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Structured Abstract

Purpose: CDK4/6 inhibitors are currently used in combination with endocrine therapy to treat
advanced hormone receptor-positive, HER2-negative breast cancer. While this treatment doubles
time to progression compared to endocrine therapy alone, about 25-35% of patients do not respond,
and almost all patients eventually acquire resistance. Discerning the mechanisms of resistance to
CDK4/6 inhibition is crucial in devising alternative treatment strategies.

Experimental Design: Palbociclib resistant cells (MCF-7 and T47D) were generated in a step-
wise dose-escalading fashion. Whole-exome sequencing, genome-wide expression analysis and
proteomic analysis were performed in both resistant and parental (sensitive) cells. Pathway
alteration was assessed mechanistically and pharmacologically. Biomarkers of altered pathways
were examined in tumor samples from palbociclib treated breast cancer patients whose disease
progressed while on treatment.

Results: Palbociclib resistant cells are cross resistant to other CDK4/6 inhibitors and are also
resistant to endocrine therapy. IL-6/STAT3 pathway is induced while DNA-repair pathways are
downregulated in the resistant cells. Combined inhibition of STAT3 and PARP significantly
increased cell death in the resistant cells. Matched tumor samples from breast cancer patients who
progressed on palbociclib were examined for deregulation of estrogen receptor, DNA repair, and
IL-6/STATS3 signaling and results revealed that these pathways are all altered as compared to the
pre-treatment tumor samples.

Conclusion: Palbociclib resistance induces endocrine resistance and alteration of IL-6/STAT3 and
DNA damage response pathways in cell lines and patient samples. Targeting IL-6/STAT3 activity
and DNA repair deficiency using a specific STAT3 inhibitor combined with a PARP inhibitor

could effectively treat acquired resistance to palbociclib.
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Translational Relevance: The majority of breast cancer deaths are due to progression
of metastatic ER-positive disease. Identification of targetable biomarkers to predict treatment
strategies to circumvent resistance to CDK4/6 class of inhibitors which are currently used in
combination with endocrine therapy in ER-positive metastatic breast cancer patients will be
instrumental in improving survival. We show that ER-positive breast cancer cells acquire
resistance to palbociclib (CDKA4/6 inhibitor) by downregulation of ER protein and DNA repair
machinery and upregulation of IL-6/STAT3 pathway, which is overcome by treatment with
STAT3 and PARP inhibitors. Matched biopsies from breast cancer patients who progressed on
palbociclib showed deregulation in DNA repair, ER and IL-6/STAT3 as compared to their pre-
treatment biopsy samples. By identifying and validating these mediators (or drivers) of palbociclib
resistance, we propose that patients who progress on palbociclib can be targeted using clinically
available inhibitors to STAT3 and DNA repair to circumvent resistance and improve clinical

outcomes.
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INTRODUCTION

Breast cancer is highly heterogeneous and can be classified based on histopathology, grade, stage,
hormone receptor status, and genomic landscape. Prognosis and treatment strategies are guided by
determination of hormone receptor status, such as estrogen receptor (ER), and human epidermal
growth factor receptor 2 (HER2) receptor status, which are key mediators of cell growth pathways
that can be targeted pharmacologically. ER-positive/HER2-negative breast cancer represents the
largest subtype of breast cancer. For decades, the treatment focus has been on endocrine therapy.
However, patients receiving endocrine therapy for early stage ER-positive breast cancer only have
a partial reduction in their risk of recurrence and mortality, and those with advanced disease either
progress shortly after initiating therapy (intrinsic resistance), or ultimately experience progression
after initial response or stability (acquired resistance) (1). Recent advancements in biologically
targeted therapies against mTOR, PI3K, and cyclin-dependent kinase 4/6 (CDK4/6), have proven
successful in delaying progression when added to endocrine therapy, yet no improvement in long-

term survival has been observed to date (2).

Three CDK4/6 inhibitors, palbociclib, ribociclib, and abemaciclib, are used in the first or second
line settings in combination with either aromatase inhibitors or the ER downregulator, fulvestrant
on the basis of increased progression-free survival (PFS) as compared to endocrine therapy alone
(2,3). Despite these promising clinical advances, it is expected that the majority of patients will
develop resistance following long-term (median of about 24 months in first-line and 12 months in
second-line) treatment. For patients experiencing resistance to CDK 4/6 inhibitors, novel

combination treatment strategies are needed to delay progression or to improve survival.
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Previous studies have shown resistance to palbociclib or abemaciclib arises from bypass or
deregulation of the G1/S checkpoint, and this occurs either through amplification of CDK®6 or
cyclin E (CCNEZ1) or loss of the retinoblastoma (Rb) (4,5). Recent analysis evaluating circulating
tumor DNA (ctDNA) from patients who received fulvestrant or fulvestrant + palbociclib
(PALOMA-3) revealed clonal evolution involving ESR1, PIK3CA, and Rbl loss (6). ESR1 and
PIK3CA aberrations occurred in both treatment cohorts but Rb1 only occurred in the palbociclib
treated cohort. Other studies aimed at evaluating additional mechanisms of resistance through
phosphoproteome analysis have revealed enhanced MAPK signaling in palbociclib-resistant
prostate cancer (7) and activation of the AKT pathway in ER-positive breast cancer (8). Based on
these specific protein alterations, therapeutic strategies to prevent or circumvent CDK4/6 inhibitor

resistance by either MEK inhibition (7) or PI3K inhibition (8) have been proposed.

In light of emerging research on mechanisms of acquired resistance to CDK4/6 inhibition,
translational studies are needed to identify clinically available drugs that effectively target resistant
tumors as well as biomarkers that can identify resistant tumors. While Rb loss and CCNE1
amplification (known mechanisms of G1/S deregulation) are the currently predicted mechanisms
of acquired resistance, it is possible that resistant cells have alterations not directly related to cell
cycle. Here, we have uncovered novel mechanisms (i.e. alteration in DNA repair and IL-6/STAT3
pathways) by which the ER-positive breast cancer cells acquire resistance to palbociclib and,
through detailed omics approaches and validation studies, identified treatment options that
effectively target such resistance. Using matched pre- and post-progression tumor samples from
breast cancer patients who progressed while on palbociclib, we found that the pathways that were

identified in resistant cell lines (ER, DNA repair and IL-6/STAT3) were also altered in patients
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with acquired or intrinsic resistance to palbociclib. Collectively these results suggest that targeting
IL-6/STAT3 and DNA repair deficiency in combination can effectively treat acquired resistance

to palbociclib.

MATERIALS AND METHODS

Cell lines and Culture conditions

MCF-7 and T47D cell lines used in this study were obtained from ATCC. Palbociclib-resistant
cell lines were generated by culturing cells in media supplemented with palbociclib at increasing
concentrations for 6 months starting at 1uM and reaching a final dose of 5uM. Resistant cells were
maintained in media supplemented with 5uM palbociclib. All experiments were conducted in the
absence of palbociclib-supplemented media unless otherwise noted. Palbociclib was obtained
from Pfizer, Inc (San Diego, CA) and was diluted in dimethyl sulfoxide (DMSO) for in vitro use.
For gamma irradiation studies, cells were subjected to 0-6 Gy using XRAD 320 X-Ray irradiator.
Cells were maintained in culture for 1 week prior to imaging and cell viability analysis. All cells
were free of Mycoplasma contamination and were authenticated regularly (every 6 months) by
karyotype and short term repeat analysis at MD Anderson Cancer Center Characterized Cell Line
Core facility. Detailed procedures for all in vitro assays (high-throughput dose response survival,
cell proliferation, flow cytometry, western blot, quantitative RT-PCR, immunofluroresence,
migration assays, mammosphere formation assays, mammary acini morphogenesis assays,
shRNA/siRNA knockdown, kinase assays and reverse phase protein array (RPPA) analysis were

previously described (9-12) and also included in the supplemental material methods.

IL-6 ELISA and Recombinant IL-6 treatment
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The Quantikine Human IL-6 ELISA kit (R&D Systems) was used to measure IL-6 in cell culture
supernatants following the manufacturer’s protocol. Human recombinant I1L-6 and soluble IL-6

receptor o from PeproTech were added to the media every 3 days and cultured for 6 days.

Whole Exome Sequencing (WES), RNA sequencing (RNA-seq) and Gene Set Enrichment
Analysis (GSEA)

DNA was extracted from cell lysates using QlAamp DNA Mini Kit (Qiagen) and total RNA was
isolated from cell cultures using an RNeasy Kit with DNase treatment according manufacturer's
protocol (Qiagen). Isolated DNA was submitted to Admera Health for WES using the Illumina
platform and RNA samples were submitted to the Sequencing and Microarray Facility at MD
Anderson Cancer Center. Detailed procedures are described in supplemental material and methods.
RNA-seq data has been deposited in the NCBI Gene Expression Omnibus with accession code
GSE128056. WES data has been deposited in the NCBI Sequence Read Archive (SRA) with NCBI

BioProject accession code PRINA526223.

Experimental Metastasis Assay
1x108 cells were injected into the tail vein of 4-6 week old female immunodeficient mice (Nude).
After 10 weeks, lungs were isolated, fixed, and stained with standard hematoxylin and eosin. All

animal studies were approved by the MD Anderson Institutional Animal Care and Use Committee.

Patient population
A prospectively maintained database at MD Anderson Cancer Center was used to identify patients

who received palbociclib in combination with endocrine therapy for metastatic ER-positive,
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HER2-negative breast cancer between February 2015 and July 2018. Data elements collected
included: patient demographics including date of birth, race, menopausal status, gender and date
of diagnosis of primary breast cancer, tumor characteristics including clinical stage at presentation,
ER, progesterone receptor and HER2 status using 2010 and 2013 ASCO/CAP guidelines, and

tumor grade. The MD Anderson Cancer Center Institutional Review Board approved the study.

Immunohistochemistry (IHC) of Patient Samples

IHC was performed on FFPE tissue sections for ER, PR and pY-STATS3 in our clinical IHC
laboratory (detailed procedures are in supplemental methods), which is certified under the
provisions of the U.S. Clinical Laboratory Improvement Act. IHC procedures for cyclin E and Rb
were previously reported (13) and also included in supplemental materials and methods. IHC
staining for yYH2AX is as described (14) and briefly as follows: FFPE slides were deparaffinized,
rehydrated, and boiled for 15 min in tris-based target retrieval solution (pH 9.0) and incubated for
10 min in 3% hydrogen peroxide. The sections were then blocked at room temperature for 30 min
by using normal goat serum, and incubated in a humidified chamber overnight at 4°C with the
primary antibody (rabbit-anti-phospho-histone H2AX (Serl139); Cell-signaling Technology,
Boston, MA) at a dilution of 1:100. The sections were then washed in PBS (3x5 min), incubated
at room temperature with the secondary antibody (goat anti-rabbit) for 30 min, and with ABC for
15 min, using Vectastain Elite ABC Kit, USA. Colors were developed with a DAB substrate
(Vector lab). The sections were then counterstained with Mayer’s hematoxylin, dehydrated, and
mounted. The evaluation of YH2AX on each slide was performed as the percentage of staining in

the nuclei of tumor cells.
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Statistical Analysis

Each cell culture experiment was performed at least three times. Continuous outcomes were
summarized with means and standard deviations. Comparisons among groups were analyzed by
two-sided t test and Wilcoxon rank-sum test. These analyses were performed using SPSS
software, version 12.0. The differences in expression of pre and post palbociclib treatment
different biomarkers between groups (for Figure 7) were compared using either Wilcoxon (paired
samples) one-sided test or McNemar’s test.

Integrative -omics Analysis: For RNA-seq data, read counts from the nine T47D samples
were normalized and log2 transformed using the variance stabilizing transformation method
implemented in the R DESeq2 package (15). A subset of the normalized data was obtained by
keeping only the significant differentially expressed genes (DEGs) from the comparison of T47D
parental versus T47D resistant (Clone2) and the samples that also have RPPA and mutation data
available. Based on this subset of data, a hierarchical clustering heatmap was generated. The
Pearson distance and the Ward’s minimum variance method were used for clustering. As for the
significant DEGs, their association with the top 12 upregulated and top 12 downregulated gene
sets from GSEA analysis was identified. Also incorporated was the RPPA data in terms of log2
normalized values for the samples that overlap with the RNA-seq data. A heatmap was produced
similarly for the RPPA data based on the expression of proteins of interest except that the samples
were not clustered but kept in the same order as the samples in the RNA-seq heatmap. In addition,
the somatic mutation data from WES was also integrated. Mutations from the genes that belong to
the top 12 upregulated and top 12 downregulated gene sets were selected. Among them, mutations

with high, moderate, or low impact were kept for visualization.
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RESULTS

Palbociclib-resistant cells are cross resistant to other CDK4/6 inhibitors and intrinsically
resistant to endocrine therapy

We developed in vitro models of acquired resistance by treating MCF-7 and T47D cells with
increasing concentrations of palbociclib (up to 5uM) in a step-wise manner over a 6-month period.
Dose response analysis revealed that the resistant cells are 9-fold more resistant to palbociclib and
equally cross-resistant to ribociclib and abemaciclib, as compared to parental cells (Fig 1A).
Clonogenic assay showed that palbociclib had no significant impact on the proliferation of MCF-
7 and T47D resistant cells, while inducing a dose-dependent reduction in colony formation in
parental cells (Fig 1B). The resistant cells proliferated more slowly than the control cells in the
absence of palbociclib (Fig 1C & Fig S1A) however, increasing concentrations of all 3 CDK4/6
inhibitors, resulted in significant growth inhibition in the parental, but not resistant cells (Fig S1A-
C). Moreover, compared to the parental cells which arrested in the G1 phase of the cells cycle in
response to the CDK4/6 inhibitors the resistant cells did not arrest in any phase of the cell cycle

following treatment with each of the three inhibitors (Fig 1D & Fig S1D-E).

The palbociclib resistant cells are also resistant to endocrine therapy. Immunoblot and qPCR
analysis revealed that ERa protein levels were undetectable, while mRNA was downregulated in
the palbociclib-resistant cells relative to parental cells (Fig 1E). The mRNAs encoding the
estrogen responsive genes pS2, progesterone receptor (PgR/PR), and GREB1, as well as
transcription modulators of ER; GATAS3, NRIP1, and androgen receptor (AR) were significantly
downregulated (Fig 1F) in the palbociclib-resistant cells. PR and AR protein levels were also

undetectable in the resistant cells (Fig 1F & Fig S1F). Furthermore, the palbociclib-resistant

10

Downloaded from clincancerres.aacrjournals.org on April 26, 2019. © 2019 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on March 13, 2019; DOI: 10.1158/1078-0432.CCR-18-3274
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

clones were resistant to endocrine therapy as treatment with tamoxifen or fulvestrant increased the
IC50 of tamoxifen by 16-fold and that of fulvestrant by 13- to 17-fold in MCF-7 and T47D resistant
cells (Fig 1G). Previous studies have reported upregulation of FOXAL as a potential driver of
endocrine resistance in ER-positive metastatic disease (16-18), which we also assessed; qPCR
analysis depicted upregulation of FOXA1 mRNA in the resistant cells as compared to parental
cells (Fig 1H, p<0.001 and p<0.01) without changes in its protein levels (Fig 1H & Fig 1SG).
Downregulation of FOXA1 by RNA interference revealed a further reduction in ER mRNA levels
in the resistant cells (Fig S1H-1), without any subsequent reduction in ER target genes (Fig S1J).
We also examined the role of the glucocorticoid receptor (GR) and aryl hydrocarbon receptor
(AhR) in the resistant cells as increased activity of GR and/or AhR is emerging as important
mediators for promoting cell survival in ER-negative or ER-suppressed breast cancers (19,20).
However, no changes were detected in GR and AhR mRNA levels between parental and resistant
cells (Fig S1K). Additionally, treatment of parental and resistant cells with mifepristone (RU486),
an inhibitor of GR and PR and to a lesser extent AR, revealed a 2-fold decreased sensitivity to
RUA486 in resistant (IC50 11.7 uM) compared to parental cells (IC50 5.8 uM) (Fig S1L).
Collectively, these studies suggest that palbociclib-resistant cells not only are cross resistant to

other CDK4/6 inhibitors but are also resistant to endocrine therapy.

Palbociclib-resistant cells have a distinct genomic, transcriptomic, and proteomic profile

To help decipher specific mechanisms of resistance to palbocicilb, we performed multi-omics
analysis on the resistant cells as compared to parental cells. Whole exome sequencing (WES)
revealed similar genomic copy number changes in the MCF-7 and T47D resistant cells, when

compared to the parental cells and as presented in copy number variation (CNV) plots showing
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either amplification or deletion across different chromosomes (Fig 2A & Table S1). Comparison
of the CNVs among MCF-7 and T47D resistant cells also exhibited amplifications in the
chromosome regions that harbor the ESR1 gene and CCNEL, and deletion in the region of RB1
(Fig 2B-C & Table S1). Despite the amplification of ESR1 gene, ESR1 gene mutations were not

included among the 2000 somatic mutations identified in the resistant cells (Fig 2D & Table S2).

RNA sequencing analysis identified 2836 differentially expressed genes in resistant cells (Fig 2E
& Table S3) compared to parental cells. Gene set enrichment analysis (GSEA) depicted estrogen
response and DNA repair pathways were significantly downregulated while EMT and stem-like
pathways (IL-6/STAT3, Notch, Wnt) were significantly upregulated (Fig 2E & Table S4). Several
gene mutations identified by WES overlapped with gene expression changes within the top 12 up-
and down-regulated pathways (Fig 2E) suggesting functional consequences of these mutations.
Finally, proteomic analysis performed by reverse phase protein analysis (RPPA) identified 77
proteins that were significantly different between resistant and parental cell lines (Table S5) with
cyclin E, mTOR, phospho-mTOR, Akt, Notchl, and CD44 among the upregulated proteins, while
E-cadherin, phospho-Rb (p-Rb), p27, p-Akt, and cyclin D3 among the downregulated proteins in
the resistant cells (Fig 2E). As such, there is concordance among the genomic, transcriptomic and
proteomic analysis for the pathways altered in the resistant cells. Immunoblot blot analysis
validated the downregulation of Rb and p-Rb as well as induction of low-molecular-weight
isoforms of cyclin E (LMW-E) in the resistant cells (Fig 2F). However, expression of CDK4/6
and phospho-CDK?2 remained unchanged (Fig 2E-F). To determine CDK2 and cyclin E associated
kinase activity, two independent in vitro kinase assays revealed that while CDK2 kinase activity

is similar between parental and resistant cells (Fig S2A), that cyclin E associated activity is
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increased in the MCF-7 resistant cells, which have endogenously higher levels of cyclin E protein
(Fig S2B). Treatment of parental and resistant cells by pan-CDK inhibitors: dinaciclib,
roscovitine, and SNS-032 revealed increased sensitivity of the resistant cells to dinaciclib and
SNS-032 (Fig S2C-D), suggesting increased functionality of other CDKs, besides CDK2, in the

resistant cells.

These analyses also illustrated that genes within the mTOR and PI3K growth signaling pathway
were amplified in the palbociclib resistant cells. Treatment of parental and resistant cells with
inhibitors against PI3K or mTOR revealed that while there was no difference in response of
parental and resistant cells to BKM120 (pan-Class | PI3K inhibitor) (Fig S2E), that the resistant
cells were less sensitive to everolimus (mTOR inhibitor) as compared to parental cells (Fig S2F-
G). However, treatment of both parental and resistant cells by everolimus caused downregulation
of p-mTOR/MTOR and pS6/S6 (downstream target of mTOR) proteins (Fig S2H), suggesting that
the inhibitor is reaching its targets. Since Rb status has recently been implicated in the suppression
of mTOR signaling (21), we also treated MCF7 cells with shRNA knockdown of Rb (Fig S21) and
observed that Rb-deficiency leads to decreased sensitivity to everolimus (Fig S2J). Collectively
these results suggest that the lack of sensitivity of the palbociclib resistant cells to mTOR inhibition

may be in part due to downregulation of Rb that is observed in the resistant cells.

To facilitate the identification of potential targetable pathways from the GSEA results, beyond
current clinically used targeted therapies, we examined the coordinately upregulated and
downregulated sub-signatures contained within the high scoring GSEA results by generation of a

Circos plot (Fig 2G). The breadth of the connecting ribbons in the Circos plot is proportional to

13
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the fraction of genes shared between each pathway. Out of the top upregulated pathways in
resistant cells, EMT and stem-like pathways overlapped with the IL-6/JAK/STAT3 pathway,
suggesting that targeting any of these pathways may have inhibitory activity on the other. Among
the key downregulated pathways, DNA repair and double strand break repair (DSBR) pathways
overlapped with several of the other top GSEA pathways, but not with the IL-6/JAK/STAT3
pathway. Targeting divergent pathways allows for the possibility in increasing cancer cell death

while reducing the likelihood of drug resistance.

Upregulation of EMT and stem-like pathways in palbociclib-resistant cells increases their
migratory and invasive capacity leading to increased metastasis in vivo

Since the GSEA analysis implicates upregulation of EMT (Fig 3A) and pathways that promote
stem-like properties (IL-6/JAK/STAT3 and Notch) (Fig 2E) in the palbociclib-resistant cells, we
next examined if resistant cells have acquired an EMT and/or a stem-like phenotype. mRNA levels
in the resistant cells showed a significant decrease in the epithelial marker, E-cadherin, a
significant increase in the mesenchymal markers, Vimentin and N-cadherin, and a significant
increase in the EMT transcription factors Snail, Twist and Slug (Fig 3B). Immunoblot analysis
validated the expression of EMT proteins, confirming an increase in N-cadherin and Vimentin and
decrease in E-cadherin in resistant cells relative to parental cells (Fig 3C & S3A). This EMT
signature correlates with a highly migratory and invasive phenotype, as predicted by GSEA
analysis (Fig S3B), and confirmed by the migratory ability of the resistant cells via scratch assay,
which revealed a higher percentage of wound closure compared to parental cells (Fig 3D & S3C).
Moreover, we observed loss of apico-basal polarity in the palbociclib-resistant cells, as predicted

by GSEA (Fig S3D), visualized by the lack of coherent acini formation and the loss of E-cadherin

14
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staining on the basal surface in comparison to parental cells (Fig 3E & S3E) supporting invasive

behavior.

To interrogate the stem-like phenotype of resistant cells, we examined mRNA expression of stem-
like markers and transcription factors, including CD133, CD44, FoxC2, ALDH1, Oct4, Sox2 and
Nanog, all of which showed significant upregulation in the palbociclib-resistant cells compared to
parental cells (Fig 3F). Flow cytometry analysis also showed that the resistant cells have a
significant increase in the CD44"9"/CD24"" (Fig 3G & S3F) and ALDH-positive population (Fig
3H & S3G) compared to the parental cell lines, which have been previously implicated as markers
for breast cancer stem-like cells (B-CSC-L) (22,23). Lastly, mammosphere assays, another B-
CSC-L indicator (24), illustrated that the MCF-7 and T47D palbociclib-resistant cells formed
larger and greater numbers of mammospheres in the primary and secondary mammosphere assays,

compared to parental cells (Fig 31).

To interrogate if the resistant cells also have characteristics of metastatic spread, we examined the
expression of Mena, an isoform of actin-regulatory protein and a member of the Ena/VVASP family
of proteins and MenalNV, which is as a key marker of metastatic risk and poor clinical outcome
(25-27). During tumor progression, Mena is alternatively spliced to produce multiple functionally
distinct isoforms: Mena (Pan-Mena), MenalNV, and Menalla. mRNA levels of different Mena
isoforms showed that the palbociclib-resistant cells contained significantly increased amounts of
MenalNV in comparison to parental cells (Fig 3J), predicting their increased metastatic potential.
To directly examine the metastatic potential of palbociclib-resistant cells, we carried out tail vein

injection of MCF-7 and T47D resistant and parental cells in nude mice and found that the
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palbociclib-resistant cells have increased lung metastatic foci, as visualized by H&E and quantified
by number and relative area (Fig 3K). Collectively, our analyses show that palbociclib-resistant
breast cancer cells have increased EMT markers and an enhanced B-CSC-L phenotype,

accompanied by elevated migratory and invasiveness activity.

Regulation of the estrogen receptor by IL-6/STAT3 promotes resistance to palbociclib.

Circos plot analysis (Fig 1G) showed that EMT and stem-like pathways overlap with IL-6/STAT3
pathways, while GSEA and WES exhibited enrichment and amplification of IL-6R (Fig 4A & Fig
2B) in resistant cells. Since ERa. negatively regulates IL-6 (28) and, conversely, IL-6 induction
negatively regulates ERa (29), we next asked if induction of IL-6 in the palbociclib-resistant cells
leads to downregulation of ERa and subsequent lack of response to endocrine therapy. IL-6 mMRNA
levels and IL-6 protein secreted into the media exhibited a >10- and >20-fold increase,
respectively, in the palbociclib-resistant compared to parental cells (Fig 4B-C). To interrogate the
role of IL-6 in modulating EMT, B-CSC-L, migration, ERa. levels, response to endocrine therapy
and palbociclib, we subjected the parental (palbociclib-sensitive) cells, to exogenous IL-6
treatment. Initially, we determined the lowest concentration of exogenous IL-6 (0.5ng/ml) to add
to cells that induced comparable mRNA levels of IL-6 and STAT3 as those in resistant cells (Fig
4D & Fig S4A-B). Treatment of sensitive cells with IL-6 induces EMT/B-CSC-L markers (Fig
4D & Fig S4B) and downregulation of ER signaling as observed in the palbociclib-resistant cells
(Fig 4E). EMT markers and ERa protein levels are also downregulated in response to IL-6
treatment (Fig 4F). Moreover, the B-CSC-L features of the parental cells treated with IL-6 were
confirmed by mammosphere formation (Fig 4G) and increase in CD44%/CD24 enriched cell

population (Fig 4H & Fig S4C). IL-6 treatment of the parental cells also resulted in an increase in
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cell migration (Fig 41 & Fig S4D), which is not due to an increase in cell proliferation (Fig S4E).
We next assessed if the IL-6 treated parental cells are responsive to endocrine therapy, and found
that these cells are 5-fold more resistant to tamoxifen and 7-fold more resistant to fulvestrant
compared to cells not treated with IL-6 (Fig 4J). Moreover, dose response studies with palbociclib
showed that the parental cells treated with IL-6 are 5-fold more resistant to palbociclib treatment
compared to the cells cultured in the absence of IL-6 (Fig 4K). Additionally, based on a previous
study suggesting the role of cytokine signaling in FOXA1 upregulation and endocrine resistance
(17), we observed FOXAL is also induced in parental cells treated with IL-6 (Fig S4F). Finally,
we examined the effects of STAT3 inhibition on the cell viability of the parental cells treated with
IL-6, since increased protein levels of tyrosine-phosphorylated STAT3 (pY-STAT3) is the
canonical downstream effector of IL-6 (Fig 4F). Parental IL-6-treated cells are significantly more
sensitive to inhibitors of STAT3 (napabucasin and TTI-101) (Fig 4L). Sensitivity to TTI-101 is
greater due in part to inhibition of STAT5 (30), as evident by increased pY-STATS levels in IL-6
treated parental cells (Fig S4G). These results suggest that targeting STAT3 may have therapeutic

benefit in the palbociclib-resistant setting.

IL-6 drives JAK/STAT pathway to promote EMT and breast cancer stem cell-like characteristics
in palbociclib-resistant cells.

IL-6, through the activation of JAK, leads to the phosphorylation of STAT3 on tyrosine (Y) residue
705 (31) and to some extent activation of STAT5 (32). We observed that pY-STAT3 and pY-
STATS5 protein levels were significantly increased in the resistant cells compared to an almost
undetectable level in the parental cells (Fig 5A & S5A-B). STAT3 and STAT5a/b mRNA levels

are significantly induced by in the palbociclib-resistant cells compared to the parental cells (Fig
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5B & Fig S5C). Since JAK has a direct role in the activation of STAT3 & 5, by mediating tyrosine
phosphorylation, we asked if palbociclib-resistant cells were sensitive to a JAK inhibitor. Dose
response assays showed that palbociclib-resistant cells are 5- to 10-fold more sensitive to the JAK
inhibitor tofacitinib versus parental cells (Fig S5D). Additionally, decreased mRNA expression of
a negative regulator JAK, SOCS3, was observed in palbociclib-resistant cells (Fig 5C).
Collectively, our results suggest that IL-6 induction in palbociclib-resistant cells leads to STAT3

and STATS5 activation.

To interrogate if STAT3 is a viable target in the resistant cells, we treated the parental and the
resistant cells with two known STATS3 inhibitors—Stattic (33) and TTI-101 (34)—and one
inhibitor of cancer stem cells—napabucasin (35,36). Dose response curves with Stattic, which
inhibits activation, dimerization, and nuclear translocation of STAT3, showed only modest activity
in resistant cells (Fig S5E). However, dose response curves with napabucasin (shown in gel shift
assays to decrease STAT3 binding to DNA) and TTI-101 (a direct inhibitor of STAT3 that targets
the pY-peptide binding pocket within its SH2 domain) decreased cell viability of the MCF-7 and
TA7D resistant cells by 2.5- and >25-fold, respectively (Fig 5D-E). TTI-101 treatment of the
resistant cells resulted in downregulation of p-STAT3 and to a lesser extent p-STATS (Fig S5F).
The IL-6/STAT3 pathway has been shown to be preferentially expressed within the
CD44Mdgh/CD241°% population of breast cancer cells, suggesting its role in B-CSC-L enrichment
(37). Measurement of CD44"9"/CD24'°" enriched cells and mammospheres revealed treatment of
the resistant cells with both agents (hapabucasin and TTI-101) significantly decreased: (i) the
CD44MdhjCcD24'ow B-CSC-L population (Fig 5F-G), (ii) primary and secondary mammosphere

formation (Fig 5H-1), (iii) IL-6/STAT3 and STATS5 signaling and B-CSC-L markers (i.e. CD44
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and ALDH) (Fig 5J & Fig S5G), and (iv) the EMT pathway (Fig 5K). Pharmacological inhibition
of STAT3 also resulted in the expression (i.e. rescue) of the ER target genes, PgR and PS2, in the
palbociclib-resistant cells (Fig 5L). Downregulation of FOXA1 (Fig S1H), however, does not alter
mMRNA levels of EMT/B-CSC-L markers or the CD44"9"/CD24'°" population in the resistant cells
(Fig S5H-I). Lastly, shRNA knockdown of STAT3 in MCF-7 resistant cells, which resulted in
downregulation of both STAT3 mRNA and protein expression (Fig S5J-K), also resulted in a
significant decrease in the B-CSC-L population (Fig S5L). Collectively, these results suggest not
only that the IL-6/STAT3 pathway plays a crucial role in driving B-CSC-L population in
palbociclib-resistant cells, but also that inhibition of STAT3 may provide a novel therapeutic

option for these enriched B-CSC-L palbociclib-resistant cells.

DNA repair deficiency in the palbociclib-resistant cells sensitizes cells to PARP and Weel
inhibition which act synergistically with STAT3 inhibitors.

We next examined DNA repair and double strand break (DSB) repair pathways in the palbociclib
resistant cells as these two pathways (i) were among the top downregulated pathways identified
from RNA sequencing and GSEA analysis (Figs 2E and S6A) and (ii) depicted by the Circos plot
analysis (Fig 2G) to be divergent from IL-6/STAT3 pathways. Here, we propose that targeting
divergent pathways allows for the possibility of synergistic cell death in the palbociclib resistant,

but not sensitive cells.

Expression of key DSB repair genes, Rad51, BRCAL and BRCAZ2, were significantly decreased
in palbociclib-resistant MCF-7 and T47D cells, compared to parental cells. (Fig S6B).

Immunofluorescence staining of yH2AX foci depicted a 5-fold increase in the number of DNA
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DSBs in the resistant cells as compared to parental cells (Fig 6A). Deficiency in the repair of these
DSBs was visualized by Rad51 staining (Fig 6A), implying that palbociclib-resistant cells have
less DNA repair activity compared to parental cells. Quantitation of the ratio of yH2AX to Rad51
revealed that the resistant cells have an 8- to 10-fold increase in unrepaired DNA damage
compared to parental cells (Fig 6A). Treatment of the resistant cells with various DNA damaging
reagents: irradiation, cisplatin, and doxorubicin showed increased sensitivity to irradiation therapy
but not cisplatin or doxorubicin treatment (Fig 6B-C). Moreover, the sensitivity of the resistant
cells to the PARP inhibitors, olaparib and niraparib, revealed significant dose-dependent reduction
in cell viability in the palbociclib-resistant cells compared to parental cells (Fig 6D and S6C). A
similar response was seen with the Weel kinase inhibitor AZD1775, shown previously to induce
genomic instability (38), where the palbociclib-resistant cells exhibit increased sensitivity (Fig
6E). However, as expected, treatment with the PARP inhibitors or the Weel kinase inhibitor did
not affect the B-CSC-L population in the resistant cells (Fig S6D), indicating these drugs may be
targeting the proliferation of the non-B-CSC-L population, while STAT3 inhibitors target the B-

CSC-L population in the palbociclib-resistant cells.

To examine the synergy between PARP inhibition and STAT3 inhibition, we used a high-
throughput survival assay that allows comprehensive evaluation of two or more drugs followed by
determination of the combination index (CI). The ClI, based on the Chou-Talalay method for drug
combination (39), determines the degree of synergy (CI<0.9), additivity (CI1=0.9-1.1) or
antagonism (CI>1.1) of the interaction of two drugs being tested (40). Results indicated that the
combination of napabucasin and olaparib was highly synergistic with CI values of 0.13 and 0.26,

and additive for TTI-101 and olaparib with CI values of 0.97 and 0.92 in the MCF-7 and T47D
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resistant cells, respectively (Fig 6F). Further, the combination of olaparib and napabucasin or TTI-
101 significantly decreased colony formation as compared to no treatment or single drug
treatments (Fig 6G-H). Finally, combined treatment with olaparib and napabucasin or TTI-101
increased cell death via apoptosis in the palbociclib-resistant cells (Fig 61 & S6E). Flow
cytometric analysis examining the percent of apoptotic cells that are enriched in B-CSC-L as
compared to the non-B-CSC-L population revealed that combination inhibition of PARP and
STAT3 diminishes both cell populations better than either single agent in the palbociclib-resistant
cells (Fig 6J). The same survival assay analysis was performed with the combination of AZD1775
and STAT3 inhibitors. Results indicated synergism between drug combinations targeting the
STAT3 and DNA damage/repair pathways, decreased colony formation, and increased apoptosis
(Fig S6G-K). Collectively, these results suggest that combined treatment with STAT3 and PARP

inhibitors or Weel kinase inhibitor is an effective treatment strategy for palbociclib-resistant cells.

Analysis of pre/post-palbociclib treatment in samples from patient with metastatic ER-positive
breast cancer identifies potential biomarkers of acquired resistance

Despite preclinical results suggesting that Rb, cyclin D, and pl6 status predict response to
palbociclib (41-43), results from clinical trials showed no significant correlation between response
and expression of these markers (44,45), nor mutational status of PIK3CA or ESR1 (46), leaving
no established clinically useful predictive biomarkers (47). We have begun to address this void by
translating our in vitro findings to patient samples and interrogating whether the pathways that are
altered in the palbociclib-resistant cells (Fig 2) are also altered in tumor samples from patients who

have developed resistance to palbociclib (Fig 7).
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Specifically, we asked if the protein expression of ER, cyclin E, yH2AX, pY-STAT3 or pRb can
identify those patients who have developed resistance to palbociclib treatment. The rationale for
choosing these markers was based on our pre-clinical multi-omics analysis (Fig 2) and subsequent
validation of the deregulation of each of these markers (Figs 1, 3-6). Cyclin E was included in
these analysis due to its role in inducing replicative stress and DNA damage (9,48-50) and because
our previous studies where we examined tumor samples from a cohort of 109 ER-positive, HER-
2 negative advanced breast cancer patients treated with combination of letrozole or fulvestrant
with palbociclib at MD Anderson Cancer Center (MDACC) revealed that patients with the tumor
specific cytoplasmic cyclin E (LMW-E), exhibited higher rates of progression (13). The protein
expressions of ER, cyclin E, yH2AX, pY-STAT3 and Rb were examined in two breast cancer
patient cohorts—29 with metastatic disease and no evidence of progression on therapy and 25 with
metastatic disease that progressed on therapy. All patients were treated at MDACC with either
first-line (+ letrozole) or second-line (+ fulvestrant) therapy with palbociclib and assessment of
key clinical and pathological factors for the two cohorts (i.e. progressors and non-progressors)
revealed that there were no significant differences in any of the factors (Tables S6 and S7). For
the progressors we obtained matched biopsy specimens collected from each patient pre-treatment
and post-treatment (time of progression on therapy). Our immunohistochemistry (IHC) results
showed that the percentage of ER-positive tumor cells was reduced in 12 out of 25 (5/9
+fulvestrant; 7/16 +letrozole) palbociclib-resistant tumors (p= 0.017) (Fig 7A-B). Additionally,
we performed IHC for PR (Fig S7A-B) as PR is a target gene of ER and observed a positive linear
correlation with ER post-treatment in the palbociclib resistant tumors (Fig S7C). Cytoplasmic
cyclin E (LMW-E), which in the pre-treatment samples was expressed in 8 out of 25 samples,

increased in 15 out of 25 samples in the post-progression cases (p=0.023) (Fig 7C-D). Total DNA
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damage, as measured by y-H2AX IHC, significantly increased in the post-progression tumor
samples (p=0.032) (Fig 7E-F). Furthermore, pY-STAT3 expression increased significantly in 14
out of 25 patients in the post-progression samples (p=0.042) (Fig 7G-H). We did not find a
significant difference in pRb levels between the pre- and post-progression samples (Fig S7D). The
alterations among ER, cytoplasmic cyclin E, yH2AX, and pY-STATS3 are heterogeneous across
patients who progressed (Table S8) but, there were no differences between the expression of these
proteins between the non-progressors and the pre-progression samples (data not shown) suggesting
that the changes in these 4 biomarkers observed in the post-progression samples is likely due to

palbociclib-mediated mechanisms of resistance.

DISCUSSION

CDK4/6 inhibitors in combination with endocrine therapy are currently considered standard of
care for patients with advanced ER-positive breast cancer. Since many patients will develop
resistance to CDK4/6 inhibitor therapy, understanding the mechanisms of acquired resistance to
this class of agents is a critical unmet need. The results from our study have identified two
clinically relevant, divergent and druggable pathways (DNA repair and STAT3) that can be
targeted in combination to effectively combat drug resistance. We also found that the same
pathways that were deregulated in palbociclib-resistant cells were also altered in tumor samples
obtained from patients who progressed while on palbociclib and endocrine therapy, providing the
rationale for future biomarker driven clinical trials with therapies targeting these non-overlapping

pathways.
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While there is precedent for the development of therapies after progression on CDK4/6 inhibitors
as well as combination therapies with CDK4/6 inhibitors either first-line or second-line (2,51), lack
of biomarker driven clinical trials has curtailed efforts to identify the patients that are best suited
for each of these trials. Some of the ongoing clinical trials are with different PI3K/mTOR inhibitors
since activation of PI3K or mTOR has been associated with relapse (51), which we have also
observed in our model of palbociclib resistance. These trials have shown improved progression
free survival with endocrine therapy combined with a PI3K or mTOR inhibitor with high clinical
benefit in patients with PIK3CA mutations (52,53). Results are still pending for a trial with the
MTOR inhibitor everolimus, post CDK4/6 progression (TRINITI-1 trial (54); NCT 02732119) but
based on our data, Rb status may play an important role in response to mTOR inhibitors and could

be used as a biomarker to screen patients who will benefit from this therapy.

An unexpected finding from our studies was the downregulation of the ER protein in both the
preclinical palbociclib-resistant cell lines (Figs 1 and 4) as well as tumor samples from patients
who progressed on palbociclib with aromatase inhibitor therapy (Fig 7). This finding is in
accordance with known mechanisms of action of aromatase inhibitors through reducing estradiol
levels and signaling through ER, with little or no inhibitory effect on ER levels; unlike fulvestrant,
a selective ER antagonist, that reduces tumor ER protein levels (55,56). Additionally, a study
investigating the mechanisms of resistance to abemaciclib showed that ER protein is
downregulated in cells and in 3 out of 7 patients examined, however, the type of endocrine therapy
was not mentioned (5). The downregulation of ER in our resistant cells lines was also associated
with downregulation of other hormone receptors, PR, AR and GR and these cells were also less

sensitive to RU486 (an inhibitor of PR/GR) (Fig 1F, S1F & S1L). However, when the levels of
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FOXAL, a co-activator for ER signaling, was downregulated in the palbociclib resistant cells,
while ER mRNA levels were further reduced (Fig S1H-1), the downstream ER signaling pathways
remained unabated (Fig S1J), suggesting alternate mechanisms for palbociclib mediated ER

downregulation.

We propose that the mechanism of ER downregulation is post-translational through induction of
IL-6 (Fig 3), which can also degrade ER protein (29). Furthermore, ER-negatively regulates IL-6
gene expression (28,57); however, IL-6 signaling may also negatively regulate ER, but the
mechanism by which this occurs is not well studied. A recent study by Sansone et al. revealed that
recombinant IL-6 treatment in ER-positive breast cancer cells led to a reduction in ER protein (29),
possibly through an ubiquitin-proteasome pathway (58). Lastly, given the importance of IL-6
signaling in driving STAT3 activation, ER has also been identified as a target gene of STAT3 by

microarray and ChlP analyses (59), suggesting STAT3 may also regulate ER transcription.

In addition to its proposed roles in degradation of ER, IL-6/STAT3 pathway is also associated with
different features of oncogenesis, including metastasis, higher stages of disease progression and
decreased survival (60). In breast cancer, IL-6 is tumor promoting by itself and leads to resistance
to doxorubicin (61) and activation of I1L-6/gp130/Jak2 pathway and increased autocrine signaling
leading to STAT3 activation. (62). We also showed that treatment of parental, palbociclib sensitive
cells with recombinant IL6 and its receptor, leads to downregulation of ER, increased levels of
pY-STATS, resistance to palbociclib, resistance to endocrine therapy and increased sensitivity to
STATS3 inhibitors (Fig 4). These data suggest that treating a CDK4/6 inhibitor naive cell line with

IL-6 generates a CDK4/6 inhibitor resistant phenotype. Thus, induction of IL-6 in the tumor may
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be a key mechanism of both endocrine and CDK4/6 inhibitor resistance. We also propose that
since IL-6 is induced in tumor cells it can give rise to increased IL-6 locally within the tumor
microenvironment, as well as systemically. Thus, measuring IL-6 in the blood of patients
undergoing CDK4/6 inhibitor based therapy may serve as a means to identify those patients who

are likely to become resistant to these agents.

Functionally, we showed that palbociclib-resistant cells exhibit IL-6/STAT3-mediated
upregulation of EMT and B-CSC-L pathways, as well as downregulation of the DNA repair
pathway (Fig 3-6). The IL-6/STAT3 and DNA repair pathways are divergent, hence inhibiting
them in combination is unlikely to result in mechanisms of overlapping resistance. For example,
we found that inhibition of STAT3 reduced the B-CSC-L population, while inhibition of DNA
repair induced apoptosis in the non-B-CSC-L population. Thus, targeting these pathways in
combination using STAT3 and PARP inhibitors proved highly effective in activating the apoptosis

pathways resulting in cell killing of the palbociclib-resistant cells (Fig 6).

Lastly, we examined if the same pathways that were altered in palbociclib-resistant cells were also
altered in 25 matched pre- and post-treatment tumor samples obtained from patients who
progressed while on palbociclib-containing therapies. Our results revealed that: (i) ER and PR are
downregulated in these tumors, (ii) cytoplasmic cyclin E and yH2AX are increased, indicating
accumulation of replicative stress and DNA damage (48,49), and (iii) levels of pY-STAT3 are
increased in the palbociclib progressors (Fig 7). These results suggest that evaluation of ER, PR,
cyclin E, yH2AX, and pY-STAT3 in biopsy samples from patients who develop resistance to

CDKA4/6 inhibitor based therapies may aid in developing potential biomarker based clinical trials

26

Downloaded from clincancerres.aacrjournals.org on April 26, 2019. © 2019 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on March 13, 2019; DOI: 10.1158/1078-0432.CCR-18-3274
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

with combination therapies targeting DNA damage and STAT3. Due to the limited patient cohort,
the mechanism may be specific to this cohort, however, brief analysis of our larger patient cohort
of 583 patients (Fig STE-F and data not shown) is suggestive that the patient samples examined

are a good representation of the whole cohort.
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FIGURE LEGENDS

Figure 1: Palbociclib-resistant cells are cross resistant to other approved CDK4/6 inhibitors
and are intrinsically resistant to endocrine therapy. (A) Dose response curves in MCF-7 and
T47D parental (Par) and resistant (Res) cells depicting the effect of treatment with varying
concentrations of palbociclib, ribociclib, or abemaciclib (0.01-12uM) for 6 days and recovery for
6 days. Dashed line depicts IC50 values. (B) Clonogenic assay showing effect of 1uM & 5uM
palbociclib (palbo) treatment on the proliferation of MCF-7 (M) and T47D (T) Par and Res cell
lines. (C) Cell counting every 3 days showing effect of 1uM & 5uM palbo treatment for 6 days
and recovery for 3 days on the proliferation of MCF-7 Par and Res cells. (D) Cell cycle analysis
by flow cytometry to examine the effect of palbociclib treatment (0.5-10uM) on MCF-7 and T47D
Par and Res cell lines. (E) Left panel: Western blot showing levels of estrogen receptor (ERa) in
MCEF-7 Parental and Resistant cell lines. Right panel: gPCR analysis shows mRNA levels of ERa
in these cells (Par and Res). (F) Left panel: gPCR analysis shows mRNA levels of estrogen
responsive genes: pS2, progesterone receptor (PgR), and GREBL, transcription modulators of
estrogen receptor: GATA3 & NRIP1, and androgen receptor (AR). Right panel: Western blot
confirming downregulation of AR and PR in MCF-7 Res cells. (G) Dose response curves in MCF-
7 and T47D Par and Res cell lines after 24hr estrogen deprivation then re-addition of 10nM beta-
estradiol (E2) and treatment of varying concentrations (0.01-12uM) of tamoxifen (left) or
fulvestrant (right). Dashed line depicts IC50 values. (H) mRNA (top) and protein (bottom)
analysis of FOXA1, a mediator of endocrine resistance. For all graphs, error bars describe SD, and

Student t test determined p-values: *p<0.05, **p<0.01, ***p<0.001.
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Figure 2: Palbociclib-resistant cells have a distinct genomic, transcriptomic, and proteomic
profile. (A) Log?2 ratio for copy number changes in resistant (Res) cells only in comparison to
parental (Par) cells where the x-axis represents the chromosome location and chromosomes are
separated by alternating green and black colors. (B-C) Venn diagrams depicting the number of
copy number variation (CNV) amplifications (B) and number of CNV deletions (C) that are
common between MCF-7 and T47D Res cells. (D) Venn diagram representing the number of
somatic mutations identified in the Res cells. (E) Illustration of integrative analysis. A hierarchical
clustering heatmap was generated for the normalized RNA-seq data based on the significant
differentially expressed genes from the comparison of T47D parental versus T47D resistant
(clone2). The Pearson distance and the Ward’s minimum variance method were used for clustering
both genes and samples. Red and green colors indicate increased and decreased expression levels,
respectively, in the standardized scale. On the right side of the heatmap, association of the genes
in the heatmap with the top 12 upregulated and top 12 downregulated gene sets from GSEA
analysis is identified. Genes that belong to each gene set are highlighted in deep pink. The heatmap
for the normalized RPPA data is plotted below the heatmap for the RNA-seq data. Proteins were
clustered in the same way, whereas the samples were not clustered but kept in the same order.
Yellow and blue colors indicate increased and decreased expression levels, respectively, in the
standardized scale. Plotted on the bottom are somatic mutations from the genes that belong to the
pathways of interest. Mutation effects are indicated by different colors. Three genes of interest
(Greb1, Notchl, and Parpl) are colored in deep pink. (F) Western blot analysis showing levels of
cyclin E, Rb, phosphorylated Rb (pRb), CDK4, CDKS6, phosphorylated CDK2 (pCDK?2), and
CDK2 in MCF-7 and T47D Par and Res. (G) Circos plot based on the number of genes in each of

the 12 upregulated (red) and 12 downregulated (green) pathways and the number of genes shared

35

Downloaded from clincancerres.aacrjournals.org on April 26, 2019. © 2019 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on March 13, 2019; DOI: 10.1158/1078-0432.CCR-18-3274
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

by each pathway. Breadth of the connecting ribbons in the Circos plot is proportional to the fraction
of genes shared between each pathway.

Abbreviations: INTERFERON_ALPHA_RESPONSE=IFNa,
INTERFERON_GAMMA_RESPONSE=IFNg, TNFA_SIGNALING_VIA_NFKB=NFkB_TNFa,
CYTOKINE_PRODUCTION=Cyto. Prod.,
POSITIVE_REGULATION_OF_CYTOKINE_BIOSYNTHESIS=Pos. Reg. Cyto. Prod.,
IMMUNE_SYSTEM_PROCESS =Imm. Sys. Pro., IMMUNE_RESPONSE=Imm. Resp.,
CYTOKINE_CHEMOKINE_SIGNALING=Cyto. Chemo. Sig., IL-

6 _JAK_STAT3 SIGNALING=IL-6_JAK_STAT3,
EPITHELIAL_MESENCHYMAL_TRANSITION=EMT, IL2_STATS_SIGNALING=IL2_STATS5,
NOTCH_SIGNALING=NOTCH, OXIDATIVE_PHOSPHORYLATION=0OXPHOS,
MYC_TARGETS_V1=MYC, MTORC1_SIGNALING = MTORC1,
DOUBLE_STRAND_BREAK_REPAIR = DSBR, E2F_TARGETS = E2F, G2ZM_CHECKPOINT
= G2M, PISK_AKT_MTOR_SIGNALING = PI3K_AKT_MTOR,
CELLULAR_PROTEIN_CATABOLIC_PROCESS = CPCP, DNA_REPAIR = DR,
REACTIVE_OXIGEN_SPECIES_PATHWAY = ROS, ESTROGEN_RESPONSE_EARLY = ER

EARLY, ESTROGEN_RESPONSE_LATE= ER LATE.
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Figure 3: Upregulation of EMT and B-CSC-L pathways in palbociclib-resistant cells
increases the migratory and invasive capacity leading to increased metastasis in vivo.

(A) GSEA enrichment plot of the epithelial mesenchymal transition (EMT). (B) Increased mMRNA
expression of EMT markers in the palbociclib-resistant (Res) compared to parental (Par) in MCF-
7 & T47D cell lines. (C) Western blots show increased protein expression of EMT markers (N-
cadherin & Vimentin) and decreased expression of E-cadherin in MCF-7 Res cell lines. (D)
Scratch wound healing assay displays increased cell migration after 24 hours in the Res cells. (E)
Acini formation in MCF-7 Par and Res cells after 15 days in 3D culture shown by bright-field and
fluorescent immunostained with E-cadherin (green) and nuclei were counterstained with DAPI
(blue). (F) Increased gene expression of transcription factors related to de-differentiation in MCF-
7 & T47D Res cell lines (G) Increased breast cancer stem cell-like (B-CSC-L) population observed
in the resistant cells as identified by CD44+/CD24-. (H) Resistant cells have an increase in
aldehyde dehydrogenase (ALDH) positive cells, an additional marker for B-CSC-L population. (1)
Mammosphere formation after 6 days and secondary (2°) mammosphere formation by the resistant
cells show the B-CSC-L features of the cells. (J) Increased gene expression of MenalNV, a pro-
metastatic factor, compared to the non-metastatic isoforms, Pan-Mena and Menalla, in resistant
cells. (K) Representative H&E images (left) and quantified number (top right) and area (bottom
right) of lung metastasis in nude mice 10 weeks post-tail vein injection with 106 MCF-7 and T47D

Par & Res cells. For all graphs, error bars describe SD, and Student t test determined P values.
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Figure 4: Regulation of the estrogen receptor by IL-6/STAT3 promotes resistance to
endocrine therapy and palbociclib. (A) GSEA enrichment plot of IL-6_JAK STAT3 signaling
indicating increased signaling in resistant cells. (B) gqRT-PCR analysis of IL-6 and shows 10-fold
increase in MCF-7 and T47D resistant (Res) cells compared to parental (Par) cells. (C) IL-6 ELISA
on media collected from MCF-7 and T47D Par and Res cells cultured for 3 days shows a 20-fold
increase in MCF-7 and T47D resistant (Res) cells compared to parental (Par) cells. (D) Increased
MRNA expression of EMT markers and transcription factors related to breast cancer stem cell-like
(B-CSC-L) markers in the parental cells treated with 0.5ng/mL 1L-6 and 0.125ng/mL IL-6Ra (i.e.
IL-6/IL-6Ra) for days compared to untreated parental (Par) in MCF-7 cell lines. (E) qPCR analysis
shows mRNA levels of estrogen responsive genes: pS2, progesterone receptor (PgR), and GREB1,
transcription modulators of estrogen receptor: GATA3 & NRIP1, and androgen receptor (AR) in
Par treated with IL-6/IL-6Ra. in MCF-7 & T47D cell lines. (F) Western blot analysis show levels
of ER-o, EMT markers, and STAT3 activation in IL-6/IL-6Ra. treated parental cells. (G)
Mammosphere formation is increased in the parental cells treated with I1L-6/IL-6Ra. (H) Increased
B-CSC-L population observed in the parental cells treated with IL-6/IL-6Ra as identified by
CD44+/CD24-. (I) Scratch wound healing assay displays increased cell migration after 12, 24,
and 48 hours in the parental cells treated with 1L-6/1L-6Ra. (J) Dose response curves in MCF-7
and T47D parental cells (Par) treated IL-6/IL-6Ra after 24hr estrogen deprivation then re-addition
of 10nM beta-estradiol (E2) with varying concentrations of tamoxifen (top) or fulvestrant (bottom)
(K) Dose response curves show resistance to increasing doses of palbociclib (0.01-12uM) for 6
days and recovery for 6 days in the parental cells treated with IL-6/ IL-6Ra. (L) Dose response
curves with TTI-101 (right) and Napabucasin (left) showing increased sensitivity to STAT3

inhibition in parental cells after treatment with recombinant I1L-6/IL-6Ra.
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Figure 5: IL-6 drives STAT3 pathway to promote EMT and breast cancer stem cell-like
population (B-CSC-L) in palbociclib-resistant cells. (A) Western blot analysis shows that total
STAT3 levels do not change but pY-STAT3 levels increase in the MCF-7 and T47D Res cells. (B)
STAT3 mRNA levels are increased 2-fold in the Res compared to Par cells. (C) mRNA levels of
the negative regulator of IL-6 cytokine signaling via JAK/STAT3, SOCS3 is significantly
downregulated in the Res cells. (D-E) Dose response curve of varying concentrations of
Napabucasin (D), a cancer stemness inhibitor via STAT3, and TTI-101 (E), a STAT3 inhibitor
blocking phosphorylation, for 3 days and recovery for 9 days. (F-G) Treatment with 0.5uM Napa
(F) and 0.3uM TTI-101 (G) for 3 days significantly decreases the B-CSC-L (CD44+/CD24-)
population in the Res cells. (H-1) Mammosphere formation in the Res cells is blunted by treatment
with 0.5uM Napabucasin (H) and 0.3uM TTI-101 (I). (J) mRNA analysis of IL-6/STAT3
signaling and cancer stem cell factors, CD44 and ALDH, after treatment with 0.5uM Napabucasin
and 0.3uM TTI-101 for 3 days. (K) Decreased mRNA expression of EMT markers (N-cad and
Vimentin) and increased expression of Ecad in the palbociclib-resistant cells after treatment with
0.5uM Napabucasin and 0.3uM TTI-101 for 3 days (L) mRNA expression of ERa and estrogen
responsive genes in the resistant cells after treatment with 0.5uM Napabucasin and 0.3uM TTI-

101 for 3 days. For all graphs, error bars describe SD, and Student t test determined P values.
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Figure 6: DNA repair deficiency in the palbociclib-resistant cells sensitizes the cells to PARP
and Weel inhibition allowing for synergistic pathway inhibition in palbociclib-resistant cells
with STAT3 inhibitors. (A) Immunostaining of Par and Res cells using antibodies against yYH2AX
and RADS51. yH2AX, RADS51 and DAPI are shown in green, red, and blue, respectively.
Quantification of percent positive cells (bar graphs, top panel) shows resistant cells have decreased
Rad51 foci and increased YH2AX foci. The ratio of YH2AX/RADS51 positive cells (bar graphs,
bottom panel) is significantly increased in the resistant cells. (B) Resistant cells are sensitive to
ionizing radiation. (C) Dose response curves to doxorubicin and cisplatin in resistant and parental
cells. (D) Dose response curves show that resistant cells are sensitive to treatment with olaparib
(PARP inhibitor). (E) Dose response curves to and AZD1775 (Weel inhibitor). (F) Combination
of Napabucasin (Napa) and Olaparib (Ola) or TTI-101 and Ola are synergistic in the resistant cell
lines as shown by the plotted combination index calculated by Calcusyn. (G) Clonogenic assay
showing the combination effect of 1uM Ola and 0.5uM Napa for 3 days and 9 days recovery. (H)
Clonogenic assay showing the combination effect of 1uM Ola and 0.3uM TTI-101 for 3 days and
9 days recovery. (I) Apoptosis analysis by flow cytometry using Annexin V shows increased
apoptosis in the MCF-7 resistant cells treated with the combination of Ola and Napa or Ola and
TTI-101 after 3 days of treatment and after 3 days recovery (3+3). (J) Flow cytometry analysis
using Annexin V, CD44, and CD24 markers identifying the population of apoptotic cells that are
B-CSC-L (red: CD44+; CD24-) or non-B-CSC-L (blue: CD44+/-; CD24+) after 3 days of

treatment with Ola, Napa, TTI-101.
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Figure 7: Analysis of pre/post-palbociclib treatment tumor samples from patients with ER-
positive metastatic breast cancer identifies potential biomarkers of acquired resistance. (A)
Representative immunohistochemical (IHC) staining for ERa levels pre- and post-palbociclib
treatment. (B) Quantification of the 25 matched pre/post samples show an overall reduction in ER
levels (red line) post-treatment even though some have no change or an increase in ERa (grey
dashed line) (C) Representative IHC for cyclin E showing negative or positive cytoplasmic (C- or
C+) staining of cyclin E pre- and post-treatment (D) Quantification of cytoplasmic cyclin E shows
that pre-treatment 8/25 tumors were positive for cytoplasmic cyclin E (LMWE) and maintained
positivity post-treatment (red bars). Of the 17/25 patients whose tumors were negative for LMWE
pre-treatment, 10 remained negative post-treatment (gray bars) while 7 became positive (red-
hashed bar) increasing the LMWE positive samples from 8/25 (pre-progression) to 15/25 (post-
progression). (E) Representative IHC for yH2AX pre- and post-treatment (F) Quantification of
yH2AX shows induction post-treatment (red lines) is significant (p=0.032) (G) Representative
IHC for pY-STAT3 (Y705) pre- and post-treatment (H) Quantification of pY-STAT3 shows

significant (p=0.042) enrichment in post-treatment samples (red line).

41

Downloaded from clincancerres.aacrjournals.org on April 26, 2019. © 2019 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

C

E

100 100 100
ES i
275 2 759 ; i d 2751
g 50+ & 50t —mmmm— e e e === g 504
= |- McF7Par 2 | %?7%7;;: ®  |-= mMCF7Par
254 = T47D Par 25 254-= T47D Par
- MCF7 Res -#- MCF7 Res -e- MCFE7 Res
T47D Res
] T47D Res ' . o . . salt oJ= _T47D Res .
0.01 0.1 1 10 0.01 0.1 1 10 0.01 0.1 1 10
Palbociclib Conc (uM) Ribociclib Conc (uM) Abemaciclib Conc (uM)
1C50 MCF7 Par = 0.91 uM IC50 MCF7 Par = 0.51 uM ICs0 MCF7 Par = 0.14 uM j
<0.
ICso MCF7 Res = 7.95 uM __J P < 0:001 ICso MCF7 Res = 8.24 uM __J P <0:001 ICso MCF7 Res = 2.64 uM _J = < 0:001
1C50 T47D Par = 0.73 uM :] IC50 T47D Par = 0.42 uM :] ICs0 T47D Par = 0.12 uM :]
ICso T47D Res = 6.51 uM __J P <0.001 ICs, TA7D Res = 6.88 uM _J P <0001 ICso TA7D Res = 1.72 uM —J P <0001
M.Par M.Res T.Par T.Res D MCF7 Res
v 100-
~ 3 g mm G2Mm
Cnt | | = 8 801 Bs
. 2 | M Gl
3 3 6 BB SubGl
1pM Palbo ’ ‘ ﬁ 3 B 4]
i , 3 3
P fw" X = R 20
5uM Palbo | .4 & ‘3
\ T S 04
. : cnt 05 1 25 5 10 cnt 05 1 25 5 10
Palbociclib Conc (uM) Palbociclib Conc (uM)
MCF7 Par MCF7 Res T47D Par T47D Res
5 1209 -~ Cnt 525 - Cnt &k XX 1004
9 901+ 1 uM Palbo /1 2 |-~ 1uM Palbo g o G2M
E 60l = 5 .M Palbo £209 = 5 M Palbo g £ 80 =s
2 s 2. & 3 -
3 3 S 5 601 B8 Su Gl
(&) (&) > >
S 10 S 10 S = 40
'E Fkk ; 8 8
85 P 55 = = 20
Q Q
© ol . . . x ol 3% . . . ]
0 3 6 9 0 8 6 9 cnt 05 1 25 5 10 cnt 05 1 25 5 10
Days in culture Days in culture Palbociclib Conc (uM) Palbociclib Conc (uM)
s F
5 ERa s 5] ® MCF7 Par m T47D Par
Parental Resistant ‘@ @ B MCF7 Res M T47D Res MCF7
[
MCF7 T47D MCF7 T47D S 10, g ., Par_Res
: . .
g *k T 5 N PR
— ERa g g N
[} *x e
% 0.5 % 0.5 e [l i I N P i AR
Vinculin £ £ i
= == | ® B p
=] Nt E
o 2
0.0- 0.0
B MCF7 Par M T47D Par PgR pS2 GREB1GATA3 NRIP1

% Viablility

~
(3]

(3]
o

=e- MCF7 Par +E2
T47D Par +E2
-= MCF7 Res +E2
T47D Res +E2

25

B MCF7 Res

T47D Res

T47D Par +E2
=== MCF7 Res +E2
T47D Res +E2

H

FOXA1

T

Relative Gene expression

0
B MCF7 Par B T47D Par

001 0.1 1 10 o001 01 1 10 W MCF7 Res [l T47D Res
Tamoxifen Conc (uM) Fulvestrant Conc (uM) MCF7
Par Res
ICso MCF7 Par = 0.31 uM ICso MCF7 Par = 0.26 uM
ICso MCF7 Res = 5.13 pM:] P<0.001 ICsoMCF7 Res = 7.14 uMm__J P <0.001 D E == | FOXAl

P <0.001
od from clinc

ICso T47D Par = 0.24 uM ;

IC50 T47D Res = 3.82
I‘)nwnlna

ICs0 T47D Par = 0.49 uM
IC50 T47D Res = 6.2

ANC|

uM g P <0.001
prres aacrjournals nm on April 26 201

Research.

9. © 201 n for Cancer

Fig 1


http://clincancerres.aacrjournals.org/

N

MCF7 Res

!

=

copy number changes
o

-1
: [} - o
-2 Chromosome & & &
T47D Res
w 3
(0]
22
®©
51
g 0
S
c
>-2
5
c-3 Chromosome
B MCF7 Res  T47D Res

e

# CNV amplifications
ESR1
MTOR
PIK3CA
IL6R
CCNEL1 (T47D res only)

MCF7 Res T47D

e o

Res

GeneSet Association ® Yes

Top Upregulated Gene Sets

No

Top Downregulated Gene Sets

B~ ]
. = o
o ) a
® b % 58
o = i3
E. w0 o L 53
9 Elg £ Z 2 -5
2 EeEEoE §O.p
0a BhIEG55geae
PEE I DEX EE ¢
FoEISEEZLEESR

p27Kip1
Cyclin D3
E-Cadherin
Akt_pS473
Rb_pS807/5811
mTOR_pS2448
mTOR

Akt
Cyclin E1
CD44
Notch1

-1.5-0505

LATS2

CSF1
TCEB2

TDRD
HDGF
KB Fi6

IL6R (IL6-JAK-STAT3)
ADAR

RNA-seq Color Key

15

&
=
-
-
S5 «
e O o%
oo i s T
Q8o o2& EE
SCOCWWLO=S5S0acw
RPPA Color Key
-1.0 00 1.0

Somatic Mutation Effect

control
disruptive_inframe_insertion (1)

SLC2A6 SPRTN : 3
GREB1 (ER Early) ® missense_variant (13)
\ TCeB2 PARPA m splice_acceptor_variant (1)
\ TNC m splice_region_variant (4)
‘ RRM2  LBR -
82 38 ‘ FAM120A PARP1 (DDR) = stop_gained (1)
TDRD7 HNRNPU = synonymous_variant (15)
KIAAO368 SMC3
\ NDUFA8 GPR83
. . ASS1  NLRC3
i SNAPC4 GPCT
# CNV deletions NOTCH1
RB1
GATA3
EXO1 F MCF7 T47D G
SPRTN Par Res Par Res Imm.Resp. Imm-Sys.
2 0 % IFNa
. - o - IL6_JAK_STAT3 _ooommmmgue
D Cyclin E - ~ o S
. IL2_STAT5 V »‘“"“
MCF7 Res T47D Res ze [ = : . NoTCH
)
y # "\, Pos.Reg.
pRB - - Cyto.Prodsj' Q?F:yto.Prod.
Cyto. | s NFxB
Che_mo. J f TNFo,
COK4 | we = wn || =P SEIE -
CDK6 | e e a | | = o ros} B oy .-
, @ ~ 4
. . PCDK2 | wem e s s B, " DsBR
# of somatic mutations x - .- - AKT_MTORW\ ,//«»
PARP1 2 AR OXPHOS ~ E2F
CDK2 | w e a - = J 4
IL6R uve N -
GREB1 Acti S A T ®T® EREARLY
Ctin | - — — -“ MTORC1
— ER LATE

Downloaded from clincancerres.aacrjournals.org on April 26, 2019. © 2019 American Association for Cancer

Research.

Fig 2


http://clincancerres.aacrjournals.org/

Enrichment plot:

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
05

p = 0.003

Enci

"
a2
S0 [TLF 3 tposkively comelaced) -
s

Terersse nin1ae

= Res

. lst metric (SigralZhaise)

[ 1m0 20800

10400
RaNk 1 Ordered Dataset

Rank

[ tomcnmam profie — i Ranking mavrc s

O

MCF7 Parental

0 hr

24 hr

o W Par 24hr
5 1m Res 24hr
% 40 *kk
5 30
5
g 20
210
MCF7
H Par
» 704 Il Res Kk
8 604
1
S 501 ot
[a)
O 404
i 30+
a 204
(3)
o\° 10'

oy,

Relative Gene expression

*kk

T47D

H

% ALDH+ve cells

MCF7 Resistant

MCF7
Par
MCF7
Res
Il Par

70{ M Res

60' *kk *%

504

401

30+

20+

10

(&

Relative Gene expression

0
MCF7 T47D

N

o

-
3]

o

o
o

o
o

0
MCF7 T47D

M MCF7 Par W T47D Par
I MCF7 Res WM T47D Res

Pan-Mena Mena11a

Downloaded from clincancerres.aacrjou

*%

MenalNV

Res

MCF7
Par Res
*kk
T47D M Par
M Res E-cadherin
*% ek
N-cadherin
*
Vimentin
*kk
& é'\(‘ é\(‘ of§‘ @‘9\ \QQ | Actin
¢ o K
& &
Q'
F .s MCF7 mpa
-g M Res
Fluorescence @4 ** .
S
33
Q dekk
c *k
82 " ek
[
2
51
ko]
.4
L]
%) U P R > 9 O
& oA Ao
N QG (CNINe)
P & o v},o o’ é\s
c 5 T47D ok
2
7 a
[
S
53
[
c
K
Green=E-cadherin 2
£ 1
Blue=DAPI 3
®,
I R P (<)
& A SR U
M QO F Lo
Q >
() o <° yy o 9 é?'
MCF7 Parental MCF7 Resistant MCF7 Resistant 2° gm o R
§-6oo
g
€ 400
©
£
h6200
S
Z o
MCF7 T47D
T47D Parental T47D Resistant T47D Resistant 2° ¢ e00 W Par2°
] *** M Res?2°
£
o
g400 -
£
£
£ 200
s
S
2 0
MCF7 T47D
25 W Parn=6
*+  l Resn=6

abirf

f'ﬂ

CRZA S5~
s 872
7 ‘fp;;{,

5

i

g - N
S o S

No. of lung metastatic foci
@

a
S

@
S

N
S

o

Selative lung metastatic area

éJHJcer

o

0
MCF7 T47D

W Parn=6
B Res N=6 s«

Fig 3


http://clincancerres.aacrjournals.org/

S 187 s W MCF7 Par
o
Enichment pio c 18- IL6 mpy 40, P B | M MCF?7 Par + IL6/IL6Ra
4, HALLMARK_ILG_JAK_STAT3_SIGNALING 9 B Res E B Res - 3 12
p =0.003 3 15 ** ) F*kk a 6 ek
[ ** (=X 30 x Fekede
S = b
¢>1<) 124 g g 4
2 . g 204 (0]
[ c []
o [ 2 2
o 6 Q ®
2 & 101 )
& 31 o x©,
() ©
T € ) 2 \\3’\& '52‘&?}\ &\ 0@ R $\e ‘%0
e MCF7  T47D MCF7  T47D ) q,° T
RIS é
<R
E G CNT + IL6/IL6Ra M Cnt H
c 1518 MCF7 Par B T47D Par 150, M +IL6/IL6Ra M Cnt
2 | M MCF7 Par + IL6/IL6Ra B T47D Par + IL6/L6Ra o sk T 2407m +1L6/L6Ra
g % $ *kk falaig
210 2 1004 3 30+
[} o o
) 1 o
5 b - £ = 201
o LT [ +
005 7 € 50 3
2 m ‘S A 104
5 8 o
& z 0- °\° [E
0.0 .
Ra PgR pSZ GREB1 GATA3 NRIP1 AR MCF7 Par T47D Par MCF7 Par T47D Par
F CNT + IL6/IL6Ra | M MCF7 Par ik ek J -e- MCF7 Par +E2 - MCF7 Par +E2 +IL6/IL6Ra
1001 M MCF?7 Par + IL6/IL6Ra
MCE7 T47D MCE7 T47D o |m 147D Par —+= T47D Par +E2 =+ T47D Par +E2 +IL6/IL6Ra
2 B T47D Par + IL6/IL6Ra
8 100
ERo | i @D S
S 50 =75
- g E )
n H ° Qo
E-Cadherin [ S ' X 25 g 50 ———mm-
, 2 —1C5 =0.31uM
—1Cqgo = 0.24 uM
. 254 50 M
N-Cadherin .L 12hr  24hr  48hr — =171 M
MCF7 Par 0 ICgo = 2.06 uM
CNT + IL6/IL6Ra 0.01 01 | 1 10
STAT3 . . _— Tamoxifen Conc (uM)
100
£
pSTAT3 - TP o 2751
=1
- . g 504
Vimentin — S —IC5, =0.26 uM ]
= 254 —1C5, =0.31 uM
= —ICg,=1.16 uM
Actin| - > o> e N ol G =127 M
0.01 0.1 1 10
Fulvestrant Conc (uM)
1001\! " 100% 1
\\
ry
2751 2751 >
e G50 f=——mm——— s
2 -~ MCF7 Par 2 -e- MCF7 Par : MCE7 Par
= 25— Ta7D Par "u % p5d = T47D Par ° T47D Par
-= MCE7 Par + IL6/IL6R ==~ MCF7 Par + IL6/IL6Ra MCF7 Par + IL6/IL6Ra
0 =¥= T47D Par + IL6/IL6R0( 0 =*= T47D Par + IL6/IL6Ra T47D Par + IL6/IL6Ra
0.01 0.1 1 10 0.01 0.1 1 10 0.01 0.1 1 10
Palbocicilb Conc (uM) Napabucasin Conc (uM) TTI-101 Conc (uM)
1C50 MCF7 Par = 0.76 uM ]P <0.001 ICs50 MCF7 Par = 1.67 uM ]P <0.001 1C50 MCF7 Par = 9.63 uM ]P <0.001
ICs0 MCF7 Par + IL6 = 4.15 uM IC50 MCF7 Par + I1L6 = 0.78 uM IC50 MCF7 Par + IL6 = 2.21 uM
ICs50 T47D Par = 0.64 uM ] IC50 T47D Par = 2.31 uM ]P 0.001 1C50 T47D Par = 8.03 uM ] 0.00
ICso T47D Par + IL6 = 3.93 M P <0.001 ICso T47D Par + 1L6 = 1.15 uM P <0- ICeo T47D Par + L6 = 2.17 uM J P <0001
Downloaded fram clindanc [© Q1 & American Accnmntlnn for Cancer

Research.

Fig 4


http://clincancerres.aacrjournals.org/

A MCF7 T47D B

Stat3 g py C Socs3 g pyr

Par Res Par Res c 29 S
% 20 Fekk M Res g 1.0- M Res
0 2.04 Q
STaT: | e - ane || G- o g g
:f, 1.54 5 *k
. @ g
PSTAT3 - e o o5 I o
: g S
: P e o Yol 0.5 %
Actin | WIS S — D @Rt G 2
ey . ewiedi | e %o, 0
MCF7 T47D MCF7 T47D
D F H cnt 05uMNapa  Cnt2° 0.5 uM Napa 2°
100 » 07 M Cnt B 0.5uM Napa
3 601
o
2751 < 50- o
£ S
- I S 40;
S 501 ~ 304 .
- - MCF7 Par § ik
25 == T47D Par O 20 fiid 5
-=~ MCF7 Res o .
—= T47D Res =101 8 W Cnt2 ]
0 T T T 04 2 600 B 0.5 pM Napa g B 0.5 uM Napa 2
0.01 0.1 1 10 MCF7 Res T47D Res 2 400 i 2 400 .
Napabucasin Conc (uM) g 20 g 200+ L
£ 20 £ 207
@ ©
ICs0 MCF7 Par = 1.79 uM £ 15 g 15
_ :I P <0.001 - s
ICso MCF7 Res = 0.69 pM 5 10 5 10 s
ICso TA7D Par = 1.55 uM g 5 B g 5
(Cog TATD R —075HM:| P <0.001 =0 Z 0
50 es=0.75 p MCF7 Res T47D Res MCF7 Res T47D Res

m
@

Cnt 0.3 uM TTI-101 Cnt2° 0.3 uMTTI-101 2°

1ooL\ S i 70 M Cnt B 03pMTTIOL  §
‘\\ l 2 60' m'
N e 8 =
754
E <& 50
I} a 404
S5t — e ———————— o @
> T 3 301 @
2 |-= MCF7Par . E 4
254 =+ T47D Par T T 3 201 doek ke =
-~ MCF7 Res T1i O 401
0 — T47D Res BN N 6800 W Cnt @ 8001 W Cnt2°
0.01 0.1 1 10 MCF7 Res T47D Res %eoo B 0.3 uMTTI-101 %600_ B 0.3 M TTI-101 2
4004
TTI-101 Conc (uM) g 8 ool ]
400
ICso MCF7 Par = 9.83 uM £ §%1m ¥
— :] P <0.001 £ £ 15
ICs0 MCF7 Res = 0.37 uM %5 200 5 10
ICso T47D Par = 9.25 uM :I b < 0.001 6 g s s
— . =2 0
ICs0 T47D Res = 0.34 uM MCF7 Res T47D Res MCF7 Res T47D Res

\] K B MCF7 Res L

& 0.5 uM Napa
B 0.3 uM TTI-101
5™ M MCF7 Res £ 4.0 it 15 B MCF7 Res
2 O3 ek S B 0.5 uM Napa
» 124 i B 0.5 pM Napa 79 n B 0.3 uMTTI-101
20l W 03pMTTII01 8 0 ™ @
= = 25 st
% T E‘ %1.0- > Fekk kkk
[ © 1.6 o ok
[ 41 Q [
5 Kk Sk 5 1.2 5
(O] dekk o o 0.51
o 24 0.8 o
2 2 =
5 Sos &
[ ) [}
X ol & 0.0 & g.0.
IL6 Stat3 ' CD44 'ALDH1 E-cad N-cad ' Vimentin ERa PGR PS2

Downloaded from clincancerres.aacrjournals.org on April 26, 2019. © 2019 American Association for Cancer
Research. Fig 5


http://clincancerres.aacrjournals.org/

[
60

A

MCF7 RES T47D PAR T47D RES

MCF7 PAR

I
o

»N
=)

RAD51

% Positive Cells

w

N

yH2AX

-

MCF7 Par Wl T47D Par B 1003 - MCF7 Par = T47D Par
MCF7 Res T47D Res -= MCF7 Res T47D Res
e >
ok = 751
2
£ 50t-—=3g-—--=
B X
25
RAD51  yH2AX 0 . . ok
0 2 4 6

Fkk

Irradiation dose (Gy)

ICs0 MCF7 Par = 4.25 Gy
IC50 MCF7 Res = 1.65 Gy
ICs0 T47D Par = 4.21 Gy

P <0.001

= O
(=3
o

% Positive Cells
o

YH2AX/RADS51

IC50 T47D Res = 1.58 Gy

] P <0.001

1001 1003 F 100,
] >
£75: £ 751 £75- £ 75
2 3 z 2
£ 50 & 50f-----== $ 50t——————————— S 50f————————
> - MCF7 Par 2 -~ MCF7 Par ° - MCF7 Par Q -~ MCF7 Par
< 95 T47D Par < 25 T47D Par " 95 = TA7D Par ¢ 95 = TA7D Par
- MCF7 Res - MCF7 Res -=- MCF7 Res -= MCF7 Res
T47D Res T47D Res 0 T47D Res 0 T47D Res
0.01 0.1 1 0.01 0.1 1 0.01 0.1 1 10 0.01 0.1 1 10
Doxorubicin Conc (uM) Cisplatin Conc (uM) Olaparib Conc (uM) AZD1775 Conc (uM)
1Cs0 MCF7 Par = 0.65 uM IC50 MCF7 Par = 0.19 uM = 1C50 MCF7 Par = 0.82 uM
50 i M 50 i M ICso MCF7 Par = 7.95 uM ]P <0.001] '€ - u ]P <0.001
IC50 MCF7 Res = 0.73 uM IC50 MCF7 Res = 0.16 uM ICso MCF7 Res = 0.91 pM ICs0 MCF7 Res = 0.30 uM
ICso TA7D Par = 0.61 uM ICso T47D Par = 0.17 uM ICso T47D Par = 6.51 uM ICso T47D Par = 1.40 uM
ICs T47D Res = 0.67 uMJ ™S [|1Cso T47D Res = 0.17 },LM] "S- | |\C TATD Res = 0.73 HM]P <0.001|||cg, T47D Res = 0.37 ],LM]P <0.001
N
F . G H & O
1 0.5 uM Napa + 1 uM Ola 2
% | - u p K ‘o\ é\« o \§§ o®
2 RS NN
‘c 41 9 o x>
K] 3
23] . . -
52 * & g
Rl E )
8 14 -
0. F L o g g
M.Par M.Res T.Par T.Res < «©
=3 =
x 71 = 0.3puMTTI-101 + 1 uM Ola N N
S8 . c &
£ 5. = = |
c
S 4
2 3 8 4
3 5l & 3
£ ~ =
0 14
o
0! s—_
M.Par M.Res T.Par T Res
100 - 3 day : 3 + 3 days 100+ - 3 day : 3 + 3 days 100+ 100-
MCF7 Par o MCF7 Par Bl CD44-/+,CD24+
1 j Bl CD44-/+,CD24+
@ 75 I MCFTRes | 75| M MCF7Res | @ 75{ ™ CD#+CD2- o 75| CDA4rCD2A
§ | ‘8 : g- ok §
& 50 ! g ! g 50 N g 5 "
Z 1 S | < a -
3 ! s | = <
R 254 1 B 1 " 254 = 254
1 1
1 1
0 o X ) 2 0° » N
X & &R S QX K
& (¢ o"’(’ Qgs 0 J /\\3 @Q'b‘ \xo
A ¢ o R
Q@Q é@Q e Oe@Q < & @Q’b b ,(\\
X Q\Q’Bownloaded from cIincarﬁéerres.aacrjourﬁ%ls.org on April 26, 219. © 2019 American Association for Cancer

Research. Fig 6


http://clincancerres.aacrjournals.org/

B

S _ Wilcoxon (paired samples)
\n one-sided (pre>post)
p-value = 0.017

A ERa

Pre-treatment Post-treatment ' '
pre post
C Cyclin E D Pre- | Post:
y & ! Il LMWE induction n=7

McNemar's test
o p-value = 0.023

2Py =
- : .‘

=

e
5

a®

# of patients
10

«%
X )

3 y
W S

Post-treatment

negative  positive negative sitive
(ng=17) p(n=a) i (ng=10) I:("r?=15)

Cytoplasmic Cyclin E

‘f?- ~] Wilcoxon (paired samples)
v | one-sided (pre<post)
© p-value = 0.032
8 ]
[=]
8 4
§ 0
N o]
T <
> 0 |
o
wn
Pre-treatment Post-treatment © -
T I
pre post
G H Wilcoxon (paired samples)
pSTAT3 (Y705) 8 one-sided (pre<post)
p-value = 0.042
> &
N—r
0 e -
< o
(,) Al
o »
o

[ 1
Pre'trﬁmd from cIincanceFr’&S&%tEﬁ@tmeQ.torg on April 26, 2019. © PER9 American Association for G¥Rler

Research. Fig 7


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on March 13, 2019; DOI: 10.1158/1078-0432.CCR-18-3274
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

AAC_R American Association
for Cancer Research

Clinical Cancer Research

Combined inhibition of STAT3 and DNA repair in
palbociclib-resistant ER-positive breast cancer

Nicole M. Kettner, Smruthi Vijayaraghavan, Merih Guray Durak, et al.

Clin Cancer Res Published OnlineFirst March 13, 2019.

Updated version

Supplementary
Material

Author
Manuscript

Access the most recent version of this article at:
doi:10.1158/1078-0432.CCR-18-3274

Access the most recent supplemental material at:
http://clincancerres.aacrjournals.org/content/suppl/2019/03/13/1078-0432.CCR-18-3274.DC1

Author manuscripts have been peer reviewed and accepted for publication but have not yet been
edited.

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/early/2019/03/13/1078-0432.CCR-18-3274.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on April 26, 2019. © 2019 American Association for Cancer

Research.



http://clincancerres.aacrjournals.org/lookup/doi/10.1158/1078-0432.CCR-18-3274
http://clincancerres.aacrjournals.org/content/suppl/2019/03/13/1078-0432.CCR-18-3274.DC1
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://clincancerres.aacrjournals.org/content/early/2019/03/13/1078-0432.CCR-18-3274
http://clincancerres.aacrjournals.org/

	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

