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Abstract
ABCG2 encodes a transporter protein that is associated with multidrug-resistant phenotypes in
many cancers, including acute myeloid leukemia (AML); high levels of expression are generally
associated with a poor prognosis. To better understand how expression of ABCG2 is controlled in
pediatric AML, we performed a detailed analysis of the ABCG2 transcript isoforms from a variety
of tissue sources, including 85 pediatric AML samples. These studies revealed a complex 5′
untranslated region (UTR) with 6 novel exons and multiple splice variants. Samples from children
with acute megakaryoblastic leukemia (AML FAB-M7) not associated with Down syndrome
showed uniformly higher levels of ABCG2 transcripts than samples from children with other AML
subtypes. A novel 5′ UTR identified 90 kb upstream of the exon 2 translation initiation site was
expressed only in M7 AML subtypes. An associated upstream promoter fragment was shown to be
selectively expressed in megakaryoblastic leukemia cells but not in human epithelial cell lines.
These findings identify a new tissue-specific ABCG2 promoter that is selectively expressed in
pediatric M7 AML. We also show a relatively high incidence of ABCG2 mRNA expression in
non-Down associated M7 AML, which may contribute to the relatively poor prognosis of the M7
AML subtype.
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Introduction
Despite advances in the treatment of pediatric acute myeloid leukemia (AML), a significant
number of cases are refractory to treatment or relapse.1–3 It is important to identify the
molecular causes of chemotherapy resistance and design treatment regimens that can
overcome resistance. ABCG2 (BCRP, MXR) is a member of the ATP-binding cassette
transporter superfamily and reduces exposure to many drugs and environmental toxins
through energy-dependent efflux at epithelial barriers.4 Clinical interest in ABCG2 has
focused on its role in multidrug resistance in human cancers.5 Many drugs used in oncology,
including mitoxantrone, methotrexate, cladribine, topotecan, and imatinib, are ABCG2
substrates, and increased expression of ABCG2 in various cancers has been associated with
poor response to chemotherapy.6

Studies of the role of ABCG2 in chemotherapy resistance in AML have produced discordant
results, partly due to the use of different assays for ABCG2 expression and function7 and the
fact that ABCG2 expression can be limited to small subpopulations of leukemic blasts.8
Despite these confounding factors, the most recent studies suggest that over-expression of
ABCG2 portends a poor prognosis.9,10 For instance, high expression of ABCG2 is an
independent predictor of poor prognosis in adult AML.11

Children with AML and higher blast-cell expression of ABCG2 had a worse prognosis than
children with lower levels of expression.12 Another study found that a CD34+, CD38−
subgroup of blast cells enriched for leukemic stem cells expressed both ABCG2 and MDR1
and was associated with decreased response to chemotherapy.9 There is support for a model
in which ABCG2 expression in a subset of leukemic stem cells may contribute to the
development of resistant disease and relapse, thereby promoting the emergence of a
chemoresistant population of rare tumor-initiating cells.8,13

ABCG2 expression is controlled mainly through transcriptional mechanisms. The initial
description of the ABCG2 promoter identified a CpG rich promoter that lacked a TATA box
and was located about 18 kb upstream of the ATG-containing exon.14 More recent studies
have shown ABCG2 transcription to be complex, involving alternative upstream promoters
and alternative splicing in the 5′ UTR.15,16 Hypoxia response17 and estrogen response18

elements have also been identified in the promoter regions and likely play a role in tumor
cell expression of ABCG2. Epigenetic causes of transcriptional upregulation, including
promoter demethylation19,20 and permissive histone modifications on the chromatinized
ABCG2 promoter, have been identified.21,22 There is also evidence that ABCG2 can be
regulated post-transcriptionally in chronic myelogenous leukemia cell lines via PI3K-AKT
signaling.23

This study sought to further characterize ABCG2 expression and transcriptional control in
pediatric AML. We identified six novel exons in the 5′ UTR of ABCG2 that were
alternatively spliced in various tissue samples and a novel promoter element located
approximately 90 kb upstream of the translation initiation codon in exon 2. We found these
variant 5′ UTR mRNA isoforms to be expressed in 40% of the bone marrow samples
obtained at diagnosis from 85 children with AML. ABCG2 mRNA was expressed in all (8
of 8 cases) of FAB-M7 (megakaryoblastic) AML. Interestingly, expression from the −90kb
promoter was detected only in these M7 cases (5 of 8 cases). When tested in reporter gene
assays, this upstream promoter was exclusively expressed in an acute megakaryoblastic
leukemia (AMKL) cell line but not in non-hematopoietic cell lines, suggesting that this
promoter may be specifically active in megakaryocytes and their malignant counterparts.
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Patients and Methods
Patients

We evaluated 85 pediatric patients with primary AML who were enrolled on the AML02
clinical trial at St. Jude Children’s Research Hospital between October 31, 2002 and August
18, 2005.3 RNA was isolated from bone marrow samples collected at the time of diagnosis
and before the start of chemotherapy. No children were excluded from our analysis, but
children with Down syndrome (DS) were not eligible for the treatment protocol. Written
informed consent for protocol treatment and procurement of research samples for this study
were obtained from patients, parents, or legal guardians. This study was approved by the St.
Jude Institutional Review Board.

Computer analysis of the ABCG2 5′ UTR and 5′ flanking genomic region
Searches of human expressed sequence tag (EST) databases
(http://blast.ncbi.nlm.nih.gov/Blast.cgi and http://www.genome.ucsc.edu/cgi-bin/hgBlat)
were performed to identify transcripts containing a 40 bp sequence from the ABCG2 exon 2
coding region. EST sequences were aligned with human genomic sequence by using Clone
Manager software. Putative promoter elements were identified in the 5′ flanking genomic
region using the TESS24 and MatInspector25 programs.

RNA isolation and reverse transcription polymerase chain reaction (RT-PCR)
RNA was isolated from bone marrow samples with TRIzol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. RNA was isolated from cultured cells by
using the RNeasy mini kit (Qiagen, Valencia CA). Control RNA from normal human tissues
was obtained from Clontech (Mountain View, CA). First-strand cDNA synthesis was
performed using Qiagen Omniscript reverse transcriptase with oligo (dT)15 primers
(Promega, Madison, WI) and 0.5 μg total RNA. PCR reactions used equal amounts of the
RT reaction products (1/20 of total RT reaction volume) mixed with the PCR master mix.
Reactions contained 5 pmol of each primer, 0.2 mM each dNTP, and Qiagen Tag DNA
polymerase and buffers. PCR products were electrophoresed on 2% NuSieve 3:1 agarose
gels (Cambrex, East Rutherford, NJ), subcloned using TOPO TA cloning kits (Invitrogen),
and sequenced using both universal vector-specific primers and internal primers.

Forward primers used for PCR amplification of the human ABCG2 cDNA isoforms were:
exon 1U, 5′-TTTAGTAGGCGTGGGTCCTG-3′; exon 1A, 5′-
ACCAAACCCAGCTAGGTCAG-3′; exon 1C, 5′-CTGTGGAGGAACTGGGTAGG-3′;
and exon 2, 5-TCCCAGTGTCACAAGGAAAC-3′. The common reverse primer for human
ABCG2 was located in exon 4 and was 5′-GTCGCGGTGCTCCATTTATC-3′. GAPDH
control primers were as follows: forward, 5′-AGGTCATCCCTGAGCTGAAC-3′; reverse,
5′-TACTCCTTGGAGGCCATGTG-3′. Conditions for the ABCG2 PCR reactions were:
denaturation at 94°C for 3 min; 35 cycles of amplification (94°C for 60 s, 60°C for 60 s,
72°C for 60 s); and final extension at 72°C for 10 min. GAPDH control reactions used the
same conditions but only 24 amplification cycles.

5′ Rapid Amplification of cDNA Ends (5′ RACE)
5′ RACE was performed using the SMART RACE cDNA amplification kit (Clontech)
according to the manufacturer’s instructions. 5′ RACE-ready cDNA was generated from 1
μg total RNA using PowerScript reverse transcriptase, SMART IIA oligonucleotides and the
5′ CDS primer. Two gene-specific primers derived from ABCG2 exons 3 and 4 were used in
the RACE reactions: exon 3, 5′-CCAGGATGGCGTTGAGACCAGGTTTC-3′; exon 4, 5′-
GGCAGGTCGCGGTGCTCCATTTATC-3′. Touch-down PCR was performed using
Advantage 2 DNA polymerase with the following conditions: denaturation for 1 min at
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94°C; 5 cycles of (94°C for 30 s, 72°C for 30 s); 5 cycles of (94°C for 30 s, 70°C for 30 s,
72°C for 30 s); and 25 cycles of (94°C for 30 s, 68°C for 30 s, 72°C for 30 s). RACE
products were checked by electrophoresis on a 1% agarose gel prior to TA cloning into the
pCR4-TOPO vector (Invitrogen). RACE clones were then sequenced using vector-specific
universal primers.

Construction of ABCG2 1U promoter GFP expression vectors
The flanking genomic DNA upstream of the ABCG2 exon 1U transcription start site was
amplified by PCR using genomic DNA isolated from K562 cells as a template. The
following primers containing XmaI and MluI or NcoI restriction enzyme sites were used for
PCR: forward, 5′-CTAGCCCGGGACGCGTAGAAACAGTGACGGTGACACAAC-3′;
reverse, 5′-GTAGCCATGGGCAGCTACCAGGGAACATTGAG-3′. The PCR fragment,
which also contained the 5′ end of exon 1A1, was digested with XmaI and NcoI and ligated
into a shuttle vector containing the eGFP reporter cDNA. Subclones were selected and
verified by sequence analysis.

A DNA fragment consisting of the full ABCG2 5′ UTR sequence contained in exons 1U1,
1U2, 1U3, 1U4, 1U5 and exon 2 was generated by PCR amplification of the sequence from a
5′ RACE clone. The primers used contained either EcoRI and SacII restriction enzyme sites
or an NcoI site for subsequent subcloning: forward, 5′-GAATTCCGCGGCACAAAGAG-3′;
reverse, 5′-GAAGCCATGGGGAGAGTTTTTATCTTTCTGTAATCCC-3′. The PCR
product and the exon 1U promoter GFP shuttle vector were digested with SacII and NcoI
and ligated to create an exon 1U promoter 5′UTR eGFP shuttle vector. Subclones were
selected and sequenced for verification.

The exon 1A promoter-GFP and exon 1A promoter 5′UTR GFP DNA fragments were
excised from the shuttle vectors with MluI and NotI and inserted into the pCL20cw INS1R
MpGFP lentiviral expression vector26 to generate the exon 1A promoter GFP and exon 1A
promoter 5′UTR GFP lentiviral vectors. A promoter-less lentiviral vector was generated as
previously described.26

Preparation of lentiviral stocks
Lentiviral vector stocks were prepared as previously described.27 Briefly, 293T cells
growing on 10 cm plates were transiently transfected with 10 μg of the vector plasmid, 6 μg
of pCAGkGP1.1R (Gag/Pol), 2 μg of pCAG4-RTR2 (Rev/Tat), and 2 μg of pCAG-VSV-G
(VSV-G envelope) by the calcium phosphate precipitation method. After 18 h, the cells were
washed twice with phosphate-buffered saline (PBS) and cultured for an additional 24 h in
fresh medium. The supernatant was then harvested, cleared by centrifugation, and filtered
through a 0.45 μm filter. The viral particles were concentrated by ultracentrifugation,
resuspended in 1:100 of the initial supernatant volume, and quick-frozen on dry ice for
storage at −80°C.

Lentiviral transduction and GFP reporter assays
Lentiviral transduction of adherent 293T or CMK cells was done as previously described.27

Briefly, cells were seeded into 6-well plates coated with RetroNectin (Takara, Madison,
WI). Concentrated vector particles were added either once or twice (after a delay of 24 h).
For transduction, 6 μg/ml polybrene was added to the medium. 24 h after the final
transduction, the cells were washed with PBS and cultured for 5 to 7 days. Expression of the
GFP reporter gene in the transduced cells was analyzed by flow cytometry after addition of
propidium iodide to label dead cells.
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Southern blot analysis
Southern blot analysis of genomic DNA isolated from transduced cells used standard
techniques. Briefly, cells were grown to near confluence on 10 cm plates, then rinsed and
lysed. Genomic DNA was isolated using the Gentra Puregene DNA extraction kit (Qiagen).
10 mg of DNA was digested with BstEII and electrophoresed on a 0.8% agarose gel, then
transferred to a nitrocellulose membrane. Blots were probed with a 750 bp restriction
fragment of the RRE sequence contained in the proviral vector genome. Hybridization was
carried out in Hybrisol I hybridization buffer (Chemicon, Billerica, MA) at 42°C overnight,
and blots were analyzed using the Storm PhosphorImager system and ImageQuant software
(Molecular Dynamics, Sunnyvale, CA).

Transcript stability studies
CMK cells transduced with the MSCV GFP or the MSCV 1-5 GFP vector were treated with
5uM Actinomycin D (SIGMA). At various time points, total RNA were extracted using
RNA easy mini kit (Qiagen), and EGFP transcript levels were measured using quantitative
RT-PCR. cDNA were synthesized using the SuperScript vilo cDNA Synthesis kit
(Invitrogen). Gapdh was used as internal control and were measured using primers/probes
from Applied Biosystems. EGFP half lives were determined by linear regression of the time
points using GraphPad Prism 4 program. Student’s t test was used to assess the difference
between mRNA half lives.

Statistical analysis
Because of the small sample size, ABCG2 expression based on semi-quantitative PCR was
categorized as either transcript-detectable or transcript-undetectable. The exact Cochran-
Mantel-Haenszel test was used to evaluate the association between ABCG2 transcript
expression (yes/no) and day 22 MRD, stratified by treatment arm, for each of the 4
transcripts. Event-free survival (EFS) was defined as the time elapsed from study enrollment
to study removal for any cause or to last follow-up. EFS was estimated by the Kaplan-Meier
method,28 and estimates were compared by using the exact log-rank test.

Results
Characterization of ABCG2 5′ UTR isoforms

To characterize all potential isoforms of ABCG2 transcripts in human leukemia samples, we
first performed database searches (http://blast.ncbi.nlm.nih.gov/Blast.cgi and
http://www.genome.ucsc.edu/cgi-bin/hgBlat) to identify all human ESTs homologous to the
coding region and known 5′ UTR exons of human ABCG2. The previously identified
transcripts and several novel transcripts were identified. Each of three upstream exons (1U,
1A, and 1C) was directly spliced to the same site in exon 2, which contains the translation
initiation site (Fig. 1A). Alignment of these sequences with the ABCG2 genomic region
showed transcription start sites for exons 1C, 1A, and 1U approximately 18.4 kb, 19.3 kb,
and 91.5 kb, respectively, upstream of the exon 2 splice-acceptor sequence (Figure 1A).
These results suggest that there are at least 3 distinct upstream promoters in the human
ABCG2 locus, generally similar to what has been reported for the murine Abcg2 gene 26.

EST database sequences were used to design PCR primers specific for the various 5′UTR
isoforms and a common region from ABCG2 exons 2 through 4 (Figure 1A). Placental RNA
template was chosen for cDNA synthesis because ABCG2 expression is relatively high in
this tissue.29 RT-PCR amplification products of the predicted size were detected for each 5′
UTR isoform (Figure 1B). The exon 1U RT-PCR product reproducibly showed not only the
491 bp fragment but numerous larger products (Figure 1B, brace), demonstrating further
complexity in exon1U-containing transcripts.
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We cloned and sequenced these RT-PCR products. While exon 1A and 1C sequences were
identical to those in the EST database, the exon 1U clones revealed a significantly more
complicated 5′UTR structure. Four additional, smaller exons (designated 1U2 – 1U5
“subexons”) were identified between exons 1U and exon 1A (Figure 2). All of the exon 1U-
containing transcripts were spliced directly to exon 2 and contained various combinations of
these subexons.

We also performed 5′ rapid amplification of cDNA ends (5′ RACE) on human placental
RNA using reverse primers specific for ABCG2 exon 3 or exon 4. Sequencing of the
products confirmed the RT-PCR results and revealed additional variability (Figure 2).
Approximately half of the RACE clones (25 of 49) contained the 5′ 1C exon identified in the
ABCG2 reference sequence (NM_004827). Four of 49 clones isolated contained the
previously described exon 1C splice variant (exon1B),16 and 9 of 49 contained exon 1A.
Two previously unreported exon 1 isoforms identified by RACE (designated 1D and 1E)
were located downstream of exon 1C (Figure 2).

Expression pattern of ABCG2 5′UTR variants in normal tissues
We characterized the expression pattern of the variant ABCG2 mRNA isoforms by RT-PCR
of RNA from normal human tissue (Figure 3). Expression of the exon 1C isoform was
detected at variable levels in all tissues examined, while isoforms containing exons 1A and
1U had a more limited distribution (e.g., exon 1A mRNA was detected only in placenta and
the MCF-7 breast cancer cell line). Exon 1U-mRNAs were detected in placenta, prostate,
small intestine, liver, kidney, and bone marrow. All reactions showed the multiple E1U
variants in the typical step-ladder pattern (Figure 3). These results show that transcription of
ABCG2 involves multiple mRNA isoforms with varying degrees of tissue specificity.

Expression pattern of ABCG2 isoforms in human pediatric AML samples
Because mounting evidence suggests that expression of ABCG2 is associated with worse
prognosis in adult AML,10,11, we analyzed the transcript expression patterns in primary
pediatric AML samples. RNA was extracted from whole bone marrow samples obtained at
diagnosis from 85 patients enrolled on the St. Jude AML02 protocol. RT-PCR analysis
revealed transcripts containing the ABCG2 coding region (exons 2-4) in 36 of the 85 patients
(Table 1), demonstrating a relatively high prevalence of ABCG2 mRNA expression at
diagnosis. The 1C isoform was expressed in 33 of 43 cases and was the predominant species
based on this semiquantitative analysis (Figure 4).

Exon 1U-containing transcripts were detected in only 5 of 43 patients evaluated. Notably, all
five of these patients had AML M7; and all cases showed various patterns of e1U sub-exon
splicing (Figure 4). All eight of the AML M7 patients showed expression of the ABCG2
coding region (exons 2-4) and the 1C isoform. In contrast, in other AML subtypes,
expression of ABCG2 coding sequences was detected in a smaller proportion of cases
(28/77 non-M7 versus 8/8 M7) (Table 1). In these non-M7 cases, exon 1C was the most
commonly expressed isotype. The clinical parameters of this pediatric cohort are shown in
Table 2.

Statistical comparison of ABCG2 expression and EFS
We analyzed the relation between expression of four ABCG2 transcripts as determined by
semi-quantitative PCR, minimal residual disease (MRD) at day 22 of therapy, EFS, risk
stratification, FAB classification, and cytogenetic findings. We detected no statistically
significant association between expression of ABCG2 transcripts and MRD on day 22.
Expression of exon 1U-containing transcripts was significantly associated with high-risk
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AML (p=0.013) and FAB M7 AML (p=0.003) but not with EFS. This probably reflects the
small sample size and heterogeneity of this group.

Analysis of the exon 1U promoter region
Our RT-PCR results suggested the presence of a novel promoter immediately upstream of
exon 1U of ABCG2. We computationally analyzed 1100 bp upstream of the transcription
initiation site in exon 1U to identify potential promoter elements (Figure 5). Like the
previously characterized ABCG2 promoter region upstream of exon 1C,16 the region
upstream of exon 1U contains no TATA box. Multiple potential transcription factor binding
sites, such as AP-1, Sp1, and c-Ets1 binding motifs, were identified, as well as potential
binding sites for hematopoietic transcription factors, including GATA1, Pbx-1, and Fli1
(Figure 5). Interestingly, Fli1 is known to be important in regulating the development and
differentiation of megakaryocytes.30,31

Tissue specificity of the e1U promoter
To confirm promoter activity in the genomic region immediately upstream of the e1U exon,
we cloned a 1050-bp fragment of the putative promoter region and inserted it upstream of a
GFP reporter gene in a self-inactivating lentiviral vector (Figure 6A). A 1.2 kb fragment of
the chicken β-globin locus hypersensitive site insulator (HS4)32,33 flanked the expression
cassette to shield from inadvertent interactions with the host cell genome. We also generated
vectors containing all 5 e1U sub-exons to assess their possible role in regulating expression
(Figure 6A).

To test whether the e1U promoter might be megakaryocyte-specific, we transduced the
megakaryoblastic leukemia cell line CMK 34 to test whether the promoter could drive GFP
expression. Flow cytometry showed significant but modest levels of GFP expression in cells
with the exon 1U promoter construct, indicating that this promoter fragment was
transcriptionally active in these cells (Figure 6B). Overall expression from the 1U promoter
was significantly less than that obtained using the strong MSCV LTR promoter. Inclusion of
the five upstream e1U subexons attenuated GFP expression, with both the e1U promoter and
the internal MSCV LTR promoter (Figure 6B). Therefore, the multiple 5′UTR sequences in
the e1U region may be a target for mRNA degradation or may inhibit translation.

To determine whether the decreased GFP expression seen with the exon 1U construct could
be due to decreased stability of the transcript, actinomycin D inhibition experiments were
performed (Figure 6C). These studies showed a modest but statistically significant decrease
in transcript stability due to the 5′ UTR sequences, with the GFP half life in MSCV GFP
cells 20.4 +/− 1.35 hours versus 15.5 in the MSCV 1-5 GFP cells. These results indicate that
decreased transcript stability contributes to the decreased protein expression seen with the 5
UTR, but given the large difference in protein expression seen comparing the two
constructs, it is likely that other mechanisms such as translational inhibition may also play a
role.

We also transduced HeLa cells to test the tissue specificity of the exon 1U promoter
construct. No GFP expression was detected in HeLa cells transduced with the exon 1U
promoter construct (Figure 7A). Genomic integration of the vector (retroviral integration
>80%) was confirmed by Southern blot analysis with a probe for the RRE sequence within
the lentiviral DNA (Figure 7B), showing that the lack of expression was not due to lack of
gene transfer. In contrast, significant GFP expression was seen using the positive control
MSCV LTR promoter in HeLa cells. Together, these data indicate that the 1050 kb fragment
immediately upstream of e1U contains a promoter with relative specificity for the
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megakaryocytic lineage, potentially explaining the exclusive presence of this transcript in
M7 AML.

Discussion
We have identified a novel group of ABCG2 mRNA isoforms with variable 5′UTRs that
originate from a promoter approximately 90 kb upstream of the translation initiation site in
exon 2. Transcription of these isoforms initiates from a promoter region immediately
upstream of exon 1U. We showed the activity of this promoter to be relatively tissue
specific, as shown by reporter gene expression in a megakaryocytic, but not in an epithelial,
cell line. While expression of the exon 1U isoforms were noted in other whole tissue, it is
currently not clear if this could be due to hematopoietic cells contained within these tissues.
Inclusion of the e1U “subexons” in the lentiviral reporter constructs led to decreased
expression with either the e1U promoter or the MSCV promoter, and transcript stability
studies showed that the 5′UTR region contains elements that destabilize the transcripts and
may also inhibit their translation. This demonstration of additional transcription control
mechanisms for human ABCG2 parallel previous findings in mouse Abcg2.26

A significant number of human genes contain multiple upstream promoters with alternative
5′ untranslated regions. Alternative splicing is particularly prevalent in genes of the ABC
transporter family15. The use of alternative promoters enhances regulatory control,35,36 and
alternative UTR sequences can affect transcript stability and translational efficiency in a
tissue-specific manner37,38. For example, the human arylamine N-acetyltransferase type 1
gene contains eight 5′ UTR exons expressed from three alternative promoters, and several of
the isoforms are expressed in a tissue-specific manner.39 Although the function of the
extensive variability in the ABCG2 5′UTR is not fully understood, it may facilitate the
multiple roles and the tissue- and cell-type–specific expression of ABCG2.

Increased ABCG2 expression in M7 AML has not previously been reported. Our RNA
samples from untreated pediatric AML showed greater expression of ABCG2 transcripts in
the M7 subtype than in other subtypes. All eight M7 cases showed increased expression of
the exon 1C 5′UTR isoform, and five of the eight samples showed significant expression of
the e1U isoforms, which were not detected in other AML subtypes. These results indicate
that ABCG2 transcripts are present in AML cells in approximately 40% of children at
diagnosis, including most if not all M7 cases.

M7 AML carries a relatively good prognosis in children with DS but not in other
children.1,40,41 No patients in our study had DS, and the ABCG2 expression patterns in DS-
associated M7 AML have yet to be determined. Although we found no association between
ABCG2 transcript expression and prognosis, this may be due to the relatively small sample
size of our cohort. The possibility that drug resistance in non-DS M7 AML cases may be
related to the relatively high prevalence and/or extent of ABCG2 expression will require
further study but is consistent with several previous findings. In vitro, leukemic blasts from
children without DS showed greater resistance to common AML chemotherapy agents than
did blasts from children with DS; the tested agents included daunorubicin and
mitoxantrone,42, both of which are substrates of ABCG2.43 In DS AML M7, a common
GATA-1 mutation produces a truncated, dominant-negative form of the transcription factor
(GATA-1s).44 Because GATA-1s lacks the N-terminal transactivation domain, it is thought
to be unable to regulate megakaryocytic target genes.45 The presence of potential GATA-1
binding sites in the e1U promoter raises the possibility that transcription of ABCG2 is
lessened in DS AML M7 as a direct consequence of the GATA-1s mutation, although direct
studies in DS AML M7 blasts will be needed to address this issue.
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Recent data suggest that in adult AML, expression of ABCG2 and the MDR1 transporter
correlate with clinical response to chemotherapy.9 While more work must be done to clarify
the clinical significance of ABCG2 expression in non-DS M7 AML, our results raise
questions about current therapy for this disorder, especially the customary use of
anthracyclines during induction. Our data suggest that known ABCG2 substrates may not be
optimal and that addition of ABCG2 inhibitors to current regimens for non-DS AML M7
should be explored. Imatinib and nilotinib are powerful inhibitors of ABCG2 and
MDR1,46–48 and their inhibition of oncogenic tyrosine kinase activities may have other anti-
leukemic effects. Another possibility is the multikinase inhibitor sorafenib. Sorafenib not
only inhibits ABCG2 transport but also enters cells passively, and its effectiveness is not
likely to be reduced by high expression of ABC transporters.49
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Figure 1.
(A) Organization of the 5′ portion of the human ABCG2 gene showing splicing pattern of
exons. mRNA isoforms are shown with PCR primers. A common reverse orientation exon 4
primer was used with forward primers specific to exons 1U, 1A, 1C, and 2. (B) RT-PCR of
ABCG2 5′ UTR isoforms. The PCR primers in (A) were used after RT of human placental
RNA with Oligo dT primers. Negative control reactions used exon 2 forward primer and no
RT. Brace identifies higher molecular weight exon 1U PCR products.
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Figure 2.
Splice patterns of all ABCG2 transcripts identified. All 5′ UTR variants use the same exon 2
splice acceptor and are predicted to initiate translation at the same amino-terminal ATG in
exon 2. Figure is not to scale but shows the relative genomic position of each exon. Variable
transcription start sites were identified for exons 1U, 1B, and 1C. Boxes indicate
untranslated (black) and translated (gray) regions. Open arrows indicate putative promoter
regions. The full ORF and 3′UTR of each isoform was not sequenced. The relative
frequency of each isoform in the EST database and by RT-PCR and 5′ RACE is indicated at
right.
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Figure 3.
Evaluation of of ABCG2 mRNA isoform expression in normal human tissues. PCR primers
are listed in Fig. 1A; GAPDH was added as positive control.
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Figure 4.
Evaluation of ABCG2 mRNA isoform expression in pediatric AML samples. Left: a variety
of selected non-AMKL subtypes. Right: AMKL (AML M7) samples. PCR primers are listed
in Fig. 1A; GAPDH was added as positive control. Placental RNA (PL) served as a positive
control template.
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Figure 5.
Genomic nucleotide sequence of the 5′ flanking region of ABCG2 exon 1U. Transcription
start site (base 1) is labeled. The exon 1U sequence (the 5′-most transcription start site
identified by 5′ RACE) is italicized. Putative transcription factor binding sites identified by
MatInspector and TESS are underlined. The putative promoter region cloned into the
lentiviral expression vectors is bracketed.
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Figure 6.
(A) Diagram of the self-inactivated (SIN) lentiviral ABCG2 expression constructs. All
constructs contain an HS4 insulator and woodchuck hepatitis virus posttranscriptional
regulatory element (WPRE). The putative exon 1U promoter region, a 1050 bp fragment of
genomic DNA directly upstream of the 5′-most exon 1U transcriptional start site, was placed
adjacent to an EGFP reporter gene. Positive (containing an MSCV promoter) and negative
(promoterless) control vectors were used. (B) Flow cytometric analysis of GFP activity in
transduced CMK cells. GFP is plotted on the x-axis and forward scatter on the y-axis.
Number represents percentage of GFP+ cells. (C) The stability of GFP transcripts were
studied using actinomycin D treated CMK cells and quantitative RT-PCR. CMK cells
containing either the MSCV 1-5 GFP vector (dashed line) or the MSCV GFP control vector
(solid line) were cultured with actinomycin D and RNA was analyzed at the various time
points shown. GFP transcript levels were then normalized to GAPDH and expressed as a
ratio relative to untreated cells. This experiment was performed 3 times and error bars show
the standard deviation for each measurement.
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Figure 7.
(A) Flow cytometric analysis of GFP expression in HeLa cells transduced with exon 1A
expression construct and controls. GFP intensity is plotted on the x-axis and cell count on
the y-axis. Number represents percentage of GFP+ cells. (B) Southern blot confirmation of
genomic proviral integration. 10 mg genomic DNA was loaded in each lane. Blot was
probed with RRE fragment specific for proviral DNA. Three lanes are above each lane.
Negative control: supernatant from mock-transfected HeLa cells. Positive control: lentiviral
plasmid vector DNA.
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Table 1

Expression of ABCG2 mRNA isoforms in pediatric AML blasts by RT-PCR analysis (number positive/total)

Exons 2-4 Exon 1U Exon 1A Exon 1C

All samples 36/85 5/43 2/43 33/43

Non-M7 AML 28/77 0/35 1/35 25/35

M7 AML 8/8 5/8 1/8 8/8
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Table 2

Characteristics of patients

Total

Age 8.49 (0.01, 21.2)

Gender

 Male 45

 Female 40

Race

 White 56

 Black 14

 Unknown 1

 Other 14

Risk group

 Low 26

 Standard 33

 High 26

Cytogenetics

 Normal 23

 t(8;21) 12

 inv(16) 10

 t(9;11) 4

 any 11q23 (except t(9;11)) 11

 Insufficient sample 2

 Miscellaneous 23

Arm

 Low-dose cytarabine 47

 High-dose cytarabine 36

 Not randomized 2

WBC 27.5 (1.1, 351)

FAB

 M0 2

 M1 12

 M2 16

 M4 15

 M4eo 8

 M5 18

 M6 1

 M7 8

 N/A 5

FLT3 status
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Total

 ITD 12

 Point mutation 5

 Wild type 68

Data are numbers of patients or median (range). There are total 85 patients in each category
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