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ABSTRACT 

 

Modulation of HAT activity by the BRCA2 genotype  

: a potential mechanism of taxanes resistance 

 

Woo Sun Kwon 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Hyun Cheol Chung) 

 

Taxanes are a class of anticancer agents, which stabilize polymerized microtubules and 

enhance microtubule assembly, and thus arrest the cell cycle in G2/M phases, leading to 

cell death. Taxanes resistance has been attributed to a variety of mechanisms. But the 

evidence for this resistant mechanism is weak. In the present study, we defined the 

resistance mechanism to taxanes based on BRCA2 genotype. First, we screened taxanes-

sensitivity by MTT assay. We identified a significant difference in chemosensitivity 

related to BRCA2 372Asn>His genotype. This difference was reflected in a higher IC50 

for heterozygous polymorphic type than for the wild type. The BRCA2 and P/CAF 

expression were no difference among groups. However, we showed that the interaction of 

BRCA2 and P/CAF decreased by 2-fold in the heterozygous polymorphic type compared 

with the wild type. HAT activity was also relatively higher in BRCA2 wild type cells 
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compared with heterozygous polymorphic cells. Functional validation of selected SNP by 

HDAC inhibition was used to indirectly confirm that our selection was reasonable. To 

directly confirm, we established cell lines with an altered BRCA2 genotype. The cell lines 

with an altered BRCA2 genotype were restored to taxanes-sensitivity. The functional 

restoration by transfection of altered genotypes suggests that HAT activity and BRCA2-

P/CAF interaction related to the BRCA2 genotype may be a potential mechanism of 

taxanes resistance in breast cancer. In conclusion, HAT activity based on BRCA2-P/CAF 

interaction had potental role of taxanes-sensitivity in breast cancer cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                    

Keywords : BRCA2 372Asn>His, Taxanes, P/CAF, HAT activity, breast cancer 
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I. INTRODUCTION 

Taxanes (paclitaxel and docetaxel) are microtubule-stabilizing agents that are widely 

recognized as active cytotoxic agents for patients with ovary, breast, lung, head and neck, 

bladder and esophageal cancers.1-3 The response rate to taxanes in metastatic tumors 

reportedly ranges from 30 to 50%. Various biological parameters have been examined for 

their ability to predict the response to taxanes.4-8 Taxanes stabilizes microtubule 

polymerization. The consequent arrest of the cell cycle at the mitotic phase is thought to 

be the mechanism of taxanes-induced cytotoxicity.1, 9-12 Taxanes resistance has been 

attributed to a variety mechanisms, including upregulation of antiapoptotic Bcl-2 family 

such as B-cell CLL/lymphoma 2 (Bcl-2) and B-cell lymphoma-extra large (Bcl-XL).13, 14 
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In vitro studies have demonstrated that cancer cells become relatively resistant to 

paclitaxel through increased drug efflux resulting from the upregulation of ATP-binding 

cassette, sub-family B (MDR/TAP), member 1 (ABCB1) gene expression.15-18 Taxanes 

resistance could also occur in association with altered α- or β-tubulin subunits, point 

mutations in β-tubulin, or differential expression of β-tubulin isotypes which impair drug-

tubulin binding.19-21 In addition, growing evidence from preclinical studies has suggested 

that sensitivity to taxanes required functional BRCA2 expression. The BRCA2 mRNA 

levels were significantly lower in responders than non-responders to docetaxel treatment 

and suggested that BRCA2 mRNA status could be used as a predictor of response to 

docetaxel treatment.22  

Breast cancer is the leading cause of cancer morbidity among women. Approximately 

5~10 % of all breast cancers are heteroditary and attributable to mutations in highly 

penetrant susceptibility genes.21, 23-29 Germline mutations in the human breast cancer 

susceptibility genes (BRCA1 and BRCA2) are responsible for most hereditary breast and 

ovarian cancers. Most of the reported disease-associated alleles of BRCA2 have been 

attributed to frameshift, nonsense, or spice site alterations, leading to truncated protein or 

function.27, 30, 31  

BRCA2 is involved in the repair of chromosomal damage and plays a role in 

controlling the stability of the human genome. BRCA2-dificient mouse embryos were 

shown to be highly sensitive to γ-irradiation. BRCA2 was demonstrated to physically 

interact with the RAD51 homolog (S. cerevisiae) (Rad51) protein that was involved in 

DNA repair and recombination. This interaction occurs through binding sites within 

exon11 of BRCA2.32-34 In addition, deleted in spilt hand/spilt foot (DSS1) gene encodes 
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an evolutionarily conserved acidic protein that binds to BRCA2 C-terminal and is 

required for the stability of BRCA2.35-37 Exon 3 of BRCA2 was found to have weak 

homology with transcriptional factor c-Jun and also has been shown to activate 

transcription in mammalian cells.38 BRCA2 specifically interacts with the histone 

acetyltransferase (HAT) p300/CBP-associated factor (P/CAF); this interaction requires 

residues 290-453 in the exon 10 of BRCA2. The BRCA2 N-terminus is associated with 

HAT activity when bound to P/CAF but lacks intrinsic HAT activity.39, 40  

Histone acetylation relaxes the normally tight supercoiling of chromatin, enhancing the 

accessibility of promoter regions to DNA binding transcriptional regulatory proteins, 

which is often associated with transcriptional activation of genes that regulate cell cycle 

progression, DNA replication, and the apoptotic response to DNA damage.41-44 By 

contrast, histone deacetylation, catalyzed by histone deacetylases (HDACs), is often 

associated with transcriptional silencing through chromatin condensation. HDAC 

inhibitors represent a structurally diverse group of compounds that inhibit deacetylation 

of histones, permitting the chromatin scaffolding to assume a more relaxed, open 

conformation, which generally promotes gene transcription. HDAC inhibitors, such as 

trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA), had been used 

clinically for treatment of epilepsy and bipolar disorder without significant toxicity. They 

cause to hyperacetylation of the N-terminal tails of histones H3 and H4 in vitro and in 

vivo and inhibit HDAC activity, probably by binding to the catalytic center and thereby 

blocking substrate access.41, 45-50 HDAC inhibitors also enhance the acetylation of 

nonhistone proteins, such as p21WAF1, p53 and c-Jun. Acetylation of non-histone proteins 

may affect differentiation, decreases tumor cell growth, and increases apoptosis. Another 
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important target of HDAC is tubulins.46, 51, 52 HDAC inhibitors can accept tubulins as a 

substrate and control the level of tubulin acetylation that has an impact on the 

microtubule network. Microtubules are a major component of the cytoskeleton and 

mitotic spindle and consist of polymers of α- and β-tubulin dimers. A previous study 

found that TSA and paclitaxel synergistically inhibit the proliferation of serous 

endometrial cancer cells.46, 48 One of the most important mechanisms by which paclitaxel 

inhibited tumor growth is microtubule stabilization, which occurred through its action on 

α-tubulin acetylation. 

To identify novel resistance mechanism to taxanes, we screened BRCA2 variants and 

taxanes-sensitivity in breast cancer cell lines. We selected SNP based on their frequencies 

and correlation with taxanes sensitivity. Functional validation of selected SNP by HDAC 

inhibition was used to indirectly confirm that our selection was reasonable. To directly 

confirm the function of each genotype by selected SNP, we established cell lines with an 

altered BRCA2 genotype. After transfection of the altered BRCA2 genotype, functional 

validation demonstrated that the changed genotype restored sensitivity to taxanes. 

Consistent with our hypothesis, cell lines with an altered BRCA2 genotype were restored 

to taxanes-sensitivity (Figure 1).  
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II. MATERIALS AND METHODS 

1. Cell lines and culture 

37 ℃ in a 5% CO2 humidified atmosphere. The media was 

replaced every 3-4 days. 

2. Chemosensitivity assay 

Eleven human breast cancer cell lines were used, including: MCF-7, MDA-MB-231, 

MDA-MB-453, ZR-75-1, BT-20, SK-BR-3, T-47D, YCC-B1, YCC-B2, YCC-B3, YCC-

B5). Except for the YCC series, all cell lines were obtained from the American Type 

Culture Collection (ATCC, Rockville, MD, USA). YCC series were established at the 

Cancer Metastasis Research Center (Yonsei University College of Medicine, Seoul, 

Korea) from advanced Korean cancer patients. Cells were maintained in proper media 

proveded by manufacturer with 10% FBS (Omega Scientific, Tarzana, CA, USA), 100 

U/ml penicillin, and 0.1 mg/ml streptomycin (Invitrogen, Carlsbad, CA, USA). Cultured 

cells were incubated at 

 

Growth inhibition was measured in 11 human breast cancer cell lines with paclitaxel 

(Sigma, Saint Louis, MO, USA) or docetaxel (Sigma, Saint Louis, MO, USA) using MTT 

(3-(4,5-Dimethlthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma, Saint Louis, MO, 

USA) assay. Cells were seeded into 96-well plates at a density of 1x 104 per well in a 

fixed volume of 100 μl and were cultured under 5 % CO2 at 37 ℃. After 24 h, cells were 

treated with various concentration of paclitaxel or docetaxel. After 72 h of incubation, 50 

μl of MTT solution (2 mg/ml) was added to each well. Following an additional incubation 

of 4 h, the MTT reaction was terminated by adding 150 μl of DMSO (dimethyl sulfoxide, 
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Sigma, Saint Louis, MO, USA). Absorbance was measured with a multi-well ELISA 

automatic spectrometer recorder (Behringwerke, Marburg, Germany) at 570 nm. Results 

are expressed as percent cell survival, which was calculated using the following formula: %

survival = [(mean absorbance of test wells – standard absorbance) / (mean absorbance of 

control wells – standard absorbance)] x 100. Control wells were treated with medium 

alone (without the anticancer drug). Percent cell survival at varying drug concentrations 

was plotted to determine the growth inhibitory concentration. The half maximal 

inhibitory concen

 

tration (IC50) was calculated using Calcusyn software (Biosoft, 

Ca

h 

ce

ots. A CI <, =1, and 

mbridge, UK). 

 Each cell line was classified, based on the Cmax (maximum concentrations) values, 

as either resistant (IC50 > Cmax) or sensitive (IC50 < Cmax). The Cmax was obtained from 

the blood level (Cmax : 4.27 μM and 4.7 μM) of maximal tolerable dose of paclitaxel or 

decetaxel in phase I trial.53, 54 Due to the wide range of IC50 values obtained from eac

ll line, scale adjustments were performed by transforming the data into a log10 scale.  

Suberoylanilide hydroxamic acid (SAHA) was synthesized in the Chemical Genomics 

Laboratory, College of Engineering, Yonsei University (Seoul, Korea). The combination 

effect of SAHA and taxanes was assessed using the median effect analysis method, as 

previously described by Chou and Talalay.55 The two drugs were combined in a fixed 

ratio of doses that typically corresponded to 10-3, 10-2, 10-1, 1, and 10 times that of the 

individual IC50. The combined effects of the drugs on growth inhibition were analyzed 

using the Calcusyn software package (Biosoft, Cambridge, UK). A combination index (CI) 

is generated for each combined effect on growth inhibition or fraction affected (fa). The 

effects of the combination are transformed and displayed as fa-CI pl
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>1

 anticancer drug/control x the effects of the TSA/control x 100 was 

calculated.  

3. Target polym

SNP, 

and JSNP (http://snp.imsu-tokyo.ac.jp/), and CGAP (http://gai.nci.nih.gov/CGAI/).  

4. Genom

 indicate synergism, additivism and antagonism, respectively. 

The potential synergy between the drugs and trichostatin A (TSA, Sigma, Saint Louis, 

MO, USA) was evaluated as follows, using Drewinko's fraction method.47 The synergistic, 

semi-additive and antagonistic interactions were determined when the value was less than 

the expected value, more than the expected value but less than the drugs' value, and more 

than the drugs' value, respectively. The expected value of the combined effects (%) = the 

effects of the

 

orphic site determination 

Target polymorphisms were determined using available public SNP databases. 

Database queries for polymorphisms in our experiment were conducted according to 

NCBI dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). In addition, two auxiliary SNP 

database sites were used: HOWDY (http://gdb.jst.go.jp/HOWDY/) which includes db

 

ic DNA extraction and PCR 

Genomic DNA (gDNA) from each cell line was extracted with a phenol/chloroform 

method. The cultured cells were resuspended with 500 μl of DNA lysis buffer [10 mM 

Tris-HCl (pH 7.6), 10 mM EDTA, 50 mM NaCl, 0.2 % SDS, 20 mg/ml proteinase K] and 

incubated overnight at 42 ℃. After adding 500 μl of phenol/chloroform/isoamyl alcohol 

(Sigma, Saint Louis, MO, USA), the samples were vortexed and then centrifuged at 4 ℃, 
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13,000 x g for 10 min. The upper aqueous supernatant was carefully transferred to a new 

tube, and after adding 0.1 volume of 3 M sodium acetate (pH 5.2) and 2 volume of 100 % 

ethanol to the tube, the mixture was incubated at -70 ℃ for 30 min. The precipitated 

DNA was centrifuged at 13,000 x g at 4 ℃ for 30 min. After discarding the supernatant, 

the pellet was washed with 70% ethanol. The extracted DNA was collected after further 

centrifugation, and the final yield of DNA was dissolved in 50 μl distilled water. The 

quantity and quality of gDNA were checked by ND-100 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE, USA) and gel electrophoresis. The extracted gDNA was 

sto

R products were purified using the PCR Clean-

p Kit (GENEMED Inc. Seoul, Korea). 

5. DNA

red in a -70 ℃ deep freezer.  

PCR was performed on the Eppendorf Mastercycler Gradient (Brinkmann Instruments, 

Inc. Ocala, FL, USA). PCR was performed in a total volume of 50 μl containing 0.2 μg 

gDNA, 4 μl 2.5 mM dNTP mix, 5 μl 10X reaction buffer with 15 mM MgCl2, 1 ul DNA 

Taq polymerase (5U, Super-Bio, Seoul, Korea) and 20 pmol/μl forward and reverse 

primers. PCR cycling was done with an initial denaturation at 95 ℃ for 2 min followed 

by 35 cycles of denaturation at 94 ℃ for 30 sec, annealing at 57 ℃ for 20 sec, and 

extension at 72 ℃ for 30 sec. After 30 cycles, a final extension was carried out at 72 ℃ 

for 2 min. Forward (F) and reverse (R) primers were designed on the basis of target genes 

sequence obtained from the GenBank. PC

U

 

 sequencing 

Sequencing of PCR products was performed according to the manufacturer’s 
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instruction using the CEQ 8000 Dye Terminator Kit (Beckman Coulter, Inc. Fullerton, 

CA, USA). For dye-terminator cycle sequencing, the entire 1.5 μl of PCR sample was 

used as the sequencing template. One microliter of 100 pmol sequencing primer (same as 

PCR primer) and 8.5 μl DTCS premix (1.5 μl 10X Sequencing Reaction Buffer, 0.5 μl 

dNTP mix, 1.5 μl each ddUTP, ddGTP, ddCTP, ddATP Dye Terminator, and 0.5 μl DNA 

Polymerase Enzyme) were added to the template, and distilled water was added to adjust 

the total reaction volume to 15 μl. Sequencing reactions were subjected to 35 cycles of 

96 ℃ for 20 sec, 50 ℃ for 20 sec, and 60 ℃ for 4 min. DTCS premix was removed 

by ethanol precipitation, ethanol was completely eliminated by vacuum, and the products 

were dissolved in 40 μl Sample Loading Solution (Beckman Coulter, Inc. Fullerton, CA, 

USA). The samples were transferred to a polypropylene sample plate and covered with 

mineral oil, which was then loaded on the CEQTM 8000 genetic analysis system for 

fluorescence detection. Sequence data was analyzed and compared using the GeneDoc 

system   (www.psc.edu/biomed/genedoc) and FinchTV software (www.geospiza.com) 

(Geospiza Inc., Seattle, WA, USA). 

6. Co-immunoprecipitation and 

 

western blot analysis 

Total protein extracts were prepared with cell lysis buffer [50 mM Tris HCl (pH 7.4), 

150 mM NaCl, 1 mM EDTA, 1mM Sodium orthovanadate, 1mM NaF, 10 μg/ml 

aprotinin, 10 μg/ml leupetin, 1mM PMSF]. For immunoprecipitation, total cell lysates 

were precleared for >1h by incubation with protein G-Sepharose (Amersham Biosciences, 

Buckinghamshire, UK). Then, supernatants were incubated for >4h with anti-BRCA2 
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(Calbiochem, Darmstadt, Germany) or anti P/CAF (Sigma, Saint Louis, MO, USA) 

primary antibodies as well as protein G-Sepharose beads at 4 ℃. Finally, these were 

wash

isualized using super ECL 

etection (Amersham Biosciences, Buckinghamshire, UK). 

7. Histone acetyltran

min in the dark at room temperature. The reaction plates were detected using the 

ed with lysis buffer containing complete protease inhibitors.  

Proteins were separated on 5% SDS polyacrylamide gels and transferred to 

nitrocellulose membranes (Immobilon-P transfer membrane, Millipore Corporation, 

Billerica, MA, USA). The primary antibodies used were monoclonal anti-BRCA2 (1:500; 

Chalbiochem, CA, USA), P/CAF (1:2000; Sigma, Saint Louis, MO, USA), α-tubulin 

(1:10000; Sigma, Saint Louis, Mo, USA), Acetyl-α-tubulin (1:2000; Sigma, Saint Louis, 

Mo, USA) and anti-GAPDH (1:10,000; Abcam, Cambridge, UK). After washing, the 

blots were incubated with horseradish peroxidase-conjugated secondary antibodies 

(Amersham Biosciences, Buckinghamshire, UK) and v

d

 

sferase (HAT) activity assay 

HAT activity was measured using a commercially available, non-radioactive HAT 

activity assay kit according to the detailed instructions provided by the manufacturer 

(Active Motif, Carlsbad, CA, USA). For the analysis of HAT activity, nuclear extracts 

were prepared with cell lysis buffer except DTT, for 30 min on ice and then centrifuged. 

Nuclear lysates were incubated in 100 µl of HAT assay buffer supplemented with acetyl-

CoA (100 µM) and histone H3 peptide (50 μM) for 30 min at room temperature. After 

incubation, stop solution and developing solution were added and then incubated for 15 
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Fluorescent plate reader capable of exciting at 360-390 nm and reading emission at 460-

490 nm. 

 

8. Cell cycle analysis 

Cell cycle analysis was performed by staining with propidium iodide (PI) (BD 

Biosciences, San Jose, CA, USA). A total of 2.5 x 105 cells were plated into each well of 

a 6 well plate. After 24 hours, paclitaxel or TSA was added and then incubated for 24 

hours. The cells were typsinized, fixed with 70% ethanol at -20 ℃ overnight and then 

incubated for 30 min in the dark at room temperature with 10 ug/ml propidium iodide (PI, 

BD Biosciences, San Jose, CA, USA). Following washing with PBS, cells were 

resuspended in 500 μl of PBS and evaluated with the FACSCalibur system (BD 

Biosciences, San Jose, CA, USA). 

 

9. Site-directed mutagenesis and transfection 

BRCA2 expression constructs pcDNA3 236HSC WT (BRCA2) (Addgene plasmid 

16246) were kindly provided by Dr. Mien-Chie Hung (M. D. Anderson Cancer Center, 

Houston, TX, USA) (Figure 12). 

Site-directed mutagenesis was performed according to the PCR-based mutagenesis kit 

(QuikChange site-directed mutagenesis kit, Agilent Technologies, Inc, Santa Clara, CA, 

USA). The core protocol used the following condition: 95 ℃ for 1 min, 18 cycles of 95 ℃

for 50 sec, 50 ℃ for 1 min, and 65 ℃ for 5 min, followed by an extension period of 

68 ℃ for 7 min. The 1342A nucleotide of the BRCA2 was mutated to 1342C utilizing a 
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mutagenic forward primer (5’-ccattagattcaaatgtagcaCatcagaagccctttgagagtg-3’) and a 

reverse primer (5’-cactctcaaagggcttctgatGtgctacatttgaatctaatgg-3’) and then mutant 

plasmids were selected using digest parental DNA by DpnI. The mutant type plasmid was 

transformed into competent cells. The mutated sequences had been confirmed by DNA 

sequencing.  

For transfection, T-47D or YCC-B1 cells were plated into each well of a six-well plate 

at 1 x 106 cells per well. The cells were incubated for 24 h with antibiotic-free media in 

normal cell culture conditions. Thirty minutes prior to transfection, the cells were rinsed 

with PBS and then changed to Opti-MEM medium (Invitrogen, Carlsbad, CA, USA). The 

LipofectamineTM 2000 reagent (Invitrogen, Carlsbad, CA, USA) was used for transfection 

and the protocol provided by the manufacturer was followed. The BRCA2 wild type 

plasmid or the BRCA2 1342C mutant plasmid DNA (1 μg/well) were used with 4 μl of 

lipofectamine. Twenty four hours post transfection, cells were changed to selection 

medium. For the remainder of the study, Geneticin (A.G. Scientific, San Diego, CA, USA) 

selection (400 μg/ml) was continued on these clones to maintain plasmid integration. 

 

10. Pyrosequencing 

ix and pyrosequencing reagents were purchased from Qiagen HotStar PCR masterm

(Qiagen, Hilden, Germany) and PCR reactions were performed on the Eppendorf 

Mastercycler Gradient (Brinkmann Instruments, Inc. Ocala, FL, USA). The PCR 

reactions consisted of 10 ng DNA and 5 pmol of each primer in a total volume of 12 μl. 

PCR assays included a denaturation step at 95 ℃ for 30 seconds, followed by an 
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annealing step at 55 ℃ for 30 seconds, and an extension step at 72 ℃ for 30 seconds. 

After PCR, the biotinylated strand was captured on streptavidin-coated beads (Amersham 

Bioscience, Buckinghamshire, UK) and incubated with sequencing primers. Samples 

were genotyped on the Pyrosequencer 96 MA (Qiagen, Hilden, Germany). Sequence to 

analyze was AA/CATCAGA. As a quality control at least 5 % of the samples were 

genotyped in duplicate and no inconsistencies were observed. Pyrosequencing 

quantitatively measures the genotype status of sites in a given sequence. Therefore, we 

could determine the mean percentage of allele of detected sites as a representative value. 

Primer sequences for PCR and pyrosequence reactions were as follows: Forward 5’- 

AGCAAACGCTGATGAATGTGA-3’, reverse 5’ (biotin) – GACCTGAAAGGGTTAG 

TTGAGACCAT-3’ and sequencing primer 5’- CCATTAGATTCAAATGTAGC-3’. 

 

11. Statistics 

Statistical significance was performed using the SPSS 18.0 software (SPSS Inc., Chicago, 

 

 

IL, USA) and evaluated by calculating the student t-test for comparison between any two 

groups (triplicated data). All p-values quoted are two tailed and significance was accepted 

when p <0.05. 
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III. RESULTS 

1. Identification of BRCA2 polymorphisms in breast cancer cell lines 

To investigate the genetic characteristics of BRCA2, we performed BRCA2 variant 

profiling for 11 breast cancer cell lines by sequencing. We performed direct sequencing 

of full-length BRCA2. Two non-synonymous polymorphisms of BRCA2 were identified 

in breast cancer cell lines; 1342A>C (372Asn>His, rs144848) and 7679T>C 

(2490Ile>Thr, rs11571707). With respect to 2490 Ile>Thr, most cell lines were wild type 

(TT) except for YCC-B1, which was heterozygous for the TC polymorphism (Table 1). 

Although the 2490Ile>Thr polymorphism with the T to C Change cause an isolencine (Ile) 

to threonine (Thr) transition in the DSS1 binding region, it was shown to have a low 

frequency. 

The BRCA2 372Asn>His genotype distribution for cell lines is presented in Table 1. 

Three types of genotypes were identified in the cell lines and the distribution of 

genotypes was similar. Five cell lines, T-47D, MDA-MB-453, BT-20, ZR-75-1 and YCC-

B2, had the wild-type genotype (AA). Three cell lines (YCC-B1, YCC-B3 and YCC-B5) 

were heterozygous polymorphic (AC) and the others (MCF-7, SK-BR-3 and MDA-MB-

231) were homozygous polymorphic (CC).  
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Table 1. Nonsynonymous polymorphisms of BRCA2 in breast cancer cell lines  

Cell lines 

BRCA2 Microtubule interfering agent 

1342A>C 7679T>C Paclitaxel  
(uM)* 

Docetaxel  
(uM)* 372Asn>His 2490Ile>Thr 

MDA-MB-453 AA TT 0.157 0.429 

BT-20 AA TT 0.022 0.003 

ZR-75-1 AA TT 0.084 0.187 

YCC-B2 AA TT 0.007 0.382 

T-47D AA TT 0.007 0.108 

YCC-B1 AC TC 8.015 15.492 

YCC-B3 AC TT 9.467 38.618 

YCC-B5 AC TT 7.229 15.877 

SK-BR-3 CC TT 0.007 0.108 

MDA-MB-231 CC  TT 0.064  11.299  

MCF-7  CC  TT 0.542  0.108  

*, The half maximal inhibitory concentration (IC50) 
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2. Association between BRCA2 372Asn>His polymorphisms and taxanes-

sensitivity  

To assess the cytotoxicity of paclitaxel and docetaxel in breast cancer cell lines, each 

cell line was classified, based on the Cmax (maximum concentrations) values, as either 

resistant (half-maximal inhibitory concentration [IC50] > Cmax) or sensitive (IC50 < Cmax). 

The sensitivity of paclitaxel and docetaxel were assessed similarly in each cell line                 

(Figure 2). 

An association analysis was performed between BRCA2 genotypes (1342A>C) and 

chemosensitivity to paclitaxel and docetaxel (Table 1). We found a significant difference 

in chemosensitivity regarding BRCA2 genotypes. The heterozygous BRCA2 

polymorphism 372Asn>His that demonstrated a change of only one allele showed a 

difference in chemosensitivity compared with the wild-type. This difference was reflected 

in a higher IC50 (7.229 ~ 9.467 μM) for heterozygous polymorphic type than for the wild 

type (0.007 ~ 0.384 μM). However, the homozygous polymorphic type that had a change 

of two alleles demonstrated various sensitivities. A negative heterosis, a phenomenon that 

a subject with heterozygosity for a specific genetic polymorphism shows a significantly 

lower effect (negative heterosis) for quantitative or dichotomous trait than do 

homozygous subjects, was observed.56-58 
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Figure 2. Chemosensitivity profiling of 11 breast cancer cell lines. Due to the wide range 

of IC50 values obtained from each cell line, scale adjustments were performed by 

transforming the data into a log10 scale. Each cell line was classified, based on the log 

Cmax (maximum concentrations) values, as either resistant (log IC50 > log Cmax) or 

sensitive (log IC50 < log Cmax). A. logIC50 of paclitaxel B. logIC50 of docetaxel. C. This 

difference was accounted for by higher IC50 of heterozygous polymorphic type than IC50 

of wild type or homozygous polymorphic type. 
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3. Protein expression, interaction and histone acetytransferase (HAT) activity 

based on BRCA2 genotypes  

The non-sysnonymous polymorphism in BRCA2 372Asn>His polymorphism with the 

A to C change caused an asparagine (Asn) to histidine (His) transition in exon 10 of N-

terminus. BRCA2 interacts with the histone acetyltransferase (HAT) p300/CBP-

associated factor (P/CAF). The 372Asn>His polymorphism requires residues 290-453 to 

the P/CAF protein binding region.  

To verify endogenous protein expression based on BRCA2 372Asn>His polymorphism, 

we performed western blotting with BRCA2 and P/CAF antibodies. However, the 

BRCA2 (p = 0.973) and P/CAF (p = 0.080) expression were no difference among groups. 

We next tested whether BRCA2 functional activity, such as protein-protein interactions 

and HAT activity, could be changed by genotype. The BRCA2-P/CAF interaction was 

evaluated by co-immunoprecipitation using monoclonal antibodies directed against 

P/CAF (Figure 4A). Although no difference was noted in expression of BRCA2 and 

P/CAF in different BRCA2 genotypes, we showed that the interaction of BRCA2 and 

P/CAF decreased by 2-fold in the heterozygous polymorphic type compared with the wild 

type (0.56 vs 0.22) (Figure 4B).  

As shown in Fig. 5, HAT activity was relatively higher in BRCA2 wild type cells 

compared with heterozygous polymorphic cells. The BRCA2 genotype influenced 

sensitivity, not by BRCA2 expression but by BRCA2-P/CAF interaction and HAT activity. 
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Figure 3. BRCA2 and P/CAF expression in breast cancer cell lines. A. In order to verify 

that endogenous protein expression based on BRCA2 372Asn>His, we performed 

western blot with BRCA2 and P/CAF. Although P/CAF expression of MDA-MB-231 was 

detected lower than other cell lines, the different of BRCA2 (p = 0.973) and P/CAF (p = 

0.080) expression did not appear to be related to genotype. B. BRCA2 expression C. 

P/CAF expression. The results are presented as the mean of three independent 

experiences, and the bars indicate the standard deviation (SD).  
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Figure 4. BRCA2-P/CAF interaction related to genotype. A. BRCA2-P/CAF interaction 

was evaluated by co-immunoprecipitation using monoclonal antibodies directed against 

P/CAF. B.The interaction ratio of BRCA2 and P/CAF decrease 2 fold in heterozygous 

polymorphic type compared with wild type. The results are presented as the mean of three 

independent experiences, and the bars indicate the SD. *, Target protein /IP protien 
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Figure 5. HAT activity related to genotype. HAT activity was measured using a 

commercially available, non-radioactive HAT activity assay in endogenous nuclear 

extracts. HAT activity was relatively higher in BRCA2 wild type cells compared to 

heterozygous polymorphic cells.  
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4. Comparison of paclitaxel-induced tubulin acetylation  

HAT activity regulates the level of tubulin acetylation that has an impact on the 

microtubule network. Additionally, one of the most important mechanisms by which 

paclitaxel inhibited tumor growth is microtubule stabilization, which occurred through its 

action on α-tubulin acetylation.46, 59 Given the likely role of BRCA2 in paclitaxel-treated 

cells, we investigated whether BRCA2 genotypes has any effect, such as tubulin 

acetylation, on cell damage by paclitaxel. Tubulin acetylation was increased at low 

concentrations (5 nM) of paclitaxel in T-47D cell line, which is the BRCA2 wild type and 

is paclitaxel sensitive (Figure 6). In YCC-B1 cell, which is heterozygous polymorphic for 

BRCA2 and is paclitaxel-resistant, tubulin acetylations appeared at high concentrations 

(>100 nM), but the change was not shown at low concentration. Thus these data had 

indicated an effect of taxanes sensitivity on acetylation. 
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Figure 6. Paclitaxel induced tubulin acetylation. A. T-47D with paclitaxel sensitive, 

increased tubulin acetylation by paclitaxel at low concentration (5 nM). B,C. In YCC-B1 

with paclitaxel resistance, although the changes appeared at high concentrations (>100 

nM), but the tubulin acetylation were not shown at low concentration. 
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5. Validation of importance of HAT activity on taxanes resistance 

Next, we wanted to examine the importance of HAT activity in taxanes sensitivity. First, 

using the combination index (CI) method, which was previously described by Chou and 

Talalay55, we determined that the CI values at the IC50 ranged from 0.249 to 2.469 for the 

SAHA plus paclitaxel or decetaxel combinations (Table 2). Synergistic growth inhibition 

was observed with SAHA and taxanes. In the BRCA2 heterozygous polymorphic type 

cells, which are resistant to taxanes, the combination treatment was synergistic (CI: 

0.249~0.896) (Figure 7A). The BRCA2 wild type cells were sensitive to taxanes, but the 

combination of taxanes and SAHA resulted in a various response (CI : 0.327~ 2.469) 

(Figure 7B).  

To assess the combination effect of TSA and paclitaxel in T-47D and YCC-B1, the cells 

were exposed to TSA alone or TSA treatment combined with the IC50 of paclitaxel for 

each cell line and then calculated to expected value of the combination effect (Figure 8). 

The cell viability by paclitaxel was 58.5% in T-47D cell line. And the cell viability by the 

combination of paclitaxel plus 25 nM or 50 nM TSA were 41.7 and 32.9%, respectively. 

The combination of paclitaxel and 50 nM TSA showed a synergistic effect, while 25 nM 

TSA showed a semi-additive effect, compared with the expected value. The cell viability 

by 25 nM TSA, 50 nM TSA, and paclitaxel were 70.4, 67.1 and 44.2 % in YCC-B1 cell 

line, respectively. The cell viability by paclitaxel plus 25 nM or 50 nM TSA were 30.9 

and 30.0%, respectively. The combination of paclitaxel and 25 nM TSA showed a 

synergistic effect in YCC-B1 (p < 0.005). 
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We identified the synergistic effect between taxanes and HAT acitivity based on cell 

viability. Next, we wanted to examine the G2/M phase cell population that was 

specifically and directly involved in combination effect. To analyze the G2/M cell 

population, YCC-B1 cells were treated with 10-2 times the IC50 (80 nM) of paclitaxel for 

24 hours. YCC-B1 cells showed no changes in the G2/M phase (37.1 vs 31.1 %) 

compared with the control, although the cell cycle was arrested at the G2/M phase 

(94.2 %) in high concentrations, such as at the IC50 (8 μM) (Figure 9). However, the 

results of TSA treatment combined with 80 nM paclitaxel significantly increased rates of 

G2/M phase cells (79.1 %) compared with paclitaxel alone (37.1 %).  

Actually, paclitaxel significantly increased HAT activity in T-47D cells, but not in 

YCC-B1 (Figure 10). However, no difference was seen between paclitaxel alone and 

paclitaxel plus TSA in T-47D cells. Conversely, significantly increased HAT activity in 

YCC-B1 was demonstrated with paclitaxel plus TSA treatment than with paclitaxel alone 

(p < 0.005). 

Finally, the change in interaction of the BRCA2-P/CAF complex by paclitaxel was 

confirmed (Figure 11A). The amount of BRCA2-P/CAF complex was increased by 

taxanes in T-47D cells with the BRCA2 wild type genotype (1.29 vs 1.41) (Figure 11B). 

Conversely, the interaction of BRCA2-P/CAF was decreased by paclitaxel (1.56 vs 0.96), 

but recovered with the combination of paclitaxel and TSA in YCC-B1 (1.38). Thus, the 

sensitivity of paclitaxel and HAT activity were increased by HDAC inhibition in BRCA2 

polymorphic type. 
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Table 2. Combination index of SAHA and Taxanes 

BRCA2 
1342A>C  
372N>H 

Cell lines 
Combination index* 

Paclitaxel Docetaxel 

Wild type  

MDA-MB-453  1.739 2.190 

BT-20  2.100 0.368 

ZR-75-1  0.751 0.327 

YCC-B2  2.469 0.314 

T-47D  0.364 0.854 

Heterozygous 
polymorphic type  

YCC-B1  0.249 0.525 

YCC-B3  0.896 0.826 

YCC-B5  0.497 0.713 

Homozygous 
polymorphic type  

SK-BR-3  1.794 0.983 

MDA-MB-231  1.269 0.470 

MCF-7  0.570 0.520 

*, CI  (CI<1 : synergistic, CI>1 antagonistic)  
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Figure 7. Drug combination – effect curve using the combination index (CI) method. 

Combination of taxanes and SAHA. A. Eexample of synergistic cell line (CI<1) B. 

Eexample of antagonistic cell line (CI>1). 
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Figure 8. Synergistic or semi-additive effect of TSA with paclitaxel. The synergistic, 

semi-additive and antagonistic interactions were determined when the value was less than 

the expected value, more than the expected value but less than the drugs' value, and more 

than the drugs' value, respectively. The expected value of the combined effects (%) = 

effects of paclitaxel/control x effects of TSA/ control x 100 was calculated. A. The cell 

viability by paclitaxel was 58.5% in T-47D cell line. The combination paclitaxel and 50 

nM TSA showed a synergistic effect, while 25 nM TSA showed a semi-additive effect 

compared to expected value. B. The cell viability by 25 nM TSA, 50 nM TSA and 

paclitaxel were 70.4, 67.1 and 44.2 % in YCC-B1 cell line. The cell viability by paclitaxel 

plus 25 nM or 50 nM TSA were 30.9 and 30.0%, respectively. The combination paclitaxel 

and 25 nM TSA showed a synergistic effect in YCC-B1 (*, p < 0.005). (Exp.: expected 

value, Obs.: observed value) 
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Figure 9. Effect of TSA with palcitaxel in heterozygous polymorphic type using analysis 

of G2/M population. YCC-B1 cells were treated with 10-2 times of IC50 (80 nM) 

paclitaxel for 24 hours. YCC-B1 cells showed no changes in the G2/M phase (37.1 vs 

31.1 %) compared with control. However, the results of TSA treatment combined with 80 

nM paclitaxel were shown significantly increased rates of G2/M phase cells (79.1 %) 

compared with paclitaxel alone (37.1 %). 
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Figure 10. Comparison of HAT activity between T-47D and YCC-B1 by paclitaxel alone 

or combined TSA. The HAT activity was increased by paclitaxel treatment in T-47D cells, 

but not in YCC-B1. The HAT activity in YCC-B1 was significantly increased on 

paclitaxel plus TSA treatment than on paclitaxel alone (*, p < 0.005) (T-47D; wild type 

with paclitaxel sensitive, YCC-B1; heterozygous polymorphic type with paclitaxel 

resistant). 
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Figure 11. Comparison of BRCA2-P/CAF interaction between T-47D and YCC-B1 in 

paclitaxel alone or combined TSA. BRCA2-P/CAF interaction was evaluated by co-

immunoprecipitation using monoclonal antibodies directed against BRCA2. A. BRCA2-

P/CAF interaction in T-47D cell line B. BRCA2-P/CAF interaction in YCC-B1 cell line. 

C. Interaction ratio of BRCA2-P/CAF. The BRCA2-P/CAF complex was increased by 

taxanes in BRCA2 wild type, T-47D (1.29 vs 1.41). On the other hand, the interaction of 

BRCA2-P/CAF was decreased by paclitaxel (1.56 vs 0.96), but recovered by combination 

of paclitaxel with TSA in YCC-B1 (1.38). The results are presented as the mean of three 

independent experiences, and the bars indicate the SD.  
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6. Restoration of taxanes sensitivity by altered BRCA2 genotype 

To examine the influence of the 372Asn to His residue substitution, the interaction of 

BRCA2 and P/CAF was compared between parental YCC-B1 and stably transfected 

YCC-B1 with wild type BRCA2 using co-immunoprecipitation (denoted here as the 

YCC-B1_wtBRCA2). Overexpression of BRCA2 was achieved by transfecting wild type 

BRCA2 pcDNA3 236HSC WT into YCC-B1 (Figure 12).60 Six subclones were selected 

from a total 25 of geneticin-resistant clones generated by transfection as those having the 

highest detectable levels of BRCA2 protein (Figure 13). The six independent 

overexpressed subclones (YCC-B1_wtBRCA2_#1, 2, 5, 7, 8 and #9) were selected for 

further study, including cell viability analysis.  

To determine whether a significant difference in cell survival existed between YCC-B1 

and YCC-B1_wtBRCA2 subclones after paclitaxel treatment, we performed MTT assay. 

At 72 hours after 590 nM paclitaxel treatment, the YCC-B1_wtBRCA2_#2 and #8 cells 

exhibited the lowest level of cell viability (52.6 ± 4.6% and 59.2 ± 3.0%, 

respectively), YCC-B1_wtBRCA2_#7 cells exhibited the highest level (90.9 ± 3.5%), 

and the other cells exhibited intermediate level (Figure 14A). The difference in cell 

viability between YCC-B1 and YCC-B1_wtBRCA2 cells was statistically significant, 

implying that restoration of wild type BRCA2 had a significant effect on improvement of 

cell viability (p<0.001). We calculated a Pearson correlation coefficient between the 

BRCA2 expression of transfected wild type BRCA2 in YCC-B1 and paclitaxel sensitivity. 

The Pearson correlation coefficients (r) between the BRCA2 expression and paclitaxel 

toxicity was 0.426 (p = 0.341) (Figure 14B). There was a trend of positive correlation.  
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Figure 12. pcDNA3 236HSC WT (BRCA2). To construct p236BRCA2, the pcDNA3 

vector was first modified by inserting a 236-bp fragment of the 5' untranslated region of 

BRCA2 between the KpnI and NotI sites. The assembled full-length BRCA2 cDNA was 

then inserted at the XhoI site of this plasmid. 
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Figure 13. Overexpression of wild type BRCA2 in heterozygous polymorphic type YCC-

B1. We compared the function between wild type BRCA2 and 372His BRCA2 in YCC-

B1 cells stably transfected with wild type BRCA2 (denoted here as the YCC-

B1_wtBRCA2). Overexpression of BRCA2 was achieved by transfecting wild type 

BRCA2 pcDNA3 236HSC WT into YCC-B1. The six subclones were selected from a 

total of geneticin resistant clones generated by transfection as those having the highest 

detectable levels of BRCA2 protein. 
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Figure 14. Difference of paclitaxel sensitivity or HAT activity between YCC-B1 and 

YCC-B1_wtBRCA2 subclones. A. At 72 hours after 590 nM paclitaxel treatment, the 

results showed that YCC-B1_ wtBRCA2_#2 and #8 cells exhibited the lowest level of 

cell viability percentage (52.6 ± 4.6 and 59.2 ± 3.0), YCC-B1_wtBRCA2_#7 cells 

exhibited the highest (90.9 ± 3.5), and the other cells exhibited results intermediate 

compared to YCC-B1. B. Correlation of BRCA2 expression and paclitaxel toxicity at 590 

nM. Pearson correlation coefficients (r) between the BRCA2 expression and paclitaxel 

toxicity were 0.426 (p = 0.341). C. Paclitaxel treatment significantly increased HAT 

activity in YCC-B1_ wtBRCA2_#2 , #7 and #8 cells, but less than the increased HAT 

activity in YCC-B1 cells (*, p < 0.005).  
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7. T-47D cell heterozygous for BRCA2 372 Asn>His showed increased resistant to 

paclitaxel 

We investigated whether BRCA2 heterozygous cells exhibited paclitaxel sensitivity, 

HAT activity, and BRCA2-P/ACF interaction compared with wild type.  

The pcDNA3 BRCA2 372 His was created by site-directed mutagenesis of the 

pcDNA3 236HSC WT (BRCA2) (Figure 15A). The mutant plasmid DNA was 

transformed into competent cells and sequences were confirmed (Figure 15B). The 

generated colonies were isolated and confirmed sequences (Figure 15C). The three of six 

mutant plasmids, pBRCA2_m10, m13 and m14, were transfected into T-47D cells (T-

47D_m10, m13 and m14). The three subclones were selected from a total of geneticin 

resistant clones generated by transfection as those having the highest detectable levels of 

BRCA2 protein, genotyping, and allele frequency.  

The allele and genotype frequencies obtained by direct sequencing (Figure 16A) and 

pyrosequencing were analyzed (Figure 16B). As expected, the frequencies of allele A and 

C were 62.4% and 37.6% in T-47D_m13, and 96.5% and 3.5% in parental T-47D cells, 

respectively (Figure 16B). Thus, we established heterozygous polymorphic T-47D cell 

lines. Additionally, we obtained homozygous T-47D cell lines, such as when both alleles 

were changed (denoted here as the T-47D_m10 and T-47D_m14) (Figure 17). 

To determine whether a significant difference in cell survival existed between T-47D 

and the established T-47D_mBRCA2 subclones after paclitaxel treatment, we performed 

MTT assay. At 72 hours after 5 nM paclitaxel treatment, T-47D cells exhibited the lowest 

level of cell viability (48.8 ± 4.7%), T-47D_m13 cells exhibited the highest (110.8 ± 
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2.9%), and the other homozygous T-47D_m10 and _m14cells exhibited results that were 

intermediate (76.7 ± 0.9% and 64.4 ± 1.3%) (Figure 18). The difference in cell 

viability between T-47D and T-47D_m13 cells was statistically significant, implying that 

restoration of the BRCA2 heterozygous polymorphic type (AC) had the effect of 

improving cell viability (p < 0.001).  

Paclitaxel treatment significantly increased HAT activity in T-47D cells, but less than 

the increased HAT activity in T-47D_m13 cells (Figure 19). However, in T-47D_m13 

cells, HAT activity was increased on treatment with paclitaxel plus TSA, than with 

paclitaxel alone (p < 0.005).  

As a result of HAT activity, the BRCA2-P/CAF interaction was evaluated by co-

immunoprecipitation using monoclonal antibodies directed against P/CAF in T-47D_m13 

cells. Compared with the wild type, T-47D, the heterozygous polymorphic type T-

47D_m13 was associated with decreased interaction of BRCA2-P/CAF (1.41 vs 1.24) 

(Figure 20).  
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Figure 15. Site-Directed Mutagenesis. A. The pcDNA3 BRCA2 372 His was created by 

site-directed mutagenesis of the pcDNA3 236HSC WT (BRCA2). The mutant plasmid 

DNA was transformed into competent cells. B. Sequencing of mutated plasmid DNA 

using Site-Directed Mutagenesis C. And then, we selected intect plasmid by PCR and 

confirmed sequences. 
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Figure 16. Genotyping of transfected cells. The allele and genotype frequencies obtained 

by direct sequencing (A) and pyrosequencing were analysis (B). As expected, the 

frequencies of allele A and C were 62.4% and 37.6% in T-47D_m13, 96.5% and 3.5% in 

parent T-47D cells, respectively. Additionally, we obtained homozygouse type, such as 

both alleles were changed (denoted here as the T-47D_m10 and T-47D_m14). 
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igure 17. Overexpression of polymorphic type BRCA2 in wild type T-47D. The three F

subclones were selected from a total of geneticin resistant clones generated by 

transfection as those having the highest detectable levels of BRCA2 protein. The 

overexpressed subclones with mtBRCA2 expression were compared to the parent cells. 

BRCA2 and P/CAF expression were not shown difference between genotype and phases. 

 
 
 
 
 
 
 
 
 
 
 
 

47 
 



 

Figure 18. Difference of paclitaxel sensitivity between T-47D and YCC-B1_mBRCA2 

subclones. At 72 hours after 5 nM paclitaxel treatment, the results showed that T-47D 

cells exhibited the lowest level of cell viability, T-47D_m13 cells exhibited the hightest, 

and the other homozygous T-47D_m10 and _m14cells exhibited results intermediate cell 

viability. The difference in cell viability between T-47D and T-47D_m13 cells was 

statistically significant, implying that restoration of heterozygous polymorphic type (AC) 

BRCA2 had a effect on improvement of cell viability (p < 0.001). 
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Figure 19. Comparison of HAT activity between T-47D and T-47D_m13 in paclitaxel 

alone or combined TSA. The paclitaxel treatment increased significantly HAT activity in 

T-47D cells, but less than the increased HAT activity in T-47D_m13. However, T-

47D_m13 was significantly increased HAT activity on paclitaxel plus TSA treatment than 

on paclitaxel alone (*, p < 0.005). 
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Figure 20. Comparison of BRCA2-P/CAF interaction between T-47D and T-47D_m13 in 

paclitaxel alone or combined TSA. Compared with the wild type, T-47D, the 

heterozygous polymorphic type T-47D_m13 was associated with a decreased interaction 

of BRCA2-P/CAF (1.41 vs 1.24), although no statistically significant difference. The 

results are presented as the mean of three independent experiences, and the bars indicate 

the SD. 
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IV. DISCUSSION 

Variants in the breast cancer susceptibility gene BRCA2 are associated with a 

predisposition to breast and ovarian cancer. Such missense variants are termed “Variants 

of Unknown Signigicance (VUS)” because it is not known if these changes alter the 

function of the expressed protein. Thus, the recognition of a VUS presents a conundrum 

for genetic counselors who cannot discern whether variants of this nature predispose their 

patients to cancer. 29, 61, 62  

Most of the reported disease-associated alleles of BRCA2 have been attributed to 

frameshift, nonsense, or spice site alterations, leading to a truncated protein or function.27, 

30, 31 Preclinical as well as a few small retrospective, neoadjuvant studies have suggested 

that breast cancer cells without functional BRCA1 or BRCA2 protein demonstrate an 

increased sensitivity to some chemotherapeutic agents causing double-strand DNA 

breaks.24, 63, 64  

The BRCA2 372Asn>His polymorphism is non-sysnonymous polymorphism. This 

polymorphism and its breast cancer risk have been a research focus in the scientific 

community and have drawn increasing attention. Several studies have reported the role of 

BRCA2 372Asn>His polymorphism in breast cancer risk.65-69 BRCA2 interacts with the 

histone acetyltransferase, P/CAF; this interaction is associated with HAT activity when 

bound to P/CAF but lacks intrinsic HAT activity.39, 40 The 372Asn>His polymorphism is 

present within the P/CAF protein-binding region spanned by residues 290-453. However, 

no evidence has yet been found for a pathophysiological link between this polymorphism 

and the efficacy of taxanes. 

The BRCA2 372Asn>His genotype distributions for each group of case and control 
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subjects were presented in previous studies, including those from Korean subjects.23, 25, 26, 

62, 63, 69 No difference in genotype distribution was found among the ethnic population. For 

most of the ethnic population, the HH genotype was found the less frequently (6.3~7.8%).  

Important to this study were the roles of the BRCA2 protein in complex with P/CAF 

and HAT activity. We investigated the effect of altered overexpression of the BRCA2 372 

region in breast cancer cell lines and showed that P/CAF binds to BRCA2 and mediates 

HAT activity of BRCA2 (Figure 4, 5).  

P/CAF is a HAT enzyme that was identified as a CBP/p300-binding protein.70-76 

BRCA2 specifically interacts with P/CAF.39, 77, 78 Nearly all known HAT-associated 

transcriptional co-activators contain bromodomains, which are approximately 110-amino-

acid modules found in many chromatin-associated proteins.75 Histone acetylation is a 

characteristic feature of transcpitionally active chromatin and is considered to be a major 

source to overecome chromatin-associated gene repression.41-43  

The acetylation of histones by several HATs also plays an important role in 

coordinating gene expression and cell cycle progression. Components of the cell cycle 

regulatory apparatus are both regulated by and bound directly to HATs. Finally, 

transcription factors have been identified as substrate for HATs.79 Cyclin A-associated 

kinases, such as cyclin-dependent kinase 2 (CDK2), participate in regulating cellular 

progression from G1 to S to G2, and CDK2 has also been implicated in the transition to 

mitosis. The antitumor properties of CDK inhibitors, alone or in combination with 

taxanes, are currently being examined in clinical trials. Endogenous CDK inhibitors such 

as p21waf1/cip1 or p27kip1 have all been shown to suppress apoptosis.2, 71 HMG box-

containing protein 1 (HBP1) is a sequence-specific DNA-binding transcription factor 
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with many important biological roles. It activates or represses expression of some specific 

genes during cell growth and differentiation; additionally, HBP1 is acetylated by 

p300/CBP. As a cyclin-dependent kinase inhibitor, p16INK4a plays a key role in cell cycle 

progression and cellular differentiation, and its expression is frequently altered in human 

cancers through epigenetically mediated transcriptional silencing, such as acetylation.80 In 

addition to cell cycle arrest, HDAC inhibitor also induced apoptosis in these cells, which 

is accompanied by activation of caspases, including caspase-9, caspase-8, and caspase-

3.79 These results indicate that HDAC inhibitors induce cell cycle arrest and apoptosis via 

the upregulation of p21WAF1 and caspase activation by HAT, respectively, regardless of 

the presence of P-glycoprotein in the leukemia cells.81, 82 

Regulation of the spindle checkpoint protein, Bub1-related kinase (BubR1), is central 

to control of Anaphase-Promoting Complex/Cyclosome (APC/C) activity. BubR1 forms a 

complex with P/CAF and is acetylated at lysine 250.42 BubR1 acetylation occurs at 

prometaphase. Importantly, BubR1 acetylation is required for its checkpoint function, 

through the inhibition of ubiquitin-dependent BubR1 degradation, which begins before 

the onset of anaphase.  

In addition to endogenous HAT, HDAC inhibitors regulate expression of some specific 

genes, such as those related to drug sensitivity. HDAC inhibitors suppress the growth of 

both multidrug-efflux transporter (MDR) positive cancer cells and their parental KB cells 

with similar potencies.45 Similarly, histone acetylation and p21WAF1 expression by HDAC 

inhibition were similarly increased in both cell types, indicating that these HDAC 

inhibitors are poor substrates of ABC drug transporters and are effective in MDR cancer 

cells. In addition, multidrug resistance-associated protein 2 (MRP2) expression is 
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selectively attenuated by HDAC inhibitors, especially SAHA and TSA, in KBV20C cells, 

whereas MDR1 and breast cancer resistance protein (BCRP) expression was not affected. 

This downregulation of MRP2 contributes to increase in paclitaxel-induced G2/M arrest 

and apoptosis, which might be due to intracellular accumulation of paclitaxel. In the 

present study, we identified the synergistic effect between taxanes and HAT activity. The 

increased HAT activity in YCCB1 was demonstrated with paclitaxel plus TSA treatment 

than paclitaxel alone (Figure 9). Additionally, the interaction of BRCA2-P/CAF was 

decreased by paclitaxel, but recovered with the combination of paclitaxel and TSA in 

YCC-B1 (Figure 11). Thus, the sensitivity of paclitaxel and HAT acitivity were increased 

by HDAC inhibition in BRCA2 polymorphic type. 

By regulating the rate of tubulin polymerization and depolymerization, cells organize the 

microtubule cytoskeleton to accommodate their specific functions. Among many 

processes, posttranslational modifications of tubulin are implicated in regulating 

microtubule functions. Tubulin acetylation is catalyzed by HAT San at lysine 252 (K252) 

of β-tubulin. This acetylation, which is also detected in vivo, is added to soluble tubulin 

heterodimers but not tubulins in microtubules.83 In the present study, tubulin acetylation 

was increased at low concentraction of paclitaxel in T-47D cell line, which is the BRCA2 

wild type and is paclitaxel sensitive (Figure 6). Thus these data had indicated an effect of 

taxanes sensitivity on acetylation. 

One of the most important mechanisms by which paclitaxel inhibits tumor growth is 

microtubule stabilization, which occurs through its action on tubulin acetylation.46, 59 

Previous data have shown that when added to paclitaxel, SAHA causes a marked increase 

in the expression of acetylated tubulin which could result in enhanced apoptosis.49 The 
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inhibition of valproic acid (VPA), as a histone deacetylase (HDAC) inhibitor, with 

paclitaxel showed dose-dependent and combinatorial effects. VPA increased acetyl-

histone H3, acetyl-α-tubulin, and p21WAF1 levels, accompanied by the upregulation of p27, 

caspase-3, and caspase-9, and the downregulation of Bcl-2, cyclin D1, and survivin. In 

the xenograft model experiment, the mean tumor volume of the VPA-treated group was 

significantly reduced by 36.4%, compared with that of the control group at 4 weeks after 

treatment. The apoptotic index was significantly higher in the VPA-treated group than in 

the control group.84, 85 

In the present study, two non-synonymous polymorphisms of BRCA2 were identified 

by full-length sequencing in breast cancer cell lines. With respect to 2490 Ile>Thr, most 

cell lines were wild type (TT) except for only one cell line (Table 1). Thus, association 

analysis was performed between BRCA2 genotypes (1342A>C) and chemosensitivity to 

13 anticaner drugs, including tubulin inhibitors (paclitaxel, docetaxel, vinblastin, and 

vincristine), topoisomerase I inhibitors (irinotecan, topotecan and etoposide), 

antimetabolites drugs (5- fluorouracil and gemcitabine), antitumor antibiotics drug 

(mitomycin and doxorubicin) and DNA alkylators (carboplatin and cisplatin). To assess 

cytotoxicity of the 13 anticancer drugs on breast cancer cell lines, each cell line was 

classified, based on the Cmax values, as either resistant (IC50 > Cmax) or sensitive (IC50 < 

Cmax).  

We found a significant difference in taxanes-sensitivity among different BRCA2 

genotypes. The heterozygous polymorphic type were chemoresistant compared with wild 

type in the case of BRCA2 372Asn>His. BRCA2 functional activity could be altered by 

genotypes. For example, the BRCA2-P/CAF interaction and HAT in BRCA2 wild type 
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were higher than in the BRCA2 polymorphic type. T-47D cells with wild type BRCA2 and 

paclitaxel sensitivity showed increased tubulin acetylation on paclitaxel treatment at 

concentration of 5 nM and above (Figure 6). In YCC-B1 cells with BRCA2 heterozygous 

polymorphic BRCA2 and paclitaxel resistance, increased tubulin acetylation was not 

observed at 5 nM paclitaxel. In addition, the synergistic antitumor activity of TSA with 

paclitaxel was dependent on concentrations of both drugs and resulted in enhanced G2/M 

arrest and apoptosis (Figure 8, 9). Cell lines transformed from wild type into the 

polymorphic type (T-47D_m10, m13, m14), or polymorphic type into wild type (YCC-

B1_w) are established by transfection. Restoration of T-47D cells with the BRCA2 

polymorphic type significantly increased cell viability after paclitaxel treatment. BRCA2-

P/CAF interaction and HAT activity of the transfectant T-47D_m13 were decreased 

compared with that of the parent cell line. Additionally, the difference in cell viability 

between YCC-B1 and YCC-B1_wtBRCA2 cells was statistically significant, implying 

that restoration of wild type BRCA2 had a significant effect on improvement of cell 

viability. The BRCA2 heterozygous polymorphic type 372Asn>His that had a change in 

only one allele showed a difference in chemosensitivity compared with the wild-type. 

Molecular heterosis was observed.  

In a previous study, methlenetetrahydrofolate redutase (MTHFR) heterozygotes had 

better cognitive function than homozygotes, and no significant differences in cognitive 

function was found between the two homozygous groups.57 One possible explanation for 

this heterozygote advantage for the MTHFR 677C>T polymorphism in cognitive 

performance is that this polymorphism may have both detrimental and beneficial effects 

on the cognitive function of elderly subjects carrying the T allele. The heterosis occurs 

56 
 



when subjects heterozygous for a specific genetic polymorphism show a significantly 

greater effect (positive heterosis) or reduced effect (negative heterosis) for a quantitative 

or dichotomous trait than subjects homozygous. Positive heterosis is common in humans 

and has been reported for the influence on cognitive function of the catechol O-methyl 

transferase genetic polymorphism.58 The interaction suggested that the Met/Val 

heterozygotes perform better than both Met/Met and Val/Val homozygotes.  

Several levels exist at which molecular heterosis might be operating, including the 

levels of gene regulation, protein subunit interaction, lethality for homozygosity of the 

mutant allele, and the whole cell or organ.86  

In the present study, we identified a significant difference in chemosensitivity related to 

BRCA2 372Asn>His genotype. The heterozygous polymorphic type showed a difference 

in chemosensitivity compared with the wild-type. Addtionally, we found BRCA2 372Asn 

strengthens the interaction with P/CAF, whereas 372His substitutions abolish it. HAT 

activity was also relatively higher in BRCA2 wild type cells compared with heterozygous 

polymorphic cells. The functional restoration by transfection of altered genotypes 

suggests that HAT activity and BRCA2-P/CAF interaction related to the BRCA2 genotype 

may be a potential mechanism of taxanes resistance in breast cancer. 
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V. CONCLUSION 

BRCA2 genotype influences taxanes sensitivity, not by BRCA2 expression but by 

BRCA2-P/CAF interaction. The BRCA2-P/CAF complex is increased by taxanes in wild 

type BRCA2 cells. By contrast, the interaction of BRCA2-P/CAF is decreased by taxanes, 

but can be recovered by the combination of taxanes with a HDAC inhibitor in BRCA2 

polymorphic type. The sensitivity of taxanes and HAT activity are increased by HDAC 

inhibition in the BRCA2 polymorphic type. Cell lines that were transformed from the wild 

type into polymorphic type, or from polymorphic type into wild type, were restored to 

taxanes sensitivity. Additionally, resistance to taxanes of the transfectant T-47D_m13 is 

higher than that of parent cell line. Furthermore, the BRCA2-P/CAF interaction and HAT 

activity of the transfectant T-47D_m13 were decreased compared with that of parent cell 

line. In conclusion, HAT activity based on the BRCA2-P/CAF interaction plays a 

potential role in taxanes-sensitivity in breast cancer cells.  
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ABSTRACT(IN KOREAN) 

 

유방암에서의 BRCA2 유전자형에 따른 HAT activity 

: Taxanes 저항성의 새로운 기전 

 

<지도교수 정 현 철> 

 

연세대학교 대학원 의과학과 

 

권 우 선 

 

유사분열기의 세포에서 미세소관의 분해를 억제함으로써 세포사멸을 일으키는 

taxanes (paclitaxel 과 docetaxel)은 다양한 암종에서 사용되고 있다. 

Taxanes의 저항성에 대해서는 많이 보고되고 있지만, 그 저항성에 대한 

기전연구는 ABCB1 (MDR1) 과 tubulin에 국한되어 왔다. 따라서 본 

연구에서는 유방암 세포주를 대상으로 BRCA2 유전자의 P/CAF 결합부위의 

단일 염기 다형성 (SNP)이 P/CAF와의 결합에 미치는 영향과 그에 따른 

BRCA2의 histone acetyltransferase (HAT) activity 의 변화를 증명함으로써, 

BRCA2 유전자형에 따른 taxanes 저항성의 새로운 기전을 이해하고자 

하였다. 먼저, full length sequencing 방법을 이용해 BRCA2 유전자에서 

아미노산의 변이까지 유도하는 SNP 2개를 확인하였고, taxanes 감수성간의 

연관성을 분석하였다. Wild type의 세포주는 taxanes에 대해 민감성을, 

heterozygous polymorphic type의 세포주는 저항성을 가지는 것으로 

분석되었다. P/CAF 결합 부위의 SNP에 따른 BRCA2 와 P/CAF 각각의 

발현과 결합은 co-immnunoprecipitation을 통해 비교하였고, 핵 단백질을 
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이용해 BRCA2 유전자형에 따른 HAT activity를 측정하였다. BRCA2 

유전자형에 따른 단백질의 발현은 군간에 차이가 없었지만, BRCA2와 

P/CAF의 결합이나 그에 따른 HAT activity는 wild type의 세포주가 

heterozygous polymorphic type 의 세포주보다 높게 나타났다. 뿐만이 

아니라 wild type이면서 taxane 민감성 세포주는 paclitaxel을 처리함에 따라 

HAT activity가 증가하였지만 heterozygous polymorphic type이면서 

taxanes 저항성 세포주는 HAT activity가 증가되지 않았다. 마지막으로 

taxanes 감수성과 BRCA2의 HAT activity간의 관련성을 증명하고자 HDAC 

억제와 site-directed mutagenesis 방법으로 HAT activity와 taxanes 

감수성이 회복되는 것을 관찰하였다. Taxanes에 대해 저항성을 가지는 

세포주에서 HDAC을 억제함으로써 paclitaxel 감수성이 증가하였다. BRCA2 

유전자형의 변형을 통해서도 동일한 결과를 도출하였다. 먼저, heterozygous 

polymorphic type 세포주에 wild type BRCA2를 transfection하였을 때, 

paclitaxel에 대한 감수성이 증가된 것을 확인하였다. 반대로 T-47D_m13 

BRCA2 heterozygous type 세포주의 경우, BRCA2-P/CAF interaction 및 

HAT activity가 감소하였으며, 그에 따라 paclitaxel 저항성이 증가되었다. 

결론적으로 BRCA2의 372번째 아미노산의 변이 (Asn→His)는 이 부위에 

결합하는 단백질인 P/CAF와의 결합을 저해함으로써 BRCA2의 HAT activity 

감소시켜 taxanes에 대한 저항성 유도한다. 이는 기존에 알려진 taxanes 

내성 기전으로는 설명할 수 없었던 범위의 taxanes 내성 기전으로까지 

확장시킬 수 있을 것으로 생각된다. 

--------------------------------------------------------------- 

핵심되는 말 : BRCA2 372Asn>His, Taxanes, P/CAF, HAT activity, 유방암 
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