. 2001;
8: 1053–57. https://doi.org/10.1038/nsb720. [PubMed]

22. Sánchez-Pérez Y, Morales-Bárcenas R, García-Cuellar CM,
López-Marure R, Calderon-Oliver M, Pedraza-Chaverri J,
www.oncotarget.com

5589

Oncotarget

33. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019.
CA Cancer J Clin. 2019; 69: 7–34. https://doi.org/10.3322/
caac.21551. [PubMed].

interactions: the discovery of druglike beta-catenin
inhibitors by combining virtual and biophysical screening.
Proteins. 2006; 64: 60–67. https://doi.org/10.1002/
prot.20955. [PubMed].

34. Van Cutsem E, Cervantes A, Adam R, Sobrero A, Van
Krieken JH, Aderka D, Aranda Aguilar E, Bardelli A,
Benson A, Bodoky G, Ciardiello F, D’Hoore A, Diaz-Rubio
E, et al. ESMO consensus guidelines for the management of
patients with metastatic colorectal cancer. Ann Oncol. 2016;
27: 1386–422. https://doi.org/10.1093/annonc/mdw235.
[PubMed].

44. Fang L, Zhu Q, Neuenschwander M, Specker E, WulfGoldenberg A, Weis WI, von Kries JP, Birchmeier W.
A Small-Molecule Antagonist of the β-Catenin/TCF4
Interaction Blocks the Self-Renewal of Cancer Stem Cells
and Suppresses Tumorigenesis. Cancer Res. 2016; 76:
891–901. https://doi.org/10.1158/0008-5472.CAN-15-1519.
[PubMed].

35. Pardini B, Kumar R, Naccarati A, Novotny J, Prasad RB,
Forsti A, Hemminki K, Vodicka P, Lorenzo Bermejo J.
5-Fluorouracil-based chemotherapy for colorectal cancer
and MTHFR/MTRR genotypes. Br J Clin Pharmacol.
2011; 72: 162–63. https://doi.org/10.1111/j.13652125.2010.03892.x. [PubMed].

45. Shin SH, Lim DY, Reddy K, Malakhova M, Liu F, Wang
T, Song M, Chen H, Bae KB, Ryu J, Liu K, Lee MH, Bode
AM, Dong Z. A Small Molecule Inhibitor of the β-CateninTCF4 Interaction Suppresses Colorectal Cancer Growth In
Vitro and In Vivo. EBioMedicine. 2017; 25: 22–31. https://
doi.org/10.1016/j.ebiom.2017.09.029. [PubMed].

36. Kwatra D, Subramaniam D, Ramamoorthy P, Standing
D, Moran E, Velayutham R, Mitra A, Umar S, Anant S.
Methanolic extracts of bitter melon inhibit colon cancer
stem cells by affecting energy homeostasis and autophagy.
Evid Based Complement Alternat Med. 2013; 2013:
702869. https://doi.org/10.1155/2013/702869. [PubMed].

46. Xie J, Xiang DB, Wang H, Zhao C, Chen J, Xiong F, Li
TY, Wang XL. Inhibition of Tcf-4 induces apoptosis and
enhances chemosensitivity of colon cancer cells. PLoS
One. 2012; 7: e45617. https://doi.org/10.1371/journal.
pone.0045617. [PubMed].

37. Ponnurangam S, Mammen JM, Ramalingam S, He Z,
Zhang Y, Umar S, Subramaniam D, Anant S. Honokiol
in combination with radiation targets notch signaling to
inhibit colon cancer stem cells. Mol Cancer Ther. 2012; 11:
963–72. https://doi.org/10.1158/1535-7163.MC-11-0999.
[PubMed].

47. Bandapalli OR, Dihlmann S, Helwa R, Macher-Goeppinger
S, Weitz J, Schirmacher P, Brand K. Transcriptional
activation of the beta-catenin gene at the invasion front of
colorectal liver metastases. J Pathol. 2009; 218: 370–79.
https://doi.org/10.1002/path.2539. [PubMed].
48. Basu S, Haase G, Ben-Ze'ev A. Wnt signaling in cancer
stem cells and colon cancer metastasis. F1000Res. 2016; 5.
https://doi.org/10.12688/f1000research.7579.1. [PubMed]

38. Ponnurangam S, Standing D, Rangarajan P, Subramaniam
D. Tandutinib inhibits the Akt/mTOR signaling pathway to
inhibit colon cancer growth. Mol Cancer Ther. 2013; 12:
598–609. https://doi.org/10.1158/1535-7163.MCT-12-0907.
[PubMed].

49. Morgan RG, Mortensson E, Williams AC. Targeting LGR5
in Colorectal Cancer: therapeutic gold or too plastic? Br
J Cancer. 2018; 118: 1410–18. https://doi.org/10.1038/
s41416-018-0118-6. [PubMed].

39. Wang MH, Zhang KJ, Gu QL, Bi XL, Wang JX.
Pharmacology of mangostins and their derivatives: A
comprehensive review. Chin J Nat Med. 2017; 15: 81–93.
https://doi.org/10.1016/s1875-5364(17)30024-9. [PubMed]

50. Wu XS, Xi HQ, Chen L. Lgr5 is a potential marker of
colorectal carcinoma stem cells that correlates with patient
survival. World J Surg Oncol. 2012; 10: 244. https://doi.
org/10.1186/1477-7819-10-244. [PubMed].

40. Ding Y, Su S, Tang W, Zhang X, Chen S, Zhu G, Liang J,
Wei W, Guo Y, Liu L, Chen YG, Wu W. Enrichment of the
β-catenin-TCF complex at the S and G2 phases ensures cell
survival and cell cycle progression. J Cell Sci. 2014; 127:
4833–45. https://doi.org/10.1242/jcs.146977. [PubMed].

51. Fan XS, Wu HY, Yu HP, Zhou Q, Zhang YF, Huang Q.
Expression of Lgr5 in human colorectal carcinogenesis and
its potential correlation with beta-catenin. Int J Colorectal
Dis. 2010; 25: 583–90. https://doi.org/10.1007/s00384-0100903-z. [PubMed].

41. Wang W, Liu H, Wang S, Hao X, Li L. A diterpenoid
derivative 15-oxospiramilactone inhibits Wnt/β-catenin
signaling and colon cancer cell tumorigenesis. Cell Res.
2011; 21: 730–40. https://doi.org/10.1038/cr.2011.30.
[PubMed].

52. He S, Zhou H, Zhu X, Hu S, Fei M, Wan D, Gu W, Yang
X, Shi D, Zhou J, Zhou J, Zhu Z, Wang L, et al. Expression
of Lgr5, a marker of intestinal stem cells, in colorectal
cancer and its clinicopathological significance. Biomed
Pharmacother. 2014; 68: 507–13. https://doi.org/10.1016/j.
biopha.2014.03.016. [PubMed].

42. Graham TA, Ferkey DM, Mao F, Kimelman D, Xu W. Tcf4
can specifically recognize beta-catenin using alternative
conformations. Nat Struct Biol. 2001; 8: 1048–52. https://
doi.org/10.1038/nsb718. [PubMed].

53. Kemper K, Prasetyanti PR, De Lau W, Rodermond H,
Clevers H, Medema JP. Monoclonal antibodies against Lgr5
identify human colorectal cancer stem cells. Stem Cells.
2012; 30: 2378–86. https://doi.org/10.1002/stem.1233.
[PubMed].

43. Trosset JY, Dalvit C, Knapp S, Fasolini M, Veronesi
M, Mantegani S, Gianellini LM, Catana C, Sundström
M, Stouten PF, Moll JK. Inhibition of protein-protein

www.oncotarget.com

5590

Oncotarget

54. Subramaniam D, Ramalingam S, Houchen CW, Anant S.
Cancer stem cells: a novel paradigm for cancer prevention
and treatment. Mini Rev Med Chem. 2010; 10: 359–71.
https://doi.org/10.2174/138955710791330954. [PubMed].

57. Jafari R, Almqvist H, Axelsson H, Ignatushchenko M,
Lundbäck T, Nordlund P, Martinez Molina D. The cellular
thermal shift assay for evaluating drug target interactions in
cells. Nat Protoc. 2014; 9: 2100–22. https://doi.org/10.1038/
nprot.2014.138. [PubMed].

55. Sureban SM, May R, Ramalingam S, Subramaniam D,
Natarajan G, Anant S, Houchen CW. Selective blockade
of DCAMKL-1 results in tumor growth arrest by a Let-7a
MicroRNA-dependent mechanism. Gastroenterology.
2009; 137: 649–59, 659.e1–2. https://doi.org/10.1053/j.
gastro.2009.05.004. [PubMed].

58. Martinez Molina D, Jafari R, Ignatushchenko M, Seki T,
Larsson EA, Dan C, Sreekumar L, Cao Y, Nordlund P.
Monitoring drug target engagement in cells and tissues
using the cellular thermal shift assay. Science. 2013; 341:
84–87. https://doi.org/10.1126/science.1233606. [PubMed].

56. Ponnurangam S, Dandawate PR, Dhar A, Tawfik OW, Parab
RR, Mishra PD, Ranadive P, Sharma R, Mahajan G, Umar
S, Weir SJ, Sugumar A, Jensen RA, et al. Quinomycin
A targets Notch signaling pathway in pancreatic cancer
stem cells. Oncotarget. 2016; 7: 3217–32. https://doi.
org/10.18632/oncotarget.6560. [PubMed].

www.oncotarget.com

59. Veeman MT, Slusarski DC, Kaykas A, Louie SH, Moon
RT. Zebrafish prickle, a modulator of noncanonical Wnt/
Fz signaling, regulates gastrulation movements. Curr
Biol. 2003; 13: 680–85. https://doi.org/10.1016/S09609822(03)00240-9. [PubMed]

5591

Oncotarget

