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Abstract

Background 5-Fluorouracil (5-FU) is a cytotoxic anticancer drug commonly

used for patients with advanced colon cancer. This drug effectively reduces the

size of the tumor to some degree, but cancer cells can gradually acquire

resistance, resulting in disease progression.

Methods We established a 5-FU-resistant colon cancer cell line, which was

resistant to different concentrations of this agent and sought to identify the

mechanism of 5-FU resistance.

Results Even though BCL2 protein expression was considerably elevated in

5-FU-resistant cells, well-designed functional apoptosis assays and BH3

profiling demonstrated BCLXL dependence without increased expression.

Functional BCLXL inhibition using an antagonist and siRNA in 5-FU-resistant

cells not only sensitized the cells to apoptosis but also overcame 5-FU

resistance. The apoptotic BIM protein was preferentially sequestered, thereby

resulting in dependence on BCLXL for survival.

Conclusions BH3 profiling clarified the association between BCLXL

dependence and 5-FU resistance even under the complex conditions of altered

expression of several apoptosis-related proteins; thus, this assay could help in



the understanding of the functional role of anti-apoptotic proteins. The results

also have clinical implications for the targeting of BCLXL in colon cancer.
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INTRODUCTION

Colon cancer is the third most common cancer in the world (Arnold et al,
2017) and the second most common cancer in Japan (Hori et al, 2015). The
prognosis of advanced colon cancer with metastasis remains poor, with the
overall 5-year survival rate being only 18.8% (Watanabe et al, 2017). Standard
treatment of unresectable advanced or recurrent colon cancer is systemic
chemotherapy. The recent development of several chemotherapy regimens such
as FOLFIRI and FOLFOX, which are combined with bevacizumab, cetuximab, or
panitumumab, has clearly prolonged patient survival (Watanabe et al, 2017). In
Japan, fourth or fifth line continuous chemotherapy regimens are administered
for unresectable advanced colon cancer such that all usable anticancer drugs
are consumed. Among several anticancer drugs, 5-fluorouracil (5-FU) is a core
cytotoxic drug that is included in all first line regimens. 5-FU is an analogue of
uracil, which is one of the four bases found in RNA; it is also utilized more in
tumors than in normal tissue (Rutman et al, 1954). After entering the cell, 5-FU is
converted to several metabolites including fluorouridine triphosphate (FUTP),
fluorodeoxyuridine triphosphate (FAUTP), and fluorodeoxyuridine

monophosphate (FAUMP) (Longley et al, 2003). Each metabolite leads to



misincorporation into RNA and DNA, thereby inhibiting thymidine synthase (TS),
which is consequently followed by apoptosis. In general, cytotoxic anti-cancer
drugs show good efficacy with respect to killing cancer cells at the beginning of
treatment. However, tumors gradually fail to respond to these drugs after
developing drug resistance. Therefore, understanding the mechanism of
resistance to anticancer drugs is indispensable for uncovering more efficacious
treatments for refractory cancer. In the present study, we established a colon
cancer cell line with acquired resistance to different concentrations of 5-FU, and

analyzed the mechanisms of dose-dependent 5-FU resistance.

MATERIALS AND METHODS
Cell lines

The colorectal adenocarcinoma cell line HT-29 (ATCC® HTB-38™) was
obtained from the American Type Culture Collection, and cultured at 37 °C in a
humidified 5% CO, incubator in DMEM (Sigma, St Louis, MO, USA) medium
supplemented with 10% FBS (Sigma), 10 mM L-glutamine (Sigma), 100 U/ml

penicillin, and 100 ug/ml streptomycin (Sigma).



Cell viability assay

Five thousand HT-29 cells were treated for 72 hours with 5-FU (Sigma)

at the indicated concentrations in 96-well plates (Thermo Fisher Scientific,

Waltham, MA, USA). Subsequently, cell proliferation was determined using the

Premix WST-1 Cell Proliferation Assay (Takara Bio Inc., Kusatsu, Shiga, Japan)

and an Infinite M1000 PRO microplate reader (TecanJapan, Kawasaki,

Kanagawa, Japan). The half-maximal inhibitory concentration (ICsy) was defined

as the drug concentration resulting in 50% cell survival relative to that of

untreated cells. Triplicate wells were treated with various drug concentrations,

and average ICsp values were determined. Antagonists of BCL2 and BCL-XL,

ABT-199 (Selleck Chemicals, Houston, TX, USA) and WEHI-539 hydrochloride

(MedChem Express, Monmouth Junction, NJ, USA), respectively, were used

and ICsg values were obtained.

Generation of 5-FU-resistant cell line

The 5-FU-resistant HT-29 cell line was developed as previously reported

(Liu et al, 2014). Briefly, parental HT-29 cells were treated with gradually

increasing concentrations of 5-FU. The initial 5-FU concentration added to cells



was 10% of the ICsp, and this concentration was gradually increased. Cell lines

resistant to both 4 and 16 uM of continuous 5-FU were established, and the 1Csg

for both cell lines was determined.

Apoptosis assays

Five hundred thousand parental and 5-FU-resistant-HT-29 cells were

allowed to adhere to 6-well plates for 24 hours, and cells were treated with either

5-FU or WEHI-539 hydrochloride as indicated. Cells were then stained with a

phycoerythrin-conjugated Annexin V antibody (BD Pharmingen, San Diego, CA,

USA). Apoptotic cells were analyzed using a BD FACSCanto Il flow cytometer

(BD Biosciences, San Jose, CA, USA) with FACSDiva software (BD

Biosciences). Apoptosis was also assessed using the Caspase-Glo 3/7 Assay

(Promega, Madison, AL, USA). Five thousand cells were plated in white-walled

96-well round plates (Thermo Fisher Scientific) and treated with drugs as

indicated. After incubation, 100 ul of Caspase-Glo reagent was added to each

well, and the contents of the well were gently mixed with a plate shaker at 300

rpm for 30 seconds; this was followed by incubation at room temperature for 1

hour. The luminescence of each sample was measured using an Infinite M1000



PRO microplate reader. The caspase inhibitor Q-VD-OPH (Bay bioscience,

Kobe, Hyogo, Japan) was also used.

Flow cytometry

Parental and 5-FU-resistant HT-29 cells were incubated with both

anti-CD338 (clone 5D3; BioLegend, San Diego, CA, USA) and anti-CD243

(clone UIC2; BioLegend), both anti-CD133 (clone 293C3; Miltenyi Biotec,

Bergisch Gladbach, Germany) and anti-CD147 (clone HIMG6; BioLegend), or

isotype-matched IgG antibodies (Pacifica Blue; clone MPC-11, BioLegend, APC;

clone MOPC-173, BioLegend, Alexa Fluor 488; clone MOPC-21, BioLegend,

respectively) for 30 minutes at 4 °C. Stained cells were analyzed using a BD

FACSCanto Il with FACSDiva software. For cell cycle assays, cells were fixed

with cold 70% ethanol for 2 hours, followed by staining with FxCycle PI/RNase

Staining Solution (Thermo Fisher Scientific), according to the manufacturer’s

protocol. For examining DNA damage, cells were stained with anti-phospho

(Ser139) histone H2A.X-conjugated Alexa Fluor 488 antibody (clone 2F3;

BioLegend) and analyzed by flow cytometry.



Real time PCR

Total RNA from parental and 5-FU-resistant HT-29 cells were isolated
using TRIzol reagent (Thermo Fisher Scientific). Complementary DNA (cDNA)
was synthesized from 2 ug of total RNA using the SuperScript VILO cDNA
Synthesis Kit (Thermo Fisher Scientific). The primer sequences for real time
PCR were designed based on Primer bank
(http://pga.mgh.harvard.edu/primerbank) and previous studies (Supplementary
Table 1) (Smith et al, 2014; Xu et al, 2013; Lu et al, 2011; Wang et al, 2014).
Real time PCR was conducted in quadruplicate using Power SYBR Green PCR
Mix (Thermo Fisher Scientific). Changes in relative gene expression between
cDNA samples were determined using the AACt method, as previously

described (Kamihara et al, 2016).

Western blotting

Western blotting was performed as previously described (Kawano et al,
2003). Briefly, separated proteins were transferred to nylon membranes and
blotted with specific antibodies to detect BCL2 (Thermo Fisher Scientific,

#13-8800), BCLW (Cell Signaling Technology, Denver, MA, USA, #2724),
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BCLXL (Cell Signaling Technology, #2764), MCL1 (Cell Signaling Technology,

#5453), BID (Cell Signaling Technology, #2002), BIM (Cell Signaling Technology,

#2933), BAD (Cell Signaling Technology, #9292), HRK (R & D Systems,

Minneapolis, MN, USA, #AF851), NOXA (Cell Signaling Technology, #14766),

PUMA (Cell Signaling Technology, #12450), BMF (Abcam, Cambridge, UK,

#EPR10930(2)), BAK (Cell Signaling Technology, #12105), BAX (Cell Signaling

Technology, #5023), and actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA,

#sc1615). After incubation with either horseradish peroxidase-linked anti-rabbit

IgG (Cell Signaling Technology, #7074S) or anti-mouse IgG (Cell Signaling

Technology, #7076S), the membrane was stained with ECL Select Western

Blotting Detection Reagent (GE Healthcare UK Ltd, Little Chalfont, UK). Finally,

bands were imaged by either exposing membranes to BIOMAX XAR film

(Sigma) and developing using a Kodak X-OMAT 1000 Processor (Amersham,

Piscataway, NJ, USA) or by using a LAS-4000UV mini (GE Healthcare UK Ltd)

and MultiGauge software (Fuijifilm, Tokyo, Japan).

BCL2-homology domain 3 (BH3) profiling

We conducted plate-based BH3 profiling as previously described (Ryan & Letai,
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2013). Ten BH3 peptides including one control peptide derived from the PUMA

peptide, in which two amino acids are substituted, were obtained as

HPLC-purified products from Sigma (Supplementary Table 2). All peptides were

dissolved in dimethyl sulfoxide (DMSO, Sigma) as 1 mM stock solutions and

stored at -80 °C. Each peptide was prepared in 15 pyl DTEB buffer (135 mM

trehalose, 10 mM HEPES-KOH [pH 7.5], 50 mM KCI, 20 uM EDTA, 20 uM EGTA,

0.1% BSA, and 5 mM succinate; all from Sigma) containing 0.005% digitonin

(Sigma), 20 pg/ml oligomycin (Sigma), 10 mM 2-mercaptethanol and 2 yM JC-1

(Invitrogen, Carlsbad, CA, USA), and aliquoted into 384-well plates (Corning

Incorporated, Corning, NY, USA). Two thousand parental and 5-FU-resistant

HT-29 cells were then suspended in 15 ul DTEB buffer and added to 384-well

plates. Fluorescence intensities at 590 nm were analyzed using an Infinite

M1000 PRO microplate reader, and the reader was programmed to take

measurements every 5 minutes for 120 minutes. The percentage of relative

mitochondrial depolarization was calculated based on the area under the curve

(AUC) using the following equation: % mitochondrial depolarization = 100 x

[DMSO (AUC) - X (AUC)] / [DMSO (AUC) — p-trifluoromethoxy carbonyl cyanide

phenyl hydrazine (FCCP) (AUC)], where DMSO (AUC) is the AUC with the

12



negative control, X(AUC) indicates the AUC with the tested BH3 peptide, and

FCCP(AUC) indicates the AUC with the positive control.

Inhibition of BCL-XL expression through small-Interfering RNA (siRNA)

transfection

One million parental and 5-FU-resistant HT-29 cells, in 6-well plates,

were transfected with either siRNAs targeting human BCL-XL (Dharmacon,

Lafayette, CO, USA; D-003458-03, D-003458-30) or a non-targeting siRNA

(Dharmacon; D-001210-03-05) using RNAi Max reagent (Invitrogen), according

to manufacturer’s instructions.

Immunoprecipitation

BCL-XL immunoprecipitation experiments were conducted using the

ImmunoCruz IP/WB Optima F System (Santa Cruz Biotechnology, #SC-45043).

Separated total proteins (1000 ug) were incubated with a complex of BCL-XL

antibody and IP matrix overnight at 4 °C. After incubation and centrifugation, the

eluted supernatant was subjected to western blotting for BID, BIM, and BCLXL.

13



Statistical analysis

All data represent the mean + SD. For multiple comparisons, post-hoc

analysis was conducted using the Tukey test. For comparisons between two

groups, two-tailed unpaired Student’s t-tests were performed. I1Cs values for

each tested drug and dose-response curves were analyzed using Graph-Pad

PRISM 5 (GraphPad Software, Inc., La Jolla, CA, USA). All statistical analyses

were performed using SPSS software, version 21 (IBM, Armonk, NY, USA).

RESULTS

Survival is enhanced in 5-FU-resistant HT-29 cells in the presence of 5-FU

Initially, we established HT-29 cell lines that were resistant to two

different concentrations of 5-FU, specifically 4 and 16 uM, in the presence of

continuous exposure. Doubling times of 5-FU-resistant HT-29 cells were

increased compared to those of parental cells (4 uM 5-FU-resistant, 32.2 hours;

16 uM 5-FU-resistant, 33.6 hours; parental, 22.3 hours). The 5-FU ICs values of

resistant HT-29 cells were markedly higher than those of parental cells (4 uM

5-FU-resistant, 145.9 uM; 16 uM 5-FU-resistant, > 1000 uM; parental, 7.19 yM;

Figure 1A).
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CD338 and CD243 are not differentially regulated in 5-FU-resistant HT-29

cells

CD338, which is also called both ATP-binding cassette sub-family G

member 2 and breast cancer resistance protein, functions as a xenobiotic

transporter that plays a major role in multi-drug resistance (Yuan et al, 2008).

CD243, which is also called multidrug resistance protein 1, is a

membrane-associated protein that is responsible for decreasing drug

accumulation. As these cell surface proteins are known to contribute to 5-FU

resistance in some cancer cells (Theile et al, 2009), we first determined the

expression of these proteins in 5-FU-resistant HT-29 cells. No increase in

expression was observed in 5-FU-resistant HT-29 cells compared to that in

parental cells, suggesting that 5-FU efflux is unchanged during the acquisition of

resistance (Figure 1B).

Expression of CD133 and CD147 is similar between parental and

5-FU-resistant HT-29 cells

Cancer stem cells (CSCs) are thought to account for the drug resistance

15



of cancer cells. Given the fact that some surface proteins such as CD133

(Atashpour et al, 2015) and CD147 are markers of CSCs (Xu et al, 2014; Chen

et al, 2015), we further examined whether these proteins are upregulated in

5-FU-resistant HT-29 cells. Whereas CD133 expression remained virtually

unchanged compared to that in parental HT-29 cells, decreased CD147

expression was observed in 5-FU-resistant HT-29 cells (Figure 1C), suggesting

that mechanisms other than CD147 expression in CSCs contribute to 5-FU

resistance.

Expression of mRNA associated with 5-FU metabolic enzymes in

5-FU-resistant HT-29 cells

The mRNA expression of four genes encoding enzymes associated with

5-FU metabolism, including thymidine phosphorylase (TP), TS,

dihydropyrimidine dehydrogenase (DPD), and oronate phosphoribosyl

transferase (OPRT), was examined by real time PCR. As shown in Figure 2A,

increased TS and TP mRNA expression was observed in 5-FU-resistant HT-29

cells. A previous study (Longley et al, 2003) showed that upregulation of TS in

response to 5-FU treatment allows cells to escape from the incorporation of

16



5-FU into RNA and DNA. Given the similar induction of TS mRNAin 4 uM and 16

MM 5-FU-resistant HT-29 cells (11.31-fold and 11.62-fold compared to that in

parental HT-29 cells, respectively) in our study, we reasoned that there might be

another mechanism associated with the dose dependency of 5-FU resistance.

MRNA expression of DPD and OPRT, which encoded key enzymes for de novo

pyrimidine biosynthesis during 5-FU resistance (Tsutani et al, 2008), were

essentially unchanged compared to expression in parental HT-29 cells.

S-phase cell cycle arrest does not occur in 5-FU-resistant HT-29 cells

5-FU is known to induce S-phase cell cycle arrest (Yamane et al, 1999),

following DNA double strand breaks, with subsequent apoptosis. With 4 yM

5-FU treatment, the proportion of cells in S-phase in the two 5-FU-resistant

HT-29 cell lines was not increased by much when compared to that in parental

cells (Figure 2B). Upon treatment with 16 uM 5-FU, only 16 yM 5-FU-resistant

HT-29 cells could completely escape from S-phase cell cycle arrest (% S-phase:

parental, 61.7%, 4 uM 5-FU-resistant, 42.3%; 16 uM 5-FU-resistant, 16.5%). To

confirm the occurrence of DNA double strand breaks with 5-FU treatment, cells

were stained with an anti-phosphorylated (Ser139) histone H2A.X antibody. As

17



expected, phosphorylation of histone H2A.X decreased in a

concentration-dependent manner in 4 uM and 16 M 5-FU-resistant HT-29 cells

(Figure 2C and 2D), suggesting that 5-FU has a diminished effect on the cell

cycle in resistant HT-29 cells.

Apoptosis-related mRNA and protein expression

To clarify the effect of 5-FU resistance on the expression of

apoptosis-related genes, mRNA and protein levels of both apoptotic and

anti-apoptotic markers were examined (Figure 3A, 3B, and Supplemental Figure

1). mRNA expression of some apoptosis-related genes such as BID, BIM, NOXA,

PUMA, BMF, BAK, and BAX were similar or slightly higher in 5-FU-resistant

HT-29 cells compared to that in parental cells. Among these, mMRNA expression

of the anti-apoptotic BCL-2 was much higher in 5-FU-resistant HT-29 cells than

in parental cells, and there was a dose-dependent induction based on the

concentration of 5-FU to which cells were resistant (4 yM 5-FU-resistant,

28.7-fold; 16 uM 5-FU-resistant, 79.7-fold increase compared to that in parental

cells). Regarding protein analysis, BCL2 protein expression in 5-FU-resistant

HT-29 cells was also induced, whereas the expression of three anti-apoptotic

18



proteins, BCLW, BCLXL, and MCL1, remained similar compared to that in

parental cells. The apoptotic related protein levels of BIM and NOXA were

increased in 5-FU-resistant HT-29 cells compared to that in parental cells,

whereas others were not changed.

BH3 profiling reveals that 5-FU-resistant HT-29 cells are dependent on

BCL-XL for survival

From the aforementioned results, cell survival in 5-FU-resistant HT-29

cells appeared to be dependent on the induction of BCL-2 expression and

induced BIM and NOXA expression. To clarify the relationship between 5-FU

resistance and apoptosis, we conducted BH3 profiling of parental and

5-FU-resistant HT-29 cells (Figure 4A and 4B). When treated with BAD, PUMA,

and BMF BH3 peptides, all of which correlate with dependency on BCL2, BCLXL,

and BCLW, 5-FU-resistant HT-29 cells were more primed than parental cells.

Furthermore, when treated with the HRK peptide, which specifically binds

BCLXL, 5-FU-resistant HT-29 cells also became more primed than parental cells.

To further verify BCLXL protein dependency, XXA1 peptide, which had

previously been structurally identified (Dutta et al, 2015) as specific inhibitor of

19



BCLXL, was tested using BH3 profiling. Dose-dependent mitochondrial priming

was observed in 5-FU-resistant HT-29 cells upon treatment with XXA1 at a

concentration of 0.1-100 uM, whereas no mitochondrial priming was observed in

parental HT-29 cells treated with XXA1 peptide at a concentration up to 10 uM

(Figure 4A). Taken together, BH3 profiling results suggested strong dependency

on BCLXL for cell survival, regardless of protein and mRNA expression profiles

in 5-FU-resistant HT-29 cells.

Inhibition of BCL-XL selectively induces apoptosis in 5-FU-resistant HT-29

cells

To clarify whether induced expression of BCL2 in 5-FU-resistant HT-29

cells, as shown Figure 3, contributes to cell survival, we treated cells with the

BCL2 specific inhibitor ABT-199 (Figure 5A). No remarkable differences in 1Cs

values were observed between parental and 5-FU-resistant HT-29 cells (ICso:

parental, 16.5 uyM; 4 uM 5-FU-resistant, 15.0 yM; 16 uM 5-FU-resistant, 13.5

MM). We then treated these cells with the BCLXL-specific inhibitor WEHI-539.

The I1C5s0 of WEHI-539 in 5-FU-resistant HT-29 cells was markedly decreased

compared to that in parental cells (4 yM 5-FU-resistant, 41.29 uM; 16 uM

20



5-FU-resistant, 0.66 uM; parental, > 100 uM; Figure 5B), and the ICsy of

WEHI-539 tended to be lower in 16 uyM 5-FU-resistant HT-29 cells than in 4 uM

5-FU-resistant cells. We next examined the effect of WEHI-539 on apoptosis in

5-FU-resistant HT-29 cells. An increased number of Annexin V-positive cells was

observed in both 4 yM and 16 uM 5-FU-resistant HT-29 cells, whereas no

additional Annexin V-positive cells were noted in parental cells (Figure 5C).

Furthermore, the activities of caspase-3 and caspase-7, both of which are key

effectors of apoptosis, were upregulated in 5-FU-resistant HT-29 cells (Figure

5D). This induction of caspase-3 and caspase-7 activity upon treatment with a

BCLXL inhibitor was completely inhibited through co-treatment with the caspase

inhibitor Q-VD-OPH. These results indicated that BCLXL, but not BCL2,

predominantly exerts anti-apoptotic functions in resistant HT-29 cells in a

manner that is dependent on the concentration of 5-FU, to which cells are

resistant.

Restoration of 5-FU sensitivity by inhibiting BCL-XL in 5-FU-resistant

HT-29 cells

We then inhibited BCL-XL protein expression in 16 yM 5-FU-resistant
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HT-29 cells through siRNA transfection (Figure 5E), which was followed by

treatment with 5-FU. The ICsy of 5-FU in resistant HT-29 cells markedly

decreased with BCL-XL inhibition, as compared to that in both cells transfected

with non-targeting siRNA (siNT) and untransfected HT-29 cells (siBCLXL#1

transfected, 174.9 uM; siBCLXL#2 transfected, 236.5 pM, siNT transfected, >

1000 pM, untransfected, > 1000 uM; Figure 5F). Furthermore, with 5-FU

treatment, an increase in Annexin V-positive cells was observed with BCLXL

inhibition (Figure 5G), suggesting that BCLXL downregulation could restore

5-FU sensitivity in resistant HT-29 cells by enhancing vulnerability to apoptosis.

Sequestration of BIM by BCL-XL mediates sensitization to apoptosis in

5-FU-resistant HT-29 cells

To confirm that an interaction between BCLXL and an apoptotic protein

would account for functional BCLXL dependency, we performed

immunoprecipitation on cell extracts of 5-FU-resistant cells using a BCLXL

antibody, and examined the binding of apoptosis-related proteins including BID

and BIM. As shown in Figure 6, BIM preferentially bound BCLXL in

5-FU-resistant HT-29 cells, compared to binding in parental cells. In summary,
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BCL-XL dependence in 5-FU-resistant HT-29 cells was mediated through the

sequestration of induced BIM by BCL-XL.

DISCUSSION

Here, we present a new strategy to overcome 5-FU resistance, namely

BH3 profiling. Results of this approach identified strong dependence on BCLXL,

regardless of induced expression of BCL2, in 5-FU-resistant colon cancer cells.

Similar to a previous study (Ryan et al, 2010), our results suggested that

examination of only apoptosis-related proteins cannot explain cancer cell

survival mechanisms.

In clinical settings, anti-cancer drugs are continued until they elicit no

response by the cancer cells or cause severe adverse effects in the treated

patient. At this time, other drugs with different mechanisms of cytotoxicity are

used. During prolonged drug treatment, some cancer cell clones can acquire

drug resistance; these cells gradually become predominant in the population,

whereas other cancer cells that are sensitive to drug die. There are several

mechanisms through which cancer cells acquire drug resistance, such as drug

efflux, the existence of cancer stem cells, drug metabolism, and anti-apoptotic
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functions; these functions result in complex situations for clinical treatment. To

elucidate such mechanisms, we adopted a method for establishing two cell lines

with 5-FU dose-dependent resistance. We achieved this by continuously treating

the cells with different concentrations . Overexpression of multi-drug resistant

proteins (CD338, CD243) or stem cell markers (CD133, CD147) was not

observed in either 5-FU-resistant colon cancer cell line (Figure 1B, 1C),

suggesting that population selection did not occur during 5-FU treatment.

Induction of TS was observed in 5-FU-resistant colon cancer cells. As

TS is the target of 5-FU, this induction could help cells escape the cytotoxicity of

this drug to some extent. A previous clinical study showed that higher levels of

TS mRNA are correlated to 5-FU resistance (Leichman et al, 1997), which also

supports this notion. However, based on the results of our vitro study, a similar

degree of TS expression was observed between lower dose (4 uM) and higher

dose (16 pM) 5-FU-resistant colon cancer cells; thus, the expression of this

marker could not explain the dose-dependent resistance to 5-FU, suggesting the

existence of other dominant mechanisms.

Expression analysis of apoptosis-related proteins and mRNA indicated

the marked induction of anti-apoptotic BCL2 expression in 5-FU-resistant colon
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cancer cells. A previous study showed that BCL2 is expressed at low levels in

wild type HT-29 colon cancer cells (Nita et al, 1998). A clinical

immunohistochemical study showed that approximately half of all colorectal

carcinoma specimens were BCL2-negative (Zhao et al, 2005). Another study

also reported that BCL2 stabilization in HT-29 cells contributes to 5-FU

resistance (Wu et al, 2015). Consistent with these studies, our results confirmed

the low expression of BCL2 in parental HT-29 cells and also the induction of

BCL2 in 5-FU-resistant cells. However, results showed that ABT-199 had no

inhibitory effect, even with the induction of BCL2, in 5-FU-resistant HT-29 cells.

In general, a complex network comprising many apoptosis-related

proteins makes it difficult to predict apoptotic responses by quantifying only

protein expression. Recently, a new functional assay, namely BH3 profiling, was

previously reported (Ryan et al, 2010), and this technique was shown to predict

sensitivity to a single drug in patients with acute myelogenous leukemia (Vo et al,

2012), multiple myeloma (Ni Chonghaile et al, 2011), and gastric cancer (Kubo

et al, 2016). Based on our BH3 profiling results, 5-FU-resistant HT-29 colon

cancer cells have specific BCLXL dependence, irrespective of the induction and

expression of several apoptosis-related proteins. Disparate results between the
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quantification of protein expression and BH3 profiling provides great insight in

clinical settings, as expression analysis including immunohistochemistry and

real time PCR has been previously conducted for assessing cancer cells.

Therefore, to accurately elucidate protein dependence for cancer cell survival,

BH3 profiling might become an auxiliary tool for targeted therapy.

BIM was induced in 5-FU-resistant colon cancer cells and this enhanced

sequestration by BCLXL. BIM, which is usually bound to microtubules under

physiological conditions and which is recruited to mitochondria after treatment

with cytotoxic drugs (Klotz et al, 2012), functions as a pro-apoptotic activator of

BAK and BAX (Ryan et al, 2010) . In our study, sequestration of induced BIM by

BCLXL in 5-FU-resistant HT-29 cells resulted in the evasion of apoptosis caused

by 5-FU; consequently, this BIM sequestration resulted in addiction to BCLXL.

There are some limitations to our study. We established other

5-FU-resistant colon cancer cell lines, DLD1 and HCT-15, and conducted BH3

profiling. As these parental cell lines were already primed by treatment with 10

MM XXA1 peptide, no additional mitochondrial priming was found in

5-FU-resistant cells (data not shown). This suggested that the pre-existence of

BCLXL dependence would not enhance addiction to this protein. Therefore, in
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clinical settings, conducting BH3 profiling on colon cancer samples before and

after chemotherapy will be needed. Although BCLXL inhibition in 5-FU-resistant

HT-29 cells could reverse sensitivity (Figure 5F and 5G), the detailed

mechanism through which BCLXL dependence affects cell survival in only

5-FU-resistant colon cancer cells remains unknown. A previous study reported

that BCLXL can prolong the GO phase during the induction of cell cycle entry

after release from contact inhibition (Zinkel et al, 2006). In our study, the

proportions of cells in each cell cycle phase were similar between parental and

5-FU-resistant HT-29 cells without 5-FU treatment, suggesting other unknown

BCLXL-mediated functions during treatment with 5-FU.

In conclusion, our work utilizing BH3 profiling demonstrated a function

for BCLXL in the acquisition of 5-FU drug resistance in HT-29 colon cancer cells.

In addition, we showed that the sequestration of the apoptosis-related BIM

protein by BCLXL results in dependence on the latter protein. Clinical studies

targeting BCLXL in laryngeal (NCT01633541) and small cell lung cancer

(NCT03080311) are ongoing. Assessing BCLXL dependence in colon cancer

cells through BH3 profiling will enable a more-detailed stratification of individual

sensitivities to this class of BCLXL selective inhibitors, thereby increasing the
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efficacy of precision medicine.
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Titles and legends to figures

Figure 1. 5-Fluorouracil (5-FU)-resistant HT-29 cells show similar

expression of surface antigens associated with multidrug resistance and

stem cell markers. (A) Parental and two 5-FU-resistant HT-29 cell lines were

treated with different concentrations of 5-FU for 72 hours, which was followed by

measurements of cell viability. Each point indicates the mean of three

independent experiments. All data represent the mean + SD (n = 3). (B, C) Flow

cytometric, two-color analyses of CD243 and CD338 (B), and CD133 and

CD147 (C) in parental and 5-FU-resistant HT-29 cells. APC, allophycocyanin.

Figure 2. High thymidylate synthase (TS) gene expression and lack of

S-phase cell cycle arrest in 5-Fluorouracil (5-FU)-resistant HT-29 cells. (A)

Real time PCR analysis of genes associated with 5-FU metabolism in parental

and 5-FU-resistant HT-29s. All data represent the mean + SD (n = 3). (B) Cell

cycle analysis of parental and 5-FU-resistant HT-29 cells. (C, D) Parental and

5-FU-resistant HT-29 cells were stained with anti-phospho (Ser139) histone

H2A.X-conjugated Alexa Fluor 488 antibody, and analyzed by flow cytometry.

Representative data are shown. Light gray histogram represents isotype control.
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Dark gray, red, and blue histograms depict fluorescence intensity when cells

were treated with either medium only, 4 yM 5-FU, or 16 uM 5-FU, respectively.

(D) Phospho (Ser139) H2A.X fluorescence intensity relative to isotype

control-treated fluorescence intensity. P values (*P < 0.01) represent the

significance when compared to parental HT-29 cells based on analysis of

variance of variance with Tukey’s multiple-comparison test.

Figure 3. High BCL2 gene and protein expression in 5-Fluorouracil

(5-FU)-resistant HT-29 cells. (A) Real time PCR analysis of

anti-apoptosis-related genes in parental and 5-FU-resistant HT-29 cells. All data

represent the mean £ SD (n = 3). (B) Apoptosis-related protein analysis of

parental and 5-FU-resistant HT-29s. Actin was used as a loading control. P

values represent the significance when compared to parental HT-29 cells (*P <

0.01) and 4 yM 5-FU-resistant HT-29 cells (**P < 0.01), respectively, based on

analysis of variance with Tukey’s multiple-comparison test.

Figure 4. BH3 profiling determines that mitochondrial priming is

dependent on BCLXL in 5-Fluorouracil (5-FU)-resistant HT-29 cells. (A)
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Heat map for mitochondrial responses in parental and 5-FU-resistant HT-29 cells.
A series of different concentrations (0.01-100 uM) of each BH3 peptides
including the control peptide PUMA2A was tested. (B) Bar graph representing
the percentage of mitochondrial depolarization. All data represent the mean +
SD (n = 3). P values represent the significance when compared to parental
HT-29 cells (*P < 0.01) and 4 uM 5-FU-resistant HT-29 (**P < 0.01), respectively,

based on analysis of variance with Tukey’s multiple-comparison test.

Figure 5. A BCLXL, but not a BCL2, inhibitor can sensitize
5-Fluorouracil (5-FU)-resistant HT-29 cells to apoptosis. (A) Parental and
5-FU-resistant HT-29 cells were treated with different concentrations of the
BCL2 inhibitor ABT-199 for 72 hours, which was followed by measurement of
cell viability. Each point indicates the mean of three independent experiments.
(B) Parental and 5-FU-resistant HT-29 cells were treated with different
concentrations of the BCLXL inhibitor WEHI-539 for 72 hours, which was
followed by measurement of cell viability. (C) Parental and 5-FU-resistant HT-29
cells were treated with or without 10 uM WEHI-539 for 48 hours, which was

followed by the analysis of Annexin V-positive cells using flow cytometry. P
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values represent the significance when compared to parental HT-29 cells (*P <

0.01) and 4 pM 5-FU-resistant HT-29 cells (**P < 0.01), respectively, based on

analysis of variance with Tukey’s multiple-comparison test. P values (1P < 0.01)

represent the significance when compared to vehicle-treated cells, analyzed by

a two-tailed unpaired Student’s t-test. (D) Caspase3/7 activity in parental and

5-FU-resistant HT-29 cells when treated with 10 uM WEHI-539, with or without

the caspase inhibitor (50 yM Q-VD-OPH) for 24 hours. Values are fold-changes

in Caspase3/7 activity compared to that with medium treatment only. P values

represent comparisons similar to that shown in (C). (E) Western blot analysis of

BCLXL siRNA-transfected 16 yM 5-FU-resistant HT-29 cells. (F) BCLXL

siRNA-transfected 16 uM 5-FU-resistant HT-29 cells were treated with different

concentrations of 5-FU for 72 hours, which was followed by measurements of

cell viability. (G) BCLXL siRNA-transfected 16 uM 5-FU-resistant HT-29 cells

were treated with either 200 or 400 uM 5-FU for 72 hours, which was followed by

analysis of Annexin V-positive cells using flow cytometry. P values represent

significance when compared to non-targeting siRNA (siNT)-transfected cells (*P

< 0.01) or cells treated with medium only (1P < 0.01).
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Figure 6. Induced (apoptotic) BIM preferentially binds (anti-apoptotic)
BCLXL in 5-Fluorouracil (5-FU)-resistant HT-29 cells. (A, B) BCLXL
immunoprecipitation analysis of parental and two 5-FU-resistant HT-29 cell lines.

Actin was used as a loading control for input.
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Supplementary Appendix

Supplementary Figure. 1

Real time PCR analysis of apoptosis-related genes in parental and
5-Fluorouracil (5-FU)-resistant HT-29 cells.

All data represent the mean £ SD (n = 3). P values represent the significance
when compared to parental HT-29 cells (*P < 0.01), and 4 uM 5-FU resistant
HT-29 cells (**P < 0.01), respectively, based on analysis of variance of variance

with Tukey’s multiple-comparison test.



Supplement Figure 1
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Supplementary Table 1. Real Time PCR primer sets

Gene name Primer sequence Gene name Primer sequence
BID F: ATGGACCGTAGCATCCCTCC BCL2 F: GGTGGGGTCATGTGTGTGG
R: GTAGGTGCGTAGGTTCTGGT R: CGGTTCAGGTACTCAGTCATCC
BIM F: TAAGTTCTGAGTGTGACCGAGA BCLW F: GCGGAGTTCACAGCTCTATAC
R: GCTCTGTCTGTAGGGAGGTAGG R: AAAAGGCCCCTACAGTTACCA
BAD F: CCCAGAGTTTGAGCCGAGTG BCLXL F: GATCCCCATGGCAGCAGTAAAGCAAG
R: CCCATCCCTTCGTCGTCCT R: CCCCATCCCGGAAGAGTTCATTCACT
HRK F: GGCAGGCGGAACTTGTAGGAAC MCLA1 F: TGCTTCGGAAACTGGACATCA
R: TCCAGGCGCTGTCTTTACTCTCC R: TAGCCACAAAGGCACCAAAAG
NOXA F: ACCAAGCCGGATTTGCGATT TP F: TGGCTGCAAGGTGCCAATG
R: ACTTGCACTTGTTCCTCGTGG R: AGCACTTGCATCTGCTCTGG
PUMA F: GCCAGATTTGTGAGACAAGAGG TS F: GCCTCGGTGTGCCTTTCA
R: CAGGCACCTAATTGGGCTC R: CCCGTGATGTGCGCAAT
BMF F: GAGCCATCTCAGTGTGTGGAG DPD F: GGCGGACATCGAGAGTATCCT
R: GCCAGCATTGCCATAAAAGAGTC R: TTCTTGGCCGAAGTGGAACAC
BAK F: GTTTTCCGCAGCTACGTTTTT OPRT F: TTGGTGACGGGTCTGTACGA
R: GCAGAGGTAAGGTGACCATCTC R: GAAGACGCGGTCGAGACAC
BAX F: CCCGAGAGGTCTTTTTCCGAG ACTB F: GGCATCCTCACCCTGAAGTA
R: CCAGCCCATGATGGTTCTGAT R: GAAGGTGTGGTGCCAGATTT




Supplementary Table 2. Sequences of BH3 peptides
Name Sequence

BIM MRPEIWIAQELRRIGDEFNA

BID EDIIRNIARHLAQVGDSMDRY

BAD LWAAQRYGRELRRMSDEFEGSFKGL
NOXA AELPPEFAAQLRKIGDKVYC

PUMA EQWAREIGAQLRRMADDLNA

BMF HQAEVQIARKLQLIADQFHRY

HRK WSSAAQLTAARLKALGDELHQ

MS1 RPEIWMTQGLRRLGDEINAYYAR
XXA1 RPEIWYAQGLKRFGDEFNAYYAR
PUMA2A EQWAREIGAQARRMAADLNABIM

All BH3 peptides were 20—25 amino acid residues in length.
PUMAZ2A served as a control peptide for the 2-amino acid substitution in Puma.
The conserved LXXXXD motif was present in all peptides, except for PUMA2A.

All peptides were N-terminally acetylated and C-terminally amidated.



