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Introduction: Taxol (Tx), a microtubule-stabilizing drug, has been widely used as a chemotherapeutic in several types of cancer. 
However, the development of resistance limited its application. One of the strategies used to prevent the emergence of drug resistance 
is combination treatment, involving at least two drugs. The aim of the current study was to assess if a new uracil analog, 
3-p-bromophenyl-1-ethyl-5-methylidenedihydrouracil (U-359) can prevent the development of Tx resistance in breast cancer cells.
Methods: The cytotoxicity of the new drug was tested in MCF-7 (hormone receptor (ER, PR) positive cell-line) and MCF-10A cell 
lines using MTT method. For the detection of apoptosis and necrosis, the Wright and Giemsa staining was used. Gene expression was 
measured by real-time PCR, and changes in the protein levels were evaluated by ELISA and bioluminescent method.
Results: We investigated the effect of Tx and U-359 on cancer MCF-7 and normal MCF-10A cells alone and in combination. Tx co- 
administered with U-359 inhibited proliferation of MCF-7 cells to 7% while the level of ATPase drastically decreased to 14%, 
compared with effects produced by Tx alone. The apoptosis process was induced through the mitochondrial pathway. These effects 
were not seen in MCF-10A cells, showing the wide safety margin. The obtained results have shown that U-359 produced a synergistic 
effect with Tx probably by reducing Tx resistance in MCF-7 cells. To elucidate the possible mechanism of resistance, expression of 
tubulin III (TUBIII), responsible for microtubule stabilization and tau and Nlp proteins, responsible for microtubule dynamics, was 
assessed.
Conclusion: Combination of Tx with U-359 reduced overexpression of TUBIII and Nlp. Thus, U-359 may stand for a potential 
reversal agent for the treatment of MDR in cancer cells.
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Introduction
Breast cancer is one of the most prevalent malignancies among women in the world.1 Over the years, various strategies 
have been developed for the treatment of this cancer type. The most prevalent therapy includes the combination of 
surgery with chemotherapy. The drugs that show a significant antitumor activity in breast cancer include drugs such as 
alkylating agents (cyclophosphamide), antimetabolites (methotrexate), anthracyclines (doxorubicin), an orphan antihy-
pertensive drug (Guanabenz acetate) and the mitotic disruptors (taxol).2–5 Unfortunately, the poor patient response 
decreases the efficacy of conventional treatment and increases the mortality rate urged for novel cancer therapeutics. 
For instance, the high therapeutic activity of doxorubicin combined with Ran-RCC1 inhibitory peptide (RAN-IP) in 
breast cancer has been observed recently. Guanabenz acetate, which was loaded polymersome, has also been an 
interesting choice for treatment, resulting in a significant decrease in breast tumor size.2–5

Nowadays, many medical research studies show that the one of the most effective drugs in the first-line treatment of 
breast cancer is Taxol, first isolated from the bark of Pacific yew tree (Taxus brevifolia) in the 1960s.2,5 The main 
mechanism of Tx action is binding to microtubules and inhibiting their disassembly. Cells treated with Tx are arrested in 
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mitosis and eventually undergo death by apoptosis.6 Unfortunately, cancer cells often develop resistance to Tx which 
significantly decreases the efficacy of this drug and is a major limitation to its success as a chemotherapeutic agent in 
fighting cancer.7–9 The same clinical outcome is associated with high expression of cell proteins such as ABC 
transporters, tubulins, lysosomal-associated membrane protein in breast cancer or bone morphogenetic protein.10,11

Several potential mechanisms of Tx resistance have been proposed. The main one is the overexpression of ABC 
transporters, in particular multidrug transporter P-glycoprotein/ABCB1, which actively pumps out a wide variety of 
drugs, including Tx, causing the cells to be resistant to these drugs.12

Another potential mechanism of Tx resistance is the modulation of its cellular target, tubulin.9 Tubulin is 
a heterodimer formed by α- and β-subunits. Tubulin polymerizes into microtubules which play a crucial role in 
organization of intracellular structure, intracellular transport, cell division and movement.6 Tx binds to the microtubule 
polymer, interfering with the normal function of microtubule breakdown, causing cell death.

The multidrug resistance (MDR) to Tx can develop due to alterations in microtubule dynamics and/or changes in 
microtubule stabilization. Several studies have reported that the alterations in microtubule dynamics could be caused by 
altered cellular expression of β-tubulin isotypes, especially βIII and βIV.13–15

Recently, two proteins, tau, encoded by MTBT1 and the ninein-like protein (Nlp), encoded by NINL gene, have been 
considered the most crucial factors engaged in Tx resistance in breast cancer cells. Tau protein plays a significant role in 
tubulin assembly and polymerization. Several clinical trials have shown the association between Tx and tau binding site 
in β-tubulin, showing that tau protein can act as a Tx competitive inhibitor.16,17

Nlp protein is involved in centrosome maturation and spindle formation. It has been found that in women with breast 
cancer, the higher Nlp expression was correlated with lower sensitivity to Tx chemotherapy.18

The development of resistance to Tx in cancer cells started various combination treatments, involving at least two 
drugs that work by different mechanisms, thereby decreasing the likelihood that resistance will develop. For instance, the 
high therapeutic activity of taxol combined with fluorouracil in metastatic breast cancer has been reported. In combina-
tion treatment, fluorouracil enhanced bioavailability of Tx and showed favorable toxicity profiles supplying more 
therapeutic way.

Vinorelbine also synergistically improved efficacy of Tx produced a significantly greater proportion of cell kill of 
cancer p388 murine cells than either drug alone.19 Two-drug treatment has also played a key role as a determinant of 
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toxicity and efficacy when taxol and palbociclib are administered to the patients with advanced breast cancer. Dean et al 
revealed that in breast cancer cells exposed to palbociclib followed by paclitaxel, synergistic reduction in colony 
formation was noted compared with either drug alone.20

Continuing the search for novel compounds with anticancer properties, we recently synthesized a series of uracil 
analogs combining the uracil skeleton with an exo-cyclic methylidene group conjugated with a carbonyl function.21 The 
cytotoxic activity of these analogs against two cancer cell lines has been published.22 They were all highly cytotoxic 
against MCF-7 cells. In this report, the most potent analog of the series, 3-p-bromophenyl-1-ethyl-5-methylidenedihy-
drouracil (U-359) was selected for combination experiments with Tx. The main goal was to decide if U-359 could act 
synergistically with Tx in order to down-regulate the level of TUBIII, Nlp and tau proteins responsible, at least in part, 
for MDR of Tx.

Materials and Methods
Materials
U-359 was synthesized as described elsewhere.21 Tx was bought from Sigma-Aldrich (St. Louis, MO, USA). For the 
experiments, U-359 and Tx were dissolved in DMSO and further diluted in culture medium to obtain less than 0.1% 
DMSO concentration.

Cell Culture
A human breast adenocarcinoma cell line (MCF-7) was bought from the European Collection of Cell Cultures (ECACC). 
Cells were grown in Minimum Essential Medium Eagle (MEME) having non-essential amino acid solution and 
antibiotics (100 mg/mL streptomycin and 100 U/mL penicillin, 2 mM glutamine, all obtained from Sigma Aldrich, 
St. Louis, MO, USA) and 10% fetal bovine serum from Biological Industries (Beit-HaEmek, Israel). A normal human 
mammary breast cell line (MCF-10A) was bought from the American Type Culture Collection (ATCC). MCF-10A cells 
were cultured using MEGM Mammary Epithelial Bullet Kit, bought from Lonza (Walkersville, MD, USA). Cells were 
kept at 37° C in a 5% CO2 atmosphere and were grown until 80% confluent.

MTT-Assay
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide) assay, which measures activity of cellular 
dehydrogenases, was based on the method of Moosmann, and performed as described.23

Determination of Cell Morphology Using Light Microscopy
For the detection of apoptosis and necrosis in MCF-7 and MCF-10A cells, the Wright and Giemsa staining (Merck 
KGaA, Darmstadt, Germany) was used. Giemsa dye stains the cytoplasm of cells orange to pink and nucleus blue to 
purple, depending on the acidity of the cytoplasmic content.

Briefly, cells were seeded on the 6-well plates (4 × 105 cells/well) and incubated for 24 h with U-359 and/or Tx at 
IC50 concentration each. Untreated cells were served as a negative control. After incubation, the medium was discarded, 
and cells were fixed in methanol for 5 min. Then, cells were washed with PBS and stained in Wright and Giemsa solution 
for 30 min. After that, the cells were washed twice with H2O and left to air-dry. Finally, stained cells were examined 
using a light microscope and photographed.

Real-Time-Glo MT Cell Viability Assay
To check cell viability of MCF-7 and MCF-10A cells, RealTime-Glo™ MT (RTG MT) assay (Promega, Mannheim, 
Germany) was performed according to the standard protocol. Briefly, MCF-7 and MCF-10A cells were seeded on 96- 
well plates at a density 0.5×104/mL in 50 μL standard growth medium and incubated for 24 h with U-359 and/or Tx at 
IC50 concentration each. After incubation, 50 μL of 2x RealTime-Glo reagent was added to each well. Then, the plate 
was incubated for 1 h at 37°C in a humidified incubator. The intensity of the luminescence signal was measured using 
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Flexstation 3. The effect of the combination treatment was compared with those produced by the tested compounds 
alone.

ApoSENSOR Cell Viability Assay Kit
ATPase activity in MCF-7 and MCF-10A cells incubated with U-359 and/or Tx was measured by a bioluminescent 
method (ApoSENSOR Cell viability assay kit (Bio Vision, Inc. Headquarters, California, USA), according to the 
standard protocol. Briefly, MCF-7 and MCF-10A cells were seeded on 96-well plates at a density 104/mL in 100 μL 
standard growth medium and incubated with the tested compounds (U-359; Tx) or co-incubated with U-359+Tx (at IC50 

concentration each) for 24 h. Then, culture medium was removed and 100 μL of Nucleotide Releasing Buffer was added 
to each well. The plate was gently shaken for 5 min at RT. The effects of the combination treatment were compared with 
those produced by the tested compounds alone.

Real-Time Assessment of Cell Death Type
Cell death type was found using the RealTime-GloTM Annexin V Apoptosis and Necrosis Assay (Promega, Mannheim, 
Germany), according to the manufacturer’s guidelines. The test kit included Annexin V-LgBiT (1,000X), Annexin 
V-SmBiT (1,000X), CaCl2 (1,000X), Annexin V NanoBiT® Substrate (1,000X), Necrosis Detection Reagent 
(1,000X). Briefly, MCF-7 cells were seeded on 96-well plates at a density 1.0×104/mL in 50 μL of the standard growth 
medium and incubated for 24 h with U-359 and/or Tx at IC50 concentration each. After incubation, 100 μL of 2× 
detection reagent was added to each well. Then, the plate was shaken for 30 seconds (at 500–700 rpm) and incubated in 
a humidified incubator. The luminescence signal and fluorescence intensity were analyzed using Flexstation 3. The 
effects of the combination treatment were compared with those produced by the tested compounds alone.

Assessment of Human PARP1 Protein Levels by ELISA-Based Method
The PARP1 protein level in MCF-7 cells incubated with the tested compounds was measured by the ELISA-based 
method using Cleaved PARP1 Human Simple Step ELISA® Kit (ABCAM, Cambridge, UK). Briefly, cells were seeded 
on the 6-well plates (4 × 105 cells/well) and incubated for 24 h with U-359 and/or Tx at IC50 concentration each. After 
incubation, growth medium was removed and cold 1X Cell Extraction Buffer PTR was added directly to the plate. Then, 
cells were harvested and incubated on ice for 15 min. The cellular lysates were centrifuged at 18,000 × g for 20 min at 
4°C. Properly diluted protein extracts (25 μg) and standards were added into each well of 96-well plates pre-coated with 
anti-cleaved PARP1-specific antibodies. PARP1 cleaved by activated caspase-3 between Asp214 and Gly215 was bound 
to the wells by immobilized antibodies. Addition of a secondary antibody conjugated to horseradish peroxidase (HRP) 
supplied sensitive colorimetric readout. Finally, the stop solution was added to each well. The optical density (OD) of the 
yellow solution was measured spectrometrically at the 450 nm wavelength.

The Caspase-Glo® 8 and 9 Assay
The caspase 8 and 9 activation in MCF-7 cells was detected, using a luminometric assay kit (Caspase-Glo 8 and 9; 
Promega, Mannheim, Germany) according to the manufacturer guidelines. The assay supplies the luminescent caspase 8 
and 9 reagents that have the sequences cleaved to release luminescence signals. Briefly, MCF-7 cells were seeded on 96- 
well plates at a density 2×104/mL in 100 μL of the standard culture medium and left to grown for 24 h. Then, the tested 
compounds (U-359 and/or Tx) at IC50 concentration were added to each well and incubated for 24 h. After incubation, 
Caspase-Glo® Reagents were added. Finally, the plate was gently mixed for 2 min, incubated for 30 min at RT and read 
within 2 min in the Flexstation 3. The effects of the combination treatment were compared with those produced by the 
tested compounds alone.

Quantitative Real-Time PCR Assay
The mRNA levels of MTBT1 and NINL genes were analyzed by quantitative RT-PCR. Briefly, MCF-7 cells were seeded on 
the 6-well plates at the proper cell density (4.0 × 105 cells/well) and incubated. Then, MCF-7 cells were incubated for 24 
h with U-359 and/or Tx at IC50 concentration each. The effect of the combination treatment was compared with those 
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produced by the tested compounds alone. Total RNA was extracted using the Total RNA Mini Kit (A&A Biotechnology, 
Gdynia, Poland) according to the manufacturer protocol. The concentration of RNA was measured using sensitive single- 
tube fluorimeter for fluorescence-based quantitation of nucleic acids and proteins. The concentration used for further 
experiments was always 150 ng/µL. TranScriba Kit (A&A Biotechnology, Gdynia, Poland) was used for cDNA synthesis. 
Amplification of gene-specific primers (Table 1) was performed using Real-Time 2x-PCR SYBR Master Mix (A&A 
Biotechnology, Gdynia, Poland) in Stratagene MX3005P QPCR System (Agilent Technologies, Inc. Santa Clara, CA, 
USA) according to the manufacturer's instructions. GAPDH was used as an internal reference gene to normalize the 
expression of investigated genes. The expression levels of the tested genes were figured out by the 2−∆∆CT method.24

Human TUBβ3 (Tubulin Beta 3) ELISA Kit
The Tubulin Beta 3(TUBβ3) protein levels in MCF-7 cells incubated with the tested compounds were measured by the 
ELISA-based method using Human TUBβ3 (Tubulin Beta 3) ELISA Kit.

Briefly, cells were seeded on the 6-well plates (density 4.0×105 cells/well) and incubated with U-359/Tx or co- 
incubated (U-359+Tx) for 24 h. The cells were washed with PBS and collected by centrifugation at 1000×g for 5 min. 
Protein extracts were prepared using lysis buffer and ultrasonication. Then, 20 μg of protein extracts and properly diluted 
standards were added into each well of 96-well plates pre-coated with TUBβ3 specific antibodies. Tubulin Beta 3 protein 
is present in the prepared extracts specifically bound to the wells by immobilized antibodies. Addition of the streptavidin- 
HRP solution supplied sensitive colorimetric readout. Finally, the stop solution was added to each well. The optical 
density (OD) of the yellow solution was measured spectrometrically at the 450 nm wavelength.

Human Ninein-Like Protein (Nlp) ELISA Kit
The Nlp protein level in MCF-7 cells incubated with the tested compounds was assessed by the human ninein-like 
protein (Nlp) kit (Abbexa LTD, Cambridge, UK). Briefly, cells were seeded on the 6-well plates (4 × 105 cells/well) and 
incubated with U-359 and/or Tx (at IC50 concentration each) for 24 h. Then, cells were washed with PBS and collected 
by centrifugation at 1500×g for 10 min at 2–8°C to remove cellular debris. Properly diluted protein extracts (25 μg) and 
standards were added into each well of 96-well plates pre-coated with anti-Nlp specific antibodies. These proteins are 
present in the prepared extracts specifically bound to the wells by immobilized antibodies. The addition of a secondary 
antibody conjugated to horseradish peroxidase (HRP) supplied sensitive colorimetric readout. Finally, the stop solution 
was added to each well. The optical density (OD) of the yellow solution was measured spectrometrically at the 450 nm 
wavelength.

Statistical Analysis
Statistical analysis was performed using Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA). Results from at least 
three independent experiments in triplicate were expressed as mean±SEM. Statistical significance was analyzed using 
one-way ANOVA followed by a post hoc multiple comparison Student–Newman–Keuls test, *p<0.05, **p<0.01, and 
***p<0.001 was considered statistically significant.

Table 1 Primer Sequences for RT-PCR

Gene Primer Sequences

Forward Primer Reverse Primer

GAPDH GTCGCTGTTGAAGTCAGAGGAG CGTGTCAGTGGTGGACCTGAC
MTBT1 AGCAACGTCCAGTCCAAGT TCTGTCCTTGAAGTCCAGCT

NINL TTTGCTCGAGCGATGCTTGTGTCCG GACAGGATCCTTGAGGCGGTTACTG
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Results
Chemical Synthesis
U-359 was synthesized by reduction of carbon–carbon double bond in 5-diethoxyphosphoryldihydrouracils l, followed 
by Horner–Wadsworth Emmons olefination of formaldehyde using dihydrouracils 2 (Scheme 1).

MTT-Assay
The cytotoxicity of U-359 was evaluated in tumor MCF-7 cells and in MCF-10A normal cells using the standard MTT- 
assay, which is based upon the ability of viable cells to metabolically reduce yellow water-soluble tetrazolium salt into 
non-soluble purple formazan product. Cells were exposed to a broad range of compound concentrations for 24 h. In 
MCF-7 cells, Tx showed cytotoxic activity with IC50 value 0.5 μM but U-359 showed high cytotoxic activity with IC50 

value 3.8 μM and about threefold selectivity as compared with normal MCF-10A cells (IC50 value 13 μM) (Figure 1).

Real-Time-Glo MT Cell Viability Assay
To assess the number of MCF-7 and MCF-10A cells with reduced potential, RealTime-GLO MT Cell Viability Assay 
was used. All cells were incubated for 24 h with U-359 and/or Tx at IC50 concentration each. Healthy cells reduce the 
proprietary pro-substrate to generate a substrate for NanoLuc® luciferase that can diffuse from cells into the culture 
medium. Then, it is rapidly used by the NanoLuc® Enzyme to produce a luminescent signal which correlates with the 
number of viable cells. The luciferase enzyme (NanoBiT™) produces no luminescence in healthy cells. The early 
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Scheme 1 Synthesis of 1-ethyl-3-p-bromophenyl-5-methylidenedihydrouracil (U-359).

Figure 1 The cytotoxic effect of U-359 and Tx on MCF-7 cells was analyzed by MTT assay. The IC50 value was estimated using the fitted line, Y = a * X + b, IC50 = (0.5 - b)/a.
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apoptosis is detected when the level of luminescence increases, while necrosis is correlated with up-regulation of 
fluorescence signal.

As shown in Figure 2, Tx decreased luminescence signal in MCF-7 cell, down to 49%, while the RLU signal 
produced by U-359 decreased to 3%. Co-incubation U-359 and Tx potently down-regulated the level of RLU, to 7%, 
compared with effects produced by Tx alone. By contrast, incubation of MCF-10A with Tx or co-incubation with U-359 
+Tx led to only a modest decrease (20%) in the number of viable cells (Figure 2).

The Metabolic Function of MCF-7 Cells
The metabolic functions of cells require the proper amount of energy from ATP hydrolysis. As ATP level falls to a point 
where the cell can no longer perform basic functions, the cell dies. Therefore, decrease in ATP level can be used as an 
indicator of cell death.

To assess the level of ATP in MCF-7 and MCF-10A cells, ApoSENSOR™ Cell Viability Assay Kit was used. All cells were 
incubated for 24 h with U-359 and/or Tx at IC50 concentration each. As shown in Figure 2, in MCF-7 cell line, U-359 and Tx 
reduced the activity of ATPase by 90% and 52%, respectively. In a two-drug combination experiment (U-359+Tx), the level of 
ATPase in MCF-7 cells drastically decreased to 14%. In MCF-10A, Tx reduced the activity of ATPase only by 15%, while co- 
incubation with U-359 and Tx caused an increase in ATPase activity (up to 10%), compared with effect produced by Tx alone. On 
the other hand, in MCF-10A, the effect produced by U-359 was not significant (Figure 2).

Determination of Cell Morphology Using Light Microscopy
The morphological changes of MCF-7 and MCF-10A cells incubated for 24 h with U-359 and/or Tx (at IC50 

concentration each) were observed using Wright’s Giemsa staining. Morphological analysis showed that the cells in 

Figure 2 (I) Real-time monitoring of the number of MCF-7 (A) and MCF-10A (B) cells with reduced potential and metabolism expressed as the level of luminescence (RLU) 
measured for the U-359, Tx and U-359+Tx. Untreated MCF-7 cells were used as a control. Data are expressed as mean ± SEM. Statistical significance was assessed using 
one-way ANOVA and a post hoc multiple comparison Student–Newman–Keuls test. ***p <0.001 (statistical significance), in comparison with control; ###p <0.001 (statistical 
significance), in comparison with Tx. (II) The activity of ATPase in MCF-7 (A) and MCF-10A (B) cells measured as the level of luminescence signal (RLU) measured for the 
U-359, Tx and U-359+Tx. Untreated MCF-7 cells were used as a control. Data are expressed as mean ± SEM. Statistical significance was assessed using one-way ANOVA 
and a post hoc multiple comparison Student–Newman–Keuls test. ***p <0.001, in comparison with control; ###p <0.001; #p <0.05 ((statistical significance), in comparison 
with Tx; ns (no significant).
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the control group had normal morphology, while U-359 and Tx treatment caused the enlargement of cells, chromatin 
condensation and nuclear fragmentation. Additionally, U-359 induced the formation of small apoptotic bodies 
(Figure 3). In the combination experiment (U-359+Tx), the number of cells with all apoptotic features was greatly 

Figure 3 Effect of U-359, Tx and U-359+Tx on the morphology of MCF-7 and MCF10A cells after 24 h incubation. (A) The untreated MCF-7 cells (control) are marked by 
black arrows – normal angular or polygonal shape, large vesicular nucleus, and prominent nucleolus; NI – nucleoli (B) MCF-7 cells treated with U-359 are marked with red 
arrows - chromatin condensation; yellow arrows- cytoplasm and chromatin condensation; AB – the apoptotic body (C) MCF-7 cells treated with Tx: black arrows shrunken 
cytoplasm and chromatin condensation. (D) MCF-7 cells treated with U-359+Tx: black arrows- shrunken cytoplasm and chromatin condensation; AB – the apoptotic body; 
yellow arrows – cytoplasm and chromatin condensation, nuclear fragmentation. (E) Morphology of untreated MCF-10A; (F) U-359: red arrows – normal angular or 
polygonal shape, large vesicular nucleus, and prominent nucleolus; (G) Tx; (H) U-359+Tx: black arrows-abnormal morphology, cytoplasm, and chromatin condensation.
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increased. As shown in Figure 3 in MCF-10A cells treated with U-359 the apoptotic changes have not been observed. 
All cells had normal morphology as compared to the MCF-10A untreated cells. The abnormal morphology was 
observed in these cells incubated with Tx, while co-incubation with U-359 and Tx did not show significant changes 
(Figure 3).

Induction of Apoptosis
Real-Time Assessment of Cell Death Type
To find the type of MCF-7 cell death, RealTime-GloTM Annexin V Apoptosis and Necrosis Assay was used. Apoptosis 
(translocation of phosphatidylserine to the outer part of the cell membrane) can be detected by luminescence, while 
necrosis (translocation of phosphatidylserine on the inner and outer part of the cell membrane) by fluorescence. Increases 
of both luminescence and fluorescence signals are characteristic for the loss of membrane integrity (secondary necrosis 
following apoptosis). On the other hand, positive luminescence and negative fluorescence signals reflect early apoptosis 
(Annexin V binding).

MCF-7 cells were incubated for 24 h with U-359 or Tx alone or co-incubated with U-359+Tx.
As shown in Figure 4A and B, U-359 and Tx both increased the level of RLU (luminescence signal) by 19% and 4%, 

respectively, and RFU (fluorescence signal) by 135% and 8%, respectively, which points at the late apoptosis. Co- 
incubation of MCF-7 cells with U-359 + Tx caused a significant increase in the fluorescence signal, by 24% and 
luminescence signal by 42%, compared with the effects produced by Tx alone. The obtained results showed a significant 
difference between luminescence and fluorescence kinetic effects in MCF-7 cells incubated with U-359 and co-incubated 
with U-359 and Tx. In all tested samples, a considerable time delay between increase of luminescence and fluorescence 
signals was seen, which confirmed a late apoptosis leading to secondary necrosis (Figure 4C and D).

Figure 4 Real-time monitoring of luminescence RLU (A) and fluorescence RFU (B) signals measured for the U-359, Tx and U-359 + Tx experiments. Untreated MCF-7 
cells were used as a control. The time-course dependent luminescence (C) and fluorescence (D) measurement. The detection of apoptosis and necrosis process in MCF-7 
cells incubated with U-359 or Tx, compared with combination experiments (U-359+Tx). The intensity of luminescence and fluorescence signals were measured after 1, 24 
and 48 h. Data are expressed as mean ± SEM. Statistical significance was assessed using one-way ANOVA and a post hoc multiple comparison Student–Newman–Keuls test. 
***p <0.001 (statistical significance), in comparison with control; ###p <0.001 (statistical significance), in comparison with Tx.
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Assessment of Human PARP1 Protein Level by ELISA-Based Method
Apoptosis in MCF-7 cells was evaluated using Cleaved PARP1 Human SimpleStep ELISA® Kit. MCF-7 cells were 
incubated with U-359/Tx or co-incubated for 24 h. Poly ADP-ribose polymerase 1 (PARP1) is a DNA repair enzyme that 
in apoptosis is cleaved by activated caspases. Therefore, the 89-kDa PARP1 is a hallmark of apoptosis.

As shown in Figure 4, MCF-7 incubated with U-359 showed an increase in the level of cleaved PARP1, by 123%, 
while Tx enhanced the amount of PARP1 fragment only by 17%. In combination experiment, the level of 89 kDa PARP1 
increased up to 83%, compared with the effect produced by Tx alone (Figure 5).

The Caspase 8 and 9 Activity
Caspase 8 plays a key role in the extrinsic-mediated apoptotic pathway, while caspase 9 is necessary to remodel the 
mitochondria during intrinsic pathway. To measure the caspase 8 and 9 activity in MCF-7 cells, a luminometric assay was 
used.

MCF-7 cells were incubated for 24 h with U-359 and/or Tx (at IC50 concentration each). U-359 significantly 
increased the level of caspase 9 and did not activate caspase 8. Tx decreased the activity of both proteins. Co- 
incubation of MCF-7 cells with U-359 and Tx caused a significant increase of caspase-9 activity, compared with the 
effect produced by Tx alone (Figure 6).

Figure 5 The concentration of cleaved PARP1 in MCF-7 cells. Protein extracts from MCF-7 cells obtained after treatment with U-359/Tx/U-359+Tx (at IC50 concentra-
tions) were tested by the ELISA-based method using Cleaved PARP1 Human SimpleStep ELISA® Kit. Data are expressed as mean ± SEM. Statistical significance was assessed 
using one-way ANOVA and a post-hoc multiple comparison Student–Newman–Keuls test. ***p <0.001 (statistical significance), in comparison with control; ###p <0.001 
(statistical significance), in comparison with Tx.

Figure 6 Determination of caspase 8 (A) and 9 (B) activity. The luminescence signals (RLU) measured for the U-359, Tx and combination experiment (U-359+Tx). 
Untreated MCF-7 cells were used as a control. Data are expressed as mean ± SEM. Statistical significance was assessed using one-way ANOVA and a post-hoc multiple 
comparison Student–Newman–Keuls test. ***p <0.001 (statistical significance), in comparison with control.
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The Possible Mechanism of Multidrug Resistance of MCF-7 Cells to Tx
Quantitative Real-Time PCR Assay
The mRNA expression of MTBT1 and NINL genes in MCF-7 cells incubated with U-359, Tx or co-incubated for 24 
h with both compounds was assessed by real-time PCR.

The treatment of the cells with either U-359, Tx or both compounds together did not affect MTBT1 expression 
(Figure 6). U-359 used alone decreased the mRNA level of NINL, while Tx alone increased the expression of this gene. 
However, the co-incubation of both compounds caused a significant down-regulation of NINL (Figure 7).

The Alterations in Microtubule Dynamic
Human TUBIII Assay
The concentration of TUBIII was found in MCF-7 by Human TUBbetaIII (Tubulin Beta 3) ELISA Kit. Tubulin beta 3 
monoclonal antibodies recognized beta tubulin class III. In the presence of microtubule disrupter, such as Tx, unstable 
polymers made of III-tubulin are formed that may be considered markers of resistance.

Tx significantly increased the level of TUBIII in MCF-7 cells. The opposite effect was produced by U-359, which 
caused a twofold decrease of this protein concentration. In the combination experiment, U-359+Tx inhibited protein 
expression almost completely, as compared with the effects produced by Tx alone (Figure 8A).

Figure 7 Real-time PCR analysis of MTBT1 (A) and NINL (B) expression in MCF-7 cells treated with U-359, Tx and U-359+Tx. Data are expressed as mean ± SEM. 
Statistical significance was assessed using one-way ANOVA and a post hoc multiple comparison Student–Newman–Keuls test. *** p <0.001 (statistical significance), In 
comparison with control.

Figure 8 Protein level of TUBIII (A) and Nlp (B) in MCF-7 cells treated with U-359, Tx and U-359+Tx. Data are presented as mean±SEM. Statistical significance was 
assessed by the Student’s t-test ***p<0.001 (statistical significance), in comparison with control.
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The Quantitative Detection of Nlp Protein
To measure Nlp protein concentration in cancer cell lysates, Human Ninein-Like Protein (Nlp) ELISA Kit was used. Cell 
lysates were prepared after incubation of MCF-7 cells with U-359 and/or Tx for 24 h.

Consistent with enhanced gene expression, Tx significantly up-regulated, while U-359 alone and in combination with 
Tx potently down-regulated the level of Nlp (Figure 8B).

Discussion
Combination chemotherapy, the simultaneous administration of two or more drugs, may supply several advantages over 
monotherapy, such as better efficacy, dose reduction, decreased toxicity, and reduced development of drug resistance.25 

Due to these advantages, combination chemotherapy is now an often-used strategy in cancer treatment, including breast 
cancer.26,27 Tx shows a substantial single-agent activity in metastatic breast cancer, but the main problem with its use is 
the development of resistance. Administration of Tx together with other anticancer agents may be a good strategy to 
reverse MDR of this drug and to improve its therapeutic efficacy. In some clinical trials Tx was successfully administered 
with 5-fluorouracil, vinorelbine and doxorubicin.19

Several in vitro studies were performed in the search for agents capable of reversing MDR of Tx. A synthetic drug, 
ponatinib, significantly enhanced the accumulation of Tx in breast cancer cells overexpressing ABCC10/MRP7 trans-
porter, downregulating MRP7 protein expression in a time- and concentration-dependent manner. Thus, ponatinib may be 
a potential reversal agent for the treatment of MDR.28

Piperine, alkaloid isolated from black pepper, improved the bioavailability and antitumor effect of Tx in MCF-7 cells.29 

Rapamycin also synergistically improved the efficacy of Tx in the multidrug resistant MCF-7/ADR breast cancer cells.30

NSC23925, a selective P-glycoprotein (Pgp) inhibitor, in combination with Tx was shown to produce a significant 
efficiency in preventing the emergence of MDR in breast cancer cells.31

Here, we investigated the in vitro anticancer activity of a novel synthetic uracil analog U-359. The study was 
performed on the breast cancer MCF-7 cell line and, for comparison, on non-malignant breast epithelial MCF-10A cell 
line. U-359 turned out to be threefold less cytotoxic against MCF-10A than MCF-7 cells.

To explore the anticancer activity and safety of U-359 in combination with Tx, monitoring of the MCF-7 and MCF- 
10A cell viability was performed. Proliferation of MCF-7 cells was significantly inhibited when Tx was co-incubated 
with U-359, MCF-10A cells were affected only in a ridiculously small percentage. This result was further confirmed by 
assessing ATPase activity which was greatly decreased in the combination experiment in MCF-7, but not in MCF-10A 
cells. Morphological changes typical for apoptosis were seen in MCF-7 cells treated with Tx or with U-359. In the 
combination experiment (U-359+Tx), the number of cells with all apoptotic features increased drastically. MCF-10A 
cells treated with U-359 and U-359+Tx, but not Tx alone, had normal morphology.

As opposed to Tx alone, which moderately induced apoptosis in cancer cells, the effect observed in the MCF-7 cells co- 
incubated with Tx and U-359 was extraordinarily strong. Also, the level of PARP1, a hallmark of apoptosis, increased significantly 
in co-incubation treatment. Further experiments were performed to assess the level of caspase 8 and 9.

Considering the high anticancer activity of Tx in combination with U-359, as compared with Tx alone, we 
hypothesized that U-359 may reduce resistance of MCF-7 cells to Tx. To elucidate the possible mechanism of drug 
resistance in MCF-7 cells, the mechanism of alterations in microtubule dynamics and/or changes in microtubule 
stabilization was analyzed. The quantitative analysis of the mRNA expression of MTBT1 and NINL, two key genes 
engaged in Tx resistance, was performed. Real-time PCR experiments indicated that Tx used alone did not affect 
MTBT1 but enhanced the mRNA level of NINL, while U-359 had the opposite effect. In combination experiments, 
significant down-regulation of NINL expression was observed. Consistent with gene expression, Tx in combination 
with U-359 significantly decreased the protein level of Nlp (by 85%) in MCF-7 cells. Given the fact that the 
alterations in microtubule dynamics could be caused by expression of modified beta-tubulin III, the level of TUBIII 
protein was measured. The obtained results indicated that Tx+U-359 decreased the level of TUBIII almost completely 
(by 88%), as compared with the effect produced by Tx (an increase in the level of cleaved TUBIII by 125%) alone 
(Figure 9).
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Conclusion
The development of taxol resistance limited its application. One of the strategies used to prevent the emergence of drug 
resistance is combination treatment, involving at least two drugs.

Continuing the search for novel compounds with anticancer properties, a new uracil analog, 3-p-bromophenyl-1-ethyl- 
5-methylidenedihydrouracil (U-359) was synthesized. The aim of the current study was to assess if U-359 can prevent the 
development of Tx resistance in breast cancer cells. U-359 exhibited a broad spectrum of anti-proliferative activities against 
the tested cancer cell lines. Apoptosis studies against MCF-7 cells showed that apoptosis induction went through the 
mitochondrial pathway. Considering the high anticancer activity of Tx in combination with U-359, as compared with Tx 
alone, it was hypothesized that U-359 may reduce resistance of MCF-7 cells to Tx. To elucidate the possible mechanism of 
resistance, expression of tubulin III (TUBIII), responsible for microtubule stabilization and Nlp proteins, responsible for 
microtubule dynamics, was assessed. Tx in combination with U-359 significantly decreased the level of both proteins. Based 
on the obtained results, it can be concluded that U-359 shows significant synergistic effect in combination with Tx and 
prevents the development of Tx resistance in MCF-7 cells causing alterations in microtubule dynamics and changes in 
microtubules’ stabilization (Figure 9) Consequently, this uracil analog has a potential as a promising anticancer agent able to 
overcome MDR in breast cancer cells and appears to be a suitable candidate for the future in vivo studies.

Key Message
● U-359 shows a significant synergistic effect in combination with Tx.
● U-359 could act synergistically with Tx in order to down-regulate the level of TUBIII and Nlp proteins.

Figure 9 The possible response mechanism of U-359 in the Tx resistance of MCF-7 cells.
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● U-359 prevents the development of Tx resistance in MCF-7 cells causing alterations in microtubule dynamics and 
changes in microtubules’ stabilization.
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