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Abstract

The evolution of chemoresistance is a fundamental characteristic of cancer that ultimately defeats its
clinical management. However, it may be possible improve patient outcomes significantly by defeating
nodal resistance mechanisms which cancers rely upon during the evolution to an untreatable state.
Here we report an essential role for upregulation of the stem cell reprogramming factor PBX1 in
mediating chemoresistance in recurrent ovarian carcinomas. In clinical specimens, high levels of
PBX1 expression correlated with shorter survival in post-chemotherapy ovarian cancer patients. In
tumor cells with low endogenous expression of PBX1, its enforced expression promoted cancer stem
cell-like phenotypes, including most notably an increase in resistance to platinum-based therapy used
most commonly for management of this disease. Conversely, silencing PBX1 in platinum-resistant
cells that overexpressed PBX1 sensitized them to platinum treatment and reduced their stem-like
properties. An analysis of published genome-wide chromatin immunoprecipitation data indicated that
PBX1 binds directly to promoters of genes involved in stem cell maintenance and the response to
tissue injury. We confirmed direct regulation of one of these genes, STAT3, demonstrating that the
PBX1 binding motif at its promoter acted to positively regulate STAT3 transcription. Pursing this
connection, we determined that a STAT3/JAK2 inhibitor could potently sensitize platinum-resistant
cells to carboplatin and suppress their growth in vivo. Our findings offer a mechanistic rationale to
target the PBX1/STAT3 axis to defeat a key mechanism of chemoresistance in ovarian cancers and

possibly other human cancers.



Introduction

Cytoreductive surgery followed by cycles of platinum/taxane chemotherapy has become the
standard treatment for advanced epithelial ovarian cancer. Although most ovarian tumors initially
respond to chemotherapy, refractory tumors often emerge as a result of clonal expansion of either
acquired or innately resistant clones, which ultimately develop into recurrent tumors. Consequently,
up to 80% of women with advanced stage ovarian high-grade serous carcinoma (HGSC) experience
recurrence after first-line chemotherapy, and the five-year survival rate is only approximately 40% in
these patients (1).

Several theories have been proposed to explain the development of chemoresistance in
human cancer. A prevailing view is that heterogeneous cell subpopulations, which exhibit different
degrees of tumor-initiating potentials and drug sensitivities, exist within a tumor. Alternatively, cancer
cells may acquire these phenotypes during tumor evolution in the presence of selective pressures
such as cytotoxic agents and hypoxia. The dynamic interplay between tumor cells and their
microenvironment may activate developmental pathways, such as Wnt and Notch, that allow them to
survive and expand. Reactivation of developmental pathways equips tumor cells with “stemness,”
which is characterized by self-renewal, repopulation, and resistance to cytotoxic insult (2). Therefore,
it is critical to identify genes and pathways involved in this process to further understand the molecular
underpinnings of stem cell-like cancer cells (CSCs) and their relation to the bulk population of tumor
cells (3). This new knowledge would guide the design of more effective cancer therapeutic strategies.

In this study, we collected primary and matched recurrent/chemoresistant tumor tissues from
41 patients with ovarian HGSC and analyzed the expression levels of stem cell factors. We found that
the homeodomain transcription factor PBX1 is significantly upregulated in recurrent ovarian tumors.
Functional studies demonstrated that PBX1 expression is essential for promoting platinum resistance.
In addition, we delineated PBX1-regulated transcriptional networks that may account for its

involvement in the development of drug resistance and stemness.



Methods

Tumor Specimens and Cell Lines

Tissue microarrays containing 41 pairs of matched primary and recurrent tumor tissues were
constructed using de-identified samples from HGSC patients who underwent optimal surgical
debulking at the Johns Hopkins Hospital. Another cohort consisted of ascites tumor samples from
patients who had undergone optimal debulking surgery at the Norwegian Radium Hospital.
Institutional review board approval was obtained for each study cohort.

Human ovarian cancer cell lines, including OVCAR3, SKOV3, and Hey, were purchased from
the American Type Culture Collection (ATCC, Rockville, MD) during year 2006-8. IOSE-80PC, a cell
line derived from normal ovarian surface epithelium, was a kind gift from Dr. Nelly Auersperg
(University of British Columbia, Canada). MPSC1, a low-grade ovarian serous carcinoma cell line,
was previously described (4). To establish chemoresistant ovarian cancer cells, SKOV3, OVCARS,
and MPSC1 cells were cultured for 3-6 months in the continuous presence of 10 uM carboplatin
(Sigma-Aldrich, St. Louis, MO). Primary and carboplatin-resistant cell lines as well as IOSE-80PC
were authenticated by genetic profiling using 8 polymorphic short tandem repeat (STR) loci plus
amelogenin in year 2015-16.

Mouse fallopian tube epithelium was cultured by scraping the tubal mucosal surface from
Pbx1" mice (5, 6). To establish immortalized cell lines, primary cultures were infected with the Simian
virus 40 large T antigen (SV40 LTag), and single clones were isolated. The epithelial origin of
immortalized cell lines was confirmed by positivity for EpCAM or cytokeratin 8 protein markers. The
Mdllerian origin was supported by the expression of PAX8 protein. Cells were incubated with Ade-Cre
(1x107 pfu) or with Ade-GFP for 12 hr. The deletion of the Pbx1 allele and the loss of Pbx1 protein
were assessed by Western blot analysis as detailed in the Supplemental Method.

Analyses of Cancer Stem Cell Phenotypes
To identify side population, we incubated cells with Hoechst 33342 (5 ug/mL), either alone or in the

presence of 50 pg/mL verapamil. Cell suspension was then analyzed on an LSRII flow cytometer
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(Becton Dickinson). Hoechst 33342 dye was excited with a UV laser at 350 nm, and its fluorescence
emission was measured with 405 nm/BP309 (Hoechst blue) and 570/BP20 (Hoechst red) optical
filters.

Cells positive for aldehyde dehydrogenase (ALDH) activity were identified by staining with the
ALDEFLUOR reagent (Stemcell Technologies, Vancouver, Canada). An aliquot of cells was treated
with 5 uL of 1.5 mM diethylaminobenzaldehyde (DEAB), a specific ALDH inhibitor, and was served as
negative control. Cells were analyzed on an LSRII flow cytometer using the FL1 channel. Data were
analyzed using CELLQuest Pro (BD).

A hanging-drop culture method was performed to facilitate the generation of multicellular
spheroids (7). Briefly, 1,000 suspension cells were dispensed into each well of a Gravity TRAP plate
(Insphero, Schlieren, Switzerland) in 10 % FBS culture medium and incubated for 24 hours. Cell
clusters were then seeded in ultralow attachment plates (Corning, Steuben, NY)and the sphere size
was measured by width and length every 3 days for 12 days.

Drug Sensitivity Assay

All chemicals including carboplatin, paclitaxel, and methotrexate were purchased from Sigma (Saint
Louis, MO). Cells were seeded in 96-well plates at a density of 3,000 cells/well in triplicate and treated
with serial dilutions of chemotherapeutic drugs. Cell viability was measured after 72 hours with
CellTiter-Blue reagent (Promega, Madison, WI) using a microplate reader (Fluostar, BMG, Durham,
NC). The data are presented as mean x SD, calculated from ftriplicate values, and IC5, was defined as
the concentration that resulted in a 50 % decrease in the number of live cells. For the colony
formation assay, 1,000 cells were seeded into a 35 mm culture dish. After 9 days, the cells were
stained with crystal violet dye (Sigma-Aldrich).

Luciferase Reporter Assay

Human STAT3 promoter regions of various lengths were amplified and cloned into the pGL3-basic
plasmid. Microdeletion of the PBX1 consensus binding motif on the STAT3 promoter was generated

using a site-direct mutagenesis kit (Agilent, Santa Clara, CA). 293FT cells were then transfected with



either PBX1 or pcDNAG6 and co-transfected with various STAT3 promoter constructs. pRL-Renilla
reporter plasmid (Promega) was co-transfected for assessing transfection efficiency. Luciferase
activity was determined by the Dual-Luciferase reporter assay system (Promega); firefly luciferase
activity was normalized to Renilla luciferase activity.

In Vitro Dual-Color Competition Assay

PBX1-negative cells were transiently transfected with either pcDNAG-PBX1-V5 or pcDNAG.
CellTracker™ Red CMTPX Dye (Molecular Probes, Carlsbad, CA, USA) was used to label pcDNAG-
transfected cells following the manufacturer’s instructions. PBX1-positive and PBX1-negative cells
were mixed at a 1:1 ratio and co-cultured in a medium containing 0, 25, or 50 uM of carboplatin for 6
days. Cells were then briefly fixed using 4% paraformaldehyde in PBS, incubated with anti-V5-FITC
antibody to stain for PBX1-V5-positive cells, and visualized by fluorescence microscopy (Nikon, TE-
200, Tokyo, Japan). Cells were plated in triplicate wells. PBX1-positive and PBX1-negative cells were
visually counted in 5 high power fields containing at least 100 cells per field. The ratio of green FITC-
stained (PBX1-positive) cells to Red CMTPX-stained (PBX1-negative) cells was determined.
Chromatin Immunoprecipitation and Electrophoretic Mobility Shift Assay (EMSA)

Chromatin immunoprecipitation (ChIP) was performed as previously described (8). EMSA was
performed using the methods previously described by us (9-11). Both methods were detailed in the
Supplemental Method.

Xenograft of Chemoresistant Ovarian Cancer

All animal procedures were approved by Johns Hopkins Animal Care and Use Committee (protocol
number: M012M405 and M015M127). SKOV3CR or OVCARSCR cells (3%x10° each) were injected
subcutaneously into 6-week-old athymic nude mice. When palpable tumors developed, mice were
randomized into four treatment groups (n=7 for each group): group 1 was treated with vehicle control;
group 2 was treated with Ruxolitinib alone (10 mg/kg body weight); group 3 was treated with

carboplatin alone (30 mg/kg); and group 4 was treated with a combination of Ruxolitinib and



carboplatin. The drugs were administrated by i.p. injection three times per week. Tumor volume was
measured every three days.

Bioinformatics Analysis

Level 3 TCGA transcriptome data on ovarian HGSC were retrieved from the Broad Institute’s Genome
Data Analysis Center (January 15, 2014). Data used included the transcriptome on the Affymetrix
U133a platform (12). Microarray data generated by our team have been deposited in NCBI's Gene
Expression Omnibus and are accessible through GEO Series accession number GSE84755
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE84755).

Statistical Analysis

Statistical analyses were performed using Prism 5 software (GraphPad). Two-tailed Student’s t-test
was used for comparing two groups, and two-way ANOVA was used for comparing more than two
groups. All results represent at least three independent replications. Wilcoxon Signed rank sum test
was performed to compare PBX1 expression between paired primary and recurrent tumors. Survival
analyses were computed by Kaplan-Meier method and Log-rank test using SPSS Statistics.
Spearman’s rank correlation test was performed to analyze the correlation between PBX1 and target
gene expression. Data are shown as mean value + SD; p < 0.05 was considered statistically
significant. Power calculation was performed for animal and human tissue studies with the G*Power
analysis program.

Other Methods can be found in the Supplementary Data section



Results

Comparison of PBX1-regulated and stem cell transcriptomes

We previously identified the PBX1-regulated transcriptome by comparing shRNA-mediated PBX1
silencing in OVCARS ovarian cancer cells with the control cells without gene silencing (8). Here, we
applied two methods, Ben-Porath and Gene Set Enrichment, to compare the PBX1-regulated
transcriptome with the embryonic stem (ES) cell gene expression signature as well as target genes
regulated by well-known ES transcription factors, NANOG, OCT4, SOX2, and MYC. We found that
most of the gene signatures regulated by these ES cell factors were significantly enriched in the
PBX1-regulated transcriptome (Supplementary Fig. S1). Among them, the NANOG gene signature
showed the highest similarity to the PBX1 transcriptome. These results indicate a molecular similarity
between PBX1-regulated genes in ovarian cancer cells and genes involved in embryonic stem cells,

as reflected by their co-regulated genes.

Upregulation of PBX1 in recurrent, chemoresistant ovarian carcinomas
Pairs of primary (un-treated) and recurrent chemoresistant tumor samples from 41 patients were
analyzed using immunohistochemistry in order to determine whether PBX1 expression levels
correlated with chemotherapeutic treatment in women with high-grade ovarian serous carcinomas
(HGSC). This sample size (n=41) gave us a power greater than 0.99 to accept or refute this testing
hypothesis (o = 0.05). The specificity of the anti-PBX1 antibody was validated in formalin-fixed
paraffin-embedded cell blocks containing PBX1"¢"- and PBX1'°*-expressing ovarian cancer cell lines
(Supplementary Fig. S2). Immunohistochemical analysis demonstrated that PBX1 levels were
significantly higher in recurrent ovarian carcinoma tissues than in matched primary carcinoma tissues
(Fig. 1A, Wilcoxon Signed rank sum test, p<0.0001). Representative immunoreactivities of paired
primary and recurrent carcinoma tissues are shown in Fig. 1B.

To determine whether PBX1 over-expression in recurrent tumors correlated with clinical

outcome, we measured the PBX1 mRNA levels in effusion samples from women with ovarian HGSC.
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Kaplan—Meier analysis indicated that high levels of PBX1 mRNA expression (greater than the median
relative expression value) in post-chemotherapy samples were associated with shorter overall survival
(Fig. 1C, p= 0.026, Log-rank test). Median overall survival was 26 months (95% CI: 21-32) in patients
with PBX1 mRNA overexpression and 39 months (95% CI: 29-49) in patients without overexpression.
However, PBX1 expression levels in samples acquired prior to chemotherapy were not associated

with clinical outcome.

PBX1 overexpression enhances stemness and platinum resistance in ovarian cancer cells
Because chemoresistance is a hallmark of CSCs, we tested whether PBX1 expression affected
responses of ovarian cancer cells to chemotherapeutic drugs routinely used in treating human
cancers. In vitro cell viability was assessed by incubating Hey, MSCP1, and IOSE-80pc cells, with or
without ectopic PBX1 expression, with graded concentrations of carboplatin, paclitaxel, methotrexate,
or DMSO. Ectopic PBX1 expression increased the number of cells resistant to carboplatin, but not to
paclitaxel or methotrexate (Fig. 2A). Next, mixtures of PBX1-V5-transfected cells and vector-
transfected control cells at equal ratios were incubated with dose-escalating carboplatin for 6 days
(Fig. 2B). Control cells were labeled with cell tracker CMTPX (red), and PBX1-expressing cells were
detected by anti-V5-FTIC (green). The data demonstrated that PBX1-positive cells more efficiently
escaped the cytotoxic effects of carboplatin, as evidenced by an increased green to red signal ratio at
day 6 in the carboplatin-treated groups (Fig. 2C & 2D). In contrast, the ratio of vehicle control-treated
cells remained constant between day 0 and day 6, indicating no inherent difference in the growth rate
between PBX1-expressing and non-expressing cells.

To develop cellular models for functional analysis, we established platinum-resistant
OVCAR3R and SKOV3°R ovarian cancer cell lines. Relative to the parental cells, the resistant cells
exhibited a significant increase in expression of PBX1 and its downstream target, MEOX1, and also

exhibited an enhanced ability to form tumor spheroids (Supplementary Fig. S3). Furthermore, the



percentage of cells in the side population and ALDH"®" population increased in the resistant cells.
Collectively, these data indicate that the platinum-resistant cells exhibit cancer stem cell phenotypes.

We also exposed IOSE-80pc and Hey cells to carboplatin (10 uM) or DMSO vehicle control.
One week later, ALDH"" and ALDH"" populations were sorted from cells exposed to each treatment
(Supplementary Fig. S4A). Cells exposed to carboplatin had a higher percentage of ALDH""
population than did DMSO-treated cells. In carboplatin-treated cells, PBX1 mRNA levels were
elevated in the ALDH"" population as compared to ALDH™" population (Supplementary Fig. S4B).
PBX1 up-regulation was also observed in DMSO-treated cells, though to a much lesser degree
(Supplementary Fig. S4B).

To determine whether the PBX1 signaling pathway is essential for platinum drug resistance
and whether targeting PBX1 could be a potential strategy to re-sensitize tumor cells that are otherwise
resistant to carboplatin, we treated OVCAR3“® and SKOV3®R and their parental counterparts with
PBX1-specific siRNAs. The efficacy of PBX1 knockdown was assessed by both Western blot (Fig. 3A,
left panels) and qRT-PCR (Fig. 3A, right panel). Cell viability assay demonstrated that OVCAR3®® and
SKOV3®R cells exhibited a greater response to PBX1-siRNA and platinum co-treatment than did
parental cells (Fig. 3B). The ICs, of carboplatin was reduced ~3.5 fold in OVCARS3®R cells and ~2.7
fold in SKOV3R cells treated with PBX1-siRNA. PBX1-siRNA did not increase carboplatin sensitivity
of parental SKOV3 cells, which did not express detectable PBX1 (Fig. 3B). A moderate reduction in
ICsq of platinum was observed in the PBX1-siRNA treated OVCAR3 cells, which expressed low levels
of PBX1.

To validate the specificity of this effect, we employed a Pbx1 conditional knockout (KO) cell
model using fallopian tube epithelial cells (MFTE) isolated from Pbx1"" mice. Treatment of mFTE cells
in culture with adenovirus-Cre (Ade-Cre) induced an effective knockout of Pbx1 gene (Fig. 3C), but
did not affect the cell growth rate (Fig. 3D). We observed that Pbx1 KO mFTE cells were more
sensitive to carboplatin than were the non-knocked out mFTE cells (Fig. 3E). These data lend further

support to the essential role of PBX1 in developing platinum resistance.
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PBX1 regulates genes involved in stemness, tissue injury response, and drug metabolism
Using the genome-wide NimbleGen ChIP-on-chip arrays, we previously reported direct target genes
of PBX1 in OVCARS cells (8). The high confidence promoter occupancy list (with FDR <0.05) included
a total of 1,079 genes whose promoters showed significant PBX1 binding peaks (Supplementary
Table S1). Among these, 5 genes belonged to the ATP binding cassette (ABC) transporter gene
family. Functional Ingenuity Pathway Analysis (IPA) demonstrated that the most significantly enriched
canonical pathways of PBX1 target genes were involved in Glutathione Redox Reactions, TR/RXR
Activation and JAK2 Signaling (Supplementary Table S2). Genes involved in ES cell pluripotency and
development, such as BMP and MEIS1, and acute-phase response factors STAT3 and JAK2 were
also present. Disease and functional annotation of PBX1 target genes indicated a high degree of
association with cancer and organismal injury and abnormalities (Fig. 4A). Overall, our findings
suggest that PBX1 is an upstream regulator of networks that govern organismal injury, drug
metabolism, and stemness in ovarian cancer cells.

To extrapolate these findings to human cancer, we analyzed expression levels of PBX1 target
genes in the TCGA ovarian HGSC dataset, consisting of primary (n=569) and recurrent (n=17)
tumors. PBX1 expression levels in recurrent tumors, but not in primary tumors, correlated with the
expression of genes participating in drug metabolism and stem cell pathways. These included MEIS1
(r=0.63, p<0.01), RXRB (r=0.69, p<0.005), and NOTCH3 (r= 0.48, p<0.05; Supplementary Fig. S5).
Additionally, a trend toward positive correlation between PBX1 and STAT3, JAK2, or ABCA1 and a
trend toward negative correlation between PBX1 and BMP14 or PDIA3 was observed in recurrent
tumors. Since there were only a few TCGA recurrent tumors, we validated expression correlation
between PBX1 and its target genes in an independent cohort consisting of 31 recurrent tumors (Fig.
4B). This sample size gave us greater than 0.90 power to determine whether the correlation was
significant (o = 0.05).

PBX1 occupancy at its target promoters was validated by ChIP-gPCR (Fig. 4C). Previously

reported PBX1 target genes, MEOX1 and BCL6, were also included as positive controls. Interestingly,

11



3R cells than in the

the degree of PBX1 binding to most target gene promoters was greater in OVCAR
parental cells (Fig. 4C). Following knockdown of PBX1, the expression levels of these target genes
decreased in OVCAR3R and SKOV3R cells (Fig. 4D), and to a lesser degree in parental cells. In a

complementary approach, ectopic PBX1 expression increased the expression of PBX1 downstream

genes in ovarian cells, IOSE-80pc, MPSC1, and Hey (Supplementary Fig. S6).

The STAT3 pathway is a direct target of PBX1

Among the candidate PBX1-regulated genes, we focused on validating and characterizing
STATS3 because the JAK2/STATS3 signaling pathway has been reported to confer platinum drug
resistance (13, 14), and its pharmacologic inhibitors have already been developed (15, 16). First, we
examined the expression of PBX1, phospho-STAT3 (pSTAT3), total STAT3 (tSTAT3), and total JAK2
(tJAK2) in parental, carboplatin-resistant, and paclitaxel-resistant tumor cells. Our results
demonstrated increased STAT3 signaling activity in platinum-resistant cells as compared to parental
or paclitaxel-resistant counterparts (Fig. 5A). We further used Pbx1"" mouse fallopian tube epithelial
(mFTE) cells to assess STAT3 expression after PBX1 was knocked out. STAT3 and pSTAT3
expression levels were both decreased in cells with induced Pbx1 knockout (cells transduced by Ade-
Cre) but not in cells without Pbx1 knockout (cells transduced by Ade-GFP) (Fig. 5B). Because
endogenous JAK2 expression was undetectable in mFTE cells, we did not perform further analysis on
JAK2.

Next, we performed a luciferase promoter assay to evaluate how PBX1 regulates
transcriptional activity of STAT3. A luciferase STAT3 promoter construct was generated to include
sequences from -1,863 bp to +322 bp relative to the transcription start site (STAT3-2K). A series of
STAT3 promoter nested deletion constructs flanking the PBX1 binding peak located at -1,744 bp
region were also generated (Fig. 5C). We transfected 293FT cells with either PBX1-cDNA or empty
victor along with various STAT3 promoter reporter constructs and demonstrated that ectopic

expression of PBX1 in 293FT cells directly enhanced STATS3 transcriptional activity, but this was
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diminished when the promoter sequence from -1.5 kb to -2 kb was deleted (STAT3-1.5 K, Fig. 5C).
Deletion in the -1.5 kb to -2 kb region also reduced basal activity of STAT3 transcription. Additionally,
a mutant construct, STAT3-2K-mut, with a 2-bp deletion in the PBX1-binding motif was created; this
2-bp deletion in the construct led to a significant reduction in both basal and PBX1-induced STAT3
transcriptional activity. The above results could be validated using our PBX1-inducible mFTE
knockout model (Fig. 5D). Electrophoretic mobility shift assay (EMSA) was then performed to assess
direct binding of the PBX1 protein to the STAT3 promoter sequences. A shifted band corresponding to
the PBX1 bound DNA complexes was detected (Fig. 5E, left). However, the binding was abrogated by
2-bp or 4-bp substitutions in the PBX1 binding motif (Fig. 5E, left). Similarly, the binding was
competitively abolished by excessive unlabeled wild-type probe, but not by the mutant probes (Fig.

5E, right).

Targeting the PBX1-STAT3 pathway reduces tumor growth in recurrent ovarian carcinomas
Ruxolitinib, an inhibitor targeting STAT3 phosphorylation and its subsequent signal activation, was
used to investigate the efficacy of directly targeting STAT3 activity in platinum-resistant ovarian
cancer cells with PBX1 overexpression. Approximately one week after inoculation with OVCARS®R or
SKOV3®R cells, mice were randomized into four groups and treated with vehicle control, Ruxolitinib
alone, carboplatin alone, or Ruxolitinib and carboplatin combination. There were five mice in each
group of OVCARSCR and seven in each group of SKOV3°R. This sample size gave 0.86 power to
determine whether there was a difference among four treatment groups (o = 0.05). Mice treated with
Ruxolitinib and carboplatin combination exhibited significantly reduced growth rates and reduced end
point tumor volume in both tumor models compared to mice treated with single agent or vehicle
control (Fig. 6). Activities of STAT3 were assessed on the resected tumors at the study endpoint using
an antibody against pSTAT3. We observed a marked reduction of the phosphorylation levels of
STAT3 in the Ruxolitinib-treated group and in the Ruxolitinib and carboplatin combination-treated

group but not in the vehicle control-treated group (Fig. 6).
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Discussion

Emerging evidence has suggested that chemoresistance in human cancers likely develops due to the
reactivation or reprogramming of transcriptional networks critical for stem cell repopulation and tissue
regeneration. We report here that PBX1 is a critical transcriptional regulator required for driving
stemness and chemoresistance in ovarian cancer cells. At the tissue level, PBX1 is upregulated in
recurrent as compared to the matched primary ovarian carcinomas, and its upregulation is associated
with a less favorable prognosis in patients after platinum-based chemotherapy. Moreover, in silico
analysis of genome-wide ChlP-on-chip data demonstrates that PBX1 acts as an upstream molecular
hub, directly regulating genes that participate in key pathways related to stemness and drug
metabolism. These findings establish a novel role of PBX1 in supporting the development of
chemoresistance, and provide a molecular basis for targeting PBX1 or its downstream effectors to
overcome chemoresistance in ovarian cancer.

PBX1 is a well-established transcription factor that regulates self-renewal of hematopoietic
stem cells and participates in reprogramming lineage-committed blood cells into hematopoietic stem
cells (5, 17). PBX1 also plays a key role in tissue development, as it contributes to hematopoiesis and
development of pancreas, spleen, urogenital tract, and skeleton (6, 18-20). In human cancer, PBX1
was first reported as a translocated proto-oncogene in leukemia of which the translocated gene
product was shown to have an oncogenic potential (21, 22). Besides hematopoietic malignancy,
PBX1 is also highly expressed in solid tumors including melanoma, prostate, ovarian, and breast
cancers (23-25). In ovarian cancer, PBX1 has been identified as an effector in the NOTCH3 signaling
pathway, which is known to maintain stemness and promote platinum drug resistance in ovarian
cancer cells (10, 26). The Notch pathway has also been demonstrated to regulate the PI3K/Akt
pathway in stem cells (27) and to regulate ATP-binding cassette protein ABCG2 (28), which can
confer multidrug resistance by regulating drug efflux (28, 29).

The observation that PBX1 mediates resistance to a subset of chemotherapeutic agents such

as platinum-based drugs is interesting and could be explained in at least two ways. First, there are
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more than 48 types of ATP-binding cassette proteins, each of which is characterized by unique
substrate specificity (30). For example, ABCC2 and ABCC3 were previously shown to mediate
platinum drug efflux, while ABCB4 and ABCB11 mediate efflux of other drugs such as paclitaxel (30).
Our study indicates that PBX1-regulated transporters ABCA1, ABCA3, and ABCA?7 are likely
responsible for platinum drug efflux, thus contributing to the observed platinum resistance phenotype.
Another possibility is that PBX1 mediates platinum drug resistance through its target gene, NCOAS, a
nuclear steroid receptor co-activator protein which is located at a frequently amplified locus in ovarian
tumors displaying innate platinum resistance (Supplementary Fig. 5) (31). Collectively, our data
indicate that cancer cells can potentially harness PBX1 pathway to support cell survival, particularly
under platinum chemotherapy-induced damage or stress.

Studies on hematopoiesis demonstrate that PBX1 expression maintains a viable pool of
quiescent stem cells (5). In a bladder urothelial carcinoma model, chemotherapy was shown to trigger
a tissue damage repair signal and stimulate cell division and repopulation of quiescent CSCs (32).
Therefore, we speculate that chemotherapy in ovarian cancer may induce a comparable cell damage
response and trigger PBX1 reactivation, which in turn orchestrates downstream networks essential for
CSC repopulation. This is supported by the finding that the top PBX1-regulated pathways, including
JAK2/STAT3 and IL-17 signaling (CXCL3/CXCL5), are related to cytokine-mediated responses known
to remodel the tissue microenvironment for injury repair, angiogenesis, and tumor cell migration and
invasion (33-35). Our discovery that PBX1 up-regulates ALDH activity is interesting because ALDH1A
can be directly regulated by EZH2, a member of polycomb gene family that is overexpressed in a
subset of ovarian cancers (36, 37). Since both PBX1 and EZH2 can support ovarian cancer CSCs, it
would be interesting to further study a potential crosstalk between these two signaling pathways.

The association between PBX1 expression and development of drug resistance reported
herein suggests that the PBX1 pathway is potentially actionable for target-based therapy. Since
downregulation of PBX1 restores the chemosensitivity of carboplatin-resistant ovarian cancer cells, an

approach employing a combination of PBX1 antagonists and chemotherapeutic agents may offer a
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better intervention to delay ovarian tumor recurrence. Another potential strategy is to targeting
downstream effectors of PBX1 such as JAK2/STAT3. JAK2 is a tyrosine kinase that directly
phosphorylates and activates STAT3, leading to transcriptional activation of various STAT3-regulated
genes that work in concert to promote tumor progression. The current study demonstrates that PBX1
acts directly on the STAT3 promoter to induce STAT3 transcription, which in turn promotes platinum
drug resistance. Our data further show that pharmacological inhibition of STAT3 signaling using
Ruxolitinib, a clinical grade JAK2/STAT3 pathway inhibitor, in combination with a platinum drug
effectively suppresses in vivo growth of carboplatin-resistant tumors. These findings provide a strong
biological rationale for testing combinations of platinum with JAK2/STAT3 inhibitors in patients who
suffer from chemoresistant ovarian tumors.

Our data should not, however, be construed to support that STAT3 is responsible for all PBX1-
mediated phenotypes. In fact, PBX1 orchestrates multiple functional networks, and additional PBX1-
regulated pathway(s) that participate in CSC repopulation and chemoresistance may yet be
discovered. More efforts are needed to illuminate the mechanisms through which PBX1 is reactivated
or its network reprogrammed in response to challenges in the tumor environment, such as being
exposed to chemotherapeutic drugs, experiencing inflammation, or encountering an alteration in host
immunity. Nevertheless, our data suggest intricate functional role(s) of PBX1 in tumor cell survival

during microenvironmental challenges, a research direction worth further investigation.
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Figure Legends

Fig. 1. High PBX1 expression in recurrent/chemoresistant ovarian carcinoma is associated
with poor outcome. (A) PBX1 immunoreactivity in a panel of matched primary and
recurrent/chemoresistant ovarian carcinoma tissues (n=41). PBX1 expression was evaluated
independently by two investigators and was stratified into 3 categories based on intensity of nuclear
immunoreactivity. Data represent mean + SD, p<0.0001, paired t-test. (B) Representative examples of
two pairs of matched primary and recurrent ovarian carcinomas. (C) Kaplan—Meier analysis of 42
patients grouped by PBX1 expression levels in their ascites tumors.

Fig. 2. PBX1 overexpression potentiates drug-resistant phenotype. (A) Over-expression of
PBX1 in Hey and MPSC1 cells enhances resistance to carboplatin but not to paclitaxel or
methotrexate. Data are presented as mean  SD; *p<0.5, **p<0.01, ***p<0.005, Student’s t-test. (B)
Schematic illustration of competition assays. An equal mixture of CMTPX-labeled (red color) control
cells and PBX1-V5 expressing cells were incubated in the presence or absence of carboplatin for 6
days. PBX1-V5 expressing cells were detected with an anti-V5 antibody conjugated with FITC (green
color). (C) Representative micrographs of co-cultured PBX1-V5 and control cells treated with different
concentrations of carboplatin. Experiments were performed in triplicates, and were repeated three
times. (D) Red or green labeled cells were counted in each of the triplicated wells, and the ratio of
green/red cells was calculated. Data represent mean + SD of three replicates; *p<0.5, **p<0.01,
***p<0.005, Student’s t-test.

Fig. 3. PBX1 silencing enhances platinum response in ovarian cancer cells. (A) Knockdown of
PBX1 by two different siRNAs in pairs of CR and parental cells determined by Western blot (Left) and
RT-PCR (Right). siSCR: scrambled control siRNA. (B) Carboplatin sensitivity assay. OVCAR3“® and
SKOV3®R cells and parental OVCAR3 and SKOV3 cells were transfected with PBX1 siRNAs or
scrambled control siRNA. Cell viability was measured using the CellTiter-Blue assay kit. (C) Western
blot analysis of Pbx1 KO cells. Immortalized fallopian tube epithelial cells (mFTE) derived from Pbx1"

mice were exposed to Ade-Cre or Ade-GFP and protein lysates were harvested after viral
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transduction. (D) Relative cell growth was measured for 5 days; data were normalized to data
obtained on day 1. (E) Carboplatin sensitivity of Pbx1 KO cells. mFTE cells were transduced with
Ade-Cre or Ade-GFP, and, 12 hr later, were treated with serial concentrations of carboplatin for 3
days. Cell viability is expressed as a percentage of vehicle (DMSO)-treated cells.

Fig. 4. PBX1 directly regulates transcription of ABC genes and stem cell factors. (A) Disease
and functional annotation of PBX1 target genes analyzed by IPA. The p-values were determined
using the Fisher’s Exact Test. (B) Co-expression of PBX1 and its target genes in ascites tumors from
recurrent ovarian cancer patients. Their expression levels were measured by gqRT-PCR. Each point
represents ranked order of expression value for the specified genes in each sample. r represents
Spearman rank correlation coefficient, and p represents two-sided Student’s t-test. (C) Occupancy of
target gene promoters by PBX1 was assessed by ChIP-qPCR analysis. Primers were flanking the
peak of the PBX1 bound region. PCR was performed in triplicated wells, normalized to input control,
and presented as mean * SD; *p<0.05, **p<0.01, ***p<0.001, Student’s t-test. (D) Color-coded
heatmap representation of mMRNA expression in PBX1 downstream target genes. Parental and CR
cells were exposed to PBX1 siRNAs or scramble control siRNAs (siSCR). Expression levels were
measured by quantitative RT-PCR and normalized to siSCR-treated cells. *p<0.05, **p<0.01,
***p<0.001, one-way ANOVA.

Fig. 5. PBX1 regulates the JAK2/STAT3 pathway. (A) Western blot analysis of PBX1, phospho-
STAT3 (pSTAT3), total STAT3 (tSTAT3), and total JAK2 (tJAK2) expression in taxol-resistant (TR),
parental (P), and carboplatin-resistant (CR) ovarian cancer cell lines. GAPDH was used as a loading
control. (B) Western blot analysis of immortalized fallopian tube epithelial cells (mFTE) derived from
Pbx1"™ mice. Cells were exposed to Ade-Cre or Ade-GFP. (C) Schematic presentation of STAT3
promoter reporter construct, and serial deletion mutant constructs. Rectangles indicate putative PBX1
binding motifs on the STAT3 promoter. Open rectangle at -1,744 bp region represents PBX1 ChIP
binding peaks identified previously (8). (D) HEK 293FT or mFTE cells were co-transfected with the

indicated firefly luciferase reporter construct, a vector encoding Renilla luciferase, and either PBX1-
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encoding vector or control vector. Relative luciferase activity was calculated by dividing firefly
luciferase activity by Renilla luciferase activity. Data represent mean + SD. (E) EMSA with biotin-
labeled DNA probes encompassing the PBX1 binding motif (bolded letters) and flanking sequences at
the -1,744 bp region of the STAT3 promoter. Mutant probes with 2 bp or 4 bp substitutions
(underlined) were designed to test binding specificity. Positions of PBX1-DNA complex and free DNA
probes are indicated on the gel images.

Fig. 6. Targeting Pbx1 downstream signaling pathway, JAK-STAT, effectively sensitizes tumor
to platinum treatment. (A) Tumor growth kinetics of SKOV3°R or OVCARS®R xenografts treated with
DMSO, 30 mg/kg carboplatin, 10 mg/kg Ruxolitinib, or 30 mg/kg carboplatin/10 mg/kg Ruxolitinib
combination. Treatment began 1 week after injection of 3 x10° tumors cells; n=7 per group for
SKOV3®R, n=5 per group for OVCARSR. ***p<0.001, one way ANOVA. (B) Endpoint tumor volume of
SKOV3°R or OVCARS®® xenografts treated with the indicated drug or drug combination. Student’s t-

3CR

test. (C) Representative micrographs of phospho-STAT3 immunoreactivity in SKOV3~" xenografts

treated with the indicated drug or drug combination.
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Figure 5
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Figure 6
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