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ABSTRACT

Phthalates are widely used as plasticizers. Humans can be exposed to phthalates

through ingestion, inhalation, or treatments that release di(2-ethylhexyl) phthalate
(DEHP) and its metabolite, mono(2-ehylhexyl) phthalate (MEHP), into the body from
polyvinyl chloride-based medical devices. Phthalate exposure may induce reproductive
toxicity, liver damage, and carcinogenesis in humans. This study found that colon
cancer cells exposed to DEHP or MEHP exhibited increased cell viability and increased
levels of P-glycoprotein, CD133, Bcl-2, Akt, ERK, GSK33, and B-catenin when treated
with oxaliplatin or irinotecan, as compared to control. The P-glycoprotein inhibitor,
tariquidar, which blocks drug efflux, reduced the viability of DEHP- or MEHP-treated,
anti-cancer drug-challenged cells. DEHP or MEHP treatment also induced colon cancer
cell migration and epithelial-mesenchymal transformation. Elevated stemness-
related protein levels (B-catenin, Oct4, Sox2, and Nanog) and increased cell sphere
sizes indicated that DEHP- or MEHP-treated cells were capable of self-renewal. We
also found that serum DEHP concentrations were positively correlated with cancer
recurrence. These results suggest phthalate exposure enhances colon cancer cell
metastasis and chemotherapeutic drug resistance by increasing cancer cell stemness,
and that P-glycoprotein inhibitors might improve outcomes for advanced or drug-
resistant colon cancer patients.

INTRODUCTION

Colon cancer is the third most common cancer in the
world and the second leading cause of cancer-related death
in the western world [1]. In Taiwan, colon cancer incidence
has increased dramatically over the last two decades,
and causes more than 4,000 deaths annually [2]. Current
colon cancer treatment options include surgery, radiation

therapy, and chemotherapy. However, chemotherapeutic
resistance, cancer recurrence, and metastasis reduce the
five-year survival rate in patients with late-stage disease
[3-5]. Approximately 20% of metastatic colon cancer
patients experience disease recurrence, typically involving
the liver or lung [6]. Various factors may promote cancer
recurrence, including obesity, pre-operative conditions,
number of positive lymph nodes, certain tumor markers
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and genetic factors, and the presence of drug-resistant
cancer stem/stem-like cells (CSCs) [7]. Resistance to
chemotherapeutic agents is a major problem in cancer
treatment. Multi-drug resistance (MDR), which may occur
during initial chemotherapeutic treatment or during disease
recurrence, is controlled in part by a group of ATP-binding
cassette (ABC) transporters involved in drug uptake and
efflux [8]. Cancer cell drug resistance mechanisms can
include increased drug efflux, reduction of drug uptake,
growth signaling activation, and inhibition of apoptosis
signaling via induction of anti-apoptotic molecules [9, 10].
Preparation and administration of intravenous
anticancer drugs, parenteral nutrition, and other medical
treatments in cancer patients are commonly performed
using polyvinyl chloride (PVC) plastic bags and tubing
sets containing di(ethylhexyl) phthalate (DEHP) [11, 12],
a manufactured chemical commonly added to plastics.
DEHP is a ubiquitous environmental contaminant to
which humans are exposed through multiple routes [13,
14], and is released from plastics into the environment
via direct release, migration, evaporation, leaching, and
abrasion [15]. DEHP reportedly acts as a steroid and
xenobiotic receptor (SXR) ligand, activating multidrug
resistance 1 (MDR1) gene transcription in the human
colon adenocarcinoma-derived cell line, LS174T [16].
High DEHP concentrations can also induce resistance in
sarcoma cells by decreasing anticancer drug cytotoxicity
and increasing MDR expression [17]. Thus, DEHP
leaching from PVC medical devices may induce
drug resistance in certain cancer cells, although the
clinical impact of DEHP exposure via blood and blood
components transfusion remains poorly understood [16].
Several groups have reported the effects of phthalates
on reproductive toxicity, liver damage, and carcinogenesis,
but phthalate mechanisms of action in tumorigenesis, tumor
progression, and drug resistance are still unclear [18-26].
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This study evaluated serum DEHP/MEHP levels in colon
cancer patients, and found that DEHP/MEHP concentrations
increased with cancer stage. Additionally, DEHP/MEHP
treatment not only enhanced colon cancer cell viability
and migration in vitro, but also induced epithelial-
mesenchymal transformation (EMT) and expression of drug
resistance-associated proteins. DEHP/MEHP-promoted
drug resistance was ameliorated by treating cells with an
efflux pump inhibitor. We also assessed stemness-related
protein expression (B-catenin, Oct4, Sox2, and Nanog) and
self-renewal in DEHP/MEHP-treated colon cancer cells.
Our findings suggest that phthalate exposure promotes
colon cancer cell drug resistance and tumor metastasis by
increasing cancer stemness.

RESULTS

DEHP and MEHP induced drug resistance in
HCT116 and SW480 cells

Drug resistance-associated protein levels were
evaluated in DEHP or MEHP-treated HCT116 and SW480
colon cancer cells. While P-glycoprotein levels increased
from 0 to 72 h in untreated, DEHP- or MEHP-treated
SW480 cells, the levels of P-glycoprotein increased from
0 to 24 h and declined to basal level after 72 h in untreated,
DEHP- or MEHP-treated HCT116 cells (Figure 1A—1B).
Besides, P-glycoprotein levels of DEHP- or MEHP-treated
cells were higher than untreated cells at most of the time
points. The expression of CD133 was elevated after 24 h
and maintained at high level to 72 h in DEHP- or MEHP-
treated HCT116 cells (Figure 1A). However, levels of
CD133 increased from 0 to 48 h and dropped after 72 h in
untreated HCT116 cells (Figure 1A). In DEHP- or MEHP-
treated SW480 cells, CD133 levels decreased slightly and
then increased at 48/72 h (Figure 1B). Unlike HCT116
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Figure 1: Phthalate treatment upregulated drug resistance- and anti-apoptosis-related proteins in HCT116 and
SW480 cells. Cells were incubated with or without DEHP or MEHP (10 uM) for 0, 24, 48, or 72 h. Western blotting results showed that
P-glycoprotein, CD133, and Bcl-2 levels, and the Bcl-2/Bax ratio were increased in treated cells. (—) indicates cells grown without DEHP/

MEHP treatment.
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cells, the expression of CD133 in untreated SW480 cells as percentage of cell viability compared to controls

decreased from 0 to 72 h (Figure 1B). In addition, the (100%). We found that oxaliplatin treatment decreased the
expression patterns of Bcl-2 and Bax were similar in expression of P-glycoprotein, Akt, pERK, Bcl-2, Bax, and
untreated, DEHP- or MEHP-treated cells. The levels of Bcl-2/Bax ratio, and increased the expression of MRP2,
P-glycoprotein and CD133 in DEHP- or MEHP-treated CD133, pAkt, ERK, and Bax in phthalate untreated cells
cells were higher than untreated cells after 72 h. (L1 and L2; Figure 2A). Irinotecan treatment decreased
HCT116 cells were then treated with DEHP or the expression of P-glycoprotein, MRP2, CD133, Akt,
MEHP for > 6 months to investigate the effects of long- pERK, Bcl-2, and Bax but increased pAkt, ERK and
term exposure. Consistent with short-term treatment Bcl-2/Bax ratio in phthalate untreated cells (L1 and L3;
results, P-glycoprotein, CD133, and ERK levels were Figure 2A).
higher in DEHP- or MEHP-treated cells. However, the Western blotting results showed that P-glycoprotein
level of multidrug resistance protein 2 (MRP2), were and CD133 levels were increased in DEHP- or MEHP-
decreased in a long-term treatment. In addition, pERK treated, oxaliplatin- or irinotecan-challenged HCT116
levels and the Bcl-2/Bax ratio were elevated in MEHP- cells compared with oxaliplatin- or irinotecan-challenged
treated cells (L1 and L7; Figure 2A). pAkt, Akt, Bax, control cells (L2, L5, and L8/L3, L6, and L9; Figure 2A).
pGSK3p, GSK3p, B-catenin and galectin-3 levels were Cell proliferation-related proteins, including Akt, pERK,
all reduced in DEHP- or MEHP-treated cells (L1, L4, ERK (L2, L5, and L8/L3, L6, and L9; Figure 2A), GSK3,
and L7; Figure 2A-2B). We then challenged phthalate- and B-catenin (L2, L5, and L8/L3, L6, and L9; Figure
treated cells with oxaliplatin or irinotecan, two FDA- 2B), were also upregulated, while phospho-GSK3 and
approved anti-colon cancer drugs. Irinotecan IC, values galectin-3 were downregulated compared with oxaliplatin-
for untreated, DEHP-, or MEHP-treated HCT116 cells or irinotecan-challenged control cells (L2, L5, and L8/
were 80, 98, and 106 mM, respectively (Supplementary L3, L6, and L9; Figure 2B). An increased Bcl-2/Bax
Figure 1A). Irinotecan IC, values for untreated, DEHP-, ratio indicated enhanced cell survival in DEHP-treated,
or MEHP-treated SW480 cells were 56, 68, and 102 mM, oxaliplatin- or irinotecan-challenged cells and MEHP-
respectively (Supplementary Figure 1B). Data are reported treated, oxaliplatin-challenged cells (L2, LS, and L8/L3
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Figure 2: Oxaliplatin or irinotecan treatment enhanced DEHP/MEHP-induced drug resistance in HCT116 cells.
Untreated and DEHP- or MEHP-treated HCT116 cells were cultured with or without anticancer drugs (oxaliplatin or irinotecan, 10 uM).
After 48 h, drug resistance-, proliferation-, and apoptosis-associated proteins were analyzed via western blotting. P-glycoprotein, CD133,
and ERK levels (A) as well as GSK3p and B-catenin levels (B) were increased in anticancer drug-challenged, DEHP/MEHP-treated cells.
(—) indicates cells grown for 6 months without DEHP/MEHP treatment. Numbers indicate densitometric analysis of protein expression
levels normalized to corresponding control levels (L1) and a-tubulin (the last row).
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and L6; Figure 2A). These findings suggest that phthalate
treatment promoted drug resistance in colon cancer cells
via drug efflux machinery.

Tariquidar reduced phthalate-treated HCT116
and SW480 cell viability

To assess whether drug efflux machinery contributed
to DEHP- or MEHP-induced drug resistance, phthalate-
treated cells were incubated with tariquidar (0, 0.1, 1, 10
or 100 uM), a P-glycoprotein inhibitor with low toxicity in
control HCT116 and SW480 cells (Supplementary Figure
2A-2B) [27]. DEHP- or MEHP-treated cells effluxed more
fluorescence dye than untreated cells, but fluorescent dye
deposited inside cells increased with increasing tariquidar
concentrations (Figure 3A). Tariquidar (10 uM) was then
incubated with untreated, DEHP-, or MEHP-treated cells
challenged with irinotecan (1, 5, 10, 20, 50, 100 or 200
uM), and cell viability was measured via MTT assay.
While DEHP or MEHP treatment increased cancer cell
viability by 5-20% in 1-20 pM irinotecan-treated cells
(blue square and red triangle) compared with control cells
(black circle), tariquidar reduced viability at all irinotecan
concentrations (Figure 3B—3C). DEHP or MEHP treatment
induced cancer cell viability could also be observed at
low dose of tariquidar treatment (Supplementary Figure
3A-3B). P-glycoprotein expression was not affected by
tariquidar in DEHP- or MEHP-treated colon cancer cells
(Figure 3D and Supplementary Figure 3C).

Phthalate exposure promoted HCT116 cell
migration via EMT

DEHP- or MEHP-treated or untreated cells were
seeded on transwell upper chambers and incubated for 24
h. TGFp treatment, which promotes tumor cell migration,
was used as positive control. Cells that migrated from
upper chambers into lower chambers were fixed, stained,
and counted. The numbers of DEHP- or MEHP-treated
cells on the lower chambers were higher than untreated
and positive control cells (Figure 4A—-4B). DEHP- or
MEHP-treated cells also reduce the wound-healing assay
gap area more than untreated and positive control cells
(Figure 4C—4D). To determine whether DEHP or MEHP
promoted cell migration through EMT, EMT markers were
analyzed via western blotting. E-cadherin downregulation
and N-cadherin, vimentin, and a-smooth actin (a-SMA)
upregulation together indicated that phthalate-treated
colon cancer cells underwent EMT (Figure 4E).

DEHP/MEHP exposure promoted HCT116 cell
sphere formation and upregulated stemness-
related proteins

We analyzed cancer stemness-related protein
expression and self-renewal in DEHP- or MEHP-treated

HCT116 and SW480 cells. Diluted cell (1 x 10° cells)
suspensions were seeded in 96-well plates, and sphere
sizes and surface areas were measured and calculated after
2 weeks. DEHP or MEHP treatment not only increased
sphere radius and area, but also induced expression of
stemness-related proteins, including B-catenin, Oct4,
Sox2, and Nanog, in both HCT116 (Figure SA-5C) and
SW480 cells (Supplementary Figure 4A—4B). Our findings
suggest that DEHP or MEHP exposure enhances colon
cancer cell drug resistance and migration by promoting
stemness.

Serum DEHP/MEHP concentrations were
elevated in colon cancer patients

We collected 160 patient serum samples (40 per
stage, from I to IV) from the Bio-Bank of the Medical
Research Department, E-DA Hospital. Serum DEHP/
MEHP levels were measured via LC-MS. Mean serum
DEHP concentrations were higher in stage Il and IV (113.4
and 127 ppb, respectively) than stage I and III patients
(75.5 and 54.8 ppb, respectively; Figure 6A). Mean serum
MEHP concentrations increased with cancer stage (stages
[toIV:5.6,5.6,12.5, and 14.1 ppb, respectively; Figure
6B). Median serum DEHP concentrations from stage |
to IV were 53.3, 107.3, 48.5, and 85.9 ppb, respectively,
and median serum MEHP concentrations from stage I to
IV were 3.9, 4.8, 5.2, and 5.3 ppb, respectively. Although
serum phthalates seem increased accompanied with cancer
stages, the distribution of the DEHP and MEHP levels
were similar among the four cancer stages except some
outlier patients. To answer whether phthalate exposure
impinge on colon cancer drug resistance, we further
divided patients into two groups, non-recurrence and
recurrence. We found that serum DEHP concentrations
were significantly higher in patients with cancer
recurrence (Figure 6C), and serum MEHP levels had no
correlation with cancer recurrence except maybe for a
small number of outliers (Figure 6D).

DISCUSSION

Phthalate exposure can negatively affect human
health. Some phthalates are developmental and
reproductive toxins that modulate endogenous fetal
testicular testosterone production [28]. Studies in mice
suggest that others, such as DEHP or MEHP, are potential
human carcinogens [18-20, 26]. DEHP can be found in
building and construction materials, clothing, furnishings,
toys, and food or medical contact materials. Human
exposure to DEHP can occur via skin contact, inhalation,
ingestion, and intravenous routes [13, 29, 30]. DEHP/
MEHP serum or urine levels can be high when DEHP is
released from medical equipment to neonatal intensive
care unit patients [30, 31]. The estimated average total
daily exposure to DEHP for adult is 0.21-2.1 mg/day
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(in a 70-kg adult) [14, 32], and patient serum DEHP is
increased to as much as 1,200 ppb after transfusion [33].
DEHP and MEHP can also pass through the placenta and
shorten the gestational period of a developing fetus [23].
DEHP exposure may induce inflammation and proto-
oncogene upregulation, resulting in tumorigenesis via
increased oxidative stress [21]. DEHP and MEHP can also
promote tumor cell migration and invasion by activating
MMP2 [34]. Because plastics are widely used in food
packaging in Taiwan, DEHP exposure is often higher in
the Taiwanese population than in others [35].
P-glycoprotein and MRPs increase tumor cell
survival and delay apoptosis [36, 37]. Upregulation of

P-glycoprotein, ABC transporters, and MRPs, such as
MRP1 and MRP2, are the main causes of pump-related
MDR. P-glycoprotein upregulation is positively correlated
with B-catenin, c-myc, and cyclin D1 expression, and
may enhance MDRI expression through TCF4/B-catenin
responsive elements found in the MDRI promoter [38—
40]. Although other groups found that low dose phthalate
exposure induces colon and breast cancer cell proliferation
[41, 42], neither DEHP nor MEHP (3—100 uM) affected
cell proliferation in our study (Supplementary Figure 5).
Besides, the very similar P-glycoprotein, CD133, Bcl-2 and
Bax expression trends in short-term phthalate treated cells
may be the result of cell starvation (Figure 1A and 1B).
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Figure 3: Tariquidar treatment reduced DEHP/MEHP-induced drug resistance by blocking drug efflux in HCT116
and SW480 cells. Untreated and DEHP- or MEHP-treated HCT116 cells were incubated with tariquidar (0, 0.1, 1, 10 or 100 uM) for
24 h. Fluorescent dye was then added and incubated for 1 h. Tariquidar treatment increased intracellular fluorescent dye accumulation
(A) DEHP- or MEHP-treated HCT116 and SW480 cells were incubated with or without tariquidar (10 uM) for 24 h and then challenged
with irinotecan (0, 1, 5, 10, 20, 50, 100, or 200 uM) for 48 h. DEHP/MEHP treatment enhanced cell viability, and tariquidar pretreatment
decreased viability in anti-cancer drug-challenged HCT116 (B) and SW480 cells (C) P-glycoprotein was not affected but 3-catenin was
downregulated following tariquidar treatment (D) Data are presented as means =+ standard deviation (SD) from at least three independent
experiments. Numbers indicate densitometric analysis of protein expression levels normalized to corresponding control levels (L1) and
a-tubulin (the last row).
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CD133 is a common hematopoietic stem cell marker
which has been widely used as a marker to identify and
isolate cancer initiating cells including brain, breast,
prostate and colorectal cancer, especially the metastatic
colon cancer [43-48]. The biological significance of

CD133 is still unclear. Park et al. reported that CD133
expression is negatively regulated by p53, and suppression
of CDI133 expression may suppress pS53 activity. In
addition, CD133 depletion also suppresses tumor cell
proliferation, colony formation, and the expression
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Figure 4: DEHP/MEHP treatment induced EMT and enhanced HCT116 cell migration. Untreated and DEHP- or MEHP-
treated HCT116 cells were seeded into transwell upper chambers, and 500 pl medium containing 10% FBS was added into lower chambers.
TGF (10 mM) treatment was used as positive control. After 24 h, migrated cells were counted. DEHP-, MEHP-, or TGF-treated cells
migrated more than untreated controls (A, B) Wound-healing assay results showed that DEHP-, MEHP-, or TGF-treated HCT116 cells
migrated more than untreated controls (C, D) EMT markers were analyzed via western blotting (E) DEHP, MEHP, or TGFp treatment
downregulated E-cadherin and upregulated N-cadherin, vimentin, and a-smooth actin (a-SMA). Data are presented as means + standard

deviation (SD) from at least three independent experiments. **P < 0.001, *P < 0.05 compared with HCT116.
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of stemness transcription factors including NANOG,
OCT4, SOX2, and c-MYC [49]. Wei et al. also indicated
that phosphorylated CD133 could interact with p85 and
activate the PI3K/Akt signal pathway, which results in
the increased tumorigenic capacity and stemness genes
in glioma stem cells [50]. We found that DEHP/MEHP
exposure induced resistance to oxaliplatin and irinotecan
in HCT116 and SW480 colon cancer cells. Increased
P-glycoprotein and CD133 expression in phthalates
treated HCT116 and SW480 cells after 72 h suggested the
induction of drug resistance and stemness/self-renewal
abilities. In long-term phthalate treatment, P-glycoprotein
expression was downregulated without anti-cancer drug
treatment and upregulated after anti-cancer drug challenge.
Combined with tariquidar treatment results in Figure 3,
phthalate-treated cells overexpressed P-glycoprotein and
pumped out fluorescent MDR indicator dye and irinotecan
at higher levels than controls suggested that DEHP/MEHP
exposure enhances drug resistance in part through ABC
transporter upregulation. On the other hand, the levels
CD133 was elevated in short- and long-term phthalates
treated HCT116 and SW480 cells (after 72 h and more
than 6 months, Figures 1A and 2A). DEHP/MEHP
exposure also induced higher CD133 expression in anti-
cancer drug challenged cells than control cells (Figure 2A).
Increased CD133 and stemness-associated protein levels
(B-catenin, Oct4, Sox2, and Nanog) and enhanced sphere
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treatment promotes colon cancer cell stemness (Figure
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Figure 5: DEHP/MEHP treatment increased sphere formation and upregulated stemness-related proteins in HCT116
cells. Sphere-forming capability was measured in untreated and DEHP- or MEHP-treated HCT116 cells (A) DEHP or MEHP treatment
increased sphere diameters and areas (B) and upregulated stemness-related proteins (B-catenin, Oct4, Sox2, and Nanog) (C) Data are
presented as means + standard deviation (SD) from at least three independent experiments. **P < 0.001, **P < 0.001 compared with

HCT116.

www.impactjournals.com/oncotarget

13173

Oncotarget



irinotecan chemotherapy should be an alternative therapy
for advanced or drug resistant colon cancer cases [66].
The relationship between phthalates and cell
migration has not been well studied. Hsieh, et al. found
that phthalates induce proliferation and invasion in
estrogen receptor-negative breast cancers and stimulate
EMT in human breast epithelial stem cells [24, 67].
Phthalates can also promote invasion and metastasis in
human neuroblastoma cells [68], and long term phthalate
treatment induced metastasis and increased the proportion
of cancer stem-like cells in an animal model [69, 70].
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According to our findings, DEHP- or MEHP-treated colon
cancer cells not only exhibited drug resistance, but also
enhanced migration and EMT.

Finally, we found that the highest serum DEHP/
MEHP concentrations were observed in stage IV colon
cancer patients, and serum DEHP concentrations were
positively correlated with cancer recurrence. Although
the serum phthalates did not show correlation with cancer
stages because of some outlier patients in current study,
large-scale clinical studies can be undertaken to improve
and validate our findings in future.
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Figure 6: Serum phthalate levels in colon cancer patients. Scatter dot plots shows the distribution of serum DEHP (A) and MEHP
(B) levels in colon cancer patients before first treatment. Mean serum DEHP concentrations from stages I to IV were 75.5, 113.4, 54.8, and
127 ppb, respectively. Median serum DEHP concentrations from stage I to IV were 53.3, 107.3, 48.5, and 85.9 ppb, respectively. Mean
serum MEHP concentrations from stages [ to IV were 5.6, 5.6, 12.5, and 14.1 ppb, respectively. Median serum MEHP concentrations from
stage [ to IV were 3.9, 4.8, 5.2, and 5.3 ppb, respectively. Scatter dot plots showed the distribution of serum DEHP (C) and MEHP (D) levels
from non-recurrent and recurrent colon cancer patients. Serum DEHP concentration were significantly higher in recurrent cancer patients.

P <0.001, "P<0.01, P <0.05 (Mann-Whitney #-test).

www.impactjournals.com/oncotarget

Oncotarget



In conclusion, this is the first report demonstrating
that DEHP or MEHP treatment promotes stemness,
upregulates drug resistance-related proteins, and enhances
migration and EMT in colon cancer cells (Figure 7).
Our results suggest that the use of DEHP-containing
medical devices should be regulated to reduce patient
DEHP exposure, and that P-glycoprotein inhibitors might
improve outcomes for advanced or drug-resistant colon
cancer patients.

MATERIALS AND METHODS

Cell culture and experimental conditions

HCT116 colon cancer cells (purchased from the
Food Industry Research and Development Institute)
were maintained in McCoy’s 5A medium (Gibco Life
Technologies, USA) supplemented with 100 unit/mL
penicillin, 100 pg/mL streptomycin, and 10% fetal bovine
serum (FBS; Hyclone, USA) at 37°C and 5% CO,. SW480
colon cancer cells (purchased from the Food Industry
Research and Development Institute) were maintained
in Leibovitz’s L-15 medium (Gibco Life Technologies)
supplemented with 100 unit/mL penicillin, 100 pg/mL
streptomycin, and 10% FBS (Hyclone) at 37°C and 5%
CO,. Cultured cells were passaged every three days.
Phthalates (10 pM DEHP or MEHP) [16, 22] or vehicle
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was added to fresh culture medium at each passage over
the course of > 6 months.

Serum DEHP/MEHP concentrations

DEHP/MEHP concentrations were measured in
serum samples form the Bio-Bank of the Medical Research
Department, E-DA Hospital. Before analysis, serum samples
were thawed at 4°C for 24 h (Supplementary Table 2). Serum
(100 pL) was added to 200 pL of MeOH containing 75
ng/mL of DEHP-d, and “C,-MEHP, placed in a 1.5-mL
microcentrifuge tube, and vortexed vigorously for 5 min
to precipitate proteins. The mixture was then centrifuged
at 15,000 x g at 4°C for 10 min, and the supernatant was
transferred to a 500 pL sample vial for DEHP and MEHP
analysis.

We used a Waters UPLC-MS/MS system to separate
and detect DEHP and MEHP. An ACQUITY UPLC
Isolator (2.1 x 50 mm) was applied for elimination of
background phthalates, and an ACQUITY UPLC® BEH
C18 column (2.1 mm % 50 mm, 1.7 um) was used for
separation. Five puL of prepared sample were injected for
analysis at a flow-rate of 0.5 mL/min. The mobile phases
were MeOH (mobile phase A) and 5 mM of NH4Ac in
Milli-Q water (mobile phase B). The initial condition (0
min) was 20% mobile phase A and 80% mobile phase B,
with a gradient from 0.5-2.5 min bringing mobile phase
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Figure 7: Proposed mechanisms of phthalate-promoted drug resistance and cell migration in colon cancer. Colon cancer
cell exposure to DEHP or MEHP upregulates stemness-, drug resistance-, and EMT-related proteins. Induced proteins successfully pump
out anti-cancer chemotherapeutics, reduce apoptosis, and enhance cell survival in DEHP/MEHP-exposed cancer cells. DEHP/MEHP

exposure also promotes cancer cell migration.
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A to 90% and mobile phase B to 10%. The column and
sample tray temperatures were 45°C and 4°C, respectively.

Western blotting

HCT116 cells were cultured in medium containing
10 uM DEHP or MEHP for > 6 months. Treated and
control cells were incubated with complete medium for
16 h, and cultured with or without anticancer drugs (10
uM) for 48 h. For the P-glycoprotein inhibition assay,
control and treated cells were incubated with complete
medium for 16 h, and cultured with or without tariquidar
(10 uM) for 24 h. Whole cell lysates were collected
and total protein concentration was determined using a
dye-binding method based on the Bradford assay with
a spectrophotometer (U-2800A; Hitachi, Tokyo, Japan).
Proteins were separated in a 10-12% polyacrylamide
gel and transferred onto a polyvinylidene difluoride
(PVDF) membrane. Membranes were incubated with
antibodies for drug-resistance and apoptosis markers
(Supplementary Table 1) [10]. EMT and stemness
markers were also detected in control and treated cells.
The relative intensities of blots were quantified using
ImageJ software. Numbers indicate densitometric
analysis of protein expression levels normalized
to corresponding control levels (L1) and o-tubulin
(the last row).

P-glycoprotein activity assay

A fluorometric MDR assay kit (Abcam) was used
to measure P-glycoprotein activity. HCT116, HCT116
DEHP, and HCT116 MEHP cells (1.0 x 10* cells/well)
were seeded into 96-well flat, clear-bottom, black-wall
microplates and incubated for 24 h. Cells were treated
with the P-glycoprotein inhibitor, tariquidar (0, 0.1, 1,
10 or 100 uM) for 24 h. Next, 100 ul MDR dye-loading
solution was added to each well and incubated at 37°C
for 1 h in the dark. MDR indicator dye fluorescence was
detected using a spectrophotometer (U-2800A; Hitachi)
at excitation and emission wavelengths of 490 nm and
525 nm, respectively. All experiments were performed in
triplicate.

Cell proliferation analysis

Untreated, DEHP-, or MEHP-treated HCT116 or
SW480 cells (10,000 cells/mL) were seeded overnight.
Cells were then cultured in medium containing vehicle,
DEHP (10 uM), or MEHP (10 puM), with or without
tariquidar (10 uM) and irinotecan (10 uM) for 48 h.
WST-1 reagent (100 pL, BioVision, USA) was added
and incubated for 4 h at 37°C, and the absorbance at 450
nm was measured. All experiments were performed in
triplicate.

Cell migration assays

The Costar Transwell System (8-Transwellize
polycarbonate membrane, 6.5-mm diameter; Corning,
Inc., Corning, NY) was used to evaluate cell migration.
HCT116, HCT116 DEHP, HCT116 MEHP, or HCT116
TGEB cells (5 x 10* cells in 100 pL serum-free medium)
were added to the upper well, and 500 pL complete
medium was added to the lower chamber. After 48 h
incubation at 37°C and 5% CO,, cells on the top of the
membrane were removed using a damp cotton swab, and
cells that had migrated to the lower surface were fixed in
methanol for 15 min at room temperature and stained with
1% crystal violet. Migration was quantified by counting
migrated cells on the lower surface of the membrane in
at least seven fields per chamber using a 10x objective.
The wound-healing assay was performed using the
Culture-Insert 2 Well system in p-Dish 35 mm, with a
defined 500-pm cell-free gap (Ibidi, Munich, Germany).
Cells were seeded on multi-well plates and cultured with
the insert. The insert was removed when cells reached
100% confluence. Cell migration rate was quantified
by comparing images of the gap area at 0 and 24 h. All
experiments were performed in triplicate.

Sphere formation analysis

HCT116, HCT116 DEHP, and HCT116 MEHP
cells (1 x 10%) were cultured in serum-free medium
supplemented with B27, 100X insulin-transferrin-
selenium solution (ITS-G; Gibco Life Technologies),
1% penicillin-streptomycin (Hyclone), 20ng/mL EGF,
and 10ng/mL BFGF. After 2 weeks, the total number of
spheres and sphere sizes in each well were assessed under
a microscope. Sphere images were captured and measured
using Imagel.

Statistical analysis

Clinical data are expressed as means + standard
deviation (SD). The Mann-Whitney U test was applied for
between-group comparisons, and Student’s ¢-test was used
to analyze differences between two treatment groups using
GraphPad Prism 5 software. P < 0.05 was considered
statistically significant. All assays were repeated at least
three times independently.
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