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Citrus-derived DHCP inhibits mitochondrial complex Il to
enhance TRAIL sensitivity via ROS-induced DR5 upregulation
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Heat-modified citrus pectin, a water-soluble indigestible
polysaccharide fiber derived from citrus fruits and modified by
temperature treatment, has been reported to exhibit anticancer
effects. However, the bioactive fractions and their mechanisms
remain unclear. In this current study, we isolated an active
compound, trans-4,5-dihydroxy-2-cyclopentene-l-one (DHCP),
from heat-treated citrus pectin, and found that is induces cell
death in colon cancer cells via induction of mitochondrial
ROS. On the molecular level, DHCP triggers ROS production
by inhibiting the activity of succinate ubiquinone reductase
(SQR) in mitochondrial complex II. Furthermore, cytotoxicity,
apoptotic activity, and activation of caspase cascades were
determined in HCT116 and HT-29 cell-based systems, the re-
sults indicated that DHCP enhances the sensitivity of cancer
cells to tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL), with DHCP-induced ROS accounting for the
synergistic effect between DHCP and TRAIL. Furthermore, the
combination of DHCP and TRAIL inhibits the growth of
HCT116 and HT-29 xenografts synergistically. ROS signifi-
cantly increases the expression of TRAIL death receptor 5
(DR5) via the p53 and C/EBP homologous protein pathways.
Collectively, our findings indicate that DHCP has a favorable
toxicity profile and is a new TRAIL sensitizer that shows
promise in the development of pectin-based pharmaceuticals,
nutraceuticals, and dietary agents aimed at combating human
colon cancer.

Pectins are a family of galacturonic-acid-rich poly-
saccharides that include homogalacturonan, rhamnoga-
lacturonan I and II, as well as xylogalacturonan. Pectins are
complex polysaccharides abundant in the primary plant cell
wall and are well known as dietary fibers. Previous studies
have shown that various forms of pectin exhibit antitumor
properties (1). Recently pH- and heat-modified pectins
(MPs) demonstrated enhanced functions and bioactivities
compared with native pectin. Notably, high-temperature-
modified citrus pectin (HTCP) has been shown to induce
apoptosis in androgen-responsive (LNCaP) and androgen-
independent (LNCaP C4-2) human prostate cancer cells
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(2). HTCP also induces apoptosis-like cell death and auto-
phagy in HepG2 and A549 cancer cells (3) and inhibits
proliferation of human cancer cell lines, as well as the
growth of sarcoma-180 tumors in vitro and in vivo (4). Our
previous results showed that HTCP inhibits proliferation of
some cancer cell lines, including HCT-116, HT-29, MDA-
MB-231, S-180, HeLa, SMMC-7721, MCEF-7, and HepG-2
cells (4). We also found that high-temperature-modified
ginseng pectin induces apoptosis of HT-29 colon cancer
cells in vitro (5), with similar results being observed with
Helianthus annuus L. pectin in vitro and in vivo (6). It has
also been reported that 4,5-dihydroxy-2-cyclopenten-1-one
(DHCP), a bioactive compound isolated from HTCP, has a
significant anticancer effect (7). However, the mechanisms
for the anticancer effect of heat-modified pectin are still
unclear.

Tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (Apo 2 or TRAIL/Apo2L) is a member of the TNF
family of ligands capable of initiating apoptosis through
engagement of its death receptors. TRAIL selectively in-
duces apoptosis in a variety of tumor cells and transformed
cells, but not in most normal cells, and therefore it has
garnered intense interest as a promising agent for cancer
therapy (8, 9). However, the primary and acquired resistance
of cancer cells to TRAIL has become a roadblock of TRAIL
therapy. Hence, the combination of other therapies with
TRAIL to overcome this resistance has become a promising
strategy. TRAIL exerts remarkable antitumor activity in
combination with cytotoxic drugs in phase I and phase II
clinical trials (9, 10). It is noteworthy that several natural
pharmacological agents have shown the potential to sensi-
tize cancer cells to TRAIL-induced apoptotic activity via
reactive oxygen species (ROS) production and thus has
made the main appealing therapeutic option in combination
with recombinant TRAIL or DRs-agonist antibodies
(10-14).

In current study, we isolated DHCP from HTCP and
investigated its effect on colon cancer inhibition and its
mechanism of action. The synergistic effect of DHCP and
TRAIL, as well as possible mechanisms underlying their syn-
ergistic effect, was also investigated. These findings offer evi-
dence for DHCP as a new TRAIL sensitizer and promise for
the development of pectin-based pharmaceuticals,
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nutraceuticals, and dietary additive in the combat against hu-
man colon cancer.

Results

Preparation and detection of DHCP

HTCP, along with its fractions HTCP-S, HTCP-P, HTCP-S-
IS, HTCP-S-OS, HTCP-5-0OS1, HTCP-S-0OS2, and HTCP-S-
0OS3, was obtained according to the method described
(Fig. 1A). Human colon cancer HCT-116 cells were treated
with these fractions for 24 h, and cell viability was assessed
using the WST-1 assay. Data showed that cell viability was
slightly impaired by CP, HTCP-P, HTCP-S-IS, HTCP-S-OS1,

cP

and HTCP-S-OS2, but significantly inhibited by HTCP,
HTCP-S, HTCP-S-OS, and HTCP-S-OS3 (Fig. 1, B-D and
Fig. S1). HTCP-S-OS3 exhibited the most significant cell
viability inhibitory activity among all fractions from HTCP.
These results indicate that active compounds are present in
the HTCP-S-OS3 fraction. Hence, HTCP-S-OS3 was further
separated by HPLC (Kromasil C18 column) into fractions F1,
F2, and F3 (Fig. 1A). Our results show that whereas F1 and F2
exhibited cell viability inhibitory effects with IC50 values of 16
and 26 pg/ml, respectively, fraction F3 had an IC50 value of
4 pg/ml, much lower than F1 or F2 (Fig. 1E). This suggested
that F3 is the primary contributor to the activity of the HTCP-
S-OS3 fraction. Structure elucidation of relatively pure fraction
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Figure 1. Preparation and detection of DHCP. A, preparation and detection of DHCP. B-E, the anticancer effects of CP and fractions of HTCP on HCT-116
human colon cancer cells. Cells were treated with different concentrations of CP, HTCP-S, and HTCP-P (B) or HTCP-S, HTCP-S-IS, and HTCP-S-OS (C) or HTCP-
S-0S, HTCP-5-0S1, HTCP-S-0S2, and HTCP-S-0S3 (D) or F1, F2, and F3 (E) for 24 h. Cell proliferation was assessed for each condition by MTT assay. F-I,
structural characterization of F3. F, elution profiles of F3 on a HPLC Kromasil C18 column. G, "H NMR spectrum of F3. H, mass spectrum of F3. I, molecular

structure of DHCP. R, refractive index detector; UV, ultraviolet detector.
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Figure 2. DHCP inhibits human colon cancer in vitro and in vivo. A, four colon cancer cell lines were treated with indicated concentrations of DHCP for
24 h. Cell viability was assessed using WST-1 assay. Quantitative analysis of cell viability (means + SD, n = 3) from three experiments. B and C, HCT116 cells
were treated with indicated concentrations of DHCP for 24 h (B) or treated with 200 pM of DHCP for indicated times, (C) and cell death was tested by flow
cytometry. D, HCT116 cells were pretreated with Z-VAD-FMK (20 uM), Necrostatin-1 (10 uM), Ferrostatin-1 (1 pM), and CRID3 (1 mM) for 1 h, followed by 24 h
of DHCP treatment. Cell viability was assessed using WST-1 assay. E—H, nude mice bearing HCT116 and HT-29 xenograft tumors were treated with 0.5 mg/kg
of DHCP every other day. Animals were treated with ten consecutive cycles. Mice weight (E) and tumor volume (F) were then measured. The expressions of
Ki-67 of HCT116 (G) and HT-29 (H) tumor tissues were tested by immunohistochemistry staining. Statistical significance was determined with Student’s t-test
(*p < 0.05, **p < 0.01).
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Figure 3. Generation of mitochondrial ROS induced by DHCP was responsible for the cell death of colon cancer cells. A and B, HCT116 cells were
treated with indicated concentrations of DHCP for 24 h (A) or treated with 200 uM of DHCP for indicated times (B). ROS levels were assessed by flow
cytometry after stained by DCFH-DA. C and D, HCT116 cells were pretreated with NAC or GSH for 1 h and then treated with 200 uM of DHCP for 24 h, the
ROS levels (C) and cell death (D) were assayed by flow cytometry. E and F, HCT116 cells were treated with indicated concentrations of DHCP for 24 h (E) or
treated with 200 pM of DHCP for indicated times (F). Mitochondrial membrane potential was analyzed by flow cytometry after stained by JC-1. G, HCT116
cells were treated with indicated concentrations of DHCP for 1 h, the ATP production was analyzed using the ATP assay kit. H, HCT116 cells were treated
with 200 pM of DHCP for 1 h, the mitochondrial aerobic respiration was measured. Statistical significance was determined with Student’s t-test (*p < 0.05).
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F3 (Fig. 1F) showed that its chemical structure analyzed by 'H
NMR (Fig. 1G) has four dominant resonances at 7.56 ppm [1
H, dd, J = 1.8 Hz, 2-H], 6.28 ppm [1 H, dd, /= 1.2 Hz, 3-H],
4.68 ppm [1 H, m, 4-H]J, and 4.10 ppm [1 H, d, / = 3.0 Hz, 5-H].
The mass spectrum (MS) of F3 shows the primary fragment
ion at 113 [M-H] (Fig. 1H). These results suggest that F3 is
DHCP (Fig. 11).

DHCP inhibits the growth of human colon cancer cells in vitro
and in mouse xenografts

The cytotoxicity of DHCP on human colon cancer cells has
never been reported. Here, we found that DHCP demonstrates
a dose-dependent inhibitory effect on four colon cancer cell
lines (Fig. 2A) and induces cell death of HCT116 cells in a
dose- and time-dependent manner (Fig. 2, B and C). We found
that DHCP initiates the processing of caspase-3, -8, -9, and
PARP in HCT116 also in dose- and time-dependent manners
(Fig. S2, A and B). However, cell death induced by DHCP
could not be inhibited by Z-VAD-FMK. To investigate path-
ways involved in DHCP-mediated cell death in greater detail,
we investigated various types of cell death inhibitors. Our re-
sults show that cell death was also not impacted by pretreat-
ment with necrosis inhibitor necrostatin-1 or ferroptosis
inhibitor ferrostatin-1 (Fig. 2D). In contrast, the inflammasome
inhibitor CRID3 could restore cell viability (Fig. 2D). Collec-
tively, these data suggest that DHCP-induced cell death is
mediated by a pathway dependent on pyroptosis. Moreover,
DHCP suppressed the growth of HCT116 and HT-29 xeno-
grafts without impacting body weight, suggesting the lack of
cytotoxicity (Fig. 2, E-H).

Generation of mitochondrial ROS induced by DHCP is
responsible for the death of colon cancer cells

Moderate increases of ROS contribute to tumor promotion
and progression. However, ROS can also trigger programmed
cell death. Cancer cells exhibit higher ROS levels than normal
cells; consequently, cancer cells are more vulnerable to
oxidative stress than are normal cells. This can be utilized as
an anticancer strategy. In the present study, we found that
DHCP induces robust generation of ROS in HCT116 cells in a
dose- and time-dependent manner (Fig. 3, A and B). ROS
scavengers (NAC or GSH) significantly decrease ROS induced
by DHCP (Fig. 3C), as well as cell death induced by DHCP
(Fig. 3D). Mitochondria are regarded as the primary source for
ROS (15) that can be triggered by deficient antioxidants, in-
hibition of electron flow, or exposure to xenobiotics. Several
xenobiotics have been reported to increase the rate of ROS
production by interacting with the mitochondrial electron
pathway (16). To investigate whether ROS production
induced by DHCP is generated through the mitochondrial
pathway, the mitochondrial transmembrane potential (MMP)
was assessed by flow cytometry followed by JC-1 staining. Our
results show that DHCP lowers MMP in a concentration- and
time-dependent manner (Fig. 3, E and F). Mitochondria are
the principal site of important cellular functions, including
ATP production via oxidative phosphorylation (17). DHCP
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also exhibited a significantly inhibitory effect on mitochon-
drial ATP production (Fig. 3G). In addition, the mitochondrial
oxidative phosphorylation function upon DHCP treatment
was determined by detecting the oxygen consumption rate.
The results showed that DHCP exerted a robust inhibitory
effect on oxidative phosphorylation of HCT116 (Fig. 3H), HT-
29, SW480, DLD-1, and colo205 colon cancer cell lines
(Fig. S3). These results suggest that DHCP induces ROS
generation by influencing the mitochondrial activity. To
confirm this, we examined the effects of DHCP on ROS levels
in normal A549 cells and A549 pO cells in which mitochon-
drial function was negated by depletion of mtDNA (18). Upon
DHCP treatment, cellular ROS levels increased from 49.1% to
73.5% in A549 cells, whereas it remained basically unchanged
in A549 p0 cells (Fig. S4), supporting the hypothesis that
DHCP induces ROS generation by modulating mitochondrial
activity.

Inhibition of mitochondrial complex Il activity by DHCP
contributes to ROS generation

The mitochondrial respiratory chain is the major cellular
generator of superoxide and associated ROS as electrons leak
from sites at or within respiratory chain complexes (19).
Complexes I and III have long been recognized as the main
sources of ROS. In recent years, complex II has also been
established as an efficient producer of ROS (20). Here,
HCT116 cells were permeabilized by digitonin (0.001%) and
then were loaded with specific substrates to dissect the mul-
tiple steps of aerobic respiration and examined by using Sea-
horse XFp Extracellular Flux Analyzers as described in
literature (21). Activity of mitochondrial complex I was
measured by using glutamine as substrate, which ultimately
produces NADH for complex I oxidation. The results showed
that glutamine-driven aerobic respiration was unaffected on
DHCP-treated cells (Fig. 4A4), suggesting that DHCP could not
inhibit complex I activity.

Next, the impact of DHCP on the activity of complex II was
evaluated. The complex I activity was inhibited by rotenone,
and then succinate was used as substrate to measure the
cellular response to complex II activity. As shown in Figure 4,
A-C, DHCP significantly inhibited the aerobic respiration
dependent on succinate, suggesting that DHCP is the inhibitor
of complex II.

The activity of complex III was measured with the substrate
glycerol-3-phosphate (G-3-P) according to previous report
(21). As shown in Figure 4B, DHCP had no effect on the ox-
ygen consumption driven by G-3-P, suggesting no effect on
complex III activity.

Tetramethyl-p-phenylene diamine (TMPD) was used as the
substrate to determine the effect of DHCP on the activity of
complex IV. TMPD can donate electrons directly to complex
IV to reduce O,. In the presence of indicated inhibitors
(rotenone, malonate, and antimycin A) to complex I, complex
II, and complex III, DHCP did not change the oxygen con-
sumption caused by the oxidation of TMPD, indicating that
complex IV was not affected by DHCP (Fig. 4C).

J. Biol. Chem. (2021) 296 100515 5
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Figure 4. DHCP inhibits complex Il by interfering with ubiquinone reduction to induce ROS generation. A-C, HCT116 cells were treated with 200 uM
of DHCP for 1 h, then incubated with 0.001% digitonin dissolved in MAS buffer to selectively permeabilize plasma membrane. Different oxidizable sub-
strates and inhibitors were added into the cells as indicated and the mitochondrial aerobic respiration was measured. For measurement of complex Il
activity, 10 mM L-glutamine + 10 mM malate was used as oxidizable substrate. For measurement of complex Il activity, complex Il was inhibited by
rotenone; 10 mM succinate +4 mM ADP was used as oxidizable substrate. For measurement of complex IIl activity, complexes | and Il were inhibited using
rotenone and malonate, respectively; 5 mM glycerol-3-phosphate was used as oxidizable substrate. For measurement of complex IV activity, complexes |, Il
and |l were inhibited using rotenone, malonate, and antimycin A, respectively; 10 mM ascorbate +100 mM TMPD was used as oxidizable substrate. D,
HCT116 cells were treated with 200 pM of DHCP for 1 h, then the mitochondria were isolated, and the activity of mitochondrial complexes was analyzed
using the MitoCheck complex activity assay kits, respectively. E, isolated HCT116 mitochondria were incubated with indicated concentrations of DHCP, TTFA
(150 uM), or malonate (10 mM). SQR and SDH activities were measured as described in the method. F, HCT116 cells were treated with DHCP (200 pM), 3-NPA
(500 pM), or TTFA (150 uM) in different combinations, ROS levels were assessed by flow cytometry after stained by DCFH-DA. Statistical significance was

determined with Student’s t-test (*p < 0.05).

To further demonstrate that DHCP inhibited complex II
activity, mitochondrial complex activities were also evaluated
in vitro, in which the activity of complex II, but not of com-
plexes I, III, IV, and V, was markedly reduced upon DHCP
treatment (Fig. 4D).

Mechanism of complex Il inhibition by DHCP

Mitochondrial complex II (succinate dehydrogenase; SDH)
contains four subunits (SDHA, SDHB, SDHC, and SDHD).
The enzyme activities of SDH include SDH (succinate dehy-
drogenase) and SQR (succinate ubiquinone reductase) activ-
ities (22). Electrons resulting from the oxidation of succinate

6 . Biol. Chem. (2021) 296 100515

within SDHA are transferred from SDHA-bound flavin
adenine dinucleotide cofactor to Fe-S clusters of SDHB and
finally to the ubiquinone reduction site residing between
SDHC and SDHD where ubiquinone is reduced to ubiquinol
(23). To determine the specificity of complex II inhibition by
DHCP, the activities of SDH and SQR were measured as
previously reported (23). Complex II inhibitors TTFA and
malonate were used to determine the specificity of the SQR
and SDH activity assays. TTFA inhibits complex II activity by
primarily binding to the ubiquinone-binding site, whereas
malonate competes with succinate for the dehydrogenase-
binding site on complex II. Here we found that DHCP
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Figure 5. DHCP sensitizes colon cancer cells to TRAIL. A and B, HCT116 (A) and HT-29 (B) cells were pretreated with or without 20 uM Z-VAD-FMK for 1 h
and then cotreated with or without indicated doses of DHCP and TRAIL for 24 h. Cell viability was analyzed with WST-1 assay. C and D, HCT116 (C) and HT-29
(D) cells were pretreated with or without 20 uM Z-VAD-FMK for 1 h and then cotreated with or without indicated doses of DHCP and TRAIL for 24 h. Cell
death was tested by flow cytometry after stained by PI. (E and F) HCT116 (E) and HT-29 (F) cells were pretreated with or without 20 pM Z-VAD-FMK for 1 h
and then cotreated with or without indicated doses of DHCP and TRAIL for 24 h. The processing of caspases and PARP were tested by western blot. Error
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suppressed both SQR and SDH activities in a dose-dependent
manner. However, the inhibitory effect of DHCP on SQR ac-
tivity was much more prominent than that of SDH (Fig. 4E).
The effect of DHCP is identical to that of TTFA, but not of
malonate (Fig. 4E), suggesting that DHCP inhibits complex II
activity and may interfere with ubiquinone reduction, possibly
at the ubiquinone-binding site in SDHC and SDHD. To
confirm this, cellular ROS generation was examined after
cotreatment with TTFA (or complex II inhibitor 3-NPA) and
DHCP. It had been reported that 3-NPA abrogates ROS gen-
eration by binding to the active site of SDHA and inhibiting
electron transfer from succinate to FAD. Consistent with
previous reports, our results show that 3-NPA decreases ROS
generation and reduces ROS production triggered by TTFA
(Fig. 4F). In contrast, cotreatment of DHCP and TTFA exerts
an additive effect on ROS production, whereas 3-NPA mark-
edly decreases the level of ROS generation by DHCP (Fig. 4F).
These results confirmed that DHCP inhibits complex II by
interfering with ubiquinone reduction.

DHCP sensitizes colon cancer cells to TRAIL

Increased ROS levels are thought to impair drug resistance
of cancer cells. Here, we found that DHCP sensitizes three
clinical anticancer drugs (5-fluorouracil, irinotecan, oxalipla-
tin) and one preclinical drug TRAIL. DHCP slightly synergizes
with 5-FU, irinotecan, or oxaliplatin, but shows a significant
synergistic effect with TRAIL (Fig. S5). We further investigated
the synergistic effect on TRAIL-sensitive HCT116 cells and
TRAIL-resistant HT-29 cells. Our results show that HCT116
and HT-29 cells are modestly or minimally sensitive to either
DHCP or TRAIL alone (Fig. 5, A and B). However, their
combination significantly decreases the viability of HCT116
and HT-29 cells (Fig. 5, A and B). In contrast, DHCP enhances
TRAIL-induced cell death in other colon cancer cells as well
(Fig. S6). However, DHCP and TRAIL showed minimal syn-
ergistic effect on human colonic epithelial NCM460 cells
(Fig. S7). These results suggest that combination of DHCP and
TRAIL might preferentially target cancer cells. Our FACS
results show that DHCP or TRAIL alone induces 21.1% and
18.7% cell death, respectively. The combination treatment
promoted apoptosis to 90% (Fig. 5C). For HT-29 cells, DHCP
and TRAIL treatment alone induced 13% and 18% cell death,
respectively. The combination treatment enhanced cell death
to 93.4% (Fig. 5D). Consistently, the combination of DHCP
and TRAIL more efficiently initiated the processing of caspase-
3, -8, -9, and PARP in HCT116 and HT-29 cells (Fig. 5, E and
F). Moreover, cell death (Fig. 5, C and D) and cleavage of
caspase-3, -8, -9, and PARP (Fig. 5, E and F) induced by DHCP
and TRAIL were effectively blocked by pretreatment with Z-
VAD-FMK, indicating that DHCP sensitizes human colon
cancer cells to TRAIL-induced cell death in a caspase-
dependent manner.

DHCP enhances TRAIL sensitivity in vivo

The therapeutic combination of DHCP and TRAIL was also
tested in vivo. Mice bearing xenografted HCT116 and HT-29
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colon tumor cells were treated with DHCP and/or TRAIL
every other day. These results indicate that combination
therapy did not impact the weight of the mice (Fig. S8A), but
did significantly suppress tumor growth (Fig. 6, A and B), tu-
mor size (Fig. S8B), and tumor volume (Fig. S8C). The
expression of ki-67 and cleaved-caspase-3 in tumor tissue
samples also demonstrated that DHCP and TRAIL exerted a
synergistic effect (Fig. 6, C and D).

DHCP suppressed expression of cell survival proteins and
induced expression of procell death proteins

To identify the mechanism by which DHCP sensitizes colon
cancer cells to TRAIL, we investigated multiple extrinsic and
intrinsic cell death pathway components that could be affected
by DHCP. The results showed that DHCP decreased the
expression of cell survival proteins, including Bcl-2, cFLIP,
Mcl-1, c-IAP1, c-IAP2, XIAP, survivin, and Livin, whereas it
increased procell death proteins including Bax, tBid, and Cyt-c
(Fig. 7, A and B). These changes may account, at least in part,
for the synergistic effect.

DHCP induces the expression of DR5

Decreased expression of TRAIL receptors DR4 and DR5
accounts for TRAIL resistance in certain cancer cell lines.
DR5, but not DR4, was upregulated upon DHCP treatment
in a dose-dependent manner (Fig. 7C). Consistent with
protein changes, DHCP treatment increased DR5 cell sur-
face expression (Fig. 7D). Moreover, upregulation of DR5 is
indeed mediating the observed cooperative effect between
DHCP and TRAIL. To substantiate this, two specific siR-
NAs of DR5 were applied to silence DR5 expression (Fig. 7,
E and F). Upon DR5 siRNAs transfection, cell death
induced by the combination of DHCP and TRAIL was
decreased from 96.7% to 67.8% or 60.8%, respectively
(Fig. 7G). Collectively, we conclude that DR5 upregulation
by DHCP plays a crucial role in the synergistic effect of
DHCP and TRAIL.

In this study, we were particularly interested in the mech-
anism of action accounting for the upregulation of DR5 in
response to DHCP. The reason is that agonistic TRAIL-R
antibodies that selectively target DR5 induce apoptosis by
the same mechanism as TRAIL. However, the stability of
TRAIL-R antibodies in vivo makes them attractive agents for
use in humans, and several clinical trials investigating TRAIL-
R antibodies in solid and hematological tumors have been
initiated. The upregulation of DR5 provides a possibility for
the combination of DHCP and TRAIL-R antibodies. We next
sought to identify pathways involved in DHCP-induced DR5
upregulation.

DHCP increases DR5 expression in a p53-CHOP-dependent
pathway

Our results, along with those of other researchers, have
shown that p53 and CHOP are involved in DR5 upregula-
tion (24). In the present study, we found that DHCP in-
duces the upregulation of p53 and CHOP in a dose- and
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Figure 6. The synergistic effect of DHCP and TRAIL in vivo. A-D, nude mice bearing HCT116 and HT-29 xenograft tumors were treated with 0.5 mg/kg of
DHCP with/without TRAIL (100 pg) every other day. Animals were treated with ten consecutive cycles of the combination therapy regimen. The weights of
HCT116 xenograft tumors (A) and HT-29 xenograft tumors (B) were measured. The expressions of Ki-67 and cleaved-caspase-3 of HCT116 (C) and HT-29 (D)
tumor tissues were tested by immunohistochemistry staining. Statistical significance was determined with Student’s t-test (*p < 0.05, **p < 0.01).
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Figure 8. DHCP increases DR5 expression in a p53-CHOP-denpendent pathway. A and B, HCT116 cells were treated with indicated concentrations of
DHCP for 24 h (A) or 200 pM of DHCP for indicated times (B), then the cells were lysed, and the proteins were tested by western blot. C, HCT116 and HCT116
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transfected with control siRNA, p53 siRNAs (E), or CHOP siRNAs (F), then treated with DHCP for 24 h. Whole-cell extracts were prepared and analyzed by

western blot.

time-dependent manner (Fig. 8, A and B), as well as the
induction of DR5 in parallel with the increase in p53 and
CHOP (Fig. 8B). Furthermore, upregulation of DR5 and
CHOP induced by DHCP is inhibited in HCT116 p53-/-
cells (Fig. 8C). Moreover, cell death induced by the com-
bination of DHCP and TRAIL was decreased from 88.3% to

SASBMB

44.2% in HCT116 p53-/- cells (Fig. 8D). To confirm these
results, HCT116 cells were transfected with two p53 siR-
NAs. Consistently, the expression of DR5 was also reduced
in p53 siRNAs transfected HCT116 cells (Fig. 8E).
Furthermore, the expression of CHOP was robustly
impacted by p53 siRNAs transfection (Fig. 8E).
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ROS induced by DHCP plays a role in p53 and CHOP
upregulation

p53, CHOP, and the up-expression of DR5 were also elim-
inated in the presence of ROS scavengers, NAC or GSH
(Fig. 94). Correspondingly, the synergistic effect of DHCP and
TRAIL on HCT116 cells was robustly inhibited (Fig. 9, B-D).
These results indicate that DHCP-induced ROS generation is
the root cause of the synergistic effect from the combination of
DHCP and TRAIL.

Discussion

The role of dietary components in cancer prevention and
progression is an area of increasing clinical and scientific in-
terest. An inverse relation between consumption of fruits and
vegetables and the incidence of various cancers has led re-
searchers to investigate the benefits of diet in cancer preven-
tion. Pectin, a family of complex polysaccharides (1), can be
found in the peel of citrus fruits, apple pomace, potato, sugar
beet pulp, tomato, carrot, etc. (25). Previous reports have
shown that pectin can exhibit significant antitumor activities
(26). Moreover, the bioavailability and bioactivity of pH- or
heat-modified pectin are more effective against cancer (27).
However, the requisite bioactive fractions remain unclear.
DHCP, isolated from heat-modified citrus pectin (CP), has
cytotoxic effects on certain cancer cells (3, 7), but the mech-
anism accounting for cell death has not been fully elucidated.
In this current study, we isolated DHCP from HTCP, and
structure elucidation of the effective compound shows its
chemical formula to betrans-4,5-dihydroxy-2-cyclopentene-1-
one (DHCP).

ROS, which includes superoxide anions (O,—), hydrogen
peroxide (H,O,), and hydroxyl radicals (OH-), are intracellular
chemical species that are reactive against lipids, proteins, and
DNA (20). However, the disproportional increase in intracel-
lular ROS can induce cancer cell cycle arrest, senescence, and
apoptosis (22). Production of ROS is elevated in tumor cells,
and cell death is triggered when ROS levels are high. In turn,
this can be an anticancer strategy to increase cellular ROS
levels above the tolerability threshold by utilizing exogenous
agents.

The previous research has suggested that ROS-induced
cell death can be mediated by the pathway dependence of
caspase, ferroptosis, autophagy, pyroptosis, and necroptosis
(28). Herein, various types of cell death inhibitors were
applied to investigate the pathways involved in DHCP-
mediated cell death. The results showed that CRID3, an in-
hibitor of inflammasomes, could inhibit DHCP-induced cell
death. Based on our present knowledge, DHCP increased
ROS levels and induced inflammasome-driven pyroptosis
(Figs. 2D and S9).

In the present study, DHCP was found to lead caspase
activation and PARP cleavage. However, the pan caspase in-
hibitor Z-VAD-FMK could not inhibit DHCP-induced
pyroptosis, seems to be a caspase-independent process. Our
findings were similar to those results reported by Leclere et al.
(3, 7). They found that heat-modified citrus pectin (HTCP)
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induced caspase activation in HepG2 cells, while Z-VAD-FMK
also did not inhibit the cell death. Further, they hypothesized
that when caspase-3 was inhibited by Z-VAD-FMK, another
protease sharing some caspase-3 substrates might be activated
and lead to caspase activation and PARP cleavage (3). DHCP is
the primary contributor to the activity of HTCP. Hence, we
inferred that DHCP might induce a caspase-3-independent
pyroptosis, the detailed mechanisms of which are worth to
be studied more.

Increased ROS levels are thought to impair the drug resis-
tance of cancer cells (29). Hence, in the present research, we
also investigated the sensitizing effect of DHCP with three
clinical anticancer drugs (5-fluorouracil, irinotecan, oxalipla-
tin) and one preclinical drug (TRAIL). Although DHCP can
slightly synergize with 5-FU, irinotecan, or oxaliplatin, it does
have a highly significant synergistic effect with TRAIL
(Fig. S5). TRAIL/Apo2L was discovered as an inducer of
apoptosis (30, 31) that, unlike other TNF superfamily mem-
bers, selectively targets cancer cells while leaving normal cells
unharmed (32). Targeting the TRAIL pathway has been of
interest in oncology since the 1990s. While the use of TRAIL
with increased potency and ability to target cancer cells is a
valid approach, it does not address the problem of TRAIL
resistance (33). There are numerous TRAIL pathway-
resistance mechanisms in cancer, including TRAIL decoys,
TRAIL receptor glycosylation, and translocation to the cell
membrane. NF-kB, Bcl-XL, Mcl-1, the IAP family, Akt, FLIP,
mutation, and loss of caspase-8 expression are also promising
combinatorial therapeutics that can address resistance. We are
particularly interested in the role of DR5 in this synergistic
effect, with the mechanism of action accounting for upregu-
lation of DR5. The reason is that agonistic TRAIL-R antibodies
that selectively target DR5 are more attractive for use in
humans compared with TRAIL, and several clinical trials
investigating TRAIL-R antibodies in solid and hematological
tumors have been done.

Furthermore, low-surface expression of TRAIL receptors
DR4 and DR5 correlates best with decreased TRAIL sensitivity
(34). The combination of TRAIL or TRAIL receptor agonistic
targeting with sorafenib is supported mostly in preclinical data.
Therapies that induce DNA damage and activate p53, such as
chemotherapy and radiation, can upregulate DR4 (35) and
have been tested in combination with TRAIL. Strategies to
overcome TRAIL resistance associated with low cell surface
death receptor levels have also included combinations with
histone deacetylase (HDAC) inhibitors (36, 37), proteasome
inhibitors (38), and ER stress inducer tunicamycin (39).

In the present study, we found that DHCP enhances TRAIL-
induced cell death in HCT116 and HT-29 colon cancer cells
and xenograft models, indicating the possibility of DHCP as a
promising new TRAIL (or TRAIL-R) antibody sensitizer. On a
mechanistic level, DHCP upregulates DR5 expression and
procell death proteins and downregulates cell survival proteins
that might contribute to DHCP-potentiated TRAIL-induced
cell death. Silence of DR5 by siRNA robustly abrogates the
synergistic effect of DHCP and TRAIL, indicating the vital role
of DR5. We further investigated the mechanism of DHCP
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increasing the expression of DR5. Various mechanisms have
been reported through which DR5 is upregulated, including
ROS generation, p53, CHOP, Spl, and YY1, activation of
ERK1/2, JNK, and NF-kB, etc. (24).In this study, we also
identified several mechanisms required for upregulation of
DR5 and found that DHCP induces generation of ROS and
thereby upregulates p53 and CHOP, ultimately promoting
DR5 expression. Here we found that p53 has a role in the
expression of DR5. Notably, DHCP can promote TRAIL-
induced cell death in colon cancer cells expressing wild-type
p53 and mutated p53 (Fig. S6).

Previous studies indicated that intracellular ROS generation
contributes to overcoming TRAIL-resistance by DR5 upregu-
lation (40—45). In our present study, DHCP enhanced TRAIL-
induced cancer cell apoptosis via ROS generation. And p53-
CHOP signaling played main role in the upregulation of
DR5 triggered by ROS, which was consistent with our previous
report (43), in which ginsenoside CK reversed TRAIL resis-
tance by inducing DR5 upregulation via ROS provocation and
subsequent activation of p53-CHOP pathway. The similar re-
sults were found by Kim et al. (44) and Yadav et al. (45). They
found that cellular ROS induced by Zyflamend or cardamonin
upregulated DR5 expression through CHOP signal and
thereafter sensitized tumor cells to TRAIL-induced apoptosis.
Over all the results above, the mechanism of DHCP-sensitized
cancer cells to TRAIL-induced cell death might be a general
mechanism.

It has been reported that even tumors of the same type
from individual patients differ in the number of mutations,
which makes tumors unlikely to be treated by agents that
target a single gene or a single pathway (46). Fortunately,
mitochondria could be a rather invariant target across the
various types of neoplastic pathologies. Many agents with
anticancer activity that act on mitochondria hold a sub-
stantial promise for development into efficient anticancer
drugs, because of their selectivity for cancer cells (46). Some
of these agents could interfere mitochondrial function to
induce ROS generation and induce apoptosis of cancer cells
(23, 47). ROS produced by mitochondria is of importance
because it could overcome resistance to anticancer drugs
(48). The provocation of mitochondrial ROS induced by Z-
FL-COCHO or sorafenib sensitizes TRAIL-induced cell
death (49, 50). In the present research, DHCP induces the
distinct generation of mitochondrial ROS and enhances
TRAIL-induced cell death in colon cancer cells (Fig. 9E).
ROS production is the root cause of DHCP activity. Among
mitochondria-target agents, many of them target mito-
chondrial complexes. Mitochondrial complex II, for
example, has been described as a new target for anticancer
drugs (46) and has been established as an efficient producer
of ROS, along with complexes I and III (51). Enzyme activ-
ities of complex II are composed of SDH and SQR activities.
Some agents have exhibited antitumor effects by inducing
ROS through impairment of SQR activity of mitochondrial
complex II without affecting SDH activity. TTFA, an inhib-
itor of complex II, has been reported to induce apoptosis of
U87 and HeLa cells by increasing ROS generation (52).
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Another study has suggested that TTFA and cisplatin can
synergistically stimulate cell death in chemo-resistant neu-
roblastoma cell lines (53). DHCP exhibits a similar effect
with TTFA, suggesting that DHCP such as TTFA is a
desirable agent to overcome TRAIL chemo-resistance. Thus,
further studies should be carried out to confirm the syner-
gistic effect of TTFA and TRAIL.

Experimental procedures
Reagents and antibodies

CP was purchased from Sigma (P-9135, Sigma Aldrich).
Pectinase was purchased from Shandong longke enzyme Co
Ltd. His-tagged recombinant human TRAIL (rhTRAIL) was
produced and purified as described previously (54). Dulbecco’s
Modified Eagle Medium (DMEM) (12100-046), Nutrient
Mixture F-12 medium (DMEM/F-12) (12400-024), Iscove’s
Modified Dulbecco’s Medium (IMDM) (12200-036) and fetal
bovine serum (FBS) (16000-044) were obtained from Gibco.
Penicillin/streptomycin (MA0110), Necrostatin-1 (MB5067),
Ferrostatin-1 (MB4718), and CRID3 (MB3021) were obtained
from meilunbio. U0126 (S1901), SP600125 (S1876), NAC
(S0077), GSH (S0073), and Z-VAD-FMK (C1202) were pur-
chased from Beyotime Biotechnology. 3-NPA (N106587) and
TTFA (T104976) were obtained from Aladdin. All of the other
reagents were of analytical grade or better. The specific anti-
bodies used in this study are described in Table S1.

Preparation of HTCP

HTCP was prepared following published procedures with
minor modifications (55). In brief, a 0.5% solution of aqueous
pectin dispersion was prepared by dissolving 2 g of CP in
400 ml deionized, filtered water. This solution was autoclaved
at 121 °C and 17.2-21.7 psi for 60 min to yield HTCP. At the
end of the heat treatment, the solution was allowed to cool to
RT and stored overnight at 4 °C, allowing formation of a gel-
like precipitate. Then, the aqueous phase and the gel-like
precipitate were separated by centrifuging at 12,000 rpm,
frozen at -80 °C, and lyophilized, yielding HTCP-P and
HTCP-S, respectively.

Fractionation of HTCP

HTCP-S was dissolved in distilled water (10 mg/ml) and
dialyzed with a dialysis bag cutoff of 3500 Da, yielding HTCP-
S-IS (inside the dialysis bag) and HTCP-S-OS (outside the
dialysis bag). HTCP-S-OS was then separated into three
components on a Sephadex-G10 column. These three peaks
were collected and lyophilized to yield HTCP-S-OS1, HTCP-
S-0S2, and HTCP-S-OS3. HTCP-S-OS3 was dissolved in 5%
methanol and 0.05% trifluoroacetic acid (TFA) and fraction-
ated on a Shimadzu 10Avp HPLC system equipped with
10Avp HPLC Pump, SPD-10Avp UV-VIS Detector, and RID-
10A Refractive Index Detector. The HPLC column was a
Kromasil C18 column (4.6 x 250 mm). The material was eluted
at a flow rate of 0.6 ml/min using an aqueous solution of 5%
methanol (v/v) and 0.05% TFA (v/v), with elution monitored
by a refractive index (RI) detector and/or by UV at 235 nm.
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The eluate was collected as indicated and lyophilized to yield
three fractions denoted as F1, F2, and F3.

HPLC analysis

The lyophilized powder of F3 was dissolved in aqueous
solution with 5% methanol (v/v) and 0.05% TFA (v/v) at a
concentration of 2.5 mg/ml and analyzed by HPLC using a
Kromasil C18 column. The material was eluted using 5%
methanol and 0.05% TFA at a rate of 0.6 ml/min, with elution
monitored using a RI detector and/or UV detector at 235 nm.

"H NMR spectroscopy

The "H NMR spectrum of F3 was obtained using a Briiker
AV600 spectrometer operating at a 'H frequency of 600 MHz.
The F3 sample (10 mg) was dissolved in 0.5 ml MeOD (99.8%),
and spectra were acquired at 25 °C using a Bruker 5 mm
broadband observe probe. Data were analyzed using standard
Briiker software.

MS data

The MS trace of F3 was acquired using an ESI-microTOF in-
strument covering the m/z range up to 700. Data were analyzed
using the Bruker Compass Data Analysis 4.0 software program.

Cell culture

Unless otherwise stated, all cell lines were purchased from
American Type Culture Collection and were maintained in the
appropriate growth medium at 37 °C and 5% CO,. HCT116
variants with deletion of p53 were kindly supplied by Dr Xin-
shan Ye, (Peking University, Beijing, China). Human lung
epithelial A549 cells and A549 pO0 cells were generously sup-
plied by Dr Qiang Yu (Chinese Academy of Sciences, Shanghai,
China). HCT116 and NCM460 cells were cultured in IMDM
medium. HT-29 cells were cultured in DMEM/F-12 medium.
A549 and HCT116 p53-/- cells were cultured in DMEM high-
glucose medium. A549 pO cells were cultured in DMEM high-
glucose medium with 100 pg/ml pyruvate and 100 pg/ml uri-
dine. All media were supplemented with 10% fetal calf serum,
100 units/ml penicillin, and 100 mg/ml streptomycin.

Cell viability assay

The WST-1 cell proliferation and cytotoxicity assay kit
(C0035, Beyotime) was used to measure cell viability. Cells
were treated with different concentrations of DHCP, TRAIL,
or their combination, for 24 h. The medium was removed and
the WST-1 solution was added, and absorbance was measured
at 450 nm using a microplate reader (TECAN, infinite F50). All
experiments were performed in triplicate and repeated at least
three times. Cell viability under each condition is expressed as
a percentage of the control set at 100%.

PI staining for DNA fragmentation

Cells were treated with DHCP, TRAIL, or the combination
for 24 h. Floating and adherent cells were collected and fixed in
75% ethanol, followed by RNase A (RT405-02, TIANGEN)
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treatment and propidium iodide (PI) (P4864, Sigma Aldrich)
staining. The cells were analyzed on the Accuri C6 flow cy-
tometer (BD Biosciences).

siRNA transfection

Transfection was conducted using the Lipofectamine 3000
transfection reagent (Invitrogen) following the manufacturer’s
instructions. High-purity controls (scrambled RNA), along
with DR5, p53 and CHOP siRNA oligos, were obtained from
GenePharma. The targeting sequences of the siRNA con-
structs are listed in Table S2.

Western blot analysis

Cells were lysed in lysis buffer (50 mM Tris/acetate, pH 7.4,
1 mM EDTA, 0.5% Triton X-100, 150 mM sodium chloride,
0.1 mM PMSF, and Roche incomplete protease inhibitor
cocktail). Protein concentrations were measured using the
Bradford method. Equal amounts of protein were separated on
12% SDS-PAGE and transferred to PVDF membranes. Then
the membrane was blotted with specific antibodies and
detected by Tanon-5200 Multi (Tanon, Shanghai, China).

Detection of ROS

Cells were pretreated with or without ROS scavenger for 1 h
and then incubated with 200 pM of DHCP for 24 h. The cells
were incubated with 10 pM of DCFH-DA (50033, Beyotime)
for 20 min at 37 °C. Fluorescence was measured by using the
Accuri C6 flow cytometer (BD Biosciences).

Flow cytometric analysis of the expression of cell surface DR4
and DR5

Cells were treated with different concentrations of DHCP
for 24 h, collected, and washed with 2% FBS/PBS. The cells
were labeled with anti-DR4 (NB100-56747, Novus Biologicals)
or anti-DR5 (NB100-56618, Novus Biologicals) antibody for
20 min on ice and then incubated with phycoerythrin-
conjugated secondary antibody for 20 min on ice in the
dark. After washing and resuspension in cold 2% FBS/PBS, the
cells were analyzed using the Accuri C6 flow cytometer (BD
Biosciences).

Measurement of oxygen consumption rate

The mitochondrial OXPHOS function was measured as
previously described (21). HCT116 cells were seeded at
50,000/well overnight before running the seahorse experiment.
For measuring OCR, cells were pretreated with 200 yM DHCP
for 2 h, then incubated with MAS buffer (70 mM sucrose,
220 mM mannitol, 10 mM KH,PO, 5 mM MgCl,, 2 mM
Hepes, and 1 mM EGTA; pH 7.2) containing digitonin
(0.001%) to permeabilize the plasma membrane selectively.
Different oxidizable substrates and inhibitors of ETC com-
plexes were added into different ports of the seahorse cartridge
as indicated. O, (pmol/min/50,000 cells) consumption rates
were measured by Seahorse XFp Extracellular Flux Analyzers
(Agilent).
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Enzyme assays

The SQR activity and succinate dehydrogenase (SDH) ac-
tivity were measured as previously described (23). Mitochon-
dria were isolated from HCT116 cells and resuspended in
assay buffer (0.3 M mannitol, 25 mM KH,PO,4, 20 mM suc-
cinate, 5 M rotenone, 2 uM antimycin A, and 10 mM NaNj,
pH 7.4) at 20 pg/ml. The suspension of mitochondria was
incubated at room temperature for 10 min, then DHCP,
TTFA, or malonate was added and incubated for another
15 min before initiation of reactions, respectively. For SQR
activity, reactions were initiated by adding 50 uM decylubi-
quinone and 50 uM 2,6-dichlorophenolindophenol. The
change of absorbance at 600 nm was monitored every minute
for 20 min. For the SDH activity, reactions were initiated by
adding 150 pM MTT and 400 uM PMS, and the change in
absorbance at 570 nm was monitored each minute for 20 min.

Analysis of intracellular ATP levels

Intracellular ATP levels were quantified using an ATP Assay
Kit (S0026, Beyotime) according to the manufacturer’s in-
structions. Briefly, cells were incubated with or without DHCP,
and harvested, lysed, and centrifuged at 12,000g for 10 min at 4
°C. Then 10 ul of supernatant was added to 100 pl of ATP
detection buffer, and luminescence was measured using the
Spark 10M Multiscan Instrument (TECAN).

Mitochondrial membrane potential

The mitochondrial membrane potential (MMP) was
measured using the MMP assay kit with JC-1 (C2006, Beyo-
time). For this, HCT116 cells were incubated with DHCP at
different doses for the indicated times. Then cells were stained
with JC-1 at 37 °C for 30 min, and the fluorescence intensity
was measured using an Accuri C6 flow cytometer (BD
Biosciences).

Mitochondrial complex activity

HCT116 cells were treated with DHCP for 1 h and har-
vested. The mitochondrial complex activities of HCT116 cells
were determined by using the MitoCheck complex activity
assay kits (Comin Biotechnology) according to the manufac-
turer’s protocols. Briefly, mitochondria were detached and the
mitochondrial pellets were further resuspended in mitochon-
drial lysis buffer and subjected to ultrasonication to rupture
mitochondrial membranes. Protein concentration was
measured by the Bradford Protein assay and mitochondrial
protein lysate was added to the respective reaction mixture in
the 96-well microplate and incubated for indicated times at 37
°C, respectively. The mitochondrial complex activities were
normalized by dividing them by protein concentration and
expressing as a ration to control. The activity of complex I was
determined by the decrease in absorbance at 340 nm corre-
sponding to the oxidation of NADH. The activity of complex II
was assessed by coupling the production of ubiquinol to the
reduction of the dye DCPIP (2,6-diclorophenol-indophenol),
which leads to a decreased absorbance at 605 nm. Complex III
(ubiquinol-cytochrome ¢ oxidoreductase) activity was
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quantified by monitored the cytochrome ¢ reducing capacity at
550 nm. For the analysis of complex IV, the cytochrome c
oxidation capability was assessed by measuring the decrease in
absorbance at 550 nm. F1FO-ATPase can dephosphorylate
ATP to yield ADP and Pi. And F1F0-ATPase activity was
determined by measuring Pi increase rate at 600 nm.

Xenograft studies

BALB/c female nude mice (6—8 week old) were injected
subcutaneously with 1 x 10° HCT116 or 2 x 10° HT-29 cells
mixed with Matrigel (BD Biosciences). Tumors were allowed
to develop in the absence of treatment until they were
~0.2 cm in diameter. For testing the antitumor effect of
DHCP alone, mice were treated with DHCP (0.5 mg/kg) by
intraperitoneal injection. As a negative control, a subset of
mice was injected with saline (vehicle). All animals were
treated for three consecutive weeks, and tumor sizes were
monitored every week using a caliper to assess tumor
volume.

To examine synergistic effects from DHCP and TRAIL,
mice were subjected to the DHCP and/or TRAIL treat-
ment regimen. Animals were treated with DHCP (0.5 mg/
kg) by intraperitoneal injection with/without purified
rhTRAIL (100 pg) by intravenous injection. Animals were
treated for three consecutive weeks. Tumor sizes were
monitored every week using caliper measurements of tu-
mor volume. All animal experiments were approved by the
Animal Care Committee of the Northeast Normal Uni-
versity, China.

Immunohistochemistry

At the end of the xenograft mouse studies, tumors were
harvested, fixed, and embedded in paraffin, sectioned and
stained with hematoxylin and eosin (H&E), or immunostained
with antibodies specific for Ki67 or cleaved-caspase-3. Images
were acquired using a fluorescence microscope (Olympus).

Statistical analysis

The SPSS statistical software program was used for all data
analyses. Results are expressed as the mean + SD. Single factor
analysis for variance was performed using the ANOVA pro-
gram, followed by the LSD test. p < 0.05 indicates a significant
value.

Data availability

All data described are presented either within the article or
in the supporting information.
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