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Abstract

We have developed a rapid, simple and reliable, antibody-based flow cytometry assay for the quantitative determination of
membrane proteins in human erythrocytes. Our method reveals significant differences between the expression levels of the
wild-type ABCG2 protein and the heterozygous Q141K polymorphic variant. Moreover, we find that nonsense mutations on
one allele result in a 50% reduction in the erythrocyte expression of this protein. Since ABCG2 polymorphisms are known to
modify essential pharmacokinetic parameters, uric acid metabolism and cancer drug resistance, a direct determination of
the erythrocyte membrane ABCG2 protein expression may provide valuable information for assessing these conditions or
for devising drug treatments. Our findings suggest that erythrocyte membrane protein levels may reflect genotype-
dependent tissue expression patterns. Extension of this methodology to other disease-related or pharmacologically
important membrane proteins may yield new protein biomarkers for personalized diagnostics.
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Introduction

Personalized medicine requires the development of biomarker

diagnostic assays, reflecting individual variations and thus allowing

tailored therapeutic interventions. Membrane proteins, contribut-

ing to about 30% of the total number of human proteins, play a

key role in numerous human pathological conditions, while

currently no simple assays are available for the determination of

their tissue levels. Although genomic studies have established the

pharmacological relevance of a large number of single nucleotide

polymorphisms (SNP) and mutations, the direct correlation

between genetic variations and membrane protein expression

levels remains to be established. Clearly, as membrane proteins

undergo complex processing, trafficking, and elimination, in many

cases mRNA levels do not correspond to the ultimate protein

expression in the relevant membrane.

Human erythrocytes express numerous integral membrane

proteins (currently estimated at about 350 different proteins),

including transporters, receptors, blood group antigens and

proteins with confirmed involvement in human diseases

[1,2,3,4]. Although the expression of membrane proteins involved

in erythropoiesis may not directly correspond to that observed in

other specific tissues, the straightforward availability of blood

samples and a simple and rapid, quantitative membrane protein

assay platform could make the erythrocyte membrane widely

applicable for biomarker analysis.

Based on this concept, we have developed an antibody-based

quantitative assay for the determination of erythrocyte membrane

proteins. As a pharmacologically relevant example, in this report

we describe flow cytometry studies for measuring the expression of

the ABCG2 multidrug transporter in human erythrocytes. The

ABCG2 multidrug transporter is preferentially expressed in

pharmacological barriers, in the liver, kidney and stem cells. This

protein modulates the absorption, metabolism and toxicity of

numerous drugs and xenobiotics, and causes multidrug resistance

in cancer [5,6,7,8,9,10,11,12]. Polymorphic variants or nonsense

mutations of ABCG2 were found to be associated with interin-

dividual variability in drug response to anticancer chemotherapy

and the outcome of psoriasis or multiple sclerosis treatments

[13,14,15,16,17,18,19,20,21,22,23]. Recently, a significant dis-

ease-association for a polymorphic ABCG2 variant (resulting in

ABCG2-Q141K) has been observed in gout [24,25,26,27,28].

It is well documented that mutations and polymorphisms of the

ABCG2 gene may cause mis-trafficking and early degradation that

may contribute to decreased protein expression. A common

variant of ABCG2 (c.421C.A; Q141K), with a variable allele

frequency between 5–30% in various ethnic groups (see ref. [29]),

was shown to decrease membrane protein expression in model
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cells, despite unchanged mRNA levels [30,31,32,33,34]. Still, a

lower expression level of the ABCG2-Q141K variant has not been

confirmed at physiologically relevant sites, given the difficulties in

obtaining and processing human tissues.

It has been shown earlier that the erythrocyte membrane

contains functional ABCG2 protein [35,36,37,38]. Recently, two

papers have been published, linking the rare blood group Jun- to

the ABCG2 protein, showing that Jun- individuals have no

ABCG2 expression in their red cell membranes. These individuals

had mutations in their ABCG2 gene on both alleles, resulting in

early termination of transcription, while had no apparent disease

conditions [39,40].

In this report we show that individuals heterozygous for the

potentially miss-processed ABCG2 variant (Q141K) have signif-

icantly lower ABCG2 protein expression in their red cells than

individuals carrying the wild-type ABCG2 gene. Moreover,

heterozygous individuals with an ABCG2 nonsense mutation on

one allele, have about 50% reduction in their red cell ABCG2

protein expression. These data suggest that determination of the

ABCG2 protein expression in the erythrocyte membrane may

provide clinically valuable information for assessing the role of this

protein in relevant diseases, metabolic conditions, or the efficiency

and/or toxicity of drug treatments.

Methods

Anticoagulated blood samples of healthy volunteers (47

unrelated individuals and 14 family members of two probands

selected from the donor cohort) were fixed in paraformaldehyde

(PFA), stained with monoclonal antibodies specifically recognizing

membrane proteins, and subjected to flow cytometry (FACS). In

parallel, genomic DNA was isolated from the blood samples;

common SNPs of the ABCG2 gene were screened by LightCycler

allelic discrimination system, while mutations were determined by

direct sequencing. All subjects gave their written informed consent

to participate in the study. This study was approved by the

regional ethical committees, and all procedures were performed in

accordance with the Declaration of Helsinki.

Flow Cytometry
Freshly drawn human blood (25 ml) was diluted in 4 ml of

phosphate buffered saline (PBS) containing 1% PFA and fixed for

60 min at 25uC. In preliminary experiments we have analyzed the

effects of various PFA concentrations (0.5–4%), phosphate or Tris

buffer concentrations, fixation periods (10–120 min) and fixation

temperatures (4–37uC), and found the above conditions allowing

optimum formation of mixed intact red cell/ghost populations as

well as antibody recognition.

After fixation the cells were centrifuged at 3,0006g for 10 min

and the pellet was resuspended in 100 ml PBS. Antibody staining

was performed for 40 min at 37uC by using the BXP34 (final

concentration 5 mg/ml) and the BXP21 (7 mg/ml) generated by G.

Scheffer [41]), the 5D3 (final concentration 5 mg/ml, BD-

Pharmingen 562167) monoclonal antibodies (mAb) specific for

ABCG2, or the respective IgG (immunoglobulin G) control

antibodies (IgG1: Invitrogen, MG100, IgG2a: Invitrogen,

MG2A00, IgG2b: Invitrogen, MG2B00, final concentrations 5

mg/ml). It should be noted that BXP21 can also be used for

Western blotting, while the BXP34 mAb does not recognize

ABCG2 on Western blots but specifically interacts with the protein

in tissue preparations [42]. Antibody concentrations for ABCG2

labeling in red cells were carefully calibrated to provide maximum

labeling in a full range of protein expression (see below).

For staining the red cell membrane plasma membrane calcium

pump (PMCA) protein we used the 5F10 monoclonal antibody

(final concentration 4 mg/ml, ABCAM, Ab2825), recognizing all 4

human PMCA isoforms having common peptide epitopes [43]. As

shown in the Supplementary materials for the 5F10 monoclonal

antibody, a calibration of a wide range of the applied antibody

assured maximum labeling for the red cell protein.

After washing out the primary antibodies, secondary antibodies

corresponding to the IgG type and labeled with phycoerythrin

(PE) were added to the cells (goat anti-mouse (GAM) IgG1-PE:

Invitrogen P21129, GAM IgG2a-PE: Invitrogen P21139, GAM

IgG2b-PE: Invitrogen, P21149, final concentrations 5 mg/ml),

incubated for 30 min at 37uC, washed and resuspended in PBS. In

parallel tubes cells were directly stained with FITC-conjugated

anti-Glycophorin A (GlyA) monoclonal antibody (final concentra-

tion 5 mg/ml, Gly-A-FITC: Beckman Coulter, 2212). We have

used several batches of the respective antibodies that all showed

similar results at the described concentrations.

Intact red cells and erythrocyte ghost were gated based on the

forward scatter (FSC) and side scatter (SSC) parameters. Both

fractions were analyzed for antibody staining by a FACSCalibur

flow cytometer (excitation wavelength: 488 nm (Argon ion laser)

emission filters: 585/42 nm for PE, 530/30 for FITC – for details

see Fig. 1). A careful optimization for maximum antibody labeling

was carried out for all monoclonal antibodies (see Results). For

ABCG2 expression controls, we used K562 cells retrovirally

transduced to express ABCG2, as described previously [44]. As

described earlier [44], PFA fixation of the membrane ABCG2

protein eliminates the conformation-sensitivity of its interaction

with the 5D3 antibody, and provides maximum labeling.

Determination of Expression Levels
In order to use a combination of all relevant anti-ABCG2

antibodies for quantifying ABCG2 expression in the red cell

membranes, we calculated an average binding factor, based on the

relative staining efficiencies observed. In all experiments BXP34

gave 3 times greater relative staining (as measured by the Geo

Mean values of the gated populations) than either the BXP21 or

the 5D3 antibodies (the exact epitopes of the mAbs are unknown),

therefore in the calculated ABCG2 factor we used the following

equation: ((BXP34/3)+BXP21+5D3)/3. As documented in

Figure 2, a linear correlation between the calculated average of

BXP34 and BXP21 binding ((BXP34/3)+BXP21)/2) in the red

cell ghosts and the values measured for the cell-surface reactive,

human-specific 5D3 binding in whole red cells was observed. The

calculated intra- and inter assay variations are presented in the

Results section and in the Supplementary Materials.

Additional Methods
In order to compare the relative expression of ABCG2 in the

red cell membrane to those in known expression systems, we

performed Western blot experiments using isolated red cell

membranes, isolated Sf9 insect cell membranes expressing the

human ABCG2 protein, and A431 cells overexpressing ABCG2

(see Supplementary Materials and refs. [45,46,47]. In accordance

with previous data in the literature [35,36,37,38,39], we detected

both the monomeric and dimeric forms of ABCG2 in the red cell

membrane but found that this assay is not suitable for the proper

quantitation of small changes in ABCG2 expression (see Supple-

mentary Materials).

The ABCG2 transport function in inside-out red cell membrane

vesicles has been determined earlier [35,36]. We found that in

intact human erythrocyte this function could not be properly

studied by flow cytometry, as the fluorescence of all the available

ABCG2 in the Erythrocyte Membrane
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ABCG2-transported compounds was strongly quenched by the

high concentrations of hemoglobin.

Genetic Analysis
For ABCG2 polymorphism and mutation studies genomic DNA

was isolated from EDTA anticoagulated peripheral blood by the

Gentra Purege Blood Kit (Qiagen, Hamburg, Germany). The

most common SNPs in ABCG2 [V12M (c.34G.A, p.12Val.Met

in exon 2, SNP database ID: rs2231137) and Q141K (c.421C.A,

p.141Gln.Lys in exon 5, SNP database ID: rs2231142] were

genotyped using the LightCycler480 (Roche Diagnostics, Basle,

Switzerland) allelic discrimination system as described previously

in detail [45]. Sanger sequencing of the ABCG2 coding region and

exon-intron boundaries (exons 2–16) was performed by the

Applied Biosystems 310 Genetic Analyzer (Life Technologies,

Carlsbad, USA) [40].

Results and Discussion

We have used a flow cytometry based assay for the quantitative

determination of ABCG2 expression in erythrocytes. We found

that the forward/side scatter plot delineates two major popula-

tions, corresponding to PFA-fixed intact erythrocytes and eryth-

rocyte membrane ‘‘ghosts’’, respectively (Fig. 1A). Antibodies

recognizing intracellular epitopes of ABCG2, that is BXP21 and

BXP34 (see refs. [41,42]), bind to ghosts that are accessible from

both sides of the membrane (Fig. 1B-C), but not to the fixed, intact

erythrocytes. Conversely, the 5D3 monoclonal antibody, recog-

nizing an extracellular epitope of the ABCG2 protein (see ref. [46])

shows binding to both PFA-fixed whole red cells and the ghost

fraction (Fig. 1D). The different membrane accessibility in the two

erythrocyte fractions was also confirmed using antibodies recog-

nizing an extracellular Glycophorin A epitope (Fig. 1E), or the

intracellular epitopes of the human plasma membrane calcium

ATPase protein ([43], plasma membrane calcium ATPase,

PMCA, see below). Moreover, retention of the viability dye,

calcein was observed in the fixed whole cell fraction, while not in

the ghost fraction (data not shown).

As documented in Fig. 1, all three ABCG2-specific antibodies

detected significant expression of ABCG2 in erythrocytes. In order

to allow quantitative protein determination, we titrated the

antibodies to obtain maximum binding. After antibody titration

all the relevant monoclonal antibodies were applied in concentra-

tions exceeding maximum binding levels (for the PMCA protein

see the Supplementary Materials). Since the exact epitopes of the

ABCG2 mAbs are unknown, and BXP34 labeling consistently

gave three times greater relative staining than either the BXP21 or

the 5D3 antibodies, for ABCG2 expression we used a weighed

average, named ‘‘RBC-G2 factor’’ (see Methods). As shown in

Figure 2, a linear correlation between the weighed average

binding of the two mAbs, BXP34 and BXP21, recognizing

intracellular epitopes in the ghost fraction, and the binding of the

cell-surface reactive 5D3 mAb (in whole red cells) was observed.

We have performed detailed intra-assay and interassay analyses

which gave acceptable reproducibility. The performance of the

assays with different antibody stainings is shown in the Supple-

mentary Materials, Table S1. The intraassay imprecision (coeffi-

cient of variation [CV%] expressed as SD/mean %) for the

ABCG2 factor was 5.3%, as measured from 8 peripheral blood

aliquots from the same healthy volunteer on the same day.

Interassay imprecision was calculated from samples taken from the

same individual on different days. We obtained an interassay

CV% for ABCG2 factor of 10.1%, when using results obtained

from 29 individuals with replicate measurements (using 2–4

replicates in each case).

In additional control experiments we used intact or lysed rat

and pig red cells to analyze the specificity of the anti-ABCG2

antibodies applied. We found that the three human-specific anti-

ABCG2 antibodies and the anti-Glycophorin A monoclonal

antibody did not label rat or pig red cells.

Next, we examined if the red cell membrane ABCG2 protein

levels correlated with pharmacologically relevant polymorphisms

that are known to influence protein expression in model cells.

For this purpose we quantified the expression of the erythrocyte

ABCG2 in 47 unrelated, healthy individuals that were also

screened for the presence of two most prevalent ABCG2

polymorphic variants found in the Caucasian population (V12M

and Q141K) [29]. Significant ABCG2 levels, encompassing a

wide range of expression were detected in the red blood cells of

all individuals. Differences of the erythrocyte ABCG2 expression

Figure 1. Quantitative determination of ABCG2 expression in the erythrocyte membrane by flow cytometry. Anticoagulated blood
samples of healthy volunteers were fixed in paraformaldehyde, stained with monoclonal antibodies recognizing human ABCG2, and subjected to
flow cytometry (see Online Methods). Antibody staining was performed by BXP34 (Panel B), BXP21 (Panel C) and 5D3 (Panel D) mAbs specific for
ABCG2, or the respective IgG control antibodies, followed by staining with PE-labeled secondary antibodies. In Panel E cells were stained with a FITC-
conjugated anti-Glycophorin A mAb. Intact erythrocytes and erythrocyte ghost were gated based on the forward scatter (FSC) and side scatter (SSC)
parameters (Panel A).
doi:10.1371/journal.pone.0048423.g001

Figure 2. Detection of ABCG2 expression level by specific
monoclonal antibodies. The Figure shows the correlation of the
ABCG2 expression level detected by the 5D3 monoclonal antibody in
the fixed whole cells, recognizing the ABCG2 protein on an extracellular
epitope, and the weighed average of BXP21 and BXP34 antibodies
(BXP34/3+BXP21)/2, recognizing intracellular epitopes of ABCG2. The
correlation is linear; the value of the correlation coefficient R is 0.859.
doi:10.1371/journal.pone.0048423.g002

ABCG2 in the Erythrocyte Membrane
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could not be attributed to age or sex. However, when the

samples were grouped according to their genotypes, we found

that the red blood cells of individuals carrying the heterozygous

Q141K variant exhibited significantly lower expression of

ABCG2 (5.2761.19), as compared to homozygous wild-type

individuals (6.1360.61, p = 0.011) (Fig. 3). There was no

significant difference between homozygous wild-type individuals

and heterozygous V12M carriers, although the number of the

carriers of this variant was relatively low. As a summary of the

ABCG2 polymorphism analysis data, among the 47 donors we

found 11 individuals with the heterozygous presence of the

DNA sequence coding for the Q141K variant (carrier frequen-

cy: 23.4%, allele frequency: 11.766.6%), and 3 individuals with

the heterozygous presence of the V12M variant (carrier

frequency: 6.4%; allele frequency: 3.263.6%). These results

correspond to the general polymorphism distributions in the

European populations (see [29]).

Interestingly, we found two unrelated individuals showing much

lower than the average (about 50%) erythrocyte ABCG2

expression (2.6560.29) (Fig. 3). Sequencing of the entire coding

region of the ABCG2 gene revealed that these individuals carry

heterozygous mutations resulting in premature termination

(without further polymorphic variations). A nonsense mutation,

causing an arginine to stop codon change at codon 236 in exon 7

(c.706C.T, p.R236X, rs140207606 described previously [39,40])

was found in heterozygous form in proband 1. A small deletion

(c.791_792delTT, L264HfsX14 described in a recent paper by

[39]) causing frameshift and the truncation of the protein was

found in proband 2.

In order to clarify if a direct relationship exists between the

heterozygous stop mutations and the erythrocyte ABCG2 expres-

sion levels, we obtained blood samples from the family members of

the two probands carrying these premature termination mutations.

As shown in Fig. 4, we found a co-segregation of the reduced

erythrocyte ABCG2 expression levels (about 50% reduction) and

the respective mutations in the two families. These findings show a

direct correlation between ABCG2 variants and erythrocyte

membrane expression, and indicate a general bi-allelic expression

pattern for ABCG2, as has been suggested, based on mRNA data

[47,48,49].

In order to examine the specificity of the lower ABCG2

expression related to the genotype changes, we have also analyzed

the relative quantitative expression of other erythrocyte membrane

proteins. Here we document the compared quantitative expression

patterns of the calcium pump protein, PMCA, the Glycophorin A

protein, and the ABCG2 protein within a family, in which we

found individuals with low ABCG2 expression, due to premature

termination of ABCG2 transcription on one allele (Figure 5). The

5F10 monoclonal antibody applied here specifically recognizes all

four PMCA isoforms, containing a common epitope [43]. As

shown, while the pattern of ABCG2 expression showed significant

differences corresponding to the presence of a heterozygous

mutation (labeled as+/2), PMCA or GlyA expression levels,

although with some variations, were independent from the

ABCG2 expression levels.

As a summary, we have developed a simple and reliable flow

cytometry assay to quantitate the expression of the human ABCG2

protein in erythrocytes, and found a close correlation between

protein expression and the ABCG2 genotype. This technology has

major advantages as compared to other available methods.

As documented in the Supplementary materials, we have performed

detailed Western blotting studies of the ABCG2 in the isolated

membranes or the whole red cells of donors with variable expression

levels. However, although the ABCG2 bands in the red cells can be

well detected, this laborious and time consuming technology cannot be

properly used to evaluate quantitative differences in the ABCG2

expression levels between various blood samples.

Another possible strategy for the absolute quantification of a

membrane protein like ABCG2 is to use quantitative LC-MS/MS

technology, e.g. described in reference [50]. However, the LC-

MS/MS measurements require highly specialized, expensive

equipment and detailed standardization of the protein fragmen-

tation, internal standards, etc. This was not the goal of the present

work, as the relative red cell membrane expression levels were

correlated with the respective genetic backgrounds. We suggest

that the flow-cytometry method presented here is more suitable for

a rapid, widely applicable clinical laboratory diagnostics.

In this study we show that the erythrocyte ABCG2 levels

correspond to the genetic background, thus may reflect the overall

tissue expression patterns of this protein. We suggest that the

method presented here may provide the basis for the development

of generally applicable membrane protein biomarkers. It has been

documented that ABCG2 expression is regulated by various

xenobiotics, drugs, or stress conditions, e.g. hypoxia – see

[10,11,12,29]. In a larger cohort of donors and hematological

patients we are currently studying the role of drug treatment and

environmental factors in the erythrocyte expression levels of the

ABCG2 protein. These may provide clinically valuable data in the

context of drug absorption, distribution, and toxicity, as well as

predicting treatment efficiency and potential multidrug resistance. A

quantitative measure of the expression of ABCG2, shaping ADME-

Tox properties and drug sensitivity, should significantly promote a

personalized approach in pharmacology. Although the ABCG2

expression in the cancerous tissues does not uniquely depend on the

overall genetic background (special regulatory changes or gene

rearrangements may occur), the red cell ABCG2 protein levels may

reflect the physiological tissue expression patterns, which modify the

efficiency or toxicity of the cancer drug treatment. These questions

are still to be explored in larger scale studies.

Figure 3. ABCG2 is differentially expressed in the red blood
cells of individuals carrying homozygous wild-type, heterozy-
gous polymorphic or premature stop codon mutant ABCG2
alleles. Boxplot presentation showing the median and the 25–75th

percentiles, whiskers represent 10–90th percentiles. ABCG2 expression is
calculated based on the combined reactivity of anti-ABCG2 mAbs (RBC-
G2 factor – see Methods). Labels: individuals carrying wild-type ABCG2
(WT), polymorphic (Q141K, V12M) ABCG2 alleles, or a heterozygous stop
mutation (STOP).
doi:10.1371/journal.pone.0048423.g003

ABCG2 in the Erythrocyte Membrane
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In addition, the above simple methodology may be applicable

for a wide variety of clinically relevant membrane proteins,

expressed in the erythrocytes. As shown in Figure 5 and in the

Supplementary Materials, the plasma membrane calcium pump

(PMCA) or Glycophorin A can be quantitatively detected in the

human red cells by this method. In our current experiments, not

Figure 4. Pedigrees of two families carrying different ABCG2 premature stop mutations – co-segregation of the heterozygous
mutation with reduced erythrocyte ABCG2 expression levels. Blood samples obtained from the 14 family members of the two healthy
volunteer probands, carrying the premature stop mutations (see Fig. 3 -indicated with arrowheads) were analyzed for ABCG2 expression and the
respective mutations. The RBC-G2 factor values, reflecting ABCG2 expression in erythrocytes, are shown in parentheses. Family members not
available for blood donation are labeled by N.A.
doi:10.1371/journal.pone.0048423.g004

Figure 5. Expression of three selected membrane proteins in the erythrocyte membrane in family 2 with members having a
heterozygous frameshift mutation on one of the ABCG2 alleles (labeled as+/2), as compared to ABCG2 wild type individuals of the
same family (labeled as+/+). Family members are labeled according to generations (I, II, III), and blood samples obtained (1–4).
doi:10.1371/journal.pone.0048423.g005

ABCG2 in the Erythrocyte Membrane
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presented here in detail, we have found that the above described

technology can be applied to quantitatively assess the expression of

several other membrane proteins (including ABCA1, ABCB6,

ABCC1, ABCC3, and ABCC4). We are currently performing

population studies to evaluate the significance of SNPs and

mutations in the expression levels of these membrane proteins.

Supporting Information

Figure S1 Western blot analysis of isolated red cell
membrane preparations, compared to ABCG2-express-
ing Sf9 cell membrane preparations or A431 tumor cells,
expressing ABCG2 [1].
(TIF)

Figure S2 Comparison of ABCG2 expression on West-
ern blot – detection by BXP21 antibody.
(TIF)

Figure S3 Calibration of 5F10 antibody binding and
saturation.

(TIF)

Materials S1

(DOC)
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