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A B S T R A C T

Oncogenic pituitary homeobox 2 (PITX2), a de facto master regulator of developmental organ asymmetry,
previously upregulated multidrug resistance (MDR) P-glycoprotein ABCB1 in A498 renal cell carcinoma (RCC)
cells. The role of PITX2 isoforms in MDR cancers was investigated. Data mining correlated elevated PITX2
in> 30% of cancers analyzed, maximally in colon (4.4-fold), confirmed in co-immunostaining of colon and renal
cancer microarrays wherein ABCB1 concomitantly increased in RCC. Drug-resistant colorectal adenocarcinoma
Colo320DM cells exhibited increased nuclear PITX2 (40-fold), PITX2 promoter activity (27-fold) and ABCB1
(8000-fold) compared to drug-sensitive Colo205. ABCB1 inhibitor PSC833/valspodar or PITX2 siRNA reversed
doxorubicin resistance. Nuclei from Colo320DM and A498 cells harbored PITX2A/B1 and PITX2A/B1/B2/Cα/
Cβ, respectively. ChIP-qPCR evidenced PITX2 promoter binding in drug exporters ABCB1, ABCC1, ABCG2 and
importer hOCT3/SLC22A3. In A498, 786-O, Caki-1, Colo320DM, and Caco2 cells, PITX2 siRNA diminished
exporters, increased hOCT3/SLC22A3 expression and activity, and reverted vincristine resistance. Heterologous
PITX2 expression induced ABCB1, repressed hOCT3/SLC22A3, enhanced vincristine resistance and diminished
proliferation inhibition wherein PITX2A and PITX2C were most effective. Furthermore, PITX2 activity and MDR
depended on phosphorylation by GSK3 in A498 cells. Conclusively, oncogenic PITX2 limits sensitizing drug
uptake and potentiates cytoprotective drug efflux, contributing to MDR phenotype.

1. Introduction

Pituitary homeobox 2/paired-like homeodomain transcription
factor 2 (PITX2) is a bicoid class homeodomain protein with essential
roles in embryonic development, including organ asymmetry [12], as
evidenced by embryonic lethality in PITX2 knockout mice [30]. The
PITX2 isoforms PITX2A, PITX2B and PITX2C, and their splice variants
[26], transcriptionally regulate isoform-specific target genes in devel-
opment and cellular functions. For example, PITX2A alters cytoskeleton
and migration [46], PITX2B regulates heart asymmetry [18], and
PITX2C activates atrial natriuretic factor in cardiogenesis [13]. Con-
versely, PITX2D lacks a functional homeodomain and hence does not
bind DNA. In fact, PITX2D suppresses transcriptional activity of PITX2A
and PITX2C through direct protein-protein interactions [5]. In adults,
PITX2 activity is restricted to selective tissues [4,43].

Developmental signaling pathways, such as Wnt, Hippo and Notch,
are frequently reactivated during carcinogenesis [42]. Early studies
linked PITX2 to Wnt/β-catenin signaling [23]. Subsequently, direct
evidence for regulation of cell cycle control genes (cyclin D2 [23], cy-
clin D1 and c-Myc [2]), cyclin D2 in thyroid cancer [22] and cyclin A1
in papillary thyroid carcinoma [31] by PITX2 paved the way for its role
in cancer. Though increased PITX2 has been associated with cancer
progression in various tumors [3,11,20], the subset of genes regulated
by PITX2 appears to be cancer type-specific as decreased PITX2 has also
been reported in pancreatic [44] and cervical [45] cancers, highlighting
the necessity to understand cancer-specific deregulated oncogenic
PITX2.

ATP-binding cassette (ABC) transporters, such as multidrug re-
sistance (MDR) P-glycoprotein MDR1/ABCB1, multidrug resistance re-
lated protein MRP1/ABCC1, and breast cancer resistance protein 2
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BRCP2/ABCG2, are physiologically expressed at barrier sites, including
colon, liver, kidney and blood-brain barrier, where they serve to protect
against xenobiotics and toxic metabolites [14] and are predominantly
governed by transcription factors (reviewed in Ref. [38]). Aberrantly
upregulated ABCB1 in tumor cells prevents chemotherapeutic drugs
from reaching their intracellular destination by extrusion across the
plasma membrane [1] or sequestration into acidic vesicles [47] and,
together with other drug transporters, represents a major hurdle in
successful treatment of chemo-resistant cancers [29,41]. Furthermore,
drug entry pathways contribute to sensitization of tumors to che-
motherapy. To this end, the solute carrier (SLC) family of organic cation
and anion transporters (OCTs, OATs; SLC22A subfamily) has received

attention. Downregulation of hOCT3/SLC22A3, which is broadly ex-
pressed and transports vinca alkaloids, such as vincristine, has been
observed in patients with liver [17], prostate [15], head and neck [21]
and esophageal [10] cancers.

We recently reported ABCB1 as a PITX2 target gene [27]. However,
PITX2 isoform-specific regulation of drug transporters closely linked to
MDR has not been addressed. In this study, we report for the first time
PITX2 association in ABCC1, ABCG2, ABCB1 and hOCT3/SLC22A3
promoters, inverse regulation of drug importers and exporters that are
mechanistically linked to MDR and distinct PITX2 isoform function in
colon and kidney cancer cells.

Fig. 1. PITX2 expression is elevated in human colon and kidney cancers. (A) In silico analysis of PITX2 RNA expression in human cancers [C] compared to
normal tissue [N] using data available from genome-wide microarrays. Box plots mark the 25th to 75th percentiles and whisker error bars indicate the 10th and 90th

percentiles. Symbols represent outliers. Median is indicated by the line within the box and mean is indicated by red lines. RCC= renal cell carcinoma. Nonparametric
analyses using Mann-Whitney U test reported significantly increased PITX2. (B) Comparison of PITX2 expression in tumors at different stages. Box and whisker plots
are as described above. Cancer tissue microarrays (TMAs) from colon adenocarcinomas (C) and kidney carcinomas (D) were immunostained for PITX2 and nuclei
were counterstained with Hoechst to identify single cells (inset). Parallel samples without primary antibody served as negative controls. Images are representative of
three individual experiments. Scale bar= 10 μm. Arrows indicate nuclear presence of PITX2. Percentage of cells exhibiting positive nuclear PITX2 (PITX2nuc+) were
quantified in colon and kidney cancer subtypes. Statistical analyses using one-way ANOVA compare cancer adjacent normal tissue and cancer subtypes to normal
renal or colon tissue. (E) Drug-sensitive Colo205 and drug-resistant Colo320DM were immunostained for PITX2 after fixation and permeabilization (scale
bar= 20 μm). Nuclei were counterstained with Hoechst. Fluorescence intensity was quantified by threshold analysis and normalized to cell number (n= 5). (F)
Colocalization analysis between PITX2 and Hoechst indicate nuclear presence in Colo320DM. (G) Luciferase reporter gene assay for PITX2 promoter activity in
Colo205 and Colo320DM cells transfected with empty vector or PITX2-Luc (n = 7–9). Relative luminescence units per mg protein in empty vector-transfected cells:
Colo205, 1.32 ± 0.93; Colo320DM, 0.01 ± 0.01. Pairwise comparisons were performed using unpaired Student's t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2. Materials and methods

2.1. Microarray data

Data mining analysis of gene expression patterns in normal and
human cancer tissues was performed using the freely accessible data-
base GENT (Gene Expression across Normal and Tumor Tissue, http://
mgrc.kribb.re.kr/GENT) [39]. Comparative datasets were compiled
from 479 data series using GeneChip Human Genome Microarray
platforms (U133A and U133 Plus 2.0, Affymetrix) (Supplementary
Table 1). Tumor pathology data, where available, were extracted from
Gene Expression Omnibus (GEO) public repository.

2.2. Cell culture, treatments and transient transfections

Human renal carcinoma (A498, ACHN) [27] and colon adeno-
carcinoma (Colo320DM, Colo205, SW480) cell lines were purchased
from Cell Lines Service, authenticated by short-tandem repeats profiling
and used for< 20 passages. Renal adenocarcinoma 786-O, renal clear
cell carcinoma Caki-1 and colon adenocarcinoma Caco2 cells were
purchased from ATCC. Cell culture reagents were from GibCo or Sigma-
Aldrich. Colo320DM was maintained in Ham's F-12 nutrient mixture
supplemented with 10% fetal bovine serum (FBS), 50 U/ml penicillin,
50 μg/ml streptomycin and 2mM L-glutamine. Colo205 and
SW480 cells were cultured in DMEM/F-12 supplemented with 5% FBS,
50 U/ml penicillin and 50 μg/ml streptomycin. Human kidney proximal
tubule cells (HPCT) were kindly provided by Dr. Ulrich Hopfer (Case
Western Reserve University) and cultured as described [35]. 786-O and
Caki-1 cells were cultured in RPMI and McCoy's 5A basal media, re-
spectively, supplemented with 10% FBS, 50 U/ml penicillin, and 50 μg/

ml streptomycin. Caco2 cells were grown in DMEM:F12 (1:1), 10% FBS,
50 U/ml penicillin, 50 μg/ml streptomycin and 1.2mg/ml NaHCO3

medium. All cell lines were routinely tested for mycoplasma. Doxor-
ubicin (DOX) and vincristine sulfate (VIN) were incubated in absence of
serum. Ethidium bromide uptake experiments were performed as pre-
viously described [28].

Plasmids encoding mouse Pitx2a and Pitx2b were generously pro-
vided by Dr. D. Bernard (McGill University) and Pitx2c by Dr. B.A.
Amendt (University of Iowa). Plasmids were transfected using
Lipofectamine LTX Plus or Lipofectamine 2000 (Life Technologies) per
manufacturer's instructions. PITX2ABC siRNA (EHU072181, Sigma-
Aldrich) was transfected as previously described [27]. For proliferation,
trypan blue and combined PITX2 isoform overexpression experiments,
cells in 24-well plates were transfected with 0.3 μg total DNA using
0.75 μl transfection reagent per well.

2.3. Immunostaining of cancer tissue microarrays

Human colon (CO804a) and renal (T072a, KD804a) cancer tissue
microarrays (TMAs) with pathological assessment (US Biomax) were
deparaffinized and rehydrated. After antigen retrieval and blocking in
5% goat serum/PBS, primary antibodies against ABCB1 (UIC2, 1:100,
sc-73354, Santa Cruz) and PITX2ABC (1:500, PA-1020, Capra Science)
were incubated overnight at 4°C in a humidified chamber. Negative
controls were incubated with blocking buffer alone. Species-specific
fluorophore-coupled goat secondary antibodies were diluted 1:500.
Nuclei were counterstained with 0.8 μg/ml Hoechst-33342 (Hoechst).

For immunohistochemistry, endogenous horseradish peroxidase and
alkaline phosphatase were blocked with Bloxall (Vector Labs) following
rehydration. Antigens were retrieved and ABCB1 (UIC2, 1:100) and

Fig. 1. (continued)
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PITX2 (ab55599, Abcam, 1:500) were detected using MultiView
Immunohistochemistry Kit (ADI-950-101-0001, Enzo Life Sciences).

Slides were digitalized using Mirax Scan (Zeiss) and quantification
analyses were performed using FIJI/ImageJ [37] where tumor cells
from five random areas were quantified independently by two assessors
for PITX2nuc positive (PITX2nuc+) cells, ABCB1 positive (ABCB1+) cells
and were considered dual positive (PITX2nuc+/ABCB1+) when>40%
PITX2nuc+ cells exhibited concomitant increase in ABCB1. Stroma and
blood vessels were excluded.

2.4. Immunofluorescence staining of cell lines

Cell lines were immunostained and analyzed as previously de-
scribed [27]. Colocalization analysis was performed using FIJI/Image J
from thresholded binary images and percentage overlapping area was
deduced using image calculator Boolean operation “AND”.

2.5. Luciferase reporter gene assay

PITX2 reporter gene assay has been described elsewhere [27]. Ki-
nase inhibitors were added directly to cells 12 h posttransfection and
incubated for a further 12 h prior to analysis.

2.6. Cell viability assays

Clonogenic survival and MTT assays were performed as previously
described [27]. The survival fraction was derived from number of co-
lonies/number of cells plated. For trypan blue exclusion, cells were
diluted 1:2 with 0.4% trypan blue and automatically counted (Countess
II FL, Thermo Fisher). In proliferation assays, 5000 cells were grown
≤18 days and stained with 6% glutaraldehyde/0.5% crystal violet.
Plates were digitalized and % area occupied by cells was analyzed in

Fig. 1. (continued)

Table 1
Tumor stage and grade of PITX2 expressing human cancer tissues. Cancer
tissue microarrays were stained for PITX2 by immunofluorescence. For kidney,
90 tissue cores were examined (T072a, KD804a) and for colon, 72 tissue cores
were examined (CO804a). Tumor grade: 1=well differentiated, 2=moder-
ately differentiated, 3= poorly differentiated, 4= undifferentiated. Tumor
stage: I= small tumor and contained in organ, II= tumor is larger than in stage
I with possible spread to lymph nodes close to tumor, III= tumor is larger than
stage II with possible spread into surrounding tissues and lymph nodes,
IV= tumor has metastasized. Tumor Node Metastasis (TNM) grading system:
T1= tumor invades submucosa, T2= tumor invades muscularis propria,
T3= tumor invades through muscularis propria into subserosa or into non-
peritonealized pericolic or perirectal tissues, T4= tumor directly invades other
organs or structures and/or perforates visceral peritoneum. N1=metastasis in
1–3 regional lymph nodes, N2=metastasis in 4 or more regional lymph nodes.
M0=no distant metastasis, M1=distant metastasis.

Colon Kidney

Incidence Percent Incidence Percent

Tumor Grade 1 6/25 24 12/38 31.6
2 10/30 33.3 10/36 27.8
3 9/13 69.2 1/2 50
4 0/0 0 0/0 0

Tumor Stage I 5/10 50 2/6 33.3
II 11/37 29.7 5/8 62.5
III 7/21 33.3 2/4 50
IV 3/4 75 0/0 0

TNM Grading
Primary tumor T1 1/2 50 15/56 26.8

T2 4/8 50 9/21 42.9
T3 4/18 22.2 4/10 40
T4 17/44 38.6 0/1 0

Metastasis N1/N2 10/25 40 0/0 0
M1 3/4 75 0/0 0
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Image J/FIJI by color deconvolution using RGB vector and binary
image conversion.

2.7. Isolation of purified nuclei

Nuclei and post-nuclear supernatant (PNS) were separated as re-
ported elsewhere [25]. All steps were performed at 4°C. Cells were
swelled in hypotonic buffer A (10mM HEPES-KOH, pH 7.9, 1.5mM
MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, 0.05% Nonidet P-40) con-
taining protease inhibitors (Roche), Tenbroeck homogenized, and nu-
clei were pelleted (220 g, 5 min). Nuclei were washed with buffer
A+0.3% Nonidet P-40 to remove cytoplasmic contaminants and pel-
leted (600 g, 5 min). Nuclei were resuspended in 0.25 M sucrose/
10 mM MgCl2, layered over 0.35M sucrose/0.5mM MgCl2 and cen-
trifuged at 1430 g for 5 min. Purified nuclei were stored in buffer B
(20mM HEPES-KOH, pH 7.9, 25% glycerol, 420mM NaCl, 1.5mM
MgCl2, 0.2mM EDTA, 0.5 mM DTT, 0.05% Nonidet P-40) containing
protease inhibitors. Samples were sonicated using a Branson sonifier
(3× 5 s at 20% output) prior to protein determination by Bradford
[48].

2.8. Immunoblotting

SDS-PAGE and immunodetection are described elsewhere [27].
Antibodies: anti-ABCB1 (clone G-1, Santa Cruz or clone C219, Enzo Life

Sciences), 1:500; anti-PITX2ABC (Capra Science), 1:2000; anti-lamin A/
C (clone 4C11) and anti-GAPDH (clone 14C10) (both Cell Signaling
Technology), 1:20,000; anti-histone H1 (clone AE-4, Abcam), 1:500;
anti-OCT3, 1:300 (Santa Cruz). Densitometry analyses were performed
using FIJI/ImageJ.

2.9. Chromatin immunoprecipitation (ChIP)

Cells at 80–90% confluence in 100mm dishes were crosslinked with
1% paraformaldehyde/PBS and quenched with 0.125M glycine. After
washing with PBS, harvesting and lysis in 0.25% Triton X-100 buffer,
cells were sonicated in SDS lysis buffer (Bioruptor, Diagnode).
Precleared lysates were incubated with 4 μg anti-PITX2ABC antibody
(Capra Science) or rabbit IgG (Santa Cruz) overnight at 4°C. Antibody-
protein complexes were precipitated using protein A magnetic beads
(Pierce), eluted and reverse crosslinked at 65°C for 30min. Protein and
RNA were digested with proteinase K (100 μg) and RNase I (50 μg),
respectively, at 55°C overnight. DNA was precipitated by phenol-
chloroform extraction and resuspended in equal volumes of water.

2.10. Reverse transcriptase semi-quantitative and quantitative real-time
PCR

Procedures for semi-quantitative PCR [27] and quantitative PCR
(qPCR) [34] have been described elsewhere. Primers for PITX2 isoforms

Fig. 2. PITX2-driven ABCB1 expression facilitates drug resistance. (A) Immunohistochemistry of human colon adenocarcinomas and renal carcinomas from
TMAs wherein ABCB1 was labeled with 3,3′ diaminobenzidine (DAB, brown) and PITX2 with alkaline phosphatase (AP, red). Nuclei were counterstained with
hematoxylin. Images are representative of two independent experiments. Arrows indicate nuclear PITX2 presence, arrowheads indicate ABCB1 expression. Scale
bar= 10 μm. (B) Cancer tissue cores (colon, n= 72; kidney, n=90) were profiled into PITX2 positive only (PITX2nuc+/ABCB1−), both PITX2 and ABCB1 positive
(PITX2nuc+/ABCB1+), ABCB1 positive only (PITX2nuc−/ABCB1+) or negative for PITX2 and ABCB1 (PITX2nuc−/ABCB1−). (C, D) Proportion of tumor cells ex-
hibiting both nuclear PITX2 and ABCB1 (PITX2nuc+/ABCB1+) or only positive ABCB1 (PITX2nuc−/ABCB1+) are reported as percentage of total cells. Quantification
stems from both immunofluorescence and immunohistochemistry stainings. Five random areas from each core were counted and assessed. An average of 1500 cells
was counted per core with a minimum of 500 cells. Statistical analyses using one-way ANOVA compare cancer adjacent normal tissue and cancer subtypes to normal
renal or colon tissue. (E) Surface immunostaining for ABCB1 in non-fixed cells. Scale bar= 20 μm. Fluorescence intensity was analyzed by threshold area analysis
and normalized to cell number (n= 3). (F) Drug-resistant Colo320DM cells were treated with 0.1 μM PSC833 in serum free medium for 15 min prior to addition of
1 μM doxorubicin (DOX) and incubated for 24 h. Cell viability was assessed by MTT assay (n= 5). One-way ANOVA determined significant differences between
groups. (G) PITX2 mRNA and ABCB1 protein in Colo320DM cells were analyzed by PCR and immunoblotting (IB) after 72 h transient PITX2ABC siRNA transfection.
Densitometry analysis of ABCB1 protein reveals significant downregulation by PITX2ABC siRNA (n= 4). (H) Clonogenic survival assay of Colo320DM transiently
transfected with control or PITX2ABC siRNA for 72 h and treated with 1 μM DOX for 24 h. Following detachment, 5000–10,000 cells were replated from single cell
suspensions and grown for 7–10 days (n = 5). P-values were derived from unpaired Student's t-test (E, G, H). *p < 0.05, **p < 0.01, ***p < 0.001. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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have been previously reported [24]. For ChIP samples, three step cy-
cling was used: activation at 95°C for 5min followed by 40 cycles of
95°C 30 s, 54.5°C or 57.5°C 30s, 72°C 30 s. Primers spanning putative
PITX2 binding sites in drug transporter promoter regions were designed
using Primer-BLAST (NCBI) and primer efficiency tests were performed
on serially diluted mixed genomic DNAs. Primer sequences are listed in
Supplementary Table 2.

2.11. Statistical analyses

Unless otherwise indicated, at least three biological replicates were
performed and means ± SE are shown. Statistical analyses were exe-
cuted using Excel Professional 2010 (Microsoft) or SigmaPlot v12.5
(Systat Software, Inc). Pairwise comparisons employed unpaired
Student's t-test. For comparisons of multiple groups, one-way or two-
way ANOVA with suitable post-hoc test was used. Statistical sig-
nificance is reported by p < 0.05.

3. Results

3.1. PITX2 is increased in multiple cancers and linked to MDR

From 23 cancers, PITX2 RNA was elevated in 7 cancers (blood,
colon, endometrium, kidney, lung, ovary, uterus) and attenuated in 6
cancers (bladder, breast, esophagus, prostate, skin, vulva) compared to
normal tissue (Fig. 1A). Interestingly, cancer types with highest PITX2
overexpression are intimately linked with intrinsic MDR or MDR de-
velopment during chemotherapy. We focused on colon cancer, wherein
PITX2 (4.4-fold) is maximally increased, and renal cell carcinoma (RCC)
wherein previous studies linked PITX2 and MDR [27].

Immunofluorescence staining of commercial cancer TMAs con-
firmed increased nuclear PITX2 (PITX2nuc) and percentage of
PITX2nuc+ cells in colon adenocarcinomas (Fig. 1C) compared to
normal cancer-adjacent tissue. Multiple renal cancer subtypes (clear
cell, granular cell, transitional cell, and papillary carcinomas) exhibited
up to 50% cells that were PITX2nuc+ (Fig. 1D). Elevated PITX2 was
independent of tumor stage, size and extent of primary tumor in mined
databases (Fig. 1B) as well as in TMAs (Table 1). Analogous to RCC cells
[27], drug-resistant colon adenocarcinoma Colo320DM exhibited aug-
mented PITX2nuc (Fig. 1E), which co-localized with Hoechst DNA stain
(Fig. 1F), and translated into enhanced basal PITX2 promoter activity
compared to drug-sensitive Colo205 (Fig. 1G).

PITX2 transcriptionally upregulates MDR P-glycoprotein ABCB1 in
drug-resistant RCC cells [27]. Co-staining of PITX2 and ABCB1 in
cancer TMAs substantiated our previous findings and indicated higher
expression in both kidney and colon (Fig. 2A). Cancer tissue core pro-
filing (72 colon, 90 renal) revealed ∼30% of cores exhibited aug-
mented PITX2nuc+ with further classification into: [colon, kidney]
PITX2nuc+/ABCB1+ cores [11.4%, 16.7%] and PITX2nuc+/ABCB1−

cores [25.7%, 14.4%] (Fig. 2B). Detailed quantification of cell popu-
lations within single TMA cores revealed significant increases in %
PITX2nuc+/ABCB1+ cells in RCC (2.1–25.2%), granular cell
(4.8–35.5%) and papillary carcinomas (8.9–31.3%) compared to
normal and cancer-adjacent tissue whereas no differences were ob-
served for PITX2nuc−/ABCB1+ cells (Fig. 2D). A large range in both
PITX2nuc+/ABCB1+ and PITX2nuc−/ABCB1+ cells (0–49.7%) in colon
adenocarcinomas was observed (Fig. 2C), however, cores with>10%
PITX2nuc+/ABCB1+ or PITX2nuc−/ABCB1+ cells reached statistical
significance (p < 0.025) over normal tissue.

To ascertain a causal link between PITX2 and ABCB1 in colon

Fig. 2. (continued)
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cancer, augmented surface ABCB1 (Fig. 2E) and partial reversal in re-
sistance to anthracycline drug and ABCB1 substrate DOX by ABCB1
inhibitor PSC833/valspodar was evidenced in Colo320DM cells
(Fig. 2F), which is in line with previous observations in MDR renal

cancer A498 cells [27]. PITX2ABC siRNA downregulated ABCB1 protein
by ∼65% (Fig. 2G) and the number of cell colonies after DOX treatment
by ∼50% in clonogenic survival assays (Fig. 2H). Furthermore, com-
bined PITX2ABC siRNA + PSC833 treatment resulted in 7-fold increase

Fig. 2. (continued)
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in DOX-induced A498 cell death (Supplementary Fig. 1A).

3.2. Differential regulation of drug transporters by PITX2

ABCB1 was the first molecular link to drug resistance. Since its
discovery, other MDR drug transporters, including MRP1/ABCC1,
BCRP2/ABCG2 and hOCT3/SLC22A3, have been evidenced. We thus
explored whether PITX2 facilitates MDR by solely regulating ABCB1
expression or by regulating multiple drug transporters. In Colo320DM,
ABCC1 inhibitor MK571 (Fig. 3A) and ABCG2 inhibitor fumitremorgin
C (Supplementary Fig. 1B) were ineffective whereas PSC833/valspodar
decreased DOX resistance by approximately one-fifth (Fig. 3A). In
contrast, A498 DOX resistance (95.8 ± 6.5% cell viability) was atte-
nuated by MK571 (to 61.7 ± 6.1%) or PSC833 (to 73.9 ± 9.1%)

(Fig. 3B), indicating both transporters contribute to DOX resistance.
PITX2ABC downregulation significantly reduced ABCB1 and ABCG2 in
Colo320DM (Fig. 3C) or ABCC1, ABCB1 and ABCG2 in A498 (Fig. 3D).
Intriguingly, hOCT3/SLC22A3 mRNA was increased upon PITX2ABC

knockdown that was observed for neither hOCT1/SLC22A1 nor hOCT2/
SLC22A2 (Supplementary Fig. 1C). To better understand the impact of
PITX2 on drug import, SW480 cells, which express PITX2nuc
(Supplementary Fig. 2A), exhibit enhanced PITX2 promoter activity
(Supplementary Fig. 2B), respond to PITX2ABC siRNA (Supplementary
Fig. 2C) and harbor augmented SLC22A3 mRNA transcripts (SW480 Ct
27.5 versus Colo320DM Ct 32.8), were used to model colon cancer.
PITX2 repression of SLC22A3 was verified in immunoblotting experi-
ments in PITX2ABC siRNA-transfected SW480 and A498 (Fig. 3E), re-
sulted in enhanced accumulation of ethidium bromide, an OCT

Fig. 3. Differential expression and PITX2-mediated regulation of drug transporters in kidney and colon cancer cell lines. MTT cell viability assay of drug-
resistant Colo320DM (A) or A498 (B) cells pretreated with ABCC1 inhibitor MK571 (1 μM for Colo320DM, 10 μM for A498) or ABCB1 inhibitor PSC833 (1 μM) for
30min and exposed to DOX for 24 h (n=3). (C, D) Drug transporter mRNA expression was determined by qPCR in drug-resistant cells transfected with PITX2ABC

siRNA. Statistical analyses comparing PITX2ABC siRNA to control siRNA were performed using Student's unpaired t-test (n= 6–9). Averaged Cq values are as follows:
for Colo320DM, ABCC1 22.1, ABCG2 26.5, ABCB1 19.2, SLC22A3 32.2; for A498, ABCC1 22.8, ABCG2 23.4, ABCB1 23.3, SLC22A3, 20.7. (E) SLC22A3 protein was
increased in PITX2ABC siRNA transfected drug-resistant cells after 48–72 h. Densitometry analysis was performed on n=3–10 and statistical significance was reached
using Student's unpaired t-test. (F) PITX2ABC siRNA-transfected A498 cells were exposed to 10 μg/ml ethidium bromide (EtBr). Intracellular EtBr was determined at
each time point (n=3). Student's unpaired t-test compares control to PITX2ABC siRNA. (G) Trypan blue cell viability assay using ABCB1/ABCC1/SLC22A3 substrate
vincristine. Cells were transfected with PITX2ABC siRNA for 48 h and subsequently exposed to vincristine (50 nM) in serum-free medium for 24 h (n= 4). Dual
regulation of drug exporting transporters and SLC22A3 by PITX2 was expanded to Caco2 colorectal adenocarcinoma, 786-O renal cell adenocarcinoma and Caki-1
clear cell carcinoma cell lines. PITX2ABC siRNA transfected cell lines (25 nM, 72 h) were subjected to qPCR analysis (H) or immunoblot analysis for ABCB1 and
SLC22A3 (I). Means ± SE are shown from n=2–6. (J) Cross-linked chromatin immunoprecipitation (ChIP) with anti-PITX2ABC antibody (4 μg). Semi-quantitative
PCR was performed on genomic DNA using primers against putative PITX2 binding sites with 4% input and amplification by 35 cycles. A representative agarose gel is
shown for SW480. (K) ChIP samples were subjected to qPCR analysis. Correlation plots reveal PITX2 binding to promoter regions of ABCB1, ABCC1, ABCG2 and
SLC22A3. Data represent two independent experiments. Statistical analyses were performed using one-way ANOVA (A, B) or unpaired Student's t-test (C–I) where
*p < 0.05, **p < 0.025, ***p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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substrate [28] (Fig. 3F), and augmented cell death by vincristine, which
is transported by ABCB1/ABCC1/SLC22A3 [40,41], by 3–5-fold
(Fig. 3G).

Our observations of dual regulation of SLC22A3 and ABC drug
transporters were extended to additional model cell lines for colon
cancer (Caco2) and renal cancer (786-O and Caki-1). Downregulation of
PITX2 by PITX2ABC siRNA in Caco2 cells resulted in significantly in-
creased SLC22A3 protein and a tendency towards decreased ABCB1
protein (Fig. 3I) although mRNA transcripts were unchanged (Fig. 3H),
suggesting additional posttranscriptional regulation by PITX2. Con-
versely, the renal cancer cell lines exhibited augmented SLC22A3
mRNA (786-O, Caki-1) (Fig. 3H) as well as protein (786-O) (Fig. 3I) in
PITX2ABC siRNA compared to control siRNA transfected cells. Though
ABCB1 mRNA and protein downregulation by PITX2ABC siRNA was
evident in Caki-1 cells, ABCB1 was slightly increased in 786-O cells
(Fig. 3H and I). Rather, ABCG2 mRNA was significantly decreased by
PITX2ABC siRNA in these cells (Fig. 3H). Interestingly, PITX2 strongly
suppressed ABCC1 and ABCG2 in Caki-1 and ABCC1 in Caco2 (Fig. 3H)
or Colo320DM (Fig. 3C), indicating PITX2's pivotal role in determining
ABC drug transporter expression patterns. These differences may lie in
the levels of PITX2 isoforms expressed, accessibility of PITX2 tran-
scription binding sites, and presence of transcriptional blockers that
together impact the drug transporter landscape.

We previously identified 2 PITX2 binding sites in the ABCB1 pro-
moter [27]. Manual sequence analysis of ABCC1, ABCG2 and SLC22A3
promoter regions (−20 kb) revealed presence of 40, 21 and 9 potential
PITX2 binding sites, respectively, for all known consensus sequences
(TAATCC, GGATTA, GGCTTAG). Using ChIP, enrichment over control
rabbit IgG was observed for all drug transporters when PITX2 was

immunoprecipitated (Fig. 3J). Correlation plots of qPCR analysis in-
dicate PITX2 promoter binding at two putative TAATCC sites for all
tested drug transporters in SW480 cells (Fig. 3K). In A498, PITX2 ex-
hibited greater site selectivity, favoring upstream promoter regions of
ABCB1 and SLC22A3, and downstream promoter regions of ABCG2 and
ABCC1 (Fig. 3K).

3.3. All PITX2 isoforms upregulate ABCB1 but cancer cell lines express
distinct isoforms

The complex regulatory pattern of drug transporters by PITX2 in
A498 cells may be attributed to conglomerate PITX2 isoform expression
patterns. PITX2 isoforms and their splice variants [26] are differentially
expressed and transcriptionally regulate genes in an isoform-specific
manner [5]. PITX2A and PITX2B mRNA were highly abundant in Co-
lo320DM relative to Colo205 (Fig. 4A) that was confirmed in purified
nuclei (Fig. 4B). Conversely, A498 exhibited increased PITX2C mRNA
only compared to drug-sensitive ACHN renal cancer cells (Fig. 4A), but
harbored multiple nuclear PITX2 variants, of which PITX2Cβ was
strongly enriched, in purified nuclei (Fig. 4C). Interestingly, PITX2Cα
appeared to migrate slower than expected (Fig. 4C, arrowhead) and
could represent a highly phosphorylated form. Indeed, tyrosine kinase
inhibitor genistein and GSK3 inhibitor SB216763 attenuated PITX2
promoter activity in A498 whereas protein kinase C (PKC) and cyclin-
dependent kinase inhibitor UCN-01 had the opposite effect (Fig. 4D).
Furthermore, SB216763 partially reversed resistance to DOX (Fig. 4E).
Taken together, PITX2 isoform expression appears to be cancer cell-
type specific and dependent on its phosphorylation status.

PITX2 isoform expression in non-cancerous HPCT cells with low
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ABCB1 resulted in 2.7, 6.7 and 5.9-fold increased ABCB1 by Pitx2a,
Pitx2b and Pitx2c, respectively, indicating all PITX2 isoforms are able to
regulate ABCB1 transcription (Fig. 4F). Comparable results were ob-
tained in ACHN (data not shown). Though PITX2 heterodimers can
synergistically affect gene expression [5], combined Pitx2 isoform
overexpression did not enhance ABCB1 upregulation compared to
single isoform expression in HPCT (Fig. 4G).

In MDR cancer cells, all transcriptional regulatory Pitx2 isoforms

could prevent vincristine cytotoxicity compared to control (EV)
(Fig. 4H) whereas only Pitx2a and/or Pitx2c stimulated proliferation
after replating (Fig. 4I). Moreover, Pitx2c significantly reduced vin-
cristine-induced cytotoxicity (Fig. 4H) and was the most effective iso-
form in inversely regulating SLC22A3 and ABCB1 expression in
A498 cells (Fig. 4J). To examine the contribution of combined PITX2
isoforms, mild Pitx2 isoform overexpression in A498 cells to prevent
overt cytotoxicity was employed. Pitx2c had the largest impact in

(caption on next page)
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repressing SLC22A3 as well as in inducing ABC drug transporter ex-
pression, either alone (for ABCB1) or in combination with Pitx2a (for
ABCC1 and ABCG2) (Fig. 4K) and could be recapitulated in im-
munoblots for ABCB1 and hOCT3/SLC22A3 (Fig. 4L). Furthermore,
Pitx2a and Pitx2b maximally repressed SLC22A3 and could explain
negligible SLC22A3 in Colo320DM cells, which harbor augmented le-
vels of these PITX2 isoforms (Fig. 4A).

4. Discussion

Here, we demonstrate aberrant PITX2 expression in human cancers
and PITX2-dependent transcriptional regulation of drug importers and
exporters to confer MDR and enhance cell survival. Drug resistance was
maximally reversed by ∼50% by PITX2 downregulation suggesting
regulation by additional transcription factors and/or transcription-

Fig. 4. Distinct PITX2 isoform expression is cancer cell type-specific and determines drug transporter landscape. (A) Quantitative real-time PCR analysis of
mRNA expression levels of PITX2 isoforms in human colon (n = 4) and kidney (n = 5) cancer cell lines using β-actin as reference. Pairwise comparisons were
performed using unpaired Student's t-test . Subcellular fractionation of human colon (B) and kidney (C) cancer cell lines. Purity of fractions was assessed by markers
for nucleus (lamin A/C or histone H1) and cytosol (GAPDH). Homogenates of CHO cells overexpressing mPitx2 isoforms serve as positive controls and were identified
on shorter exposed films. Blot is representative of three biological replicates. H, homogenate; PNS, postnuclear supernatant; N, nuclei. (D) PITX2 luciferase assay in
A498 exposed to kinase inhibitors. After transfection with PITX2-Luc and Renilla-Luc, A498 cells were treated with tyrosine kinase inhibitor genistein (50 μM), GSK-3
inhibitor SB216763 (1 μM) or protein kinase C and cyclin-dependent kinase inhibitor UCN-01 (0.3 μM) for 12 h, luciferase activity was determined and corrected for
Renilla-Luc signals and protein (n= 3). Inhibitor signals were analyzed by one-way ANOVA. (E) MTT assay of A498 cells exposed to 1 μM SB216763 for 48 h and
1 μM DOX in serum-free medium (SFM) for 24 h (n= 4). (F) Densitometry analysis of ABCB1 expression determined by immunoblotting in human renal proximal
tubule cells (HPCT) transiently transfected with empty vector (EV) pcDNA3.1 or constructs encoding mouse Pitx2a, Pitx2b or Pitx2c (n= 6). One-way ANOVA
compared Pitx2 isoforms to EV control. (G) Pitx2 isoforms were singularly or simultaneously expressed using equal amount of plasmid in HPCT cells and analyzed for
ABCB1 after 72 h by immunoblotting and densitometry. One-way ANOVA compared PITX2 isoforms to EV (n=4–7). (H) Colon and kidney cancer cell lines were
transfected with low amounts (0.3 μg) of EV or Pitx2 isoforms for 30 h and treated with 50 nM vincristine in SFM for 24 h. Supernatants and cells were combined and
subjected to trypan blue analysis. Percentage trypan blue positive cells is plotted (n= 4–5). Student's unpaired t-test compares vincristine to SFM control. (I)
Proliferation assay of vincristine-exposed cancer cell lines expressing Pitx2 isoforms. Pitx2 transient transfection and vincristine treatment was performed as de-
scribed in (H). 5× 103 cells were plated in 6-well plates, grown for 7–18 days and fixed and stained. Stained areas were quantified using color deconvolution as
described in the Methods and were normalized to EV (n=4). Representative images are shown from A498 cells. (J) Single PITX2 isoform overexpression in
A498 cells. ABCB1 and SLC22A3 were identified by immunoblotting. Image is a representative of n= 3. Relative OD values for target protein/GAPDH are given. (K)
Effect of combined Pitx2 isoforms on drug transporter expression in A498 cells by qPCR 30 h posttransfection (n = 4–5) or (L) immunoblotting 72 h posttransfection
(representative blots of n = 4). To avoid cytotoxicity, A498 cells were transiently transfected with 0.1 μg DNA of each isoform plasmid and totaled to 0.3 μg DNA
using empty vector (EV). Relative OD values for target protein/GAPDH are given. *p < 0.05, **p < 0.025, ***p < 0.01. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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independent mechanisms, such as lipid environment. In contrast,
≤10% of cancer TMA cores analyzed exhibited augmented ABCB1
without PITX2 upregulation (Fig. 2B) implying PITX2 is a major ABCB1
regulator in human colon and kidney cancers.

What cellular factors are determinant in aberrant oncogenic PITX2?
Maximal PITX2 RNA changes in patient colon adenocarcinomas (Fig. 1)
could possibly be attributed to adenomatous polyposis coli (APC), a
negative regulator of β-catenin and frequently mutated in colon cancer,
thus driving β-catenin overload and PITX2 upregulation [23]. In addi-
tion, increased PITX2 through microRNAs [6] or tumor-specific DNA
hypermethylation [8] of the PITX2 promoter region were associated
with poor outcome and disease progression. Additional potential per-
turbed mechanisms involved in aberrant oncogenic PITX2 include
mRNA export, protein translation and folding, posttranslational mod-
ifications, and proteolysis.

PITX2 upregulation appears to be an early event in tumorigenesis
occurring at early tumor stages (Fig. 1B, Table 1) thus PITX2 could
increase susceptibility or permissibility to manifestation of mutations or
adaptive mechanisms by upregulating genes favoring tumor progres-
sion, for example, cell cycle control genes [2,11,32], oncogenes [2,11],
epithelial-to-mesenchymal (EMT) markers [3], and MDR mediating
factors [27]. Alternatively, PITX2 could transcriptionally repress tumor
counteracting/suppressor genes or epigenetically alter gene expression
[19,33]. The phosphorylation status of PITX2 is critical for its function
[9] (Fig. 4D). Although PITX2 is a target gene of Wnt/β-catenin [23],
which is regulated by GSK3β phosphorylation of β-catenin resulting in
its destruction, our observations indicate Wnt/β-catenin-independent
regulation of PITX2 by GSK3: 1) PITX2 promoter activity does not in-
crease upon GSK3 inhibition (which would stabilize β-catenin); 2)
transcriptional regulation of ABCB1 by PITX2 functions in β-catenin-
deficient cells [27]; 3) putative GSK3 phosphorylation sites are present
in PITX2 (isoform C > A=B). GSK3 phosphorylation of PITX2 may
affect its DNA binding capacity, analogous to PKC phosphorylation [9],
rather than cytoplasmic-to-nucleus shuttling since GSK3 inhibition did
not affect nuclear PITX2 localization (data not shown).

Despite the strong link between PITX2 and cancer, endogenous
isoform-specific expression has not yet been described. Here, we report
for the first time that nuclear PITX2 isoforms are dependent on neo-
plastic tissue origin forming distinct expression patterns (Fig. 4). Sy-
nergistic potential of multiple PITX2 isoforms predicts amplified PITX2
activity in A498, which express several PITX2 variants. In fact, PITX2
reporter gene activity reveals ∼5-fold difference: 1.06 ± 0.81 arbi-
trary units, n= 4 in A498 [27] versus 0.21 ± 0.25 arbitrary units,
n= 9 in Colo320DM (this report); p < 0.01. Specific gene subsets are
regulated by each PITX2 isoform during embryonic development and
seem applicable to oncogenic PITX2. Ectopic PITX2A, PITX2B or
PITX2C overexpression in ovarian cancer cell lines activated TGFβ
signaling and promoted invasion as well as EMT, but with PITX2 iso-
form gene activation selectivity [3]. Selective repression of hOCT3/
SLC22A3 (Supplementary Fig. 1C) as well as heterogeneous positive
and negative regulation of ABC transporters (Fig. 3) affirms specificity
of PITX2 on select MDR genes. The data in Fig. 4 suggest PITX2C, and to
a lesser extent PITX2A, is paramount to MDR of kidney cancer cells
whereas PITX2A is relevant for colon cancer cells. The role of PITX2B,
which despite nuclear presence was ineffective in promoting pro-
liferation after vincristine, is unclear. PITX2D mRNA was slightly in-
creased in MDR cells (Fig. 4A) and could be central to determining
which isoforms are transcriptionally active through negative regulation
[5].

The challenge of eradicating MDR cancers lies not only in un-
responsive tumor cells but also encompasses tenacity of cancer stem
cells (CSC) [7] and persister cancer cells [36] that are drug-tolerant and
contribute to tumor repopulation and persistence, respectively. CSCs
express multiple ABC drug transporters whereas persister cancer cells
harbor reversible MDR without altered drug transporter expression,
which is linked to ferroptosis evasion [16]. Intriguingly, persister

cancer cells express augmented stemness marker CD44 [16]. Since
PITX2 belongs to the evolutionarily conserved HOX gene family, which
has been linked to CD44 expression, EMT, and inverse regulation of
drug importers and exporters from this study, it remains to be seen
whether PITX2 has a role in conferring tumor persistence to bestow
enhanced tumor cell survival and metastatic potential.
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