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Abstract
The expression and function of the ATP-binding cassette (ABC) transporter ABCG2 have been studied for two 

decades in both adult and cancer stem cells. However, this important ABC transporter has not been well characterized 
in human embryonic stem cells (hESCs). Studies designed to understand the role of ABCG2 in hESCs are still in 
their initial stages. Several recent reports on expression patterns of the ABCG2 gene in hESCs contain contradictory 
results at both the mRNA and protein levels. In this review, we provide possible explanations for these discrepancies 
in ABCG2 expression patterns. We discuss micro-RNA-mediated regulatory roles in controlling ABCG2 mRNA 
stability and translation, which are associated with hESC pluripotency and differentiation.
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Introduction
ABCG2, a 72-kDa half transporter belonging to the ATP Binding 

Cassette (ABC) super family of proteins, forms a functional homodimer 
or oligomer that actively effluxes structurally unrelated metabolites 
and xenobiotics from mammalian cells [1-3]. Normally expressed in 
the gastrointestinal tract, kidney, liver, blood-testis, blood-brain, and 
maternal fetal barriers, ABCG2 is thought to serve a protective role 
by pumping out toxic compounds [1-3]. However, its expression 
in several types of solid and hematological cancers may result in 
multidrug resistance (MDR) and may also serve as a marker for cancer 
prognosis [2]. In addition, ABCG2, implicated as a marker for stem 
cells through its ability to pump out Hoechst 33342 dye, creates a side 
population (SP), which has been used to identify neural, mesodermal, 
hematopoietic stem/progenitor cells, and several adult and cancer stem 
cell populations [1-8]. Despite ABCG2’s possible roles as a cell protector, 
a mediator of MDR, and a stem cell marker, questions remain to be 
addressed about the true physiological function of ABCG2, including 
its role in self-renewal and pluripotency. Human embryonic stem cells 
(hESCs), characterized by self-renewal and pluripotency, may provide 
some insights into fundamental biological processes and disease 
modeling, thus opening the door to many important applications such 
as regenerative medicine and pharmaceutical development. Therefore, 
it is imperative to understand the roles of ABCG2 in mediating 
hESC pluripotency, cellular homeostasis, and cell fate commitments. 
We should point out that although hESC growth in vitro provides a 
functional cell resource for regenerative medicine, it remains unclear 
whether differentiated cells from hESCs in vitro are physiologically 
relevant when compared with mammalian cells in vivo. With regard 
to this issue, we should be aware of the possibility that hESCs cultured 
in vitro may not completely reflect the physiological status of ABCG2 
in vivo. 

To understand the role of ABCG2 in the regulation of hESCs, 
three different groups studied the expression of ABCG2 in different 
hESC lines. Zeng et al. [5] found that both the ABCG2 mRNA and 
protein were undetectable in three hESC lines (i.e., H9, HUES1, and 
CT2). In contrast, Apati et al. [6] reported that both the ABCG2 
mRNA and protein were expressed in HUES1 and HUES9 cells. To 
resolve the controversy, we carried out similar studies in a panel 
of hESC lines that have been extensively characterized in the NIH 

Stem Cell Unit. We found that ABCG2 mRNA was expressed in all 
examined hESC lines including WA01, WA09, BG01, and BG03 [4]. 
Interestingly, ABCG2 protein expression could not be detected by 
Western blot and immunofluorescence microscopy regardless of the 
presence of intermediate levels of ABCG2 mRNAs in these cells [4]. 
The specificities of PCR primers and antibodies have been extensively 
validated in different cell types. For Western blotting, the anti-ABCG2 
(BXP21) monoclonal antibody provides conclusive results, whereas the 
monoclonal antibody 5D3 is able to localize the ABCG2 protein on the 
plasma membrane by immunofluorescent staining and flow cytometric 
analysis [4,6].   

These inconsistent results might stem from a variety of issues. First, 
the apparent absence of ABCG2 mRNA expression (as reported by Zeng 
et al. [5]) may be due to a lack of sensitivity in their detection methods. 
With a highly sensitive method (e.g., quantitative real-time PCR), we 
have confirmed ABCG2 mRNA expression. Second, different forms of 
cellular stress and differentiation signals regulate ABCG2 expression, 
which may be the reason for differences in the protein expression 
profiles among different hESC lines [4-8]. In general, contradictory 
results in hESC research can be due to different cellular states, sub-
optimal growth conditions, and differential handling of hESC culture 
in vitro. In particular, hESC experiments could be greatly influenced by 
growth media containing various growth factors, extracellular matrices, 
environmental cues, and various growth patterns [9]. Suboptimal 
growth factors may definitely result in alterations of core signaling 
pathways, which underlie epithelial-to-mesenchymal transitions 
(EMTs), cellular heterogeneity, and chromosomal instability in hESCs 
[10]. All the above conditions would alter ABCG2 expression and 
localization.
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Alternatively, the differences in ABCG2 expression may result 
from altered gene expression profiles that change the regulation of 
ABCG2 at the transcriptional, post-transcriptional, translational, and/
or post translational levels. Changes in transcription of ABCG2 could 
arise from differences in epigenetic modifications, transcription factor 
expression or function, and alternative promoter usage (Figure 1A). 

A number of studies have been published on ABCG2 transcription 
in cancer samples, cancer cell lines, and stem cells, which have been 
reviewed elsewhere [1-3, 11]. Little is known about the regulation of 
ABCG2 in hESCs. 

One possible mechanism by which ABCG2 expression in 
undifferentiated hESCs is regulated transcriptionally is via pre-mRNA 

Figure 1: Regulation of ABCG2 in undifferentiated or differentiated, hypoxia/reperfusion treated, physical or UV induced stress treated hESCs. (A) Undifferentiated 
hESCs express ABCG2 mRNA but lack ABCG2 protein. Whereas ABCG2 is down regulated by miR-519c and miR-520h, alternative mechanisms for loss of ABCG2 
protein expression are alternative expression of 5’ and 3’ UTRs, repression of translation, and increased proteasome-mediated degradation. (B) Upon differentiation, 
hypoxia/reperfusion, physical or UV-induced stress, hESCs have altered regulation of ABCG2 allowing protein to be expressed. Mechanisms might include the use of 
alternative 5’ and 3’UTRs, decreased expression of miRNAs, increased translation, and decreased protein degradation.
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processing. Alternative splicing of pre-mRNA has been involved 
in some ABC transporter genes. We previously determined that the 
ABCB5 locus generates fragments of ABCB5 of various lengths, which 
might be due to alternative splicing of the ABCB5 pre-mRNA [12]. The 
functional implications of various ABCB5 mRNA products remain to 
be determined. However, one interesting report showed that alternative 
pre-mRNA splicing has been linked to missense mutations and single 
nucleotide polymorphisms (SNPs) of the ABCB11 gene and implicated 
in intrahepatic cholestasis due to bile salt export deficiency [13]. So far, 
no ABCG2 pre-mRNA regulation studies have been reported in hESCs. 
It would be interesting to verify this possible regulation in future 
studies by using ABCG2 intron-specific real-time PCR in hESCs under 
various growth conditions.

Another possible mechanism by which ABCG2 expression in 
undifferentiated hESCs is regulated post-transcriptionally is through 
alternative usage of the two 3’UTRs (Figure 1A). Two possible 
polyadenylation sites in ABCG2 mRNA result in a short and long 3’ 
UTR [6,14,15]. The hESC lines HUES9 and HUES1 only express ABCG2 
with a short 3’ UTR [6]. The shorter 3’ UTR lacks putative microRNA 
(miRNA) binding sites [14,15], which could result in increased mRNA 
stability and ultimately lead to increased ABCG2 protein expression, as 
previously reported [6,14,15]. Post transcriptional regulation of ABCG2 
can be achieved through miRNA interference (Figure 1A). Expression 
of the two miRNAs, miR-519c and miR-520h, is inversely correlated 
with ABCG2 protein levels in hESC lines WA09 and WA01 [4]. BMP-
4-mediated differentiation caused a 9.2-fold reduction in both miR-
519c and miR-520h in WA01 hESCs after 144 hours. However, with 
undifferentiated cells, only a 2-fold reduction in the same miRNAs 
was shown under the same conditions in WA09 cells [4]. Decreased 
expression of the two miRNAs corresponded to an increase in ABCG2 
protein expression [4]. Furthermore, transfection of the two inhibitors 
of miR-519c and miR-520h into BMP4-treated WA09 and WA01 
cells modulated ABCG2 protein expression; whereas introduction 
of the corresponding mimics of miR-519c and miR-520h decreased 
ABCG2 protein expression in the WA09 cells [4]. A number of other 
miRNAs may be involved in regulating ABCG2 mRNA expression. 
Future studies should determine whether ABCG2 protein expression 
in hESCs might result from altered miRNA expression and differential 
utilizations of the 3’UTRs of the ABCG2 gene.

Posttranslational modifications, localization, and protein 
interactions could also alter ABCG2 expression and function (Figure 
1A). Functional ABCG2 protein may require N-glycosylation and Pim-
1-mediated phosphorylation [16,17]. Furthermore, a functional PI3K/
Akt pathway has been implicated in ABCG2 localization and functional 
expression in stem cells [18,19]. Future studies should determine: (i) 
whether post translational regulation of ABCG2 through signaling 
is cell- and lineage-type-dependent and (ii) the roles of key signaling 
pathways in the regulation of ABCG2 protein stability, localization and 
function.

Two prominent microenvironmental mechanisms by which 
ABCG2 is regulated are differentiation and hypoxia (Figure 1B). 
As shown in our study, only BMP-4-mediated differentiation, not 
spontaneous or embryoid body differentiation, resulted in ABCG2 
protein expression [4]. Post-hypoxia/reoxygenation in the hESC 
lines BG01 and H9 resulted in the emergence of an ABCG2+/SSEA3+ 

population in undifferentiated hESCs, which were characterized by low 
p53 expression and high HIF-2alpha, NANOG, and OCT4 expression 
[7]. Although the function of ABCG2 was not tested, hESCs expressing 
HIF-2alpha, NANOG, and OCT4 correlated with decreased reactive 

oxygen species (ROS), increased glutathione (GSH), increased survival 
(as depicted by colony forming assays), and increased cytoprotection 
from intracellular insults [7]. Another recent report suggests that 
functional ABCG2 protects hESCs from physical stress such as UV 
irradiation [8]. Future studies should determine whether the role of 
ABCG2 in differentiation and cytoprotection is correlative or causative.

In summary, current studies suggest that ABCG2 expression is 
tightly regulated at both the transcriptional and translational levels. 
These dedicated regulations may play important roles in cytoprotection 
and differentiation of hESCs. Alterations in transcriptional and 
translational modifications, protein interactions, and signals from the 
microenvironment could all result in altered ABCG2 expression and 
function. Although ABCG2 is thought to have a myriad of roles, it is 
also functionally redundant with other ABC transporters. Therefore, 
a parallel analysis of ABCG2 expression with other ABC transporters 
in hESCs would enable us to understand their coordinated roles in 
human embryonic development, physiology, and pathology.
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