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Single Nucleotide Polymorphism at codon 655 of HER2 gene has been extensively evaluated for its role as
a susceptible biomarker for breast cancer development and the contradictive result of its role has been a
debate among researchers as evidenced from case-control studies. Three platforms of molecular
detection systems named PCR-RFLP, TaqMan assay, and AS-PCR have been used intensively in elucidating
this important SNP with considering the affordability and simplicity of detection especially in research
format which employs plenty of samples such as in the epidemiological study. Nevertheless, methodological related-bias generated from the association study between HER2I655V SNP and breast cancer risk
becomes primary drawback that must be addressed seriously in an attempt to obtain a solid conclusion.
This review will discuss the application of nucleic acid ampliﬁcation-based methods for HER2I655V SNP
detection, the potency of bias generated by these genotyping technologies, and strategies to improve
their reliability of detection.
© 2018 Turkish Society of Medical Oncology. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
HER2 gene is member of the human epidermal growth factor
receptor (HER) family located in chromosome 17q21. The product of
this gene is a 185 kDa of membrane cells glycoprotein expressed
from 27 coding exons with 1255 amino acid. This protein has signiﬁcant biological role in cells homeostasis, growth and survival as
dysregulated of this proto-oncogene product due to HER2 gene
ampliﬁcation and/or overexpression cause diverse tumorigenesis.1
Immunohistochemistry (IHC) studies revealed that HER2 expression in breast, gastric, and ovarian cancer ranges from 10 to 30% of
cancer, while in endometrial and esophageal cancer its number can
be more than 80% cases.2e6 The difference in HER2 protein
expression level is well correlated with copy number of HER2 gene
in the genome,7 besides hormonal factors such as co-existing
another hormonal-dependent signaling pathway that drives
HER2-positive cancer more aggressive.8 Speciﬁcally, HER2 gene
plays very important role in normal breast epithelial cells function.
HER2 protein dimerization with other HER family proteins (HER1,
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The main contributor.

HER3, or HER4) as result of epidermal growth factor (EGF) or
heregulin (HRG) ligand induction activates survival signaling
pathways that instruct cells to proliferate, survive, or differentiate
properly.9 The net trafﬁcking effect of elevated HER2 expression
and the presence of HER3 protein are two essential components in
altering the cell signaling and behavioral responses that transform
breast cells into HER2-positive malignant cells. Upon EGF stimulation, overexpressed HER2 protein as result of HER2 gene ampliﬁcation increases receptor lifetime and to shift the receptor
distribution toward the surface, resulting in prolonged signaling.10
This signal then further transmits into intracellular of breast cells
through dimerization between HER2 protein with HER3 protein to
promote cellular transformation as marked by sustained cells
proliferation.11 A recent ﬁnding has proven the role of overexpressed HER2 in neoplastic transformation of D492 breast cells line
with stem cells properties through epithelial to mesenchyme
transition (EMT) which is known as a hallmark of cancer.12 In
another study, mesenchymal characteristics of breast cancer as
result of HER2 dysregulation were maintained TGFb/SMAD
signaling through the production of Tumor Growth Factor b (TGFb)
that ultimately repressed the production of E-cadherin which was
essential for breast epithelial cells maintenance.13 The important of
E-cadherin role in EMT of breast cancer has been proven using
Notch1 silencing on MCF-7 breast cancer cells line (HER2 positive
type), showing the silenced cells exhibited reduced EMT process
which was characterized by the increased expression of E-cadherin.
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This result indicated that overexpressed HER2 can induce early
breast carcinogenesis through EMT and this hallmark persisted
even the breast cells have been established to advanced cancer.14 In
a clinical perspective, HER2 positive breast cancer exhibits a
resistance to trastuzumab treatment.15 Low respond to this therapy
because HER2 positive breast cancer develops either de novo or
acquired clinical resistance during trastuzumab therapy.16 Evidence
from in vitro study, gain-of-function mutation in PI3KCA genes
causes HER2 positive breast cancer more resist toward trastuzumab
therapy as a consequence of massive tumor growth under persistent activation of the PI3KeAKTemTOR signaling pathway.17,18
Meanwhile, acquired resistance to trastuzumab in HER2overexpressed breast cancer is part of the result of gene upregulation under prolonged trastuzumab treatment. HER4 expression is
upregulated following trastuzumab treatment in SKBR3 cells
causing an ineffective response.19 The overexpressed ADAM10, a
sistance
member of ADAM family protease confers trastuzumab re
by the mechanism of HER ligand shedding.20
Recent biological and epidemiological data suggest that overexpressed HER2 protein/or ampliﬁed HER2 gene is not the only one
factor in breast carcinogenesis. Nonampliﬁcation of HER2 genomic
alterations such as point mutation also plays an essential role in
breast cancer risk. The number of HER2 somatic mutations recorded in The 62 Cancer Genome Atlas database until 2012 as many as
eight type of point mutations that consist of S310F/Y, L755S, 63
D769H, G776S/V, V777L/M/A, V842I, and H878Y21 and the overall
HER2 mutation found in breast cancer itself is approximately 4.3%
that is based on mutational analysis on its kinase domain22 and this
number may signiﬁcantly increase due to the application of
advanced molecular tool such as Next Generation Sequencing.
Another variant mutant of HER2 gene named Q692*, P562S, P420fs,
S413L, and S72A in transmembrane domain has been discovered by
using NGS technology.23 HER2 mutation can be found either in
HER2-positive or HER2-negative breast cancer patients in which
both types of cancers harbor a different type of point mutation.
Breast cancer with overexpressed HER2 exhibits mutation at position S310F meanwhile breast cancer with no HER2 ampliﬁcation
shows mutation exclusively at kinase domain of HER2 at position
I767 M and D769Y.24,25 Those HER2 mutations are called activating
mutation due to their speciﬁc role in driving the signaling HER2derived cellular pathways by helping HER2 protein to interact
structurally more actively with other cellular proteins which
dictate cells to divide and grow rapidly.26 Clinical evidence has
underscored this activating mutation of HER2 especially those with
no HER2 ampliﬁcation have a poor survival rate.27
Another type of point mutation named Single Nucleotide Polymorphism (SNP) is also noted as a risk factor for breast neoplasia.
SNP is deﬁned as a variation in the DNA sequence that occurs in a
population with a frequency of 1% or higher.28,29 The number of
SNP in HER2 gene that has been deposited in dbSNP database, NCBI
so far is eight consist of Ser442Ser, Ser457Ser, Lys1177Lys,
Trp452Cys, Ile654Val, Ile655Val, Pro927Arg, and Ala1170Pro.
Among HER2 SNPs available only pathological SNP at Ile654Val,
Ile655Val, and Ala1170Pro of HER2 has been proven epidemiologically contribute to breast risk.30e32 Since polymorphic event at
codon 655 of HER2 gene was ﬁrst discovered in 1991 using DNA
sequencing technique in tumors,33 it has become a trigger for other
researchers to further investigate its role in breast carcinogenesis.
Formerly, the evidence of this gene polymorphism as a good
candidate for tumor inducer came from Bargmann's study34 in
1986 which stated that the transforming capacity of neu gene (a rat
homolog of human HER2 gene) is elevated by the presence of point
mutation at position V664E. Although at that time no any single
mutation had been reported in HER2 gene, yet this ﬁnding highlighted that mutations, as well as genetic polymorphisms, reside

along transmembrane domain of HER2 play important role in p185
function and may be considered as a susceptibility factor for cancer
development. In fact, in vivo study has shown that animals injected
with cells carrying the valine-encoding allele of HER2 resemble
breast neoplastic characteristics.34 Besides the potential role of
HER2I655V SNP as a biomarker for breast cancer development, this
SNP can be used to predict the cardiotoxic effect of trastuzumab in
HER2 positive breast cancer prior to therapy.35 Clinical evidence
shows that HER2 Ile/Val indeed is associated with a higher risk of
cardiac toxicity. In a meta-analysis study, HER2 655 A > G polymorphism as a genetic marker of trastuzumab-induced cardiotoxicity in HER2-positive breast cancer patients.37
An interesting issue that comes from epidemiological studies of
HER2I655V SNP related to breast cancer risk showed inconsistency
results among studies. Based on meta-analysis result conducted on
27 caseecontrol studies with cases sample of 11,504 and control
sample of 12,538 concluded that HER2I655V SNP was associated
with an increased breast cancer risk in overall population especially
for Val Allele in African and Asian race.38 In 2013, meta-analysis
using 15,940 cases and 19,148 controls also showed Val allele
would be a risk factor for breast cancer, emphasizing the inﬂuence
of ethnicity on the power of susceptibility biomarkers of HER2I655V
SNP for breast cancer risk.39 Moreover, updated meta analyses from
32 studies seem to further strengthen the association of HER2I655V
SNP with breast cancer risk.40 Very recent ﬁnding concluded that
HER2I655V SNP can be used as a diagnostic marker for breast cancer
in certain ethnic groups.41 On the other meta-analysis study, the
evidence for this association was insigniﬁcant.42 The factors such as
laboratory artifacts, lack of genotyping quality control or blinding
and publication bias appear to have inﬂuenced these inconclusive
results.43 This ﬁnding indicates that reassessment on HER2I655V SNP
as a biomarker for breast cancer risk must be conducted using
validated reliable molecular methods where practices for good
laboratory are run properly. Interestingly, a study has conﬁrmed
that methodological errors approximately contribute to incorrect
detection as much as 14 up to 58%.44 This fact highlights that the
application of molecular tools with low errors rate for this purpose
should be a basic prerequisite.

2. Molecular methods for genotyping HER2I655V gene
The ﬁrst epidemiological study to elucidate the role of HER2I655V
SNP as a susceptible biomarker for breast cancer was come from Xie
et al.'s study30 in 2000 using Chinese population. Their study
concluded that Val allele might be an indicator of early-onset breast
cancer (women with age  45). Then several independent studies
worldwide have been conducted to conﬁrm this signiﬁcant ﬁnding
of HER2I655V SNP as a risk factor for breast cancer development.28,36,45e53 In term of molecular diagnostics perspective,
interesting to note that such of HER2I655V epidemiological studies
mostly employing the nucleic acid ampliﬁcation-based genotyping
methods such as Allele-Speciﬁc PCR, Real-Time PCR, and PCR-RFLP
to collect the data of HER2 genotypes from case and control samples.54 These molecular tools offer the simplicity of detection and
affordability in a research setting where research budget become a
limiting factor without eliminating high accuracy of detection.
Although DNA microarray for genotyping is now commercially
available from Affymetrix technology and Illumina technology and
this technology is very popular in recent years,55e57 yet its application for HER2I655V epidemiological study that uses hundreds of
samples especially in developing countries is hampered mostly by
research budget availability.
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2.1. PCR combined with restriction fragment length polymorphism
(PCR-RFLP)
PCR-RFLP is a molecular tool applied to detect single base difference within genome based on sequence-speciﬁc enzymatic
cleavage of PCR products generating the different size and number
of DNA fragments that result in characteristic banding patterns.58
The application of PCR-RFLP to analyze HER2I655V gene as a susceptibility biomarker for breast cancer risk in case and control
study was ﬁrst introduced by Xie et al.30 In their study, the procedure for HER2 genotyping using PCR-RFLP was consist of four
steps (DNA isolation, PCR ampliﬁcation, PCR product digestion, and
DNA electrophoresis) where BsmAI was used as endonuclease
enzyme to cut speciﬁc DNA sequence on HER2 gene amplicon of
148 bp, giving 116- and 32-bp fragments for the Val allele and a
single 148-bp fragment for the Ile allele (Fig. 1). This developed
method has been proven to have high accuracy and consistency
result in genotyping for all the types of HER2 genotypes both in

33

cases and control individuals. Modiﬁcation on PCR-RFLP also has
been reported by Keshava et al.59 through shortening the number
of primer bases from the previous study so that the fragment for the
Ile and Val allele appeared as a single band of 130 bp and 106 bp,
respectively. This strategy succeeded in eliminating by-product of
enzyme digestion without reducing its detection accuracy. Nonetheless, the bands for heterozygote type (Ile/Val type) appeared in
equal proportion in both studies where band for Ile dominated over
the band for Val type, indicating there is a potency for genotyping
error of PCR-RFLP. However, prolong digestion of HER2 amplicon
over 16 h by BsmAI seems to increase the proportion of Val band in
heterozygote sample.60 Until 2018, PCR-RFLP was still widely used
for moderate to large-scale HER2I655V genotyping study.51e53,61e63
2.2. TaqMan PCR
The principle of genotyping using TaqMan assay is the ability of
50 nuclease or commercially named TaqMan® to release a probe

Fig. 1. PCR-RFLP procedure. (A) steps in performing HER2I655V genotyping using PCR-RFLP as suggested by Xie et al.30 (B) HER2 gene fragment (Gene Bank No. AK313683.1); DNA
sequences with yellow color are primer binding sites for HER2I655V variant ampliﬁcation; Nucleotide with red color are SNP position of HER2I655V gene; green color is speciﬁc DNA
sequence for BsmAI recognition.
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that acts as ﬂuorescence agent from the probe-attached PCR
product during PCR ampliﬁcation. This technology has been shown
to have an ability in discriminating alleles that differ by single base
substitution.64,65 Real-Time PCR for HER2I655V genotyping was ﬁrst
developed by Millikan et al.66 in 2003 as illustrated in Fig. 2. TaqMan assay is initiated with mixing the assay components in PCR
solution which consist of (1) forward and reverse primers to
amplify the polymorphic sequence of interest, (2) two 5'site dyelabeled probes for allele-speciﬁc detection in which ﬂuorescence
is quenched by an Non-Flourescent Quencher (NFQ) at the 30 site,
(3) a minor groove binder at the 30 end stabilizes the probe/template complex and (4) Taq Polymerase with 5’ / 30 exonuclease
activity. During PCR process, genome is separated into its single
strand then at speciﬁc annealing temperature the primers and
probes bind simultaneously into their speciﬁc target of the gene.

Each uniquely labeled probe binds preferentially to one of the two
alleles of the SNP of interest with different afﬁnity. A ﬂuorescent
signal is generated as ampliﬁcation proceeds due to the cleavage of
the bound probe by TaqMan enzyme. Homozygosity for Allele G is
read as ﬂuorescent signal generated from VIC dye; homozygosity
for Allele A is read as ﬂuorescent signal generated from 6carboxyﬂuorescein (FAM) dye, while the presence of both ﬂuorescent signals indicates Allele G/Allele A heterozygosity.67e69
TaqMan assay gives 100% accuracy of detection in genotyping
G2269A (rs3765534) that is responsible for thiopurine sensitivity in
inﬂammatory bowel disease.70 For HER2I655V SNP study, the
application of TaqMan assay exhibits 98% concordance result for
each HER2I655V allele variant between blinded quality control DNA
and unblinded quality control DNA samples.71 Moreover, 100%
concordance result for HER2I655V genotyping has also been

Fig. 2. TaqMan assay procedure. (A) Steps in performing HER2I655V genotyping using TaqMan PCR. 1) PCR solution includes genome target as template, probe, primers and TaqMan
solutions. 2) PCR reaction in which 50 nuclease-attached HER2I655V sequence target with SNP occurs. 3) Pattern of HER2I655V genotyping by TaqMan assay (B) detail of speciﬁc-probes
binding on target HER2 SNP and releasing process of ﬂuorescent reporter dye as result of speciﬁc-probe digestion by TaqMan enzyme during PCR process.
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demonstrated by this technology.36 Speciﬁc-probe designing is a
pivotal point of TaqMan Assay to obtain high accuracy of HER2I655V
SNP detection. Besides it contains bases that match to corresponding HER2I655V SNP, melting temperature and GC-content of
speciﬁc-probe should be determined carefully. To genotype
HER2I655V gene, Millikan et al.66 had designed probes with differing
in their melting temperature by only 0.2  C (65.3  C for allele G and
65.1  C for allele A) that speciﬁcally recognize and precisely
differentiate each type of HER2 allele in TaqMan assay.
2.3. Allele-Speciﬁc PCR (AS-PCR)
AS-PCR is a DNA ampliﬁcation-based molecular method used to
amplify and discriminate simultaneously an SNP-harboring gene
fragment from its wild-type DNA fragment when Taq polymerase
lacking 50 e30 exonuclease activity binds and extends duplex DNA
sequence target-primer with match/mismatch at its 30 end.
Therefore, the formation of duplex DNA sequence target-mismatch
primer will render Taq polymerase to amplify the speciﬁc PCR
product. Dual-color based AS-PCR is the only PCR detection format
for HER2I655V SNP genotyping in epidemiological research setting
which has been reported so far.72e74 This technology is a modiﬁcation of AS-PCR in which each speciﬁc primer labeled with ﬂuorescence dye that representing HER2I655V allelic types. FAM
ﬂuorescence dye attached at primer 50 end recognizes allele G of
HER2I655V gene while HEX ﬂuorescence dye attached at the same
position as the ﬁrst primer recognizes allele A of HER2I655V gene.
During PCR ampliﬁcation, depending on allele type of HER2 in the
genome, forward primer will anneal to match base and start
extending from primer 30 end, producing speciﬁc PCR amplicon.
FAM-attached PCR amplicon shows blue color while HEX-attached
PCR amplicon shows red color on agarose. Heterozygote type will
produce mixed PCR amplicon bands with the same size at
approximately 150 bp and shows purple color.72,74 (Fig. 3). Dual
color AS-PCR has simpliﬁed the traditional AS-PCR which uses 2tube procedure to investigate both alleles separately.75 Another
cost-effective and less-laborious AS-PCR for HER2I655V SNP detection, named amplicon-Shift Genotyping assay has also been
developed. In spite of using dye-attached primers, a poly-GC
sequence is added in one of speciﬁc forward primer at its 5’ end
so that SNP-containing PCR amplicon will have bigger band size
than that of wild-type PCR amplicon on agarose. This assay shows a
potency as a complementary method for large-scale genotyping
purposes as proven when it was used for genotyping HER2I655V
gene in clinical breast cancer samples (61 samples) from Minang
ethnic Indonesian to evaluate its genotype frequency.76
3. Genotyping errors may rise from HER2I655V molecular
methods
Nucleic acid ampliﬁcation-based molecular methods employed
for HER2I655V genotyping study in the epidemiological setting have
been proven to have high detection accuracy as mentioned above.
PCR-RFLP uses endonuclease enzyme which speciﬁcally recognizes
HER2I655V SNP-containing bases sequence in PCR amplicon, allowing SNP detection with high speciﬁcity. Application of dye-attached
probes together with 50 nuclease enzyme in TaqMan assay can
accurately differential SNP type of HER2I655V from non-SNP type of
HER2I655V. It is not only producing high speciﬁcity but also
increasing the sensitivity of detection. Moreover, simplicity of
HER2I655V SNP detection while keeping its reliable result of genotyping has been shown by dual-color AS-PCR and Amplicon-Shift
Genotyping based AS-PCR. Nonetheless, errors that attribute to
the method application may still occur especially in research
setting where practices for good laboratory is disobeyed. In fact, the
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genotyping data collected from a high-quality laboratory with
skilled personnel using an established genotyping method and
with quality control before association analysis is not always giving
100% guarantee free from errors.77 In line with this statement, ASPCR for HER2I655V SNP detection also showed genotyping errors
with the rate of 10%e50% depending on PCR condition applied.78
The association studies of HER2I655V gene as a pathological SNP
for breast cancer in a population collected from many published
papers are conducted using case and control samples-based study
design and this type of epidemiological research is assuming that
dissimilarity in SNP prevalence between cases and control samples
for certain status of disease is independent from any difference in
genetic background so that the increased risk of developing a disease in case population is solely due to disease status.79 Investigation on the power of case-control study in determining the SNP
association to certain of diseases has risen the great concern on
false conclusion due to genotyping errors.80 Accordingly, NonDifferential Genotyping Error (NDGE) and Differential Genotyping
Error (DGE) are the primary causes of this genotyping problem that
ultimately rejects the incorrectly null hypothesis (type I error) or
vice versa (type II error). NDGE is produced from misclassiﬁcation
of a true allele in genotyping either from case or control samples.
NDGE occurs as a result of (1) Allele Drop Out (ADO) due to severe
preferential ampliﬁcation or detection one of the allele; a heterozygous subject is more likely to be misclassiﬁed as homozygote or
homozygote subject is more likely to be coded as a missing subject,
and (2) misclassifying or even missing a true genotype in samples.
Suboptimal of method detection employed such as lack of sensitivity and speciﬁcity is the primary cause of this error.77,81 Moreover, an error due to DGE such as in the genotyping process using
the sample from a different institution or applying the instrumentation with different platform could worsen the bias.82,83 This
situation may partially explain why type I errors exhibited by a
case-control study of HER2I655V SNP in Chinese population.30,84
Furthermore, these facts are also much of relevance to the current methodological approach for case-control studies of HER2I655V
SNP where the quality control of molecular methods is stated
incompletely that impact on the contradictive result.43 In fact, PCRRFLP, TaqMan assay, and Allele-Speciﬁc PCR may contain a methodological error risk as proven from many studies.30,59,78,85 In
addition, molecular methods for HER2I655V SNP genotyping basically employ PCR technology to enrich SNP-containing gene fragment either prior to genotyping processing as shown by PCR-RFLP
or simultaneously with SNP detection as DNA ampliﬁcation preceded as shown by TaqMan assay and AS-PCR. Generally, this kind
of molecular technology consists of (1) pre-PCR process such as
primer designing which includes SNP base into primer 3’ end, DNA
extraction from biological resources (blood, tissue, hair, or body
ﬂuids) to obtain sufﬁcient DNA as a template, composition of PCR
reagent such as DNA template, primers, MgCl2, dNTPs, Taq Polymerase and buffer concentration to achieve optimum ampliﬁcation,
the choice of PCR reagents and attention for cleanliness of PCR
workplace (2) PCR process includes optimizing each steps of cycle
especially in denaturation and annealing step (temperature and
time duration) in attempt to obtain high sensitivity and speciﬁcity
of detection, and (3) post-PCR process which is the last step to
detect PCR product either using agarose-based DNA electrophoresis
for AS-PCR and software-based analysis for TaqMan assay genotyping. PCR product in PCR-RFLP must be ﬁrst digested by endonuclease so that genotyping pattern can be detected on agarosebased DNA electrophoresis. Therefore, strict evaluation should be
applied in each step of the procedure to avoid massive genotyping
errors due to the complexity of this PCR process. Table 1 shows
critical steps in which genotyping errors may possibly occur in
HER2I655V SNP genotyping using three detection platforms.
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Fig. 3. Dual Color AS-PCR procedure. (A) Steps in performing HER2I655V genotyping using Dual Color AS-PCR. 1) PCR solution will include genome target as template, dye-attached
forward primers with match base for corresponding HER2I655V allele types, common reverse primer, and Taq Polymerase solutions include MgCl2 and dNTP. 2) PCR reaction in which
Taq Polymerase extends duplex DNA-forward primers with matched HER2I655V allele type. 3) Pattern of HER2I655V genotyping by Dual Color AS-PCR. (B) detail of dye-attached
forward primers binding on target HER2 SNP.

4. Performance of HER2I655V molecular methods
To prevent genotyping errors in case-control study-based
HER2I655V SNP detection and to enhance quality of the genotyping
data, a good reporting method as suggested by Strengthening the
Reporting of Genetic Association Studies (STREGA) guideline is
highly recommended. This guideline also encourages researchers
for data transparency on research before publishing their ﬁnding,
so that the assessment of the strengths and weaknesses of this
evidence by third parties/other independent researchers could be
performed in appropriate manner to obtain an unbiased conclusion.86,87 Genotyping errors in the case-control study have been
one of concern in STREGA guideline due to its effect on the power of
statistical calculation such as Odd Ratios (OR) value. This fact is in
line with population-based case and control study for HER2I655V
SNP as a biomarker candidate for breast cancer risk where the association between exposure and outcome is calculated based on
this statistical value.39 Because Val allele of HER2I655V is a minor
allele so that the proportion of this allele either in the case samples
or in the control sample largely plays an important role in decision

making whether the association of HER2I655V SNP with breast
cancer risk is true in population as stated by OR value, OR > 1
meaning that HER2I655V SNP has signiﬁcant association with breast
cancer risk, while OR < 1 shows reverse association.40 Therefore,
genotype misclassiﬁcation in samples from case or control subject
due to lack of method reliability become a major drawback in
HER2I655V SNP studies, making HER2I655V SNP as a universal
candidate for susceptible biomarker of breast cancer development
remains debatable.
Performance of nucleic acid ampliﬁcation-based molecular
methods in detecting the genetic polymorphisms of HER2I655V gene
in a population can be assessed by its assay reliability that reﬂects
sensitivity, speciﬁcity, reproducibility, and consistency of method.
Careful methodological application for the detection of HER2I655V
SNP using three platforms of assays (PCR-RFLP, TaqMan Assay and
Allele-Speciﬁc PCR) has highlighted some important points
regarding the reliable genotyping methods from which the trusted
HER2I655V genotyping data is generated. The ﬁrst point is the
method should have the capability in interrogating the all type of
HER2I655V genotypes in control sample to evaluate HER2I655V
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Table 1
The potential of genotyping errors in three platforms of molecular detection of HER2I655V SNP.
PCR
steps

Genotyping errors
sources

PreQuality of DNA is
PCR poor

Suboptimal primers
design

Suboptimal allele
speciﬁc primers
design

Genotyping errors

Explanation

PCR
platform

Allele Drop Out either for AA genotype or GG
genotype in AG genotype case
Missing detection for all type of HER2I655V
genotypes

DNA is extracted from archival biological resources such as FFPE or blood

1,2 and
3

Allele Drop Out either for GG genotype in AG
genotype case
Missing detection for all type of HER2I655V
genotypes
Misclassiﬁcation among HER2I655V genotype

The extracted DNA still contains bio-contaminant as a result of suboptimal
DNA extraction application
Kit or method for DNA extraction is not suitable with biological matrix from
which DNA extracted
the quantity of PCR product is too low to be digested by endonuclease
1
enzyme
Primers don't anneal on primer binding site of DNA target hence no DNA
1 and 2
ampliﬁcation occurs
It occurs when mismatching the SNP base at the position of primer 3 end 3
with its target has mistaken
The selection of penultimate base of allele-speciﬁc primer is not suitable

Preferential ampliﬁcation towards one of HER2
allele or even missing detection
Suboptimal probes
Missing detection for either AA or GG genotype in One of the probes or both probes does not anneal on probe binding site of
design
homozygous sample or both types in heterozygous DNA target due to signiﬁcant Tm difference between probe
sample
The designed probes are too long or too short. Ideally, it should be 15e20 bp
Probes form self- complementarity or complementary binding with primers
Allele Drop Out either for AA genotype or GG
One of probe anneals ineffectively on binding site of DNA target so that the
genotype in AG genotype case
ﬂuorescence produced from nuclease digestion doesn't reach the minimum
base calling
PCR Workspaces
Misclassiﬁcation among HER2I655V genotype
Cross-contamination by foreign DNA from the air, contaminated reagents/
water or pipets
Missing detection for all type of HER2I655V
Taq Polymerase
Taq Polymerase contains no 5 to 3 endonuclease activity
characteristics in PCR genotypes
reagent
Taq Polymerase has no ability to discriminate SNP from its wild type
Misclassiﬁcation of homozygous HER2I655V as
heterozygous type
MgCl2 concentration Missing detection for all type of HER2I655V
Taq Polymerase doesn't work at the optimum activity
genotypes
Inappropriate primer Misclassiﬁcation among HER2I655V genotype
Over dominated of one of the allele-speciﬁc primers in binding the SNP/wild
ratio
type-containing primer binding site
I655V
During Annealing
Missing detection for all type of HER2
Inappropriately selected annealing temperature causes Primers to anneal to
PCR temperature
genotypes
an unspeciﬁc region of the gene rather than their target
Inappropriately selected annealing temperature causes primers and robes
Missing detection for all type of HER2I655V
genotypes
anneal to unspeciﬁc region of gene rather that their target
Preferential ampliﬁcation towards one of HER2
This event due to signiﬁcant Tm difference between probes as a consequence
allele or even missing detection
of the difference in their GC content
Missing detection for all type of HER2I655V
Allele-speciﬁc primer is not allowed to anneal on its target primer-binding
genotypes
site that contain base correspond to HER2 allele
I655V
allele in case of Only one of the allele-speciﬁc primer can bind to primer-binding-site that
Allele Drop Out of one of HER2
heterozygous sample
contain base correspond to HER2 allele
PostAutocalling failure
Missing detection for all type of HER2I655V
Software doesn't contain autocaller algorithm
PCR
genotypes
Misclassiﬁcation of AG or GG genotype as AA
Incompletely digestion of PCR product, so that digested PCR product (GG
Period of time and
genotype
genotype) doesn't appear on DNA electrophoresis result
quantity of BsmAI
used
I655V
heterozygous type of HER2
Inappropriate DNA
misclassiﬁed as
Too low concentration DNA agarose used in DNA electrophoresis analysis can
agarose
homozygous type
make two band of PCR amplicon appears as one single band of PCR
concentration*

2

1,2 and
3
2
3
1,2 and
3
3
1
2

3

2
1

3

1 refers to PCR-RFLP, 2 refers to TaqMan assay and 3 refers to Allele-Speciﬁc PCR.
*Refers to Amplicon shift-based AS-PCR.

genotype distribution whether it has departed from HardyWeinberg equilibrium. This also suggests that the methods
should retain its sensitivity and speciﬁcity to avoid HER2I655V genotypes misclassiﬁcation. The second point is the method should
show good reproducibility and consistency. This test is usually
conducted by doing an independent test using control samples
which are taken from the second tube of the sample. Then, genotype determination from this quality control samples is blindly
identiﬁed. Complete agreement between genotyping result from
quality control samples with study samples indicates high reproducibility and consistency of assays. Finally, the method showed no
PCR ampliﬁcation in blank sample to ensure no crosscontamination occurred.30,69,88
Interesting to note that 3 of 24 case-control studies of HER2I655V
SNP and breast cancer risk association using RFPL-PCR to genotype
HER2I655V SNP prevalence exhibited Hardy-Weinberg disequilibrium in control samples which are from Greek, Turkish and

Tunisian ethnic group. Moreover, deviation from Hardy-Weinberg
proportion has been shown by TaqMan assay in 2 studies using
African-American and White ethnic group of 12 available publications. In other hands, none of Hardy-Weinberg disproportion has
been detected when dual-color based AS-PCR is used to interrogate
HER2I655V SNP genotypes in control subjects.41 Testing the departure of Hardy-Weinberg equilibrium from this ﬁnding may reﬂect
there is a HER2I655V genotyping bias as a result of either poor reliability of molecular assays or it is likely due to some errors in the
phenotyping stage of sampling such as selection bias of participants, the usage of small number of samples, inadequate in the
ratio of control to case sample, samples mislabeling, or samples
retrieved from mixed population.8991
Only a few from the published HER2I655V association studies in
which reporting on quality assurance of methods have adapted
STREGA guideline. Accordingly, the source of DNA, the method of
DNA extraction, and an approach how reproducibility, consistency,
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and accuracy of the method established are essential elements in
ensuring the method reliability in HER2I655V SNP genotyping as
adapted from this guideline. The source of DNA has been proven to
interfere the genotyping result.92 Moreover, treatments on the
biological matrix such as long-term preservation using physical
(iced storage) or chemical application (tissue ﬁxation using
formalin) from which genomic DNA retrieved further affect the
quality of genotyping test due to DNA degradation.75,93,94 In addition, genotype discordance as a result of the usage of DNA obtained
from the different biological matrices (blood, buccal cells, biopsy
tissue, and formalin-ﬁxed tissue) which generated from the same
platform assay is a common phenomenon in molecular diagnostic
testing. The degree of genotype discordance seems likely to
correlate to the choice of method of DNA extraction which plays a
critical step in giving the DNA with high quality. In fact, eliminating
of genotyping errors can be achieved by prior selecting the DNA
extraction method that is compatible with biological matrix from
which the DNA is obtained. More importantly, good quality of DNA
can enhance reproducibility and consistency of genotyping result.
Three molecular platforms of HER2I655V SNP detection system have
been applied to interrogate the type of HER2I655V genotypes in DNA
from blood, buccal cells, biopsy tissue, and even FFPE tissue. Kallel
et al.48 used PCR-RFLP to evaluate HER2I655V in Tunician ethic group
using frozen tissue from case subject and blood from control subject as DNA using DNA puriﬁcation kit as reagent to isolate DNA.
TaqMan assay has been applied in genotyping HER2I655V SNP in
blood-derived DNA from Sudan population.95 DNA from the blood
sample for HER2I655V case and control study has also been evaluated for their genotype prevalence and its association with breast
cancer development using Dual-Color AS-PCR in British population.72 DNA isolated from non-invasive tissue such as from buccal
cells for HER2I655V SNP genotyping using TaqMan assay has also
been reported.70,96 Meanwhile, FFPE as source of DNA for the same
purpose has been reported in case and control study in Korean
population and Turkish population using PCR-RFLP.97,98 The majority of HER2I655V study in which three platform of diagnosis
method employed used either FFPE, buccal cells or blood-derived
DNA extracted with commercially available kits due to its
simplicity in the DNA extraction process and standardized
protocols.51,68,70,96,98e101 In a certain condition when samples access is a primary barrier for the study, the usage of the different
source of DNA in case and control subject is a solution.48,70,97,98 Two
independent studies using two different platforms of the assay
(TaqMan assay vs PCR-RFLP) using blood as a source of DNA
conﬁrmed that no signiﬁcant association between HER2I655V SNP
with breast cancer risk in Turkish population.102,103 Furthermore,
this insigniﬁcant association has been reported in the same population by using PCR-RFLP on DNA derived from FFPE for case subject
and from blood for control subject.98 No association was also noted
in Greece population between HER2I655V SNP and breast cancer risk
when blood-derived DNA was genotyped using PCR-RFLP.99,100
Unfortunately, lack of information regarding quality control test
of the assay such as reproducibility test using these biological
matrices in the majority of the association study between HER2I655V
SNP and breast cancer risk has reduced the reliability of the overall
ﬁnding. Table 2 points the summarize of quality control test of assay
using different biological matrices.
5. Strategies to improve reliability of HER2I655V molecular
methods

These two essential items particularly act as fundamental reference
in performing and evaluating the quality test of genotyping
methods on DNA retrieved from various biological matrices before
commencing the real testing on case and control subjects, and
consequently increases in conﬁdence of the generated genotyping
data. Therefore, HER2I655V genotyping methods must be assessed
for (1) the potency of bias due to technical aspects of method itself
or the usage of DNA samples from different biological matrices, and
(2) for consistency and accuracy of genotyping results either it is
tested in intra-laboratory or inter-laboratory comparison.86,87
The potency of genotyping bias due to the technical aspect of
HER2I655V genotyping methods such as PCR condition or the usage
of DNA extracted from different biological matrices hampers the
validity of the genotyping data. Therefore, it is suggestible to
quantitatively evaluate genotyping errors as suggested by Taberlet
et al.104 to know the rate of errors of each method. This technique
counts the errors rate as a percentage based on the total number of
amplicon with correct genotype divided with amplicon with
incorrect genotype or no ampliﬁcation in multiple tube assay. This
technique has been applied successfully in evaluating the rate of
genotyping errors due to several PCR conditions such as annealing
temperature of PCR, the amount of DNA template, and the ratio of
DNA template in AS-PCR78 and this similar approach can be applied
to other platforms of HER2I655V SNP detection such as PCR-RFLP and
TaqMan assay. Unfortunately, no information is available recently
regarding the rate of genotyping errors for these two HER2I655V SNP
detection system so that the evaluation study is warranted to be
conducted.
The reproducibility of the genotyping data obtained from a
platform of molecular detection either conducted by the different
lab worker in the same laboratory or by others laboratory worker in
different laboratory can have repercussions on the strength of data
integrity.104 The reproducibility test of the genotyping methods will
point directly both consistency and accuracy of the genotyping data
which gives essential information on how good the assay works.
This can be achieved by doing concordance test of the same samples in several replicate samples of testing through intra-laboratory
or inter-laboratory comparison procedure. Ideally, genotyping assays show good performance if the value of concordance test in
both procedures of comparison is around 99%.105 The employment
of PCR-RFLP in evaluating HER2I655V SNP as breast cancer risk is a
good example of how the reproducibility test of this method is
conducted where intra-laboratory comparison of the genotyping
data yields perfect concordance.30 Inter-laboratory assay of TaqMan
assay in genotyping variant of HER2I655V allele showed 98%
concordance, while perfect match result from intra-laboratory
assay is obtained by this method.70 Although these two genotyping assay become popular procedure for the most of association
study between HER2I655V SNP and breast cancer risk, yet their
reproducibility test in new study must be performed prior to genotyping the real samples due to the diversity in the usage of biological matrices and DNA extraction methods. In addition,
reproducibility test is also prerequisite for AS-PCR as no information for this test is available in previous study.72 Such reproducibility test as part of genotyping quality control test is an essential
component in most of the association study of HER2I655V SNP and
its establishment which is in line with the currently available
guideline in every new study will enhance the conﬁdence of the
ﬁnding.
6. Conclusion

In an attempt to improve quality of the genotyping test of
HER2I655V SNP using three platforms of technologies (PCR-RFLP,
TaqMan assay, and AS-PCR) it is reasonable to adhere to item
number 8 and 9 of method section in STREGA recommendation.

Three platforms of molecular detection systems have been
employed in ﬁnding the evidence of HER2I655V SNP in breast
carcinogenesis where PCR-RFLP and TaqMan Assay has become two
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Table 2
Genotyping quality control test of three platforms of HER2I655V genotyping assay using DNA from different biological matrices.
Author

Ethic

Year Assay

Genotyping quality Biological matrix
control test

DNA isolation method

Case-control
study ﬁnding

Xie et al.30

Chinese

2000 PCR-RFLP

Mentioned

Salting out

þ

Baxter and
Campbell73
Keshava et al.59

Caucasian

2001 AS-PCR

Mentioned

Not mentioned

e

Caucasian, AfricanAmerican and Latinas
Caucasian

2001 PCR-RFLP

Not mentioned

Not mentioned

e

2001 PCR-RFLP

Mentioned

Not mentioned

e

Not mentioned

e

DNA extractor

e

Not mentioned

þ

Phenol-chloroform

e

Phenol-chloroform

e

Salting out

þ

Not mentioned

e

E.Z.N.A DNA isolation kit

e

Wang-Gohrke and
Chang-Claude106
Hishida107
66

Japanese

2002 Not
Mentioned
mentioned
2003 TaqMan
Not mentioned

African-American and
Caucasian
Australian

2003 AS-PCR

Not mentioned

Akisik and Dalay103

Turkish

2004 PCR-RFLP

Not mentioned

Kamali-Sarvestani60

Iranian

2004 PCR-RFLP

Not mentioned

Portuguese

2004 PCR-RFLP

Mentioned

Korean

2005 PCR-RFLP

Mentioned

Greek

2005 PCR-RFLP

Not mentioned

European

2005 TaqMan

Not mentioned

Benusiglio et al.

British

2006 TaqMan

Mentioned

Zubor et al.109

Slovak Republican

2006 PCR-RFLP

Not mentioned

2007 PCR-RFLP

Not mentioned

Millikan et al.

Montgomery et al.

Pinto et al.

108

An et al.98
Kalemi et al.100
97

Nelson et al.

89

75

Papadopoulou et al.101 Greek
68

Tommasi et al.

Caucasian

2007 TaqMan

Not mentioned

Lee et al.110

Taiwan

2008 PCR-RFLP

Not mentioned

Mutluhan et al.45

Turkish

2008 PCR-RFLP

Not mentioned

Malaysian

2008 PCR-RFLP

Not mentioned

Chinese

2008 TaqMan

Mentioned

Rajkumar et al.111

South Indian

2008 TaqMan

Mentioned

Siddig et al.96

Sudan

2008 TaqMan

Mentioned

Tunisian

2010 PCR-RFLP

Not mentioned

Turkish

2010 PCR-RFLP

Not mentioned

Turkish

2011 PCR-RFLP

Not mentioned

Egyptian

2013 PCR-RFLP

Not mentioned

Turkish

2013 PCR-RFLP

Not mentioned

Al-janabi et al.102

Iraqi

2015 PCR-RFLP

Not mentioned

Carrillo-Moreno
et al.62

Mexican

2016 PCR-RFLP

Mentioned

46

Naidu et al.
Qu et al.

71

Kallel et al.

48

Kara et al.49
Sezgin et al.99
51

Abdraboh et al.
Ozturk et al.

52

Blood (in case and control
subject)
Not mentioned
Blood (in case and control
subject)
Blood (in case and control
subject)
Not mentioned
Blood (in case and control
subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
FPPE (case subject)-Blood
(control subject)
Blood (in case and control
subject)
Buccal Cells (in case and control
subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
Buccal Cells (control subject)Blood (case subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
Biopsy (case subject)-Blood
(control subject)
Blood (in case and control
subject)
FPPE (case subject and control
subject)
Blood (in case and control
subject)
Blood (in case and control
subject)
Frozen Tissue (case subject)Blood (control subject)
Not mentioned

Gentra system DNA extraction e
Not mentioned

e

Salting out

þ

Puregene-DNA Puriﬁcation kit þ
of Gentra System
Wizard genomic DNA
þ
isolation Kit
Salting out
þ
Phenol-chloroform

þ

PUREGENE Genomic DNA
Puriﬁcation kit
PUREGENE Genomic DNA
Puriﬁcation kit
Not mentioned

e

QiaAmp DNA Blood Mini kit

þ

Wizard genomic DNA
extraction kit
Salting out

e

Nucleospin Tissue Kit

e

Wizard DNA Puriﬁcation kit

þ

Salting out

þ

ReliaPrep™ Blood gDNA
Miniprep kit
Salting out

þ

e
e

e

þ

þ meaning that an association between HER2I655V SNP with breast cancer risk was observed.
- meaning that no association between HER2I655V SNP with breast cancer risk was observed.

molecular assays that widely used for this purpose. It is apparent
that genotyping errors of methods is the factor that may hamper
signiﬁcantly on the validity of the genotyping data of the study.
Therefore, appropriate steps in eliminating the source of errors
become an integral part of this research activity. Furthermore, to
increase the performance of HER2I655V molecular detection in every
new study, it is suggestible to conduct the reproducibility test of the
methods before commencing the genotyping test in the real

sample. This test not only will improve the method reliability but
also increase the conﬁdence of the genotyping data presented.
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