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A B S T R A C T

The frequently altered phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway is

involved in the regulation of cellular processes required for breast carcinogenesis. The

aim of the project was to develop a method to identify hotspot mutations in the PIK3CA

gene in circulating tumor cells (CTCs) of metastatic breast cancer (metBC) patients.

From 44 enrolled CTC-positive metBC patients a total number of 57 peripheral blood sam-

ples were analysed by CellSearch�. Genomic DNA of enriched CTCs was isolated, amplified

and analyzed for PIK3CAmutations in exons 9 and 20 which lead to E542K, E545K or H1047R

amino acid changes and result in increased PI3K activity. The mutations were detected by

using SNaPshot-methodology comprising PCR amplification and single nucleotide primer

extension.

SNaPshot analysis was established using genomic DNA from different breast cancer cell

lines and then successfully transferred to investigate blood samples and single cells. Over-

all, twelve hotspot mutations in either exon 9/E545K (6/12, 50%) or exon 20/H1047R (6/12,

50%) could be determined within 9 out of 57 (15.8%) blood samples from 7 out of 44

(15.9%) patients; CTC counts ranged from 1 to 9748. PIK3CA variants E542K, E545G and

E545A were not detected.

Analysing the PIK3CA genotype of CTCs has clinical relevance with respect to drug resis-

tance, e.g. against HER2-targeted therapy. The herein described approach including SNaP-

shot technology provides a simple method to characterize hotspot mutations within CTCs
E, cytokeratin-phycoerythrin; CS, CellSearch�; CTC(s), circulating tumor cell(s); DAPI, 4,6-
ted tumor cells; ER, estrogen receptor; FITC, fluorescein-isothiocyanate; HER2, human
osphatidylinositol-3-kinase; PTEN, phosphatase and tensin homolog; PR, progesterone re-
; WGA, Whole Genome Amplification.
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enriched from peripheral blood and can be easily adopted for analysing further therapeu-

tically relevant SNPs.

ª 2013 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction this status to potential drug resistance, especially in those
Breast cancer is the most frequently diagnosed cancer and the

leading cause of cancer death in females worldwide, accounting

for 23% (1.38 million) of the total new cancer cases and 14%

(458,400)of thetotal cancerdeaths in2008 (Jemaletal., 2010,2011).

Up to now, breast cancer treatment decisions are based

upon the histology of the primary tumor and its expression

status of molecular markers such as estrogen receptor (ER),

progesterone receptor (PR) and human epidermal growth fac-

tor receptor 2 (HER2). Although significant improvements in

breast cancer treatment have been achieved within the last

decades, the need for novel therapeutic approaches aiming

at specific tumorigenic cells and their key oncogenic pathways

has become obvious.

In several clinical studies, the detection and enumeration

of CTCs from breast cancer patients has been established

showing a correlation with decreased progression-free and

overall survival in operable (Ignatiadis et al., 2008; Xenidis

et al., 2006) and advanced breast cancer (Cristofanilli et al.,

2005). Molecular characterization of CTCs is essential to

confirm their malignant origin and to identify diagnostically

and therapeutically relevant targets which help to stratify

cancer patients for individual therapies (Scher et al., 2009).

Breast cancer cells in primary tumors, CTCs as well as

disseminated tumorcells (DTCs)varyphenotypicallyand func-

tionally in established prognostic factors such as HER2, ER, PR

and in gene expression profiles (Bozionellou et al., 2004; Meng

et al., 2004; M€uller and Pantel, 2009; Strati et al., 2011; Powell

et al., 2012). These findings advocate for the usage of CTCs as

‘liquid biopsy’ to refine therapeutic regimens.

In breast cancer, the PI3K/PTEN/AKT pathway which is

involved in the regulation of central cellular processes is often

dysregulated, due to alterations in several pathway compo-

nents including amplification of the HER2 gene locus, loss of

PTEN (phosphatase and tensin homolog) protein function,

and mutations of the PIK3CA gene (Bachman et al., 2004;

Dunlapet al., 2010; Paradisoetal., 2007).PIK3CAgenevariations

result in different activation levels of PI3K (Ara�ujo et al., 2010).

Class 1A PI3-kinases are heterodimeric lipid kinases

composed of a catalytic subunit (p110a), encoded by the

PIK3CA gene and a regulatory subunit (p85a). Specific muta-

tions within PIK3CA that cluster in hotspots located in exon

9 (E542/545K; catalytic domain) and exon 20 (H1047R; kinase

domain) have been demonstrated to activate PI3K/AKT

signaling and provide a strong selective growth advantage to

the cell. This suggestion is accompanied by the fact that all

three hotspot mutations confer in vitro and in vivo tumorige-

nicity (Bader et al., 2006; Ikenoue et al., 2005; Isakoff et al.,

2005; Kang et al., 2005; Samuels et al., 2005; Zhao et al.,

2005). These observations and the fact that specific inhibitors

for PIK3CA are being developed emphasize the importance of

analyzing the PIK3CA mutational status in CTCs, and relating
CTCs surviving HER2-targeting therapy.

In order to detect PIK3CA mutations, PCR-based screening

methods and direct sequencing of PCR products have been

applied (Board et al., 2008; Simi et al., 2008; Qiu et al., 2008).

Here for the first time, we describe the application of a modi-

fied approach based on the SNaPshot-technology published by

Hurst et al. in order to simultaneously analyse the PIK3CAmu-

tations E542K, E545 G/K and H1047R in CTCs ofmetBC patients

and in single breast cancer cells. This assay allows a combined

implementation of multiplex PCR amplification andmultiplex

primer extension for the targeted detection of several muta-

tions in one approach (Hurst et al., 2009). We have used this

technology because it enables a sensitive analysis of SNPs

from single tumor cells in a multiplex approach.
2. Material and methods

2.1. Cell lines and cell culture

MCF-7, SKBR-3 and T47D breast cancer cell lines were pur-

chased from the American Type Culture Collection (ATCC,

Manassas, VA, USA). SKBR-3 cells were reported to contain a

PIK3CA wild-type gene, while MCF-7 and T47D cells harbor

heterozygous hotspot mutations in the PIK3CA gene: MCF-7

is mutated in exon 9 (E545K), T47D in exon 20 (H1047R)

(Hollestelle et al., 2007; Jensen et al., 2011; Kataoka et al.,

2010; Weigelt et al., 2011). All cell lines were cultured in

RPMI 1640 containing 10% fetal calf serum and 1% Penicillin-

Streptomycin (all Gibco, Karlsruhe, Germany). Culture me-

dium forMCF-7 was supplementedwith 25mMHEPES (Gibco);

for T47D cells 10 mM HEPES, 1 mM sodium pyruvate (Gibco)

and 0.45% D-(þ)Glucose solution (SigmaeAldrich, Munich,

Germany) was added. All cells were grown at 37 �C in a humid-

ified atmosphere with 5% CO2. For spiking experiments, dilu-

tion series for MCF-7, SKBR-3 and T47D cells were performed

and about 100 cells in PBS were spiked into 7.5 ml blood of

healthy volunteers collected into CellSearch� (CS) CellSave

preservative tubes (Veridex LLC, Raritan, NJ, USA).

2.2. Patients

Patients were recruited within a translational spin-off project

of the GermanDetect III trial which is investigating blood sam-

ples from primarily HER2-negative metastatic breast cancer

patients who harbor HER2-positive CTCs (for more informa-

tion see www.detect-studien.de). In total, 57 blood samples

(7.5 ml) from 44 CTC-positive advanced metBC patients were

collected into CellSave tubes and processed by CellSearch�

(Veridex LLC, Raritan, NJ, USA). The clinical patient data are

shown in Table 1, more detailed information is provided in

the Supplemental data Table 1. Written informed consent

http://www.detect-studien.de
http://dx.doi.org/10.1016/j.molonc.2013.07.007
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Table 1eClinical data of patients (primary tumor (PT) and CTCs).

Characteristics Total In %

Patients 44 100.0

Age

Mean 58.4

Median 59.0

Range 26e78

Tumor size

T1 13 29.5

T2 15 34.1

T3 7 15.9

T4 8 18.2

Tx 1 2.3

Nodal status

Negative 11 25.0

Positive 29 65.9

Nx 4 9.1

M status of primary tumor at the time of diagnosis

M0 29 65.9

M1 7 15.9

Mx 8 18.2

Histology

Ductal 33 75.0

Lobular 7 15.9

Others 4 9.1

Grading

GI 0 0

GII 18 40.9

GIII 21 47.7

Not determined 5 11.4

ER status

Positive 30 68.2

Negative 12 27.3

Not determined 2 4.5

PR status

Positive 28 63.6

Negative 14 31.8

Not determined 2 4.5

HER2 status

Negative 36 81.8

Not determined 8 18.2

Patients with HER2þ CTC 15 34.1

Range of CTC 1e9748
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was obtained fromall participating patients and the studywas

approved by the local ethical committee (525/2011AMG1).
2.3. Blood sample processing, detection of CTCs and
assessment of HER2 expression

Isolation and enumeration of tumor cells from spiked blood

samples obtained from healthy volunteers as well as from

blood of metBC patients were processed by using the FDA-

approved CS. This system allows for the automated enrich-

ment and immunostaining of CTCs in patients with meta-

static breast, colon and prostate cancer. A total of 7.5 ml

of whole blood was collected in a CellSave Preservative

Tube and the CellSearch� Circulating Tumor Cell Kit (Veri-

dex LLC, Raritan, NJ, USA) was applied for CTC enrichment

and enumeration. Herein, immunomagnetic enrichment is

achieved by using an anti-EpCAM ferrofluid. Enriched cells
are then fluorescently stained with the nucleic acid dye

4,6-diamidino-2-phenylindole (DAPI) and labeled with

monoclonal antibodies specific for epithelial cells (anti-cyto-

keratins 8, 18, 19) and leukocytes (anti-CD45). CTCs are sub-

sequently identified by cytokeratin positivity/negativity for

the leukocyte common antigen CD45 and nuclear DAPI

staining to ensure the integrity of the nucleus. All CTC as-

sessments were performed by trained and Veridex certified

technicians. Blood samples were designated as positive

when at least one CTC was present. HER2 expression of

CTCs was characterized within the CS by the addition of a

fluorescein-labeled anti-HER2 antibody (CS tumor pheno-

typing reagent HER2; Veridex), as described previously

(Riethdorf et al., 2010). HER2-specific immunostaining of

CTCs was categorized into negative (0), weak (1þ), moderate

(2þ) and strong (3þ) (Riethdorf et al., 2010), whereas only

HER2-strong expressing CTCs were counted as HER2-

positive. Further blood sample processing after CTC/HER2

assessment can be found depicted in Figure 1.
2.4. Extraction of genomic DNA and Whole Genome
Amplification (WGA)

DNA extraction from CS enriched tumor cells was obtained

by using the QIAamp DNA Mini Kit (Qiagen, Hilden, Ger-

many) according to the manufacturer’s protocol. Therefore,

the entire contents of CTC-positive CS cartridges were

transferred into tubes, digested with Proteinase K and com-

plete cell lysis was verified by visual control under a fluores-

cence microscope. Column-bound DNA was eluted with

30 ml of nuclease-free water and concentrated further to a

final volume of 10 ml. 3 ml were employed for WGA using

the Ampli1� WGA Kit from Silicon Biosystems according

to manufacturer’s protocol. The WGA procedure is based

on a ligation-mediated PCR following a site-specific DNA

digestion. For quality control, 2 ml of Ampli1� products

were analysed utilising the Ampli1� QC Kit (Silicon Bio-

systems, Bologna, Italy).
2.5. PCR

After WGA, the first gene-specific PCR for PIK3CA exons 9

and 20 was performed in a volume of 25 ml containing 1�
PCR buffer, 2 mM MgCl2, 0.2 mM dNTPs, 5% DMSO, 1U Taq

DNA polymerase (Life Technologies GmbH, Darmstadt, Ger-

many) and 5 ml of whole genome amplified DNA as template.

Primers were designed by Beckman Coulter to produce

amplicons covering hotspot codons E542, E545 (exon 9)

and H1047 (exon 20) (0.2 mM each; Table 2). Thermal cycler

conditions were: 95 �C for 5min, 45 cycles of 95 �C for

45sec, 58 �C for 45sec, 72 �C for 45sec and finally 10min at

72 �C. PCR products were checked for quality and quantity

by running 5 ml in a 3% agarose-TBA gel. Remaining PCR

products were purified using a PCR Purification Kit (Qiagen).

Purified product (2.5 ml) was then further processed for a

second exon 9 and exon 20 specific PCR (“nested PCR”) using

nested PCR primers (Table 2) with the same PCR conditions

as described above, only the number of PCR cycles was

increased to 60.

http://dx.doi.org/10.1016/j.molonc.2013.07.007
http://dx.doi.org/10.1016/j.molonc.2013.07.007
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Figure 1 e Workflow for the molecular characterization of circulating tumor cells by dint of CTC enrichment, Whole Genome Amplification and

SNaPshot technology for PIK3CA.
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2.6. SNaPshot assay

The probes used in the SNaPshot reaction were adopted from

Hurst et al. (2009) (Table 2). Probes anneal one nucleotide

position 50 of the potential mutated nucleotide on the

template DNA and are extended by one base only due to the

use of dideoxynucleotides (ddNTPs). Each of the four ddNTPs

(ddATP, ddCTP, ddGTP, ddTTP) is labeled with a different

fluorophore enabling them to be distinguished from each

other. SNaPshot analysis was performed using the SNaPshot

Multiplex Kit (Applied Biosystems, Carlsbad, US). Reactions

were conducted in a total volume of 10 ml containing 4 ml

PCR product (2 ml for each exon), 5 ml SNaPshot Multiplex

Master Mix, and 1 ml of pooled SNaPshot probes (0.8 mM
Table 2 e Primer sequences for first gene-specific, nested PCR amplifica

PIK3CA exon Primer name

9 e9_131_left GCTAG

e9_131_right CTCCA

20 e20_167_left GCCAG

e20_167_right CATGC

9 e9_nested_left GACA

e9_nested_right ATTTT

20 e20_nested_left TTGAT

e20_nested_right GTGGA

PIK3CA exon Mutation

9 E542K

E545G

E545K

20 H1047R

a Primer sequences were published before (Hurst et al., 2009).
E542K, 2.3 mM E545G, 1.5 mM E545K, 1.5 mM H1047R). Primer

extension was carried out in a thermal cycler (MJ Research,

Watertown, US) using the following program: 25 cycles of

96 �C, 10sec (denaturation); 50 �C, 5sec (probe-annealing) and

60 �C, 30sec (primer extension), then cooling down to 4 �C. In
order to eliminate unincorporated ddNTPs, labeled

extension products were treated with 0.5 ml Calf Intestinal

Phosphatase (1 U/ml, NEB, Ipswich, MA) and incubated for

1 h at 37 �C, followed by a denaturation step at 75 �C for

15min. Subsequently, 10 ml of HiDi� formamide and 0.6 ml of

an internal size standard (Genescan-120LIZ, both Applied

Biosystems) were mixed with 2 ml extension product and

transferred to an ABgene Thermo-Fast 96 PCR Detection Plate

(Thermo Scientific, Karlsruhe, Germany) for separation using
tion and for SNaPshot analysisa for exon 9 and exon 20 of PIK3CA.

Sequence (5’e>3’) Product size (bp)

AGACAATGAATTAAGGGAAAA 131

TTTTAGCACTTACCTGTGAC

AACTACAATCTTTTGATGAC 167

TGTTTAATTGTGTGGAAG

AAGAACAGCTCAAAGCAA 110

AGCACTTACCTGTGAC

GACATTGCATACATTCG 134

AGATCCAATCCATTT

Sequence (5’e>3’)a Size (bp)

T(19)TACACGAGATCCTCTCTCT 38

T(29)TCCTCTCTCTGAAATCACTG 49

T(34)ATCCTCTCTCTGAAATCACT 54

T(46)TGAAACAAATGAATGATGCAC 67

http://dx.doi.org/10.1016/j.molonc.2013.07.007
http://dx.doi.org/10.1016/j.molonc.2013.07.007
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an ABI PRISM 3100 Genetic Analyzer with a 36 cm length capil-

lary and POP-7� polymer. SNP-analysis was performed using

GeneMapper 3.7 Software.

2.7. Deposition and preparation of single breast cancer
cells

In order to amplify DNA in a low volume reaction format using

single cells as DNA source AmpliGrid technology (Beckman

Coulter, Munich, Germany) was applied. Single MCF-7 cells

were deposited in 1� PBS onto reaction sites of an AmpliGrid

slide by dint of cell sorting via a BD FACSAria� flow cytometer.

After air-drying the cells, a visual quality control was per-

formed by inspecting Hoechst 33342 positive cells using fluo-

rescence microscopy (Axioplan 2, Carl Zeiss GmbH,

G€ottingen, Germany). For DNA extraction from single cells

the Beckman Coulter Cell Extraction Kit was used. Themaster

mix for cell lysis comprises the following components: 1 ml

lysis enzyme, 6 ml 10� reaction buffer and 53 ml nuclease-

free H2O. A volume of 0.75 ml was pipetted to the reaction

side and the droplet was covered with 5 ml sealing solution

before the loaded AmpliGrid was placed on the AmpliSpeed

slide cycler (Beckman Coulter) to execute the cell extraction

program (75 �C, 5min; 95 �C, 2min; RT). After cell lysis, gene-

specific PCR reactions with the primers listed in Table 2

were carried out on-slide in a total volume of 1 ml. One half

of the amplified products was used for quality control with

the Agilent DNA 1000 kit on the Agilent 2100 Bioanalyzer (Agi-

lent Technologies, Waldbronn, Germany), the other half was

employed for SNaPshot analysis.
3. Results

3.1. CTC assessment and determination of HER2
expression

Since the blood samples were used to set up the technique we

e in contrast to the clinical cut-off of �5 CTCs for metBC e
Figure 2 eHER2 immunoscoring of CTCs from patient 26. CTCs show a c

expression of CTCs was determined using the FITC-labeled anti-HER2 a

classified into negative (0), weak (1D), moderate (2D), and strong (3D); C

phenylindole; APC, allophycocyanin; FITC, fluorescein-isothiocyanate.
considered samples CTC-positive if �1 CTC was detected. In

this study, 44 CTC-positive metBC patients were enrolled

and a total number of 57 blood samples was analysed. CTC

counts ranged from 1 to 9748. CTCs were further examined

for HER2 expression, with 15 out of 44 patients (34.1%)

harboring at least one HER2-positive (3þ) CTC. In total, 23 of

the 57 analysed samples (40.3%) contained HER2-positive

CTCs. For two patients (4.5%) HER2-status was not assessed.

In general, CTCs within patients differed strongly in HER2

expression. Figure 2 exemplifies different HER2 expression

levels (negative (0), weak (1þ), moderate (2þ), strong (3þ)) of

CTCs enriched from patient 26.
3.2. SNaPshot analysis using genomic DNA from breast
cancer cell lines

Initially, the SNaPshot methodology was established using

genomic DNA of breast cancer cell lines harboring different

PIK3CA hotspot mutations of interest or carrying the wild-

type gene. MCF-7 cells were chosen due to a mutation in

exon 9 which results in an amino acid change at position

E545 (E545K). T47D cells carry a point mutation in exon 20

leading to an amino acid change at position 1047 (H1047R).

Finally, SKBR-3 cells were reported to exhibit no PIK3CAmuta-

tions at these positions (Hollestelle et al., 2007; Jensen et al.,

2011; Kataoka et al., 2010; Weigelt et al., 2011). In the begin-

ning, primer sets for exon amplification described in Hurst

et al. (2009) were used but gave non-satisfying results within

our setting. Therefore, we e in cooperation with Beckman

Coultere designed new PIK3CA primers to optimize DNA frag-

ment amplification for exons 9 and 20. These primers were

successfully implemented for single and duplex PCR

amplification.

To detect SNPs the resulting amplicons for exons 9 and 20

were then used for PIK3CA SNaPshot analysis. Results are

depicted in Figure 3 wherein the different colored peaks e

generated by the Genemapper software e indicate which of

the specific fluorescently labeled dideoxynucleotides was

added during the primer extension reaction. SNPs can thus
ytokeratin signal (CK), are DAPI-positive and CD45-negative. HER2

ntibody in the CellSearch� system. Intensities of HER2-labeling was

K-PE, cytokeratin-phycoerythrin; DAPI, 4,6-diamidino-2-

http://dx.doi.org/10.1016/j.molonc.2013.07.007
http://dx.doi.org/10.1016/j.molonc.2013.07.007
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Figure 3 e SNaPshot result for detection of hotspot mutations in the PIK3CA gene for genomic DNA of breast cancer cell lines. SNP detection in

SKBR-3 (wild-type), MCF-7 (E545K) and T47D (H1047R) performed on pooled singleplex PCRs for exon 9 and 20. Bases are represented by the

following colorcode: A [ green; G [ blue.
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be identified by the peak color and size relative to the internal

Genescan-10LIZ size standard. The molecular weights of the

SNaPshot extension products are influenced by the different

fluorophores, thus mutant alleles are readily identified as

they exhibit mobility shifts relative to the wild-type alleles.

In panel 1 of Figure 3 the electropherogram obtained for

SNaPshot analysis of wild-type PIK3CA in SKBR-3 cells is

depicted. The middle and bottom panels represent the peak

patterns for heterozygous mutations in exon 9/E545K (MCF-

7) and exon 20/H1047R in T47D cells, respectively. To verify

that SNaPshot is detecting the relevant SNPs, PCR products

were sequenced (Figure 4).
3.3. SNaPshot analysis for spiked blood samples

According to the workflow depicted in Figure 1 the SNaPshot

assay was then performed to detect PIK3CA mutations in
Figure 4 e Sequences for PIK3CA exon 9 (E545) and exon 20 (H1047)

derived from nested PCR products for spiked cell lines and patient

(pt) samples. A. Sequencing results for breast cancer cell lines SKBR-

3 (WT), MCF-7 (E545K) and T47D (H1047R). PCR products for

MCF-7 showed a heterozygous mutation at E545 where in codon

GAG the G is replaced by an A resulting in AAG. Products for

spiked T47D cells carried an H1047 mutation leading to CGT

instead of CAT. B. Sequencing results for pts 6, 20 and 35. Sequence

pattern of sample 1 (SI) from pt 6 shows a mutation in E545, the one

from pt 20 harbored a mutation at position H1047, whereas amplified

products of pt 35 showed both (E545K and H1047R, respectively).
breast cancer cell lines which were spiked into 7.5 ml of

CellSave preservative blood from healthy donors.

Electropherograms pictured in Figure 5 for about 100 MCF-7

and T47D cells show the aforementioned mutant alleles for

E545K (MCF-7) and H1047R (T47D). Spiked SKBR-3 cells exhibit

the peak pattern for wild-type PIK3CA at the examined

positions.

3.4. SNaPshot analysis of CTCs in blood from metBC
patients

Based upon the established methodology on spiked blood

samples, our SNaPshot protocol was applied to CTCs in 57

blood samples obtained from 44 metBC patients (Figure 6).

For patient 6 aswell as for patient 26 two independent CTC-

positive blood samples were available. In both cases two

different PIK3CAmutations, E545K andH1047R,were detected.

Sample I of patient 6 (7 CTCs) exhibited an E545K mutation,

and in sample II (7 CTCs) an H1047R mutation was detected.

In sample I from patient 26 E545K and H1047R mutations

were found simultaneously, with the H1047R mutation being

detected in both - the homozygous (sample I, 345 CTCs) and

heterozygous (sample II, 487 CTCs) states. For patients 18

(121 CTCs) and 27 (a, not determined; see text below,

Table 3), one blood sample each was assessed revealing a

mutant PIK3CA allele at position E545 (E545K). E545K and

H1047R mutations were observed simultaneously within

CTC populations from single blood samples of patients 33

and 35 (7 and 2 CTCs). Finally, for patient 20 (4950 CTCs) a

heterozygous mutation in H1047R was detected, whereas the

mutational analysis for exon 20 could not be conducted due

to failure of nested PCR for exon 9.

Overall, twelve hotspot mutations in either exon 9/E545K

(6/12, 50%) or exon 20/H1047R (6/12, 50%) of PIK3CA were

detected in 9 out of 57 (15.8%) blood samples from 7 out of

44 (15.9%) patients (Table 3). Point mutations resulting in

E542K, E545G or E545A were not detected within our study.

For patient 27 the exact number of CTCs could not be

determined because of ferrofluid in the CS cartridge.

However, CTCs were present according to standard

microscopic inspection. Mutations could be detected in

blood samples with as low as two CTCs.

http://dx.doi.org/10.1016/j.molonc.2013.07.007
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Figure 5 e SNaPshot electropherograms for detection of hotspot mutations in the PIK3CA gene for spiked SKBR-3, MCF-7 and T47D breast

cancer cells. SNP detection in about 100 SKBR-3 (wild type), MCF-7 (E545K) and T47D (H1047R) cells performed on pooled singleplex PCRs

for exon 9 and 20. Bases are represented by the following colorcode: A [ green; G [ blue.
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3.5. SNaPshot analysis of single breast cancer cells
deposited onto AmpliGrid slides

SNaPshot analysis was also performed after the deposition of

singleMCF-7 cells ontoAmpliGrids via cell sorting. Results gained

for the mutational single cell analysis are illustrated in Figure 7.

As expected the heterozygous mutation at position E545K

in the PIK3CA exon 9 was detected, although peak height

was lower than obtained in the aforementioned experiments.
4. Discussion

Up to now, the detection of relevant therapeutic targets in

clinical practice is restricted to the primary tumor and success

or failure of anti-cancer therapies is only evaluated retrospec-

tively by the absence or presence of metastases after surgery

and therapy. Thus, there is an urgent need for biomarkers

for real-time personalized monitoring of the efficacy of sys-

temic adjuvant therapy.

Molecular analysis of CTCs, which might reflect certain

subpopulations of the primary tumor as well as cells forming

metastases, could overcome current limitations. Therefore,

we think that SNaPshot analysis of heterogeneous primary tu-

mor samples is not suitable for prediction and thatmonitoring

CTCs as “liquid biopsy” (Pantel et al., 2009) in contrast to

analysis of the primary tumor can be utilized to determine

the efficacy of chemotherapies and to gain deeper insights

into the selection of resistant tumor cells under biological

therapies. So far, the CS is the only FDA-approved diagnostic

test to automate the detection and enumeration of CTCs, for
monitoring disease progression and therapy efficacy in meta-

static prostate, colorectal and breast cancer (Cristofanilli et al.,

2005). However, besides enumeration, molecular

characterization of CTCs is mandatory to not only confirm

their malignant origin. Discovering an association between

gene expression profiles or expression of gene variants and

clinical outcome, and identification of diagnostically and

therapeutically relevant targets in CTCs may help stratify

cancer patients for individual therapies (Sieuwerts et al.,

2009). According to already published data (Fehm et al.,

2010), we identified HER2-positive CTCs in the blood samples

of patients with HER2-negative primary tumors (Table 1).

Furthermore, by dint of CTC analysis our knowledge of

basicmolecular pathways of invasion,migration and immune

surveillance can be expanded and might contribute to the

identification ofmetastatic stem cells with important implica-

tions for the development of improved therapies in the near

future (Korkaya and Wicha, 2009). Assessing the presence of

target antigens on CTCs could be considered as a real-time bi-

opsy allowing the evaluation of changes in tumour phenotype

during the clinical course of the disease. A combination of

highly sensitivemulti-parametricmolecular methods and im-

aging has been evaluated very recently for themolecular char-

acterization of CTCs (Punnoose et al., 2010). However, this has

been hindered by the very limited sample amount available.

In this manuscript we describe the development of an

approach to simultaneously determine several SNPs in the

PIK3CA gene in order to characterize CTCs of metBC patients.

This assay combines multiplex PCR amplifications of exons 9

and 20 of the PIK3CA gene combined with a multiplex primer

extension assay allowing targeted detection of several muta-

tions in one reaction. This so-called SNaPshot technology

http://dx.doi.org/10.1016/j.molonc.2013.07.007
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Figure 6 e SNP analysis of hotspot mutations in the PIK3CA gene in circulating tumor cells from 7 metBC patients. SNaPshot electropherograms

were obtained afterCTCenrichmentwith theVeridexCellSearch� system,WholeGenomeAmplification and gene-specificPCRs for exon 9 and exon

20 of thePIK3CA gene. For patient (pt) 6 two blood samples were available exhibiting differentmutations: sample I showed anE545Kmutation while

in sample II mutation H1047R was detected. For pt 26 PIK3CAmutations E545K andH1047R were observed separately in 2 samples. Pts 18 and 27

revealed mutant alleles at position E545, the sample of pt 20 was merely mutated in exon 20 (H1047R). In CTC samples for pts 33 and 35 mutations

E545K and H1047R were observed. Incorporated bases are represented by the following colors: A[ green; C[ black; G[ blue.



Table 3 e PIK3CAmutations detected in 7 metastatic breast cancer
patients, CTC counts and HER2 status of CTCs within the
patients.

Patient CTC
count

Her2 status
CTC patient

PIK3CA
mutation

6b 7; 7 Positive H1047R; E545K

18 121 Positive E545K

20 4950 Positive H1047R

26* 345; 487 Positive H1047R;

E545K/H1047R

27 a Positive E545K

33 7 Negative E545K, H1047R

35 2 Positive E545K, H1047R

a Not determined, because of ferrofluid in CS cartridge; but� 1 CTC

determined by visual microscopic inspection.

b 2 different blood samples were analyzed.
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has been published by Hurst et al. (2009). However, they

applied it to characterize primary cancer tissues. We have

modified the original approach to analyse e to our

knowledge for the first time e rare CTCs out of breast cancer

patients’ blood extending it for single breast cancer cells.

Regarding tumor heterogeneity and the fact that the

correlation of molecular characteristics with outcome helps

to identify predictive and prognostic parameters in breast

cancer, the method comprising CTC enrichment, WGA and

SNaPshot assay represents a novel research approach

without being limited by the amount of cells.

Sensitivity tests showed that the SNaPshot technology

coulddetectmutantDNAwhen it represents 5e10%of the total

DNA achieving 100% concordance with results from high-

resolution melting analysis and sequencing (Hurst et al.,

2009). In our experiments, the concordance rate between

SNaPshot and sequencing was 100% as well (Figure 4). In

literature, frequency distributions of exon 9 and exon 20

hotspot mutations among PIK3CA mutant breast cancer are

summarized as 20% for E545K and 55% for H1047R, while

E542K and E545G appear less frequent (11% and <1%) (Table

4; adapted from COSMIC, www.mycancergenome.com). For

establishing the SNaPshot technology three cell lines were

included displaying the wild type PIK3CA gene and harboring

mutations leading to E545K (MCF-7) and H1047R (T47D),

respectively. An additional cell line comprising the E542K
Figure 7 e SNaPshot detection on single MCF-7 breast cancer cells.

Top: SNaPshot analysis performed on PCR product for PIK3CA exon

9 showing a heterozygous mutation at position E545K; bottom: result

for SNP detection in exon 20 of single MCF-7 cells; A [ green,

G [ blue.
was not available in our laboratory, however, several

publications described the existence of this mutation in a

breast cancer cell line (BT483: Hollestelle et al., 2007; Jensen

et al., 2011;Weigelt et al., 2011) and the feasibility of our SNaP-

shot assayat this position couldbeproven (wild typepattern -G

instead of an A- is displayed).

Although the overall sample number we investigated was

very low, we were able to detect mutations in 15.8% (9/57) of

the CTC-positive samples, with E545K and H1047R mutations

occurring at the same frequency (each 50%, 6/12). Furthermore,

occurrence of these somatic mutations seems to be dependent

on the breast cancer subtype. For instance, 30% of hormone

receptorepositive tumors exhibit PIK3CA mutations, while the

incidence in triple-negative breast cancer seems to be less

frequent (3.3%, Stemke-Hale et al., 2008). Within our collective

comprising 7 patients having CTCs with mutations in the

PIK3CA gene locus, one patient harbored a triple-negative tu-

mor, whereas the other 6 patients had hormone receptor-

positive primary tumors (Supplemental data Table 1).

Albeit the impact of these mutations concerning patient

outcome is not completely clear yet, it has been reported

that PI3K hyperactivity contributes to a lower response to tras-

tuzumab and lapatinib treatment in patients with HER2-

positive tumors (Berns et al., 2007; Eichhorn et al., 2008;

Serra et al., 2008; Kataoka et al., 2010) as well as to resistance

to anti-estrogen therapies. Furthermore, mutations regarding

exon 20 of PIK3CA have been associated with poor prognosis

(Lai et al., 2008). Jensen and co-workers reported that PIK3CA

gene mutations may be discordant between primary breast

cancer and corresponding metastases (Jensen et al., 2011).

CTC population like its primary tumor is heterogenic in its

cellular composition in terms of their phenotype and geno-

type. We observed this heterogeneity in blood samples ob-

tained from different patients as well as in CTCs isolated

from the same blood sample (Figure 2). Although we have

not yet separated single CTCs in our experiments, we also

observed heterogeneity in PIK3CA alleles supporting the

published data and the need for single cell analysis.

In their recent publication Hurst et al. (2009) state that the

identification of mutations using this approach is more

straightforward compared to sequencing. In their hands,

sequence analysis failed in 17% of the samples. One reason

might be as the authors argue that especially in situations of

low quality DNA, e.g. from FFPE-tissue samples, the SNaPshot

method has the advantage that the fluorescent signals are

distributed over fewer peaks. This might also be beneficial

regarding CTC analysis, since the CTCs identified using CS

have been run through several staining, washing and fixation

procedures.

For analysis of all the mutations by sequencing one would

have to perform independent PCRs for the 2 exons, followed

by 4 bidirectional sequencing reactions. In the SNaPshot assay

twomultiplexPCRs forexons9and20are followedbyonemulti-

plex detection assay and one capillary electrophoresis run.

One notable limitation of this particular SNaPshot technol-

ogy might be that the application is limited to a small number

of known SNPs. In order to investigate PIK3CAmutationswhich

concentrate within only few hot spots this is feasible, since up

to 10 SNPs can be screened at once. As aforementioned the

sensitivity of the SNaPshot methodology was reported to be

http://www.mycancergenome.com
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Table 4e Frequency of exon 9 and exon 20 hot spot mutations among PIK3CAmutant breast cancer (modified after www.mycancergenome.com).

Gene Exon Location Amino Acid
position

Amino Acid
change

Nucleotide
change

Mutation
frequency

PIK3CA 9 Helical domain E542 p.E542K c.1624G > A 11%

E545 p.E545K c.1633G > A 20%

p.E545G c.1634A > G <1%

20 Kinase domain H1047 p.H1047R c.3140A > G 55%
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approximately 5% (Hurst et al., 2009); an even higher detection

rate (up to 0.01%) might be achieved by the recently published

BEAMing technology (Beads, Emulsification, Amplification, and

Magnetics; Higgins et al., 2012) which is also based on PCR

amplification of hot spot regions. However, neither the

SNaPshot nor the BEAMing technique allows for the discovery

of unknown mutations.
5. Conclusion

Taken together, the herein described assay provides a simple

and inexpensive tool to determine variants of key signaling

proteins in single cells that could readily be extended to

analyze SNPs in other therapeutically relevant genes such as

PTEN, ER or EGFR. The SNaPshot assay can be performed in

high throughput, is robust and objective making it suitable

for use in such a diagnostic setting. Regarding PIK3CA anal-

ysis, it may be used to further characterize e.g. HER2-

positive CTCs which are resistant against anti-HER2 targeted

therapy using trastuzumab. As specific inhibitors for PIK3CA

become available, rapid screening of patient samples for mu-

tations will be essential and the assay may be used to select

breast cancer patients benefiting from such a treatment.
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