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Abstract

ABCG?2 is a multidrug transporter with wide substrate specificity, and is believed to protect
several cell types from various xenobiotics and endobiotics. This “guardian” function is important
in numerous cell types and tissue barriers but becomes disadvantageous by being responsible for the
multidrug resistance phenotype in certain tumor cells. ABCG2 regulation at the protein level has
already been extensively studied, however, regulation at the mRNA level, especially the functional
role of the various 5’ untranslated exon variants (5° UTRs) has been elusive. In the present work, we
describe a comprehensive characterization of four ABCG2 mRNA variants with different exon 1
sequences, investigate drug inducibility, stem cell specificity, mRNA stability, and translation
efficiency. Although certain variants (E1B and E1C) are considered as ‘“constitutive” mRNA
isoforms, we show that chemotoxic drugs significantly alter the expression pattern of distinct
ABCG2 mRNA isoforms. When examining human embryonic stem cell lines, we provide evidence
that variant E1A has an expression pattern coupled to undifferentiated stem cell stage, as its
transcript level is regulated parallel to mRNAs of Oct4 and Nanog pluripotency marker genes.
When characterizing the four exon 1 variants we found no significant differences in terms of mMRNA
stabilities and half-lives of the isoforms. In contrast, variant E1U showed markedly lower
translation efficiency both at the total protein level or regarding the functional presence in the
plasma membrane. Taken together, these results indicate that the different 5° UTR variants play an
important role in cell type specific regulation and fine tuning of ABCG2 expression.

1. Introduction

ABCG2, also known as BCRP (Breast Cancer Resistance Protein), MXR (Mitoxantrone
Resistance protein) and ABCP (Placental ABC transporter), is one of the 48 known members of the
human ATP-binding-cassette (ABC) protein family, and its gene is located on chromosome 4¢22,
encoding a 655 amino acid long protein. Originally cloned from placenta [1] and cells selected for
multidrug resistance [2, 3], ABCG2 was confirmed to create an “atypical” drug resistance
phenotype when overexpressed in tumor cells [4]. This characteristic is attributed to the transport
function of this transmembrane protein that expels a wide range of chemicals from cells, including
typical chemotherapy agents such as mitoxantrone, topotecan [5] or flavopiridol [6], giving a
particular relevance to the expression of this protein in cancer treatment [7]. ABCG2 is expressed in
various differentiated tissues, including the ovary, the Kkidney, the liver, breast epithelial cells,
intestinal epithelia, the blood-brain barrier, and the placenta [8, 9]. According to its wide substrate
specificity and distribution among various tissues, including important physiological barriers, it is
hypothesized to play physiological role in the chemoimmunity defense system that protects cells
from harmful xenobiotics or endogenous metabolites [8]. This idea is supported by the finding that
null mutant mice, albeit being viable, exhibit sensitivity to certain drugs and severe phototoxicity
caused by dietary pheophorbide A accumulation [10]. The same group also demonstrated
protoporphyria in these animals, indicating a role of ABCG2 in hematopoiesis, possibly through
interaction with protoporphyrin IX, which was supported by further studies. Moreover, the
functional relevance of ABCG2 was demonstrated in other mammals, being responsible for the
accumulation of chemicals in milk [11], or being an important protector of retinal cells against toxic
agents in domestics cats [12]. In human populations, certain SNPs in the ABCG2 gene have been
linked to the occurrence of gout [13]. The gene’s other functions and its physiological substrates are
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not reassuringly determined as yet, but ABCG2 most likely protects different cell types from
various toxins, especially from certain harmful degradation products formed as a result of oxidative
stress or hypoxia [14]. An important aspect of ABCG?2 is that the gene is also expressed in different
stem cell types: it was proven to be the molecular basis for the so called “side population”
phenotype [15] and was also found to be present in diverse human embryonic stem cell lines by
various research groups [16-19]. Although the demonstration of its functional presence could be
methodologically challenging [20], we could undoubtedly provide evidence that ABCG2 is
expressed in a wide variety of human embryonic stem cell lines [21]. Moreover, we have shown
that a dynamic heterogeneity of expression exists at the population level of stem cells which
correlates with the presence of various stress conditions in the cellular environment [22]. For these
reasons, several research groups focused their efforts on describing the gene structure and transcript
species of ABCG2 to gain a better understanding of its function and genetic regulation.

Regarding the mRNA structure of ABCG2, the initial cloning studies predicted 16 exons of the
gene, the first one being a non-coding exon, as the canonical translational start codon is located in
exon 2 [1-3]. Subsequent work, aiming to study the ABCG2 promoter structure and regulation,
predicted a number of putative transcription factor binding sites (e.g.: AP1, AP2 and several Spl
sites) and described a CpG island but no TATA-box in the investigated promoter region [23]. A later
study, however, described the presence of two other potential transcriptional initiation sites, which —
analogously to the mouse ortholog [24] — result in the formation of two additional leader exons and
thereby two mRNA species with different 5° untranslated regions (5’ UTRS) [25]. In our previous
study, we were able to refine the proposed leader exons, and analyzed their expression patterns in
various tissue types [18]. We have detected the previously described exon 1a leader sequence and
provided evidence that the originally described exon 1b and 1c by Nakanishi et al. [25] are not
functionally distinct variants but rather result from transcriptional leakage and alternative splicing
events from the same promoter (1b). On the other hand, we confirmed the existence of an “exon 1¢”
containing ABCG2 transcript in dendritic cells of hematopoietic origin, resulting from the activity
of a promoter located the farthest from the originally predicted 5’ regions [18]. Our results were
confirmed by later studies, further proving that these sequence variants are bona fide exons of
certain ABCG2 messages [20, 26, 27].

Although the presence of ABCG2 5 UTR variants has been clearly described and accepted,
little is known about their potentially distinct function(s). In this study, we aimed to characterize the
specific role of ABCG2 exon 1 variants in different cell types, including human embryonic stem
cell lines. We studied the expression patterns of these variants, specifically addressing the effects of
drug treatments on the cell type specific ABCG2 mRNA profiles. We also investigated whether the
different exon 1 sequences have any influence on the mRNA stability or the translation efficiency of
ABCG2. Our results point to the stem cell specific presence of E1A variant, further supporting the
particular role that ABCG2 plays in such unique cell types. Moreover, we demonstrated a lower
translation efficiency when E1U is present in the ABCG2 mRNA. Taken together, these results
suggest that the variability of the 5 UTR sequence has an important role in fine tuning the
expression of this multidrug transporter at the posttranscriptional level.

2. Materials and methods

2.1. Cell cultures, drug-selection and transfection



HEK293, MCF-7, HUES1, HUES4 and HUESO cell lines were used in this study. The HEK293
cell line was purchased from ATCC, whereas the MCF-7 cell line, as well as its mitoxantrone (Mx)
[28] and flavopiridol (FIv) [6] resistant sublines were kind gifts from Susan Bates, NIH, Bethesda,
USA. HEK293 and MCF-7 cells, as well as drug resistant derivatives of the latter one were
maintained in DMEM medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin, and cells were cultured at 37°C in 5% CO, atmosphere.

The human embryonic stem cell lines HUES9, HUES4 and HUES1 were kind gifts from Dr.
Douglas Melton, Harvard University, USA and were cultured as described previously [18]. Briefly,
the following passage numbers were used during the experiments: 27-33 passage numbers for
HUESL1, 23-29 passage numbers for HUES4, and 24-30 passage numbers for HUES9. Embryonic
stem cell lines were grown on mitomycin-C treated mouse embryonic fibroblast (MEF) feeder cells,
in special KoDMEM medium supplemented with 15% serum replacement reagent, 1% nonessential
amino acids, 1 mM L-glutamine, 0.1 mM beta-mercaptoethanol, and 4 ng/mL human fibroblast
growth factor. Cells were passaged every 2 days regularly unless indicated otherwise (such as 72h
treatment with Mx). For selection and differentiation induction, cells were treated with 10 nM MXx.
Since the proportion of ABCG2 positive stem cells shows a dynamic fluctuation [22], the IC50
value of Mx is in a range between 3-5 nM. The applied concentration of 10 nM is higher than the
IC50 value, and based on its cytotoxic effect, it allows for the selection and differentiation induction
of HUESO cells. For FACS analysis (see later), trypsinized HUES cells were separated from MEFs
by gating out Scal positive cells (a mouse marker). For RNA analysis (see also later), collagenase
was used to collect HUES cells which leaves most MEF cells behind. Nevertheless, the used human
specific real-time PCR assays assured that MEF contamination was excluded in the analysis. All
cell lines were regularly tested for Mycoplasma infection with the MycoAlert detection kit from
Lonza.

For transfection experiments, HEK293 cells were seeded onto 6- or 12-well plates 24 hours
before using FUGENE® 6 or FUGENE® HD reagents, according to the manufacturer’s protocol
(Promega). Cells were harvested 48 hours following transfection using the appropriate sampling
methods for different purposes.

2.2. RNA isolation and real-time PCR

Total cellular RNA was isolated using the TriFast reagent from PEQLAB Biotechnologie
GmbH or the TRIzol reagent from Thermo Fisher Scientific. Preparation steps were performed
according to the manufacturer’s protocol, the quality of obtained RNA samples was checked by gel
electrophoresis and concentration was determined by NanoDrop 2000 Spectrophotometer (Thermo
Fisher Scientific). 1 pg of total RNA was reverse-transcribed using the High Capacity cDNA
Reverse Transcription Kit with random oligomers (Thermo Fisher Scientific). cDNA samples were
diluted 10x before quantitation of gene expression by real-time PCR using gene specific TagMan®
assays; measurements were performed on StepOne™ or StepOnePlus™ Real-Time PCR platforms,
according to the manufacturer’s instructions (Thermo Fisher Scientific). The following pre-designed
TagMan® assays (catalog numbers) were used: “total” ABCG?2 detecting the exon3/exon 4 boundary
(Hs01053790_m1), Nanog (Hs02387400_g1), Oct4 (Hs03005111 g1); for endogenous controls,
PolR2A (Hs00172187 _ml1) and RPLPO (Hs99999902 m1). To detect the four ABCG2 mRNA 5’
isoforms, specific TagMan® assays were designed where the forward and reverse primers bind to
the different exon 1 sequences and the common exon 2 sequence, respectively, whereas the probe
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binds to the unique exon 1/exon 2 junction sequences of the variants. Sequences of these primers
and probes can be found in Table 1, primer locations are indicated on Fig. 1A. To avoid false
detection, cross-reactivity of the assays was tested on isoform specific sequence containing
plasmids, and minor cross reactions with atypical amplification curves were detected between E1B
and E1C variants, due to partial sequence overlaps. These TagMan® assays could detect but not
reliably quantitate variants E1B and E1C separately, therefore in quantitative measurements, the
expression levels are indicated as E1B/C.

2.3. mRNA stability measurements

MCEF-7/Flv cells, which express all four exon 1 variants, were seeded onto 12-well plates and
were grown under conditions described above for 48 hours before initiation of the experiment. At
the starting time point, fresh media containing 5 pg/ml actinomycin D (from Sigma-Aldrich) were
added to the cells. Samples were collected in TRIzol reagent at predefined intervals through the
following 24 hours. mMRNA-isolation, reverse-transcription and quantitative PCR were performed as
described above. Expression of total ABCG2 mRNA and all four 5> UTR variants were measured at
every time point and rate of decay for each isoform was determined by polynomial regression using
the Microcal Origin software (OriginLab Corporation).

2.4. Construction of expression plasmids

cDNA isolated from MCF-7/Flv cells were used to amplify sequences of the four ABCG2 exon
1 variants. The forward primers were designed to selectively bind to the specific 5' end of each
sequence and one common reverse primer, specific for the UTR region in exon 2, was used in the
cloning reactions (Table 1). The expression plasmids used were established in our laboratory
previously, all containing two separate transcription units with various promoters and transgenes
[29]. In this case, one unit expressed the CMV promoter driven human ABCG2 coding sequence,
whereas the other expressed the CMV promoter driven eGFP (see also Fig. 4A). The Nhel and
BspEl restriction sites indicated in the cloning primers were used to provide appropriate insertion of
the amplified exon 1 variant sequences into the plasmid backbone, right before the coding sequence
of ABCG2. The separate eGFP expression cassette served as a transfection and protein expression
normalization control. In the end, we obtained four plasmids, each simultaneously expressing GFP
and one particular ABCG2 mRNA isoform (E1x-ABCG2/GFP plasmids).

2.5. Western blot

Cell lysates were collected 48 hours following transfection with the E1x-ABCG2/GFP
expression plasmids. Samples were sonicated prior to determination of protein concentration by
Lowry method and gel electrophoresis. Two parallels were run separately from each sample: one
was boiled to allow detection of soluble proteins (for GFP), and the other one left untreated for
detection of membrane bound proteins (for ABCG2). 30 pg of protein samples were run on 10%
acrylamide gels and electroblotted onto PVDF membranes (BioRad, Hungary). After washing with
TBS-Tween, membranes were blocked by 5% milk/TBS-Tween, and subsequently incubated in
primary antibody solution on 4°C overnight. The mouse monoclonal antibody BXP-21 was used for
detection of ABCG2, and a rabbit monoclonal antibody was used for GFP detection (ab290 from
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Abcam). Next day, membranes were washed three times with TBS-Tween and then incubated in
secondary antibody solution for 1 hour at room temperature. Anti-mouse and anti-rabbit secondary
antibodies conjugated with horse radish peroxidase were used. Prior to detection with ECL reagent
(from Thermo Fisher Scientific), membranes were washed twice with TBS-Tween, and the
membranes were exposed to Agfa x-ray films. GFP signals were used to normalize ABCG2
expression, also allowing to control for transfection efficiency. Expression levels were determined
by densitometry of the scanned images using the GelAnalyser software.

2.6. Immunostaining and mitoxantrone efflux assay

For immunofluorescent labeling of cell-surface ABCG2, we used the conformation-sensitive
mouse monoclonal antibody 5D3 conjugated with Alexa647 as described earlier [30]. The 5D3
antibody was diluted in BSA/PBS to a final concentration of 2 ug/ml and cells were incubated in
the solution for 1 hour at 37°C in the presence of 1 uM Ko143 inhibitor to enhance antibody
binding. Control staining with appropriate isotype-matched control mAbs were also included in the
experiment.

To evaluate transport activity of ABCG2 positive cells, samples were collected the same way as
for immunofluorescence studies, and were incubated in PBS containing 17 ug/ml mitoxantrone for
30 minutes at 37°C. Negative control samples were obtained by the addition of the Ko143 inhibitor
to a final concentration of 1 uM. Following incubation, cells were collected for fluorescence
intensity measurements by flow cytometry in the presence of 2 ug/ml propidium-iodide for
identification of dead cells. Samples were measured on a FACSCalibur or FACSCanto instrument
(BD Biosciences), data collection and analysis were performed using the BD FACSDiva Software
(version 6.1.3) from BD Biosciences or the WinMDI software (developed by Joe Trotter).

2.7. Statistical analysis

For all the experiments, the presented representative measurements show the mean values +
standard deviations of technical replicates. For statistical analysis, a two-sample Student’s t-test was
performed on the dataset of at least 3 independent biological replicates, and p<0.05 values were
considered as statistically significant.

3. Results
3.1. Expression patterns of ABCG2 exon 1 variants in drug resistant cells

Previous studies demonstrated that exposure to cytotoxic agents can dramatically alter the
expression and function of ABCG2, potentially leading to a multidrug resistance phenotype. We
addressed the question how these treatments influence the expression pattern of the ABCG2 mRNA
variants having different 5’ noncoding sequences. We examined the MCF-7 human breast
adenocarcinoma cell line and its Mx or Flv resistant sublines. MCF-7 is used in several studies and
shows a medium level of ABCG2 expression [31], whereas the resistant sublines were established
by drug selection [6, 28]. We used a TagMan® assay designed for the 3> mRNA region that detects

6



the entire pool of 5 UTR variants (denoted as “total” mRNA level). We could reproduce previous
results in MCF-7 cells showing elevated expression of ABCG2 in drug resistant cells, as the total
MRNA levels were increased by >600 fold in MCF-7/Mx and by >700 fold in MCF-7/Flv cells (Fig.
1B).

Next we determined the expression of the ABCG2 mRNA isoforms containing the four exon 1
variants by qRT-PCR using specifically designed TagMan® assays (see Materials and methods). The
nomenclature of these exon 1 variants has not been standardized yet, therefore we included a table
with the names and genomic positions of the sequences represented in earlier studies (Table 2), and
proposed a uniform nomenclature of the four investigated sequences as E1A, E1B, E1C and E1U
(Fig. 1A). Exons E1U and E1A both have distinct transcription start sites and 3’ exon ends (splice
donor sites), whereas E1B and E1C share the third transcription start site but differ in their 3” exon
ends and therefore in their length due to alternative splice donor sites (see Fig. 1A). Contrary to
previous studies, we were able to design real-time PCR assays to distinctly detect variants E1B and
E1C, although it is difficult to quantitate their individual expression levels due to strong sequence
overlaps.

Variants E1A, E1B and E1C were present in all samples examined, and their expression levels
increased massively as a result of drug treatment (Fig. 1C), which is in concordance with previous
findings in other human cell types [18, 25]. The E1B/C variants seemed to be the most abundant
species in the ABCG2 mRNA pool, and they were always present whenever ABCG2 was
transcribed. Interestingly, we also detected the E1U variant in MCF-7/Flv but not in MCF-7/Mx
cells (Fig. 1C), suggesting that the two drugs may influence distinct signaling pathways and thus
differentially activate the promoters in the ABCG2 gene.

3.2. Normal and drug induced expression of ABCG2 mRNA isoforms in embryonic stem cell lines

To investigate the basic ABCG2 expression and the effect of chemotoxic stress on the
expression of ABCG2 mRNA isoforms in human embryonic stem cells, we incubated HUES9 cells
with 10 nM mitoxantrone for three days and analyzed changes in transcript levels by qRT-PCR.
Cells were also analyzed to determine ABCG2 protein level in the plasma membrane by
immunostaining and flow cytometry. Using these methods we could confirm the expression of both
ABCG2 mRNA and protein in untreated HUES9 cells. Real-time PCR results indicated the
presence of E1B/C and E1A isoforms in the mRNA pool, however, the E1U variant could not be
detected (Fig. 2A).

We found that the levels of total ABCG2, as well as variant E1B and variant ELC mRNAs were
decreased during the 3 days (between two passages) in the control cells, while variant E1A retained
its mMRNA level, similarly to those of the Oct4 and Nanog major pluripotency markers (Fig. 2B-C).
On the other hand, the level of another pluripotency marker, SSEA4, started decreasing in these
control cells (Fig. S1D-E), and the expression of variants E1B/C was correlated with this cell
surface lipopolysaccharide marker. These data indicate that the HUES9 cells between passages
show early signs of differentiation, while still retaining the key pluripotency markers.

Next, we examined the effects of 3 days of mitoxantrone drug treatment in the HUES9 cells,
and found that the expression of ABCG2 and all of its mRNA isoforms were strongly decreased
after mitoxantrone administration. Variant ELA showed a little delayed response, but also decreased
to 20% of the base level by the end of the experiment (Fig. 2D). Changes in protein levels in the
plasma membrane also indicated negative regulation of ABCG2 expression (Fig. S1IA-C). As flow

7



cytometry measurements ensured the examination of live cells by applying Topro3 staining
exclusion (see Fig. 1S), drug-induced differentiation under these conditions is clearly indicated by a
decline in Oct4 and Nanog mRNA levels (Fig. 2E), and a reduction in the SSEA4 level (Fig. S1F).

These results are in agreement with previous findings of ABCG2 being expressed in pluripotent
cells [18, 22], and further support the hypothesis of induced differentiation as a consequence of
exposure to chemotoxic stress. The investigation of other human embryonic stem cell lines (HUES1
and HUES4) also revealed a relatively high level of variant E1A as compared to variants E1B/C
(Fig. 2A). These data altogether suggest that variant ELA might play an important role in stem cells,
and its expression is uncoupled from isoforms E1B/C, but correlates with the expression of the key
pluripotency markers, Oct4 and Nanog.

3.3. Effect of 5'UTR variance on the stability of ABCG2 mRNA isoforms

In the following experiments we investigated whether sequence variability in the 5> UTR may
contribute to posttranscriptional regulation of ABCG2 expression through modulating mRNA
stability, as in many other cases when different untranslated regions are present in mRNA species
[32]. We performed transcription-inhibition via actinomycin D treatment on MCF-7/Flv cells that
endogenously express all four isoforms. Although it was demonstrated previously that actinomycin
D was not a substrate of ABCG2 and does not interfere with the planned experiment [33], we also
performed ATPase assay measurements to confirm the absence of such interactions (data not
shown). Steady-state levels of mMRNA isoforms were determined by qPCR at various time points
after treatment, and the relative expression values for each isoform were normalized to that in
control cells. Decay curves for each variant, as well as for the “total” ABCG2 mRNA pool are
shown on Fig. 3. The average half-lives of the isoforms did not significantly differ from one another
and they were estimated to be around 11 hours (Fig. 3). Although variant EIU and E1A had a
tendency to show the lowest levels at each time point, the results indicated no significant stability
differences among the 5’ UTR isoforms of ABCG2 mRNA.

3.4. Effects of mMRNA 5" UTR variability on ABCG2 protein expression

In order to investigate whether exon 1 variability has any detectable effect on overall protein
production, we transfected HEK293 cells (with very low endogenous ABCG2) with the E1x-
ABCG2/GFP expression plasmids described above. The presence of an eGFP expression cassette on
a distinct transcription unit provided the basis to control for transfection efficiency and protein
expression (Fig. 4A). The average transfection efficiency was around 80%. The relative amount of
cell surface ABCG2 protein in each transfected population was determined by immunostaining with
a conformation sensitive antibody (“5D3”"), whereas functionality was tested by mitoxantrone efflux
assay by flow cytometry. As shown on Fig. 4B-D, we found no significant differences in surface
protein expression or in functional transport activity between isoforms containing exon 1A, exon 1B
and exon 1C. However, in the presence of exon 1U lower ABCG2 signal was detected in the plasma
membrane (Fig. 4E), suggesting lower protein expression from this mRNA variant. On the other
hand, no major differences were detected in the transport activities measured by mitoxantrone
extrusion.

In order to examine regulation at the RNA level, ABCG2 mRNA variants were quantified by
gRT-PCR in the transfected cells. In the case of the E1U sequence variant, we detected a lower
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MRNA steady state level (Fig. 4G), which was approximately 70% of that measured for variants
E1A/B/C, and which was in line with the immunofluorescence results. To examine protein
expression levels, we performed Western blot analysis on cell lysates obtained from transfected
populations. As indicated on Fig. 4H, mRNA isoform with E1U showed a clearly weaker protein
expression, showing 50% reduction as compared to variants E1A and E1B. In addition, protein
expression from variant E1C showed a slightly higher steady state level but it was not statistically
significant. Expression levels were normalized to GFP signal, also excluding the variability caused
by transfection efficiency differences. Taking together, these data indicated lower mRNA level and
lower translational activity from the ABCG2 mRNA isoform containing exon 1U.

3.5. Possible upstream alternative translation regulations: the presence of uORF or alternative
translation initiation?

After detecting variant specific differences, namely the lower translation efficiency of E1U and
the stem cell specific expression of E1A, we addressed the question whether any sequence motif is
present in the mMRNA, indicating a mechanism that could influence translation. In the case of E1U,
in silico analyses indicated an upstream open reading frame (UORF) beginning with an AUG codon
245 base pairs upstream of the 3’ end of the exon. Based on literature data [34], we hypothesized
that this UORF might play a role in the down-regulation of translation from E1U containing ABCG2
MRNA. To investigate this question we created an expression plasmid containing the E1U isoform
in which the upstream AUG was changed to GGG to abolish the putative translation initiation
activity. Next, we compared protein expression in cells transfected with either the wild type or the
mutagenized isoform.

As shown on Fig. 4E-F and 4H-1 (E1U versus E1Umut), the disruption of the upstream AUG
did not result in a detectable increase in total protein amount measured by Western blot, and the
more sensitive immunofluorescence method indicated a small but not significant increase in surface
ABCG2 signal. In conclusion, we found that the uORF present in exon 1U cannot be responsible
for the inhibition of the main translation initiation codon by itself.

Next, we looked for sequential elements in variant E1A, and found a potential in frame GUG
codon 90 bp upstream from the canonical AUG codon in exon 2. According to the literature [35,
36], such upstream GUG codons can initiate translation under certain circumstances, resulting in a
longer N-terminus, which might contain peptide signals potentially modifying the function and/or
the localization of the protein. To test if this alternative initiation is functional, we created plasmid
constructs expressing the wild type ELA mRNA, or mutants where either the canonical AUG codon
or both the AUG and GUG codons were changed to GGG. ABCG2 expression and function was
measured 48 hours after transfection by immunostaining and mitoxantrone efflux assay. Our
expectation was that if the upstream GUG codon exhibits translational initiation activity then the
disruption of the canonical AUG will not result in a total loss of protein expression. Results showed
that mutation in the AUG codon caused a strong decrease in ABCG2 surface expression and
mitoxantrone transport activity, and no further decline was detected in cells transfected with the
double mutant plasmid (data not shown). This finding led to the conclusion that the GUG codon
present in exon 1A does not function as an alternative translation initiation codon in HEK293 cells.

4. Discussion



In the present study we aimed to expand the understanding of the role of alternative promoter
utilization and the function of ABCG2 5’ UTR isoforms in regulating gene expression. This
phenomenon was investigated by several groups in recent years, both in the case of human and mice
ABCG2, and led to the identification of at least two exon 1 isoforms and their corresponding
promoter regions besides the one described initially [23]. All exon 1 sequences contribute to the 5’
UTR of the mRNA, and are spliced to a common exon 2 where the translation initiation codon is
localized. The fact that such variance in the 5° UTR region is conserved between the mouse and the
human ABCG2 suggests an evolutionary conserved role, yet little is known about the potential
function(s) of these splice variants. Previous studies mainly focused on transcriptional regulation by
investigating transcription factor binding sites in promoters [37-42], and little attention was paid to
the MRNA isoforms produced by such alternative transcription events.

In order to investigate these questions, we designed real-time PCR (TagMan®) probes that can
detect the main four variants independently of each other by specifically binding to the unique exon
1/exon 2 junction sites, and determined the ratio of these mMRNA species in ABCG2 positive cell
lines. Variants E1B and E1C can be considered as constitutive variants, and they could always be
detected when the ABCG2 gene is expressed. Variants E1A and E1U, however, are more subjects to
specific regulation: we could confirm that E1A is expressed in stem cells and could strongly be
induced in drug selected cell lines (both in MCF-7/Mx and MCF-7/Flv, see Fig. 1). These findings
were in line with earlier observations on stem cells [18, 38], and in agreement with the results of
Nakanishi et al. [25] describing the expression of variant E1A in the parental MCF-7, and in a
higher level, in the MCF-7/AdrVp selected cell line. In previous studies, however, variant E1U
could not be detected even in drug selected cell lines [25], and was found to be expressed only in
cells of hematopoietic origin, namely in dendritic cells [18], the CHRF megakaryoblast cell line
[18] and in a subtype of pediatric acute megakaryoblastic leukemia [27]. Here we show that MCF-7
cells treated with certain drugs (such as flavopiridol) also express the E1U variant (Fig. 1),
presumably due to the modulation of specific pathways by the drug, and affecting different
promoter regions, as suggested by our previous studies [38].

We also examined the effect of drug treatment (Mx exposure) in a human embryonic stem cell
line, HUES9. ABCG2 expression has been shown to be responsible for the generation of side
population phenotype in many stem cell types [15] and it also contributes to resistance against
different environmental stresses [22]. We could show that variants ELA/E1B/E1C but not E1U are
expressed in untreated HUES9 cells, and the expression of all variants strongly decreased in Mx-
induced stem cell differentiation. However, variant E1A seems to have specific regulation in stem
cells which is distinct from the other variants: its expression is coupled to the Oct4 and Nanog
pluripotency markers. In our previous work we demonstrated that when stem cells enter an early
stage of differentiation, a decrease in the levels of total ABCG2 and SSEA4 can be detected [18,
22]. In the present experiments, however, we found that ABCG2 mRNA isoforms are regulated
differently, and an upheld expression of the E1A variant could be responsible for the residual
ABCG2 expression in the early differentiated cells. The distinct, stem cell specific presence of E1A
is further supported by the high expression of this variant relative to E1B and E1C in other human
embryonic stem cell lines, HUES1 and HUES4 (Fig. 2).

In order to detect potential functional differences among the variants, we first examined
whether there is a difference in their mRNA stability, providing potential regulatory role for
controlling the amount of the functional transporter level. The MCF-7/Flv cell line seemed
appropriate for such experiments as it expresses all four variants, which can be measured
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simultaneously. In this model system, however, we could not see significant mRNA stability
differences among the variants, although there seemed to be a tendency of the E1U variant (and to
some extent, of the E1A variant) to have lower steady state level than the others (Fig. 3). This
indication was further supported when the variants were separately expressed in HEK293 cells,
where E1U containing mRNA levels were significantly lower than those of the other variants (Fig.
4G).

When investigating ABCG2 protein abundance and plasma membrane functionality, an almost
50% reduction in ABCG2 protein level was detected when expression was driven from the E1U
variant, indicating the presence of another translation regulatory mechanism. In a GFP fusion
construct, a similar destabilizing role of E1U was suggested earlier by Campbell et al. [27].
Interestingly, sequence analysis pointed to the presence of an uUORF in the E1U sequence, however,
mutating its potential start codon resulted only in a minor increase in protein expression (Fig. 4H-1),
suggesting that this motif by itself cannot be responsible for the lower protein abundance. Another
possibility is that sequence motifs that increase the level of translation are present in the other
MRNA variants. Therefore, we analyzed the other exon 1 sequences but did not find any indication
for positively regulating signals in variants E1B and E1C. A putative alternative translation
initiation sequence was found upstream in variant E1A, being a potential explanation for the
emphasized role of this isoforms in stem cells. However, mutagenesis studies ruled out this
possibility, with the question remaining what mechanisms could stand behind the translation
efficiency differences among the ABCG2 mRNA variants.

In conclusion, our work presents a systematic comparison of the role and functionality of the
four ABCG2 mRNA isoforms differing in their exon 1 sequence. We demonstrate that beyond the
two constitutive variants E1B and E1C, drug selection can also induce the expression of the other
two mRNA isoform. Furthermore, we provide evidence for the stem cell specific expression of
variant E1A, and demonstrate for the first time that the most recently described mRNA isoform of
ABCG2, denoted as E1U, exhibits lower translational activity than the other three variants, and this
down-regulation could partly be due to the presence of an uORF motif in the E1U core region. The
results suggests that the 5° UTR variants play an important role in fine tuning of ABCG2
expression, however, the exact mechanism behind the lower translation efficiency of E1U, as well
as the significance of the E1A variant still await further investigations.
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Figure legends

Figure 1. Genomic location of exon 1 isoforms and their expression in MCF-7 cells
(A) The figure illustrates the relative genomic positions of the four exon 1 variants investigated in
the present study. Variant B and C are splice variants transcribed from the first described initiation
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site of the ABCG2 gene. Variant A is located less than 1 kb upstream of E1B/C and is likely to share
some regulation elements in its promoter region. Variant U is located 72 kilobases upstream of
E1B/C likely having a unique and independently regulated promoter region. Small arrows indicate
the positions of the specific forward primers and the common reverse primer, whereas the location
of the TagMan® probes are not shown (binding to the unique exon 1/exon 2 junctions, see Materials
and methods). (B-C) qRT-PCR with TagMan® method were used to determine expression of
ABCG?2 total mRNA and its isoforms in parental and in drug resistant MCF-7 cells. The probes
were designed to recognize the unique exon 1/exon 2 junction of the mRNA isoforms while overall
ABCG2 expression was measured by a pre-designed assay. mRNA levels were normalized to
endogenous control genes (RPLPO and PolR2A). One representative measurement is illustrated and
error bars represent standard deviation of technical replicates. (B) Expression of ABCG2 was
greatly enhanced in mitoxantrone and flavopiridol resistant derivatives of MCF-7 cells with a fold
change of 600 — 700x. (C) Expression of variants ELA/B/C followed a similar fold change as total
ABCG2, however, variant EIU was only present in MCF-7/Flv cells and was undetectable in
parental MCF-7 and MCF-7/Mx cells.

Figure 2. Expression of ABCG2 and its mRNA isoforms in human embryonic cells

Expression patterns of ABCG2 exon 1 mRNA isoforms in different HUES cell lines under normal
conditions or exposed to chemotoxic stress were determined by gRT-PCR. (A) gRT-PCR results
showed that variant ELA was present in several HUES cell lines in different expression levels, and
its ratio relative to variants E1B/C was higher than that found in MCF-7 (see Fig. 1). (B-C) In
HUESQ9 control cells grown in parallel with the Mx treated populations for 3 days, the expression of
pluripotency markers Oct4 and Nanog did not change during the period of the experiment. Contrary,
the mMRNA levels of total ABCG2 and variants E1B/C declined during the three days, while variant
E1A retained its expression level. (D-E) In HUES9 cells treated with 10 nM Mx for 3 days, we
detected a decrease in the levels of all ABCG2 mRNA species, as well as pluripotency marker genes
Oct4 and Nanog, indicating that mitoxantrone induced differentiation of the cells.

Representative measurements are shown, error bars indicate standard deviation of technical
replicates. Measurements were carried out on samples from HUES cell lines of indicated passage
numbers, assuring proper exclusion of MEF cell contamination (see Materials and methods).

Figure 3. Evaluating possible effects of exon 1 variance on ABCG2 mRNA stability

Decay rates of mMRNA variants were measured by gRT-PCR on samples from actinomycin D treated
MCEF-7/Flv cells. Expression levels were normalized to the non-treated controls at each time point.
Curves from one representative experiment are shown for each variant. Error bars are not drawn in
order to maintain clarity of the diagram, however, no significant differences were found in the half-
lives of mMRNA isoforms.

Figure 4. Expression of ABCG2 protein and mRNA isoforms in transfected HEK293 cells

(A) The four exon 1 variants were cloned into expression vectors to produce the four ABCG2
MRNA isoforms investigated in the study. The plasmids also contained an eGFP coding sequence to
serve as control for transfection efficiency. Two CMV promoters were used to drive the expression
of ABCG2 and eGFP, respectively, as illustrated on the schematic figure. Exon 1 variants are
represented in scale to each other. (B-F) Immunostaining (with 5D3 antibody) and Mx efflux assay
in transfected HEK293 cells measured by flow cytometry. Left panels show ratio of ABCG2
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positive cells in the GFP positive population, indicated by darker gray color. Right panels show
overlays of Ko143 treated and untreated samples, and indicate the transport activity of ABCG2 in
each sample. Protein levels produced from E1U or EIUmut were significantly lower than from the
other variants (see also Fig. S2). (G) Levels of mRNA isoforms relative to GFP were determined by
gRT-PCR. The figure shows one representative measurement, error bars indicate standard deviation
of technical replicates. (H-1) Expression of ABCG2 protein in transfected cells were determined by
Western blot. Amount of loaded proteins were normalized to GFP expression to exclude differences
caused by unequal transfection efficiencies. Relative protein amount of the exon 1 isoforms (I) were
determined by semi-quantitative densitometry. Error bars represent standard deviations of technical
replicates.

*: p<0.05 (n=3, two-sample Student’s t-test)
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Function Forward 5°— 3’ Reverse 5°— 3’ TagMan® Probe 5° — 3’
E1Acloning AGCTAGCGGGCAACCTGTGCGTCAGCG |AGCTAGCCTGGAGAGTTTTTATCTTTCTCG | ---

Nhel Nhel
E1AReal-Time |GTGACGGCGACCAAACC ACATTACTGGAAGACATCTGGAGAGT TAGGTCAGACGAGAAAGATA
PCR
E1B cloning AGCTAGCCCACTGCGTTCAGCTCTGGC |ATCCGGACTGGAGAGTTTTTATCTTT ---

Nhel BspEl
E1B Real-Time |GAGAGACGCGGCAAGGA TGACACTGGGATAAAAACTTCGACAT AACTGGAAAGATAAAAACTC
PCR
E1C cloning AGCTAGCCCACTGCGTTCAGCTCTGGC |ATCCGGACTGGAGAGTTTTTATCTTT ---

Nhel BspEl
E1C Real-Time |CCTTTGGTTAAGACCGAGCTCTATT TGACACTGGGATAAAAACTTCGACAT AAGCTGAAAAGATAAAAACTC
PCR
E1U cloning AGCTAGCGAAGAGGATCCCACGCTGAC |ATCCGGACTGGAGAGTTTTTATCTTT ---

Nhel BspEl
E1U Real-Time |GAGATTTGGGCTGCTTTGCTT ACATTACTGGAAGACATCTGGAGAGT CACATCATAACTGAGAAAGAT
PCR
GFP Real-Time [GAGCGCACCATCTTCTTCAAG TGTCGCCCTCGAACTTCAC ACGACGGCAACTACA
PCR

Table 1. Collection of primers specifically designed for this study
Cloning primers were used to obtain exon 1 sequences from genomic DNA. The amplicons were integrated into expression plasmids using the
restriction endonuclease sites represented on the primer sequences (Nhel or Bspl). The primers used for gRT-PCR were designed to bind the unique

exon 1/ exon 2 junction region of each ABCG2 mRNA isoform.
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Variant 3’ end position in genome relative to | Exon length in Nakanishi, 2006 [25] | Apati, 2008 [18] | Campbell, 2011
TSS defined by Bailey-Dell et al., our study (base [27]
2001 [23] pairs)
E1A -291 99 Ela ela elA
E1B +338 338 Elc - elB
E1C +529 529 Elc elb elC
E1U - 72080 423 - elc elU

Table 2. Nomenclature of the known human ABCG2 exon 1 isoforms.
The table contains the four exon 1 isoforms investigated in our study with their corresponding genomic location, sequence length and alternative names
found in the literature.
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Fig. 1
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Fig. 2
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Fig. 3
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Graphical abstract
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Highlights

The human ABCG2 multidrug transporter gene has four exon 1 mRNA isoforms which
differ in their 5° UTR sequences.

E1B and E1C variants are constitutively expressed if ABCG2 is turned on, whereas E1A and
E1U show more tissue specific expression patterns.

Chemotherapeutic drug treatment can alter the expression profile of ABCG2 mRNA
isoforms.

E1A variant is expressed in stem cells and its expression is coupled to the key pluripotency
markers Oct4 and Nanog.

There is no detectable difference among the half-lives of the 4 mRNA variants; however, the
translation efficiency of the E1U isoform is significantly lower than those of the other
variants.
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