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In this publication, we present a fast method of diag-
nosing the most common polymorphisms of BRCA1 
and BRCA2 genes in Poland – c.181T>G, pCys61Gly 
(also known as C61G), c.190T>C, p.Cys64Arg (aka 
C64R), c.4035delA, p.Glu1346Lysfs (aka 4153delA), 
c.3700_3704delGTAAA, p.Val1234Glnfs (aka 3819del5), 
and c.5744C>T, p.Thr1915Met (aka C5972T). Our pro-
cedure is based on the use of the cleaved amplified 
polymorphic sequences (CAPS) and artificially created 
restriction site (ACRS) PCR techniques. The precise se-
lection of the appropriate primer sequences and restric-
tion enzymes enabled specific cuts of DNA fragments. 
The final quantity and size of the obtained products 
depended on the presence or the absence of the muta-
tions. The obtained results are unambiguous and do 
not have to be confirmed by sequencing. The methods 
of detection of the c.181T>G, c.190T>C, c.4035delA, 
c.3700_3704delGTAAA, and c.5744C>T mutations in the 
BRCA1 and BRCA2 genes described by us do not require 
the sequencing process, which is more expensive, time-
consuming and associated with numerous errors. The 
technique developed by us enables the use of simple 
electrophoresis for accurate detection of the presence 
or absence of a specific mutation. Our procedure is fast, 
precise and unambiguous. It is very useful as the first 
step in the diagnostic of BRCA1/2 constitutional muta-
tions in Polish population in a small clinical laboratory.
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INTRODUCTION

Breast cancer is one of the most common types of 
women’s malignant tumors in almost all countries. It is 
also responsible for the majority of cancer-related deaths 
of women worldwide, and its incidence is increasing 
from year to year (Siegel et al., 2013; 2016). Genes as-
sociated with most of the hereditary cases of this disease 
are BRCA1 and BRCA2. Both are important repressive 
genes, which are crucial for maintaining the cell’s genetic 
stability (Silver & Livingston, 2012). Proteins encoded by 
these genes affect DNA repair and regulation of tran-
scription in response to DNA damage. They are essen-
tial for maintaining chromosomal stability and interact 

with numerous proteins involved in apoptosis (Dubrovs-
ka et al., 2005). Mutations in BRCA1 and BRCA2 genes 
give the highest risk of developing breast cancer (up 
to 87% and 80%, respectively) (Karami & Mehdipour, 
2013). Moreover, it has been reported that they are as-
sociated with a higher grade of breast cancer, increased 
metastasis and with a weaker prognosis compared to 
sporadic tumors and those caused by mutations in other 
genes (Musolino et al., 2007; Celebiler Cavusoglu et al., 
2009). Mutation within BRCA1 and BRCA2 can occur 
almost anywhere. More than 2,000 different mutations 
have been described in their sequence (Karami & Me-
hdipour, 2013). The frequency of the mutations occur-
rence varies among different populations. In the Polish 
population, the most common mutations in the BRCA1 
gene include c.5266dupC (aka 5382insC), c.181T>G, 
c.190T>C, c.4035delA, c.3700_3704delGTAAA (C61G, 
C64R, 4153delA, 3819del5), and in BRCA2 c.5744C>T 
(C5972T) (Grzybowska et al., 2002; Górski et al., 2004; 
Brozek et al., 2011; Karami & Mehdipour, 2013, Wójcik 
et al., 2016). They are also common in other European 
countries (Karami & Mehdipour, 2013). It is worth not-
ing that these mutations may also cause increased pro-
gression of other cancers such as ovary, pancreas, colon, 
skin or prostate (Schorge et al., 2010; Mersch, 2016). For 
example, in the general population, the risk of develop-
ing ovarian cancer is around 1.6%, while among BRCA1 
and BRCA2 gene mutation carriers it increases to 60% 
and 27%, respectively (Antoniou et al., 2005; Hyman et 
al., 2013). It should also be noted that 30–50% of wom-
en with BRCA1/BRCA2 mutations do not have a family 
history of breast or ovarian cancer (Brozek et al., 2012). 

Considering the above information, it cannot be de-
nied that the rapid and effective detection of the men-
tioned mutations increases the chance of successful di-
agnosis and therapy of possible cancer diseases. In this 
study, CAPS (cleaved amplified polymorphic sequences) 
and ACRS-PCR (artificially created restriction site PCR) 
methods were used to perform fast and accurate detec-
tion of five of the most common and important poly-
morphisms of BRCA1 and BRCA2 genes in the Polish 
population. 

MATERIALS AND METHODS

All restriction enzymes and products necessary 
for the amplification process were purchased from 
Thermo Fisher Scientific (USA) and EURx (Poland).  
GeneMATRIX Quick Blood DNA Purification and 
GeneMATRIX Swab-Extract DNA Purification Kits 
were purchased from EURx (Poland). 
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Isolation of genomic DNA from the clinical sam-
ples. The research material in the form of blood sam-
ples and buccal swabs came from patients of the Mo-
lecular Diagnostics Laboratory ‘Bio-Genetik’ in Wroclaw, 
Poland. The isolation of genomic DNA was carried 
out using DNA Purification Kits. The concentration of 
DNA was determined using a spectrophotometer (Phar-
macia Biotech GeneQuant II). 

Detection of the mutations. Positive and negative 
patient samples were previously assessed by sequencing. 
Sanger sequencing chromatograms were compared to 
the reference sequences of the NM_007294.3 (BRCA1) 
and NM_000059.3 (BRCA2) genes, exactly at the mu-
tation loci: rs28897672 for c.181T>G, rs80357064 for 
c.190T>C, rs80357711 for c.4035delA, rs80357609 for 
c.3700_3704delGTAAA and rs4987117 for c.5744C>T. 
Carriers of BRCA1 and BRCA2 gene mutations (Ta-
ble 1) were identified using CAPS and ACRS-PCR 
methods (Hosseini et al., 2006). PCR amplifications 
were performed using Perpetual OptiTaq DNA Poly-
merase (EURx) in a T100 Thermal cycler (Bio-Rad). 
The final volume of 50 μl of each sample contained 
0.2 μM of each primer, 0.2 mM of each dNTP, and 
50–100 ng of the genomic DNA. The thermal cycling 
conditions were as follows: 94°C for 10 min, followed 
by 40 cycles at 94°C for 30 s, 60°C for 30 s and 72°C 
for 30 s. Then, the final extension at 72°C took 5 min. 
Amplification of the selected DNA fragments (within 
the areas of exons) was performed using carefully se-
lected primers (designed based on the sequence of 
genes deposited in the GenBank database) which are 
presented in Table 2.

Subsequently, the PCR products (15 μl) were digested 
with the appropriate restriction enzymes (Table 3) and 
at appropriate temperatures for 3–16 hrs. The resulting 
DNA fragments were separated in 0.5x TBE buffer us-
ing 2% low EEO agarose (EURx) with SimplySafeTM 
(EURx) and visualized under ultraviolet light.

c.181T>G, c.190T>C and c.5744C>T. The 
c.181T>G, c.190T>C and c.5744C>T mutations are 
associated with the substitution of nitrogen bases (Ta-
ble 1). In all three cases, the typical CAPS method was 
used for diagnostic purposes. First, DNA fragments 
were amplified including additional nucleotides flanking 
the analyzed point mutations (Table 2). Then, the Sna-
BI, TscAI and SphI enzymes were used, to restrict the 
mutated or wild fragment of the BRCA1 and BRCA2 
genes (Table 3). For monitoring purposes, the AanI and  
Hind III enzymes, which cut the amplified fragments 
regardless of the presence of the mutations, were used 
(Table 3). 

c.4035delA and c.3700_3704delGTAAA. The oth-
er mutations in the BRCA1 gene, c.4035delA and 
c.3700_3704delGTAAA, are the result of the deletion 
of one or five nucleotides in the gene sequence (Ta-
ble 1). The detection of these mutations requires the 
simultaneous use of the CAPS method and the ACRS-
PCR technique. Due to the lack of restriction enzymes 
recognizing the sequences in which these mutations oc-
cur, appropriate sites were created for amplification by 
designing modified oligonucleotides (Table 2). Manipula-
tion in the primer sequence allowed replication of the 
desired BRCA1 gene fragments with a change in a single 
nucleotide. Thanks to that, sequences including possible 
mutations are recognized by the enzymes AcuI and HpaI  
for c.4035delA and c.3700_3704delGTAAA, respectively 
(Table 3). AcuI cuts the wild-type form of the gene, and 
HpaI recognizes the site of the c.3700_3704delGTAAA 
mutation. Simultaneously with HpaI, the enzyme SspI 
was used to monitor the reaction success (Table 3). 

RESULTS

The use of the appropriate primers and restriction 
enzymes enabled specific cuts of DNA fragments. The 
final quantity and size of the obtained products depend-

Table 1. The sequences of the mutated fragments of BRCA1 and BRCA2 genes, examined in this paper

Mutation Position of the analyzed mutations in the BRCA1 and BRCA2 genes

c.190T>C (C64R) GAAAGGGCCTTCACAGTGTCCTTTA[T/C]GTAAGAATGATATAACCAAAAGGTA

c.181T>G (C61G) CAACCAGAAGAAAGGGCCTTCACAG[T/G]GTCCTTTATGTAAGAATGATATAAC 

c.4035delA (4153delA) ACAAGGAATTGGTTTCAGATGATGA[A/-]GAAAGAGGAACGGGCTTGGAAGAAA

c.3700_3704delGTAAA (3819del5) CTTCCAACACTTGTTATTTGGTAAA[GTAAA/-]CAATATACCTTCTCAGTCTACTAGG

c.5744C>T (C5972T) CTCTCTAGATAATGATGAATGTAGCA[C/T]GCATTCACATAAGGTTTTTGCTGAC

Table 2. Oligonucleotides used for PCR amplification

Primer Sequence 5’-3’ PCR product size

C64R_For TCAACCAGAAGAAAGGGCCT
237 bp

C64R_Rev AGGCAGATGTCCCATAAAACTT

C61G_For TGGCTCTTAAGGGCAGTGGTG
230 bp

C61G_Rev GTGGTTGCTTCCAACCTAGC

4153delA_For GACAAGGAATTGGTTTCAGATGCTG
165/164 bp

4153delA_Rev GTGCTCCCCAAAAGCATAAAC

3819del5_For CCAACACTTGTTATTTGGTTAA
216/211 bp

3819del5_Rev GAAGAAAACAAGCTAGCAGAACA

C5972T_For AGGTTGTTACGAGGCATTGG
243 bp

C5972T_Rev GCAGATGAGACTGACTTATGAAGC
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ed on the presence or absence of the specific mutations 
(Table 3). On this basis, changes in specific sequences 
could be unambiguously confirmed or excluded. 

The presence of the c.190T>C, c.3700_370-4del-
GTAAA, and c.5744C>T (heterozygote) mutations 
is associated with the substitution of the thymine 

base by cytosine [T/C], deletion of five nitrogen bas-
es [GTAAA/-] and transition of cytosine to thymine 
[C/T], respectively (Table 1). After amplification using 
appropriate primers, 237 bp (c.190T>C), 216/211 bp 
(c.3700_3704delGTAAA) and 243 bp (c.5744C>T) 
products were obtained. SnaBI, HpaI and SphI restric-

Table 3. Cleavage site of restriction enzymes used in this study and size of the expected products after restriction in the case of non-
mutated homozygote and mutated heterozygote

Mutation Fragment of the gene after amplification
Wild

type

Mutated 

heterozygote

c.190T>C (C64R)
165bp

72bp

165bp

129bp

36b

72bp

c.181T>G (C61G)

142bp

68bp

20bp

210bp

142bp

68bp

20bp

c.4035delA (4153delA)
121bp

44bp

164bp

121bp

44bp

c.3700_3704delGTAAA 
(3819del5)

147bp
69bp

147bp
122bp
69bp
20bp

c.5744C>T (C5972T)
218bp

25bp

218bp

145bp

73bp

25bp

Figure 1. PCR products of the BRCA1 and BRCA2 genes fragments including the c.190T>C (a), c.181T>G (b), c.4035delA (c), 
c.3700_3704delGTAAA (d) and c.5744C>T (e) mutations. 
M, mass ladder (100–1000 bp); 1, undigested PCR product; 2, wild-type gene (unmutated homozygote); 3, presence of a mutation (mu-
tated heterozygote).
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tion enzymes used to detect these mutations recognized 
mutated DNA fragments. Therefore, at the same time, 
the additional enzymes were used to monitor the reac-
tion success. Ultimately, the presence of the c.190T>C, 
c.3700_3704delGTAAA or c.5744C>T  (heterozygote) 
mutations determined the creation of four products of 
a precisely defined size, while the absence of a mutation 
(non-mutated homozygote) determined the creation of 
two specific products in all three cases (Table 3, Fig. 1a, 
d, e). The remaining mutations in the BRCA1 gene, 
c.181T>G and c.4035delA, are the result of thymine 
transversion into guanine and adenine deletion, respec-
tively (Table 1). Amplification using carefully selected 
primers included areas flanking the possible mutations 
(Table 2). As a result, 226 bp (c.181T>G) and 165/164 
bp (c.4035delA) products were obtained. The restriction 
enzymes TscAI for c.181T>G and AcuI for c.4035delA 
recognized the unmutated gene sequences, and thus 
they did not require an additional enzyme to monitor 
the success of the reaction (Table 3). TscAI recognizes 
two cutting locations. Consequently, the presence of the 
c.4035delA mutation was characterized by three products 
of a specific size and the lack of the mutation was asso-
ciated with the visualization of two distinctive products 
after electrophoresis (Table 3, Fig. 1c). The c.181T>G 
mutation gave four products of a precisely defined size. 
However, when dealing with the wild-type gene we ob-
tained three bands (Table 3, Fig. 1b).

DISCUSSION

The methods we present allow confirmation or ex-
clusion of the presence of the c.181T>G, c.190T>C, 
c.4035delA, c.3700_3704delGTAAA, and c.5744C>T 
mutations in the BRCA1 and BRCA2 genes. As a mat-
ter of fact, it is possible to obtain the result just a few 
hours after receiving the sample for testing, regardless 
of the number of patients examined. All procedures are 
based on the research techniques that can be performed 
in any laboratory equipped with basic molecular biology 
equipment. The final step, based on plain horizontal aga-
rose gel electrophoresis, provides unambiguous results, 
which do not have to be further confirmed. In order to 
monitor the success of the reaction, simultaneously, ad-
ditional enzymes operating under the same conditions 
and using the same buffer are used. We used this tech-
nique when dealing with direct detection of the mutat-
ed form of the sequences – c.5744C>T c.190T>C and 
c.3700_3704delGTAAA. The additional enzyme cuts the 
PCR product regardless of the presence of the mutation. 
This makes it possible to eliminate cases in which er-
rors could occur due to any inhibition of the reaction 
at the PCR product digestion stage. A frequent problem 
is the inhibition of digestion caused, for example, by 
contamination or inactivation of the chemical reagents. 
Then, the lack of the digestion can be misinterpreted as 
“no mutation”. Therefore, the control in the form of 
an additional restriction enzyme is an important factor 
for the results reliability. There is no such threat for an 
enzyme that digests a wild-type version of the sequence 
as in the case of detection of c.4035delA and c.181T>G 
mutations. This is connected with the fact that the ma-
jority of mutations in the BRCA1 and BRCA2 genes in 
homozygous form are lethal during embryonic develop-
ment. Therefore, this form does not appear in the popu-
lation (Liu et al., 1996). Thus, in the vast majority of cas-
es mutations in the BRCA1 and BRCA2 genes occur in 
heterozygous form (Zheng et al., 2000; Smith et al., 2013; 

Domchek et al., 2014). It should also be mentioned that 
in a typical agarose gel, bands of about 20–50 bp are 
very poorly visible. However, other larger products are 
sufficient for effective diagnostics. 

 In order to detect mutations in the BRCA1 and 
BRCA2 genes the CAPS and ACRS-PCR techniques 
were used previously. For example, in the case of the 
c.5744C>T mutation Górski and others (Górski et al., 
2005) used the ACRS-PCR method using only a single 
enzyme. As a consequence, the mutated PCR product 
was only slightly shortened in comparison to the wild-
type version. A minor shortening of the amplification 
product is very difficult to detect using ordinary elec-
trophoresis; therefore, all cases had to be confirmed by 
sequencing. Sequence analysis of the gene fragments is a 
widely used method to detect the mutations in BRCA1 
and BRCA2 (Nunziato et al., 2017; Suryavanshi et al., 
2017). However, it should be remembered that due to 
the fact that mutations mostly occur only in one gene 
allele (Zheng et al., 2000; Smith et al., 2013; Domchek et 
al., 2014), the sequencing process often gives results that 
are difficult to interpret. In addition, sequencing detects 
new, individual single nucleotide polymorphisms, the 
presence of which has not been linked to an inheritable 
susceptibility to cancer (e.g. non-pathogenic variation). 
This may lead to a hasty interpretation by clinicians.

The methods of detection of the c.181T>G, 
c.190T>C, c.4035delA, c.3700_3704delGTAAA, and 
c.5744C>T mutations in the BRCA1 and BRCA2 genes 
described by us are the results of a careful refinement of 
the sequence of primers used for the amplification reac-
tion accompanied by the precise selection of specific re-
striction enzymes. These procedures made it possible to 
abandon the expensive and time-consuming sequencing 
process. The methods presented in this publication are 
fast, accurate and unambiguous. They allow cutting the 
DNA fragments into products of a precisely defined size, 
clearly indicating the presence or the absence of the test-
ed mutations. A quick and accurate method of detecting 
mutations in the BRCA1 and BRCA2 genes is extremely 
important. It enables a rapid initiation of the treatment, 
which increases the probability of the  successful ther-
apy. It is also worth noting that many physicians make 
the decision about the type of used pharmacological 
agents and/or mastectomy or ovariectomy dependently 
on the presence or absence of the mutations in these 
genes. The procedures described by us in a combination 
with the detection of the c.5266dupC (5382insC) muta-
tion using the DdeI endonuclease (Kirchhoff et al., 2009) 
allow obtaining a diagnostic set for six mutations in the 
BRCA1 and BRCA2 genes recommended for the Pol-
ish population. The average cost of all reagents for the 
analysis of the six mutations for one patient does not 
exceed 25 Euros and, usually, it is possible to get the 
result on the next day after receiving the sample for test-
ing.  Using the CAPS and ACRS-PCR techniques, the 
panel of BRCA1/2 founder mutations can be optionally 
extended to the other polymorphisms. For example, the 
mutation c.5251C>T (p.Arg1751Ter) will be routinely 
performed in our laboratory as a new founder mutation 
(Kowalik et al., 2018). This variation has been detected 
in 15% of all BRCA1 mutations in a screening of about 
3 000 women or their close relatives with breast/repro-
ductive organs tumors. In this case, it is easy to exploit 
the ACRS-PCR technique with TscAI restriction enzyme 
to confirm transposition of the arginine codon CGA to 
the stop codon TGA. 
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