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Abstract: Colorectal cancer (CRC) is a malignancy of the colon or rectum. It is ranked as the third most
common cancer in both men and women worldwide. Early resection permitted by early detection
is the best treatment, and chemotherapy is another main treatment, particularly for patients with
advanced CRC. A well-known thymidylate synthase (TS) inhibitor, 5-fluorouracil (5-FU), is frequently
prescribed to CRC patients; however, drug resistance is a critical limitation of its clinical application.
Based on the hypothesis that Coptidis Rhizoma extract (CRE) can abolish this 5-FU resistance, we
explored the efficacy and underlying mechanisms of CRE in 5-FU-resistant (HCT116/R) and parental
HCT116 (HCT116/WT) cells. Compared to treatment with 5-FU alone, combination treatment
with CRE and 5-FU drastically reduced the viability of HCT116/R cells. The cell cycle distribution
assay showed significant induction of the G0/G1 phase arrest by co-treatment with CRE and 5-FU.
In addition, the combination of CRE and 5-FU notably suppressed the activity of TS, which was
overexpressed in HCT116/R cells, as compared to HCT116/WT cells. Our findings support the
potential of CRE as an adjuvant agent against 5-FU-resistant colorectal cancers and indicate that the
underlying mechanisms might involve inhibition of TS expression.

Keywords: colorectal cancer; chemoresistance; 5-fluorouracil; thymidylate synthase; Coptidis rhizoma

1. Introduction

Colorectal cancer (CRC) is the most common malignancy among various cancer types.
In 2020, approximately 1.9 million people were diagnosed with CRC, and 935,000 deaths
from CRC occurred worldwide [1]. The World Health Organization (WHO) estimates that
the numbers of patients with CRC and CRC-related deaths will increase by 77 and 80% by
2030 [2]. The high mortality rate of CRC patients results from late diagnosis, which is due
to the lack of clear physical symptoms at early stages [3]. Early resection, as permitted by
early detection, is optimal CRC treatment. However, patients with advanced CRC mainly
depend on chemotherapy [4].

One meta-analysis reported high expression of thymidylate synthase (TS) in the ma-
jority of CRC patients and an inverse association of TS expression with overall survival [5].
5-Fluorouracil (5-FU), a potent inhibitor of TS, is an analogue of uracil, which has a fluorine
atom instead of hydrogen at the C-5 position, which quickly enters cells using an identical
facilitated transport mechanism like uracil. 5-FU is converted intracellularly to metabolites
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like fluorouridine triphosphate (FUTP), fluorodeoxyuridine triphosphate (FdUTP), and
fluorodeoxyuridine monophosphate (FdUMP). These active metabolites interfere with
DNA synthesis by TS [6]. It is commonly prescribed for patients with advanced or inop-
erable metastatic CRC [7,8]. Its beneficial outcomes as both a first-line chemotherapeutic
treatment for primary colon tumors [9] and a palliative chemotherapy for metastatic can-
cer [10] were reported. However, the critical limitation of 5-FU is the development of drug
resistance in tumor cells after long-term exposure to 5-FU [11]. The strategies to overcome
5-FU resistance are to increase the dose of 5-FU or to combine it with other anticancer
drugs [12,13]. Increasing the dose of 5-FU exacerbates adverse effects, including general
symptoms like bone marrow suppression, diarrhea, nausea, and vomiting [14–18], while
combining it with other agents like oxaliplatin and leucovorin showed a limited response
rate of 50% in CRC [17].

On the other hand, medicinal herbs, like Coptidis Rhizoma (C. Rhizoma), Fructus Evodiae,
Andrographis paniculata, Salvia miltiorrhiza, Hedyotis diffusa, Sophora flavescens, Curcuma longa
and Bufo gargarizans, recently attracted a great deal of attention as alternative anticancer
therapies to reduce drug resistance [4,18]. Among these medicinal herbs, our group
devoted attention to C. Rhizoma, which was used to treat bacillary dysentery, diabetes,
pertussis, sore throat, naphtha, and eczema in traditional Chinese/Korean medicine for
thousands of years [19]. Moreover, recent studies reported its pharmaceutical properties,
including proliferation suppression, cell cycle arrest, and inhibition of tumor growth and
inflammation, in vitro and in vivo [20–22].

In this study, we investigated the possible effect of C. Rhizoma against reversing 5-FU
resistance in CRC and explored its underlying mechanisms using the HCT116/5-FU cell
line.

2. Results
2.1. Compounds Present in CRE

In the fingerprint analysis of CRE, the reference peaks were detected at retention times
of 23.50 (jatrorrhizine), 28.46 (coptisine), 32.40 (palmatine), and 33.94 (berberine) min at a
UV wavelength of 265 nm. The amount of the four reference compounds were quantified
as follows—4.12 (jatrorrhizine), 15.03 (coptisine), 33.57 (palmatine), and 146.13 (berberine)
mg/lyophilized g of CRE (Figure 1A,B).

Figure 1. Fingerprint analysis of Coptidis Rhizoma extract (CRE). CRE and the four reference com-
pounds were subjected to HPLC–PDA, and a 3D chromatogram was obtained at wavelengths of 200
to 500 nm (A). The amounts of the four major compounds, jatrorrhizine, coptisine, palmatine, and
berberine, in CRE were quantified (B).
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2.2. Characteristics of HCT116/R Cells

Compared to HCT116/WT cells, HCT116/R cells showed marked resistance to 5-
FU-induced cytotoxicity (p < 0.01 for all doses—5, 25, and 50 µM, Figure 2A). However,
this pattern was not observed for the other three anticancer drugs (oxaliplatin, paclitaxel,
and cisplatin) (Figure 2B–D). In addition, TS mRNA (but not P-gp or GST mRNA) was
significantly overexpressed in HCT116/R cells, as compared to the parental cells (p < 0.01,
Figure 2E). The TS protein was also markedly overexpressed by 3-fold in HCT116/R cells
as compared to HCT116/WT cells (p < 0.01, Figure 2F,G).

Figure 2. 5-FU specific resistance is mediated by TS overexpression. Cell viability was measured to
investigate anticancer drug resistance against 5-FU (A), oxaliplatin (B), paclitaxel (C), and cisplatin
(D), in both HCT116/WT and HCT116/R cells. Gene expression levels of P-gp, GST, and TS were
analyzed in HCT116/WT and HCT116/R cells (E). Protein expression levels (F) of TS and their
quantitative comparisons (G) between HCT116/WT and HCT116/R cells were analyzed. Data are
expressed as the mean± SD (n = 3) values. * p < 0.05 and ** p < 0.01, as compared to the vehicle-treated
cells or the corresponding parental cells.

2.3. Synergistic Effects of 5-FU and CRE on Properties Related to 5-FU Resistance

Treatment with CRE (up to 20 µg/mL) did not reduce the proliferation of HCT116/R
cells (Figure 3A). However, compared to 5-FU treatment alone, combination treatment with
5-FU and CRE (20 µg/mL) significantly reduced the IC50 of 5-FU (Figure 3B). Treatment
with 5-FU significantly upregulated TS gene expression, whereas this upregulation was
notably attenuated by co-treatment with CRE (p < 0.01, Figure 3C). Treatment with CRE
notably reduced the production of both free TS and the classical complex compared to that
in cells not treated with CRE (p < 0.01, Figure 3D–G).
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Figure 3. CRE reverses drug resistance by downregulating TS expression. HCT116/R cells were
treated with various concentrations of CRE (A). Anti-proliferative IC50 value of co-treatment with
CRE or 5-FU in HCT116/WT and HCT116/R cells (B). TS gene expression was measured in
HCT116/R cells treated with CRE or 5-FU (C). The protein level of TS was measured in HCT116/R
cells treated with CRE or 5-FU (D), and the intensities of free (E), complexed (F), and total TS (G)
were quantified. Data are expressed as the mean ± SD (n = 3) values. ** p < 0.01, as compared to
vehicle-treated cells. ## p < 0.01 compared to 5-FU-treated cells.

2.4. Synergistic Effects of 5-FU and CRE on Cell Cycle Arrest

In HCT116/R cells, 5-FU treatment increased the proportion of G0/G1-phase cells
(along with significant decreases in the S- and G2/M-phase cells), as compared to that in
the vehicle group, while this increase was significantly enhanced by co-treatment with CRE
(20 µg/mL, p < 0.01; Figure 4A,B) as compared to treatment with 5-FU alone. Treatment
with CRE alone decreased the population of G2/M-phase cells (p < 0.01) compared to
vehicle treatment (Figure 4A,B). These results were partially supported by analyses of cell
cycle-related proteins, especially the notable alterations in cyclins B and D as well as CDK1,
2, and 4 (p < 0.05 or p <0.01, Figure 4C,D).
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Figure 4. Cell cycle arrest is induced by co-treatment with 5-FU and CRE. The cell cycle distribution
was analyzed in HCT116/R cells treated with CRE or 5-FU (A), and the relative percentages are
indicated (B). Cell cycle-related protein expression levels (C) and the corresponding intensities were
quantified (D). Data are expressed as the mean ± SD (n = 3) values. * p < 0.05 and ** p < 0.01, as
compared to vehicle-treated cells. ## p < 0.01 compared to 5-FU-treated HCT116/R cells.

2.5. Identification of the Active Compound in CRE

The four main compounds in CRE (5 µg/mL berberine, palmatine, coptisine, and
jatrorrhizine) did not show any cytotoxicity in HCT116/R cells (Figure 5A). Moreover, co-
treatment with berberine (5 µg/mL, p < 0.05) or coptisine (5 µg/mL, p < 0.05) significantly
reduced cell viability, as compared to 5-FU treatment alone (Figure 5B). Both berberine and
coptisine (but more potently berberine) significantly suppressed the protein expression of
TS (p < 0.01, Figure 5C,D). Furthermore, berberine notably reduced TS protein production
(p < 0.05 or p < 0.01) under both untreated and 5-FU-treated conditions (Figure 5E–H).
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Figure 5. Investigation to identify the active compound of CRE. Cell viability was measured by
treatment with the four main compounds of CRE (A) and evaluation of their synergistic effects
with 5-FU in HCT116/R cells (B). TS protein expression levels (C) and their quantification (D) were
determined in HCT116/R cells. The effects of berberine on TS protein expression were determined
with/without 5-FU treatment (E), and the intensities of free (F), complexed (G), and total TS (H) were
quantified. Data are expressed as the mean ± SD (n = 3) values. * p < 0.05 and ** p < 0.01 compared
with vehicle-treated cells. # p < 0.05 and ## p < 0.01 compared with 5-FU-treated cells. Ber; berberine,
Pal; palmatine, Cop; coptisine, Jat; jatrorrhizine

3. Discussion

5-FU is employed as a first-line therapy for patients with CRC [23]. However, during
the 5-FU-based chemotherapy, resistance to 5-FU develops during 5-FU-based chemother-
apy in more than 40% of patients with advanced CRC [24]. In fact, drug resistance is a
typical hurdle in clinical oncology, including in CRC [25]. This resistance decreases the
beneficial drug response but increases adverse effects because of the high dose of the
anticancer drug [26]. In this study, we investigated the anti-5-FU resistance effects of CRE
using HCT116/R cells with 5-FU-specific resistance.

As expected, HCT116/R cells showed significant enhancement of behaviors indicating
resistance to the antiproliferative effects of two TS inhibitor (5-FU, Raltitrexed) compared to
wild-type HCT116 cells (Figure 2A and Figure S1B), while these resistance behaviors were
significantly attenuated by co-treatment with 5-FU and CRE (Figure 3B). This effect was
not caused by cell death, as evidenced by no notable release of intracellular LDH to outside
the cell (Figure S1A). It might be due to anti-proliferative effects of CRE when it does act
with 5-FU as synergistic effects. HCT116/R cells were notably resistant to only 5-FU and
not to oxaliplatin, paclitaxel, or cisplatin (Figure 2B–D). One previous study reported that
C. Rhizoma reversed oxaliplatin resistance in HCT116 cells via modulation of P-gp [18].
P-gp and GST are considered the most common molecules involved in chemotherapeutic
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resistance [27], but the HCT116/R cells adapted in our study did not overexpress P-gp or
GST (Figure 2E).

5-FU, a typical inhibitor of TS, plays a key role in thymidine synthesis, leading to
DNA duplication and cell growth [28]. HCT116/R cells showed the overexpression of TS
at both the mRNA and protein levels (Figure 2E–G), which was significantly attenuated by
co-treatment with 5-FU and CRE (Figure 3C–G). A previous study presented an inverse
relationship between the TS expression level and clinical outcomes, including overall
survival and the response rate to 5-FU treatment in CRC patients with metastases [5,29].
These results indicate the possible identity of CRE as an agent for overcoming TS-mediated
5-FU resistance. In fact, the present data showed that CRE alone could suppress TS
expression at both the gene and protein levels (Figure 3C,D).

The TS-mediated anti-5-FU resistance effect of CRE was partially supported by the
cell cycle analysis results. A previous study showed that 5-FU treatment induced G0/G1
phase arrest in CRC [30]. Then, this 5-FU-induced G0/G1 phase arrest was significantly
augmented by co-treatment with CRE (Figure 4A,B). The cell division cycle comprises
the sequential events necessary for DNA replication and the production of two daughter
cells. This process was regulated according to both the intracellular and extracellular status
and depended on two key classes of regulatory molecules, cyclins, and CDKs [31]. In this
study, co-treatment with 5-FU and CRE significantly decreased the levels of G1-specific
CDKs (CDK2 and 4), while cyclins for the DNA synthesis phase (cyclins A and E) and G2
phase (cyclin A) were over expressed (Figure 4C,D). In fact, CRE alone also suppressed
most cell cycle-related proteins. Accordingly, co-treatment (5-FU and CRE)-induced G0/G1
phase arrest was not clearly distinguished in the present study. Among the current results,
suppression of CDK 4 was the most prominent change after co-treatment with 5-FU and
CRE. A CDK4/6 inhibitor (palbociclib) showed a synergistic effect with irinotecan against
colorectal cancer [32].

C. Rhizoma contains various pharmacological compounds, such as berberine, palma-
tine, coptisine, and jatrorrhizine [33,34]. Among these compounds, berberine (5 µg/mL)
most significantly decreased the viability of HCT116/R cells under treatment with 5-FU
(Figure 5B). Furthermore, this co-treatment significantly decreased the expression of free
TS protein (Figure 5E,F). Although the efficacy of coptisine (5 µg/mL) was similar to
(but slightly lower than) that of berberine (5 µg/mL), its compositional abundance was
approximately 0.1-fold that of berberine (15.03 ± 0.21 versus 146.13 ± 1.37, Figure 1B). A
previous study also reported that berberine induces cell cycle arrest in G0/G1 phase [35].
These data suggest that berberine is the active compound responsible for the anti-5-FU
resistance effect of CRE.

4. Materials and Methods
4.1. Preparation of C. Rhizoma Extract (CRE)

C. Rhizoma (Coptis chinensis) was purchased from the Jeong-Seong Traditional Medicine
Company (Daejeon, Korea). One hundred grams of C. Rhizoma was finely ground and
extracted in 1 L of 30% ethanol for 72 h at room temperature, and the supernatants were
then filtered through Whatman filter paper (Advantec®, Tokyo, Japan). The filtrate was
concentrated in a rotary evaporator and lyophilized, and the final extraction yield was 5.5%
(w/w).

4.2. Chemicals and Reagents

RPMI 1640 medium, fetal bovine serum (FBS), Dulbecco’s phosphate-buffered saline
(DPBS), penicillin-streptomycin solution, and trypsin-ethylenediaminetetraacetic acid
(EDTA) (WELGENE, Daegu, Korea); thymidylate synthase (TS, Cell Signaling Technology,
Danvers, MA, USA); cyclin-dependent kinase (CDK1), cyclin-dependent kinase 2 (CDK2),
cyclin-dependent kinase 4 (CDK4), cyclin-dependent kinase 6 (CDK6), cyclin A, cyclin B1,
cyclin D1, cyclin E (Santa Cruz Biotechnology, Dallas, TX, USA); β-actin (Thermo-Fisher
Scientific, Waltham, MA, USA); a water-soluble tetrazolium salt (WST)-8-based cell viabil-
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ity assay kit (DoGen, Seoul, Korea); bovine serum albumin (GenDEPOT, Katy, TX, USA);
secondary horseradish peroxidase (HRP)-conjugated antibodies (GeneTex, Inc., Irvine, CA,
USA); n-butanol (J.T. Baker, Mexico City, Mexico); berberine, palmatine, coptisine, and
jatrorrhizine (Avention, Incheon, Korea).

4.3. Fingerprint Analysis of CRE

High-performance liquid chromatography (HPLC) analysis for the simultaneous
determination of four reference components in the CRE sample was conducted by using an
LC-20A Prominence HPLC system (Shimadzu Co., Kyoto, Japan) equipped with binary
pumps, a column oven, an autosampler, and a photodiode array (PDA) detector. In brief,
25 mg of the lyophilized CRE was dissolved in 25 mL of 70% methanol and extracted for
60 min using an ultrasonicator (Branson 8510E-DTH, Danbury, CT, USA), and the extracted
solution was then filtered through a 0.2 mm membrane filter (PALL Life Sciences, Ann
Arbor, MI, USA). Then, the CRE sample and the four reference components (jatrorrhizine,
coptisine, palmatine, and berberine) were subjected to analysis in an HPLC-PDA system.
They were separated on a SunFire C18 column (4.6 × 250 mm, 5 mm; Milford, MA, USA)
maintained at 30 ◦C. The mobile phase was eluted with 30 mM ammonium bicarbonate
and 0.1% (v/v) aqueous triethylamine (A) and acetonitrile (B) in gradient elution mode. The
flow rate was 1.0 mL/min with the following linear gradient: 0 to 15 min, 90–75% A and
10–25% B; 15 to 25 min, 75–70% A and 25–30% B; 25 to 40 min, 70–55% A and 30–45% B; 40
to 45 min, 55% A and 45% B; and 45 to 60 min, 55–90% A and 45–10% B. CRE was detected
using a photodiode array at 200–500 nm (Figure 1).

4.4. Cell Culture Conditions

HCT116 human colon cancer cells were cultured in the RPMI-1640 culture medium
supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin in a
humidified 5% CO2 atmosphere at 37 ◦C in an incubator. To establish the 5-FU-resistant
cell line (HCT116/R), parental cells were cultured with increasing concentrations of 5-
FU over a period of more than 10 months, and resistance was confirmed using a WST-8
assay [36]. From the initial dose of 5-FU (2 µM), the concentration was gradually increased
to 40 µM under conditions of at least an 80% survival rate after 24 h of culture. Before
beginning further experiments, the cells were maintained for 1 week in a culture medium
without 5-FU.

4.5. Cell Viability Assay

Parental HCT116 cells (HCT116/WT) and the corresponding 5-FU-resistant cells
(HCT116/R) were seeded at 2 × 103 cells/well into 96-well microplates. To confirm the
specificity of resistance, both cell lines were treated with four kinds of anticancer drugs
(5, 25, and 50 µM 5-FU, oxaliplatin, paclitaxel, or cisplatin) for 48 h, and cell viability was
then determined using a WST-8 assay. To determine the optimized concentration of CRE
under 5-FU-resistant conditions, HCT116/R cells were treated with CRE (5, 10, 20, and
40 µg/mL) for 48 h, which showed that 20 µg/mL CRE (a nontoxic dose) was optimal.
Consequently, HCT116/R cells were treated simultaneously with 5-FU (5, 25, or 50 µM)
and CRE (20 µg/mL) for 48 h. In addition, we compared the anti-5-FU resistance effects
of the four main compounds of C. Rhizoma (5 µg/mL berberine, palmatine, coptisine,
and jatrorrhizine). The absorbance at 450 nm was measured in a UV spectrophotometer
(Molecular Devices, San jose, CA, USA).

4.6. Real-Time RT-PCR Analysis

To investigate drug resistance mechanisms, we used real-time RT-PCR to analyze
the mRNA expression of three major molecules—P-glycoprotein (P-gp), glutathione S-
transferase (GST), and thymidylate synthase (TS)—with glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) as the control. HCT116/WT or HCT116/R cells were seeded at
3 × 105 cells/well into 60 mm plates and were then treated with CRE (20 µg/mL) or
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5-FU (25 µM) for 8 h. Total mRNA of cells was extracted using TRIzol reagent (Molec-
ular Research Center, Cincinnati, OH, USA), and cDNA was then synthesized using a
high-capacity cDNA reverse transcription kit (Ambion, Austin, TX, USA). PCR was per-
formed using SYBR Green PCR Master Mix (Applied Biosystems, Foster city, CA, USA)
and primers, as described in Table 1. Gene expression data were analyzed using a Rotor
gene Q thermal cycler (QIAGEN, Hilden, Germany).

Table 1. Primer sequences used in this experiment.

Gene Name Primer Sequence (Forword and Reverse, 5′→3′)

1 P-gp
AAG GCC TAA TGC CGA ACA CA
TCC AGG CTC AGT CCC TGA AG

2 GST
TTC CTG TGG CAT AAT GTG AT
CTG ATT CAA AGG CAA ATC TC

3 TS
ACC GAG CTC CCG AGA CTT TTT GGA CAG CCT
ACC AAG CTT AAG AAT CCT GAG CTT TGG GAA

4 GAPDH
CAT GGC CTT CCG TGT TCC T

CCT GCT TCA CCA CCT TCT TGA
1 permeability-glycoprotein; 2 glutathione S-transferase; 3 thymidylate synthase; 4 glyceraldehyde 3-phosphate
dehydrogenase.

4.7. Western Blot Analysis

For Western blot analyses, HCT116/R cells were seeded at 3 × 105 cells/well into
60 mm plates and were then treated with CRE (20 µg/mL), four CRE compounds (5 µg/mL,
berberine, palmatine, coptisine, jatrorrhizine) or 5-FU (25 µM) for 48 h. Total protein was ex-
tracted using Pro-PrepTM protein extraction solution (iNtRON Biotechnology, Seongnam,
Korea), and protein concentrations were determined using a bicinchoninic acid protein
assay kit (Sigma-Aldrich, St. Louis, MO, USA). Samples were separated by 12% polyacry-
lamide gel electrophoresis and transferred to polyvinylidene fluoride (PVDF) membranes.
After blocking with 5% skim milk for 1 h, membranes were incubated overnight at 4 ◦C
with primary antibodies specific to the following proteins—TS (1:3000), CDK1 (1:1000),
CDK2 (1:1000), CDK4 (1:1000), CDK6 (1:1000), cyclin A (1:1000), cyclin B1 (1:1000), cyclin
D1 (1:1000), cyclin E (1:1000), and β-actin (1:2500). After washing, membranes were incu-
bated with an HRP-conjugated anti-rabbit or anti-mouse secondary antibody (1:5000) for
1 h. Bands were visualized with an advanced enhanced chemiluminescence (ECL) kit, and
band intensities were analyzed with ImageJ version 1.46 (NIH, Bethesda, MD, USA).

4.8. Flow Cytometric Analysis

After treatment of HCT116/R cells (3 × 105 cells/well in a 60 mm plate) with CRE
(20 µg/mL) or 5-FU (25 µM) for 48 h, the cells were harvested and suspended in cold PBS
containing 3% FBS. The cell suspension was mixed with 70% cold ethanol and incubated
overnight at 4 ◦C. The next day, the cells were resuspended in cold PBS containing 3%
FBS and were then stained with propidium iodide (PI, 20 µg/mL) for 5 min. A cell cycle
distribution assay was conducted using a FACS system (BD Biosciences, San Jose, CA,
USA). Histogram generation and cell cycle analysis were carried out with FlowJo Academic
software with a dongle (NIH, Bethesda, MD, USA).

4.9. Statistical Analysis

All data are expressed as the mean ± standard deviation (SD) values. Statistical
significance was analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s
HSD test for post-hoc multiple comparisons using IBM SPSS statistics software, version
20.0 (SPSS Inc., Chicago, IL, USA). Differences were considered statistically significant at
p < 0.05 or 0.01 as indicated.
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5. Conclusions

This study first proposed the potential of CRE to overcome 5-FU resistance via the
regulation of TS overexpression in CRC. In general, however, there are various mechanisms
of drug resistance in tumors, including efflux transporters, drug metabolism, and epigenetic
gene alterations in cancer cells [7,36–38]. Accordingly, this study has some limitations,
and further study is needed to expand the investigations regarding the other anticancer
drug resistance patterns mentioned above and various anticancer agents. In addition,
further studies are needed to clearly identify the active compounds of CRE that can combat
anticancer drug resistance. Taken together, the results of this study indicate the potential of
CRE as an anti-chemotherapeutic resistance agent, especially in 5-FU-resistant colorectal
tumors. The underlying mechanisms might involve the modulation of TS expression,
leading to G0/G1 phase arrest.

Supplementary Materials: The following are available online. Figure S1: LDH concentration in cell
supernatant and lysate of HCT116/R cells.
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