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Abstract

Tryptophan-2,3-dioxygenase (TDO2), a rate-limiting enzyme in the tryptophan catabolism
pathway, is induced in triple-negative breast cancer (TNBC) by inflammatory signals and
anchorage-independent conditions. TNBC express extremely low levels of the microRNA-200
(miR-200) family compared to estrogen receptor-positive (ER+) breast cancer. In normal epithelial
cells and ER+ breast cancers and cell lines, high levels of the family member, miR-200c serve to
target and repress genes involved in epithelial-to-mesenchymal transition (EMT). To identify
mechanism(s) that permit TNBC to express TDO2 and other proteins not expressed in the more
well-differentiated ER+ breast cancers, miRNA-200c was restored in TNBC cell lines. The data
demonstrate that miR-200c targeted TDO?2 directly resulting in reduced production of the
immune-suppressive metabolite kynurenine. Furthermore, in addition to reversing a classical EMT
signature, miR-200c repressed many genes encoding immune-suppressive factors including PD-
L1/2, HMOXZ1, and GDF15. Restoration of miR-200c revealed a mechanism whereby TNBC
hijacks a gene expression program reminiscent of that used by trophoblasts to suppress the
maternal immune system to ensure fetal tolerance during pregnancy.

Implications: Knowledge of the regulation of tumor-derived immune-suppressive factors will
facilitate development of novel therapeutic strategies that complement current immunotherapy to
reduce mortality for TNBC patients.
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Introduction

Triple-negative breast cancer (TNBC), which lacks estrogen and progesterone receptors (ER
and PR) and amplification of the growth factor receptor HER2 (human epidermal growth
factor receptor 2), recurs more often and more rapidly than other subtypes, with a peak risk
of recurrence at 1-3 years post-diagnosis (1). If metastatic at time of initial diagnosis, TNBC
has a median survival of 13 months (2,3). This high metastatic potential can be facilitated by
an oncogenic epithelial to mesenchymal transition (EMT) that enhances anchorage
independence and invasiveness. Partial EMT or mixed populations potentiate metastasis in
breast cancer preclinical models (4) and circulating tumor cells isolated from breast cancer
patients were enriched for mesenchymal markers upon chemo-resistance (5). ER positive
breast cancer cell lines maintain epithelial markers and undergo significant programmed cell
death termed “anoikis” under anchorage independent conditions (6). In contrast, TNBC lines
aberrantly express mesenchymal and neuronal proteins that provide survival signals (7,8)
and metabolic changes (9,10) including increased tryptophan catabolism (11).

Increasing evidence supports a role for tryptophan catabolism in tumor progression, whereby
the tryptophan catabolite kynurenine (Kyn) facilitates anchorage independent survival by
binding to and activating the aryl hydrocarbon receptor (AhR) (11-13). While the enzymes
indoleamine 2,3-dioxygenase 1 (IDO1) and IDO2 can mediate the rate limiting step of
tryptophan catabolism, we reported that in TNBC the increased intracellular and secreted
levels of Kyn critical for anchorage independent survival are mediated by tryptophan-2,3-
dioxygenase (TDO2) activity (11). Kyn can also exert its effects in a paracrine fashion, by
binding to AhR in CD8+ T-cells to suppress anti-tumor activity (12,14,15), and by
expanding the regulatory T-cell population to exhaust the anti-tumor response (14).

Members of the microRNA-200 (miR-200) family are high in normal epithelial cells and the
more well-differentiated ER+ breast cancers, but extremely low in TNBC, and miR-200c is
the most differentially expressed between human ER+ versus TNBC cell lines (16-18).
Considered the “guardians of the epithelial phenotype,” this miRNA family suppresses EMT
by direct targeting of Zinc Finger E-Box Binding Homeobox 1 and 2 (ZEB1/2) and other
transcriptional repressors of E-cadherin (19,20) as well as numerous mesenchymal, neuronal
and embryonic stem cell genes (21,22). Loss or silencing of this miRNA family in TNBC
permits aberrant production of non-epithelial proteins that facilitate multiple steps in the
metastatic cascade.

Here we report that restoration of miR-200c to TNBC cell lines not only potently reversed a
“pan-EMT gene signature” derived from multiple types of carcinomas, but also significantly
decreased TDO2 and consequent production of Kyn. Furthermore, miR-200c repressed
multiple genes encoding immune-suppressive factors known to be produced by early embryo
cells called trophoblasts. Trophoblasts undergo a normal EMT that facilitates invasion into
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the uterus and suppresses the maternal immune system to ensure fetal tolerance. The
commonalities between tumor cells and trophoblasts are hypothesized to be due to
adaptations to similar selective pressures, including limited nutrients, oxygen, and the need
to avoid immune recognition (23). Although the idea that “trophoblast mimicry” might
facilitate tumor progression has been previously recognized (24,25), a global mechanism
permitting tumor cells to co-opt this immune-suppressive program, had not been identified.

Materials and Methods

Cell Lines

Reagents

All cell lines were authenticated by Short Tandem Repeat DNA Profiling (Promega;
Fitchburg, WI) at the University of Colorado Cancer Center (UCCC) Tissue Culture Core,
and tested for mycoplasma every three months. Only cells under five passages were used in
this study. Hs578T and SUM159PT cells were purchased from the UCCC Tissue Culture
Core and the rest directly from ATCC (Manassas, VA). SUM159PT (SUM159) cells were
grown in Ham’s F-12 with 5% fetal bovine serum (FBS), penicillin/streptomycin (P/S),
hydrocortisone, insulin, HEPES and L-glutamine supplementation. BT549 were cultured in
RPMI Medium 1640 with 10% FBS, P/S and insulin. MDA-MB-453 (MDA-453), were
grown in DMEM Medium with 10% FBS and P/S. MDA-MB-231 (MDA-231) were grown
in MEM with 5% FBS, HEPES, L-glutamine, nonessential amino acids, and insulin. MCF7
cells were obtained from Dr. Kate Horwitz at the University of Colorado Anschutz Medical
Campus and were grown in DMEM with 10% FBS and L-glutamine.

Interlukin-1 beta (IL-1p) and tumor necrosis factor alpha (TNF-a.) were purchased from
Affymetrix eBioscience (Santa Clara, CA) and used at a final concentration of 10ng/ul.
Negative, scrambled control (SCR) or miR-200c mimics were purchased from Ambion
(Foster City, CA) and used at a final concentration of 50nM. miRNA mimic and luciferase
reporter transfections were performed using either RNAi Max or Lipofectamine 3000
purchased from Thermo Fisher Scientific (Waltham, MA) and experiments were conducted
following the supplied protocols. 7D02cDNA plasmid (TDO2-OE) and corresponding
empty plasmid control vector (EV) control were obtained from Sino Biological (Wayne,
PA), catalog # HG13215-UT and CV011.

Inducible system for miR-200c expression

BT549 cells were transduced with the doxycycline (DOX) inducible lentiviral vector pTripZ
(Dharmacon, Lafayette, CO) encoding the precursor sequence for miR-200c (pTripZ-200c).
Control cells were transduced with pTripZ empty vector (pTripZ-EV, pooled population).
Stable expression was selected using 1 ug/mL puromycin, and multiple pTripZ-200c clones
were tested to identify which had low/absent background expression of miR-200c and at
least 500-fold expression of miR-200c in the presence of 1 pg/mL doxycycline (DOX)
inducer.
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Sample Preparation/lUHPLC-MS analysis of cell lines

Cells were counted, pelleted at 1500 g at 4°C, and stored at —80°C until analysis. Prior to
LC-MS analysis, samples were placed on ice and re-suspended with
methanol:acetonitrile:water (5:3:2, v:v) at a concentration of 2 million cells per ml. Media
samples were extracted with the same solution at a dilution of 1:25 (v/v). Suspensions were
vortexed continuously for 30 min at 4°C. Insoluble material was removed by centrifugation
at 10,000 g for 10 min at 4°C and supernatants were isolated for metabolomics analysis by
UHPLC-MS. Briefly, the analytical platform employs a Vanquish UHPLC system coupled
online to a Q Exactive mass spectrometer (Thermo Fisher Scientific). Samples were resolved
over a Kinetex C18 column, 2.1 x 150 mm, 1.7 pm particle size (Phenomenex, Torrance,
CA, USA) equipped with a guard column (SecurityGuard™ Ultracartridge - UHPLC C18
for 2.1 mm ID Columns — AJO-8782 — Phenomenex, Torrance, CA, USA) using an aqueous
phase (A) of water and 0.1% formic acid and a mobile phase (B) of acetonitrile and 0.1%
formic acid. Samples were eluted from the column using either an isocratic elution of 5% B
flowed at 250 ul/min and 25°C or a gradient from 5% to 95% B over 1 minute, followed by
an isocratic hold at 95% B for 2 minutes, flowed at 400 pl/min and 30°C. The Q Exactive
mass spectrometer (Thermo Fisher Scientific) was operated independently in positive or
negative ion mode, scanning in Full MS mode (2 pscans) from 60 to 900 m/z at 70,000
resolution, with 4 kV spray voltage, 15 shealth gas, 5 auxiliary gas. Calibration was
performed prior to analysis using the Pierce™ Positive and Negative lon Calibration
Solutions (Thermo Fisher Scientific). Acquired data was then converted from .raw

to .mzXML file format using Mass Matrix (Cleveland, OH, USA). Metabolite assignments,
isotopologue distributions, and correction for expected natural abundances of deuterium,
13¢, and 15N isotopes were performed using MAVEN (Princeton, NJ, USA). Graphs, heat
maps and statistical analyses (either T-Test or ANOVA), metabolic pathway analysis, PLS-
DA and hierarchical clustering was performed using the MetaboAnalyst 3.0 package
(www.metaboanalyst.com). Hierarchical clustering analysis (HCA) was also performed
through the software GENE-E (Broad Institute, Cambridge, MA, USA). XY graphs were
plotted through GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA).

Quantitative RT-PCR

Total RNA was isolated using TRIZOL RNA Isolation (QIAGEN, Germantown, MD)
according to the manufacturer’s instructions. cDNA was synthesized with the gScript cDNA
SuperMix (QuantaBio, Beverly, MA). qRT-PCR was performed in an ABI 7600 FAST
thermal cycler. SYBR Green quantitative gene expression analysis was performed using
ABsolute Blue gRT-PCR SYBR Green Low ROX Mix (ThermoScientific) and the following
primers: 7DOZ2 forward 5’- CGGTGGTTCCTCAGGCTATC-3’ and reverse 5’-
CTTCGGTATCCAGTGTCGGG-3’; /L6 forward 5’- AAGCCAGAGCTGTGCAGATGA-3’
and reverse 5’- AACAACAATCTGAGGTGCCCA; HMOX-1 forward 5’-
CAGGCAGAGAATGCTGAGTTC-3’ and reverse; GDF-15forward 5’-
CTCAGGACGCTGAATGGCTCT-3’ and reverse 5’-GGGTCTTGCAAGGCTGAGCTG-3’;
PD-1 1 forward 5’-TATGGTGGTGCCGACTACAA-3’ and reverse 5’-
TGGCTCCCAGAATTACCAAG-3’; ZEBI forward 5’-
TCCATGCTTAAGAGCGCTAGCT-3’ and reverse 5’-
ACCGTAGTTGAGTAGGTGTATGCCA-3’; GAPDH forward 5’-
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GTCAGTGGTGGACCTGACCT-3’ and reverse 5’-AGGGGTCTACATGGCAACTG-3’; 8-
actim. FP- CTGTCCACCTTCCAGCAGATG RP-CGCAACTAAGTCATAGTCCGC.
Tagman quantitative gene expression analysis for miR-200c and U6 was performed with
primer-specific reverse transcriptase using the following TagMan MicroRNA Assays
(Applied Biosystems/ThermoFisher): miR-200c assay 1D #002300; U6 assay ID #001973.
All experiments were performed in biological triplicate.

Immunoblotting

Whole-cell protein extracts (50 jg) were denatured, separated on SDS-PAGE gels, and
transferred to polyvinylidene fluoride membranes. After blocking in 5% BSA in Tris-
buffered saline—Tween, membranes were probed overnight at 4°C. The following antibodies
were used in this study: TDO2 (Sigma, St. Louis, MO, #HPA039611, 1:1000), HMOX-1
(Cell Signaling, Danvers, MA, #5061, 1:1000), ZEB1 (Sigma, #HPA027524, 1:2000), a.-
tubulin (Sigma, #T5168, 1:10,000), and B-Actin (Cell Signaling, #3700, 1:4000). Polyclonal
antisera directed against GDF-15 was generated using the C-terminus peptide
KTDTGVSLQTYDDLLA (Zymed, San Francisco, CA). Affinity purified GDF-15 antibody
was prepared using the SulfoLink coupling resin according to the manufacturer’s
instructions (ThermoFisher). Following secondary antibody incubation, results were
detected using Western Lighting Chemiluminescence Reagent Plus (Perkin Elmer; Waltham,
MA). Densitometry quantifications were performed using ImageJ (NIH, Bethesda, MD).
First, all bands were normalized to their respective a-Tubulin or B-Actin loading control.
The values shown in figures are reported as a fold change compared to either untreated cells
or cells transiently transfected with scrambled mimic (SCR) or DOX.

Flow Cytometry

Single-cell suspensions of BT549 cells were prepared and stained using the anti PD-L1
(Clone MIH1, eBioscience) following manufacturer’s instructions, then fixed in 1%
paraformaldehyde and stored at 4° C until analysis. Flow cytometry was conducted using the
BD LSRFortessa cell analyzer (BD Biosciences, Franklin Lakes, NJ) and data were analyzed
using FlowJo software (Tree Star, Inc., Ashland, OR).

Gene expression analysis

BT549-pTripZ-200c cells, plated in triplicate, were cultured in DOX for 48 hours. RNA was
isolated using the RNeasy PLUS kit (Qiagen; Germantown, MD) and quality was measured
on an Agilent 2100 Analyzer (Agilent Technologies; Santa Clara, CA), RIN (RNA integrity
number) ranged from 9.6-10.0. Gene expression was measured using the Affymetrix Human
Transcriptome 2.0 array hybridization performed by the University of Colorado Cancer
Center Genomics and Microarray core facility and was deposited in the Gene Expression
Omnibus (GEO) database as GSE108271. Data were analyzed by one-way ANOVA
performed at the gene and probe (exon) levels using Partek Genomics Suite software
(Partek; St. Louis, Missouri). Microarray data were normalized by Robust Multiarray
Average method using Affymetrix Power Tools. Multiple probe sets for the same gene were
collapsed using average expression. Genes with false-discovery rate < 10% and fold change
> 1.2 were selected as differentially expressed between the two groups. Pathway analysis
was performed using Gene Set Enrichment Analysis (GSEA) software and KEGG gene sets.
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Gene sets with P< 0.05 (after 1000 gene set permutations) were deemed to be enriched in
each group.

Pan-carcinoma EMT signhature analysis

To determine the EMT states of the untreated and DOX-treated BT549 cells, our gene array
results were compared to the published pan-carcinoma EMT signatures from Mak et al (26).
The “pan-carcinoma EMT signature” genes were extracted from the normalized gene
expression data of the untreated and DOX-treated BT549 cells. Unsupervised clustering was
performed using CLUSTER 3.0 with Spearman correlation with average linkage. Cluster
was visualized using Java TreeView (SourceForge, Mountain View, CA).

Cloning of TDO2 3'UTR and Site-Directed Mutagenesis

The 3’UTR of TDO2 was amplified from the BAC plasmid RP11-401G24. Primers were
designed to amplify the 3’UTR of TDO2 and to additionally add restriction enzyme cut sites
for Sacl (5” end) and Xhol (3’end): Xhol-TDO2:
AGACCGCTCGAGAATCGTCTGCAAAATCTATG

Sall-TDO2: GAACGCGTCGACTACAGGGAGAAAGATTAATAC. Once amplified, the
insert was cloned into the pmiR-GLO vector (Promega) using the corresponding restriction
enzyme cut sites. The pmiR-GLO vector containing the 3’'UTR of TDO2 was confirmed by
gel electrophoresis and its sequence confirmed by the DNA Sequencing Core at the
University of Colorado (Aurora, CO).

Luciferase reporter activity

Reporter activation was determined using the Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s protocol. Briefly, cells were lysed for 15 minutes
at room temperature using 1x passive lysis buffer and centrifuged to eliminate cell debris.
The supernatant was used immediately or diluted with 1x passive lysis buffer for
determination of luciferase activity. For analysis of the activity of miR-200c mimic on the
wild type or mutated 7002 3’UTR, both were cloned into the pmiR-Glo vector and
luciferase activity was normalized to the Renilla signal to control for differences in
transfection efficiency.

Measurement of anchorage-independent growth
Soft-agar assays were performed in 0.5% bottom and 0.25% top-layer agar (Difco Agar
Noble; BD Biosciences). Cells were embedded in the top-layer agar and media refreshed
every 4 days.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5. Student t test, ANOVA with
Tukey post-hoc test, and two-way ANOVA with Bonferroni multiple comparison test were
used as noted. P values are denoted as follows: *, P< 0.05; **, P< 0.01; ***, P< 0.001; ****,
P< 0.0001; ns, not significant.
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Results

Restoration of miR-200c to TNBC cell lines leads to widespread reversal of EMT and an
immune-suppressive signature that includes TDO2

BT549 breast cancer cells engineered to express miR-200c in a doxycycline (DOX)-
inducible manner were treated with or without DOX for 48 hours. RNA was collected, gene
expression analysis performed, and unsupervised hierarchical clustering of the top
differentially expressed genes (FDR < 10% and fold change > 1.2) is shown in heatmap
form (Figure 1A). Analysis of, miR-200c and known target Z£B-1 from BT549-TripZ-EV
and BT549-TripZ-200c cells treated with or without DOX showed significantly increased
miR-200c and a reduction in ZEB-1 in DOX treated BT549-TripZ-200c cells exclusively
(Figure 1B). Western blot confirmed decreased ZEB-1 and increased E-Cadherin proteins in
DOX treated BT549-TripZ-200c, but not BT549-TripZ-EV cells (Figure 1C). GSEA
analysis revealed alterations in a number of pathways involved in immune modulation upon
induction of miR-200c, including tryptophan metabolism, allograft rejection, complement
and coagulation pathways, and cytokine/cytokine receptor signaling (Figure 1D,
Supplemental Figure S2, Supplemental Table S1). The list of altered genes involved in these
immune related pathways is available in Supplemental Table S2. For select genes encoding
proteins with immune-suppressive functions, qRT-PCR was performed from RNA isolated
from an independent set of BT549-Tripz-200c cells treated with or without DOX. This
experiment demonstrated significantly decreased levels of 7002, Programmed death-ligand
1 (PD-L1/CD274), heme oxygenase 1 (HMOX-1), and Growth Differentiation Factor 15
(GDF-15) in the presence of miR-200c (Figure 1E). Although GDF-15was decreased by 1.7
fold, it does not appear in the heatmap because its p value fell slightly below the cutoff of
FDR < 10% at FDR =12%, but we followed up on its regulation because of its known
immune-modulatory functions. Comparison of genes altered by induction of miR-200c in
BT549-TripZ-200c cells to a “pan-carcinoma EMT signature” derived from multiple types
of carcinomas (26) revealed that induction of miR-200c increased 60% (15/25) of the
epithelial signature and decreased 80% (41/51) of the mesenchymal signature (Supplemental
Figure S1A).

Restoration of miR-200c in an immune-competent mouse model of triple-negative
mammary carcinoma led to decreased metastatic outgrowth in the lungs (GSE62230) (27).
While the immune system was not examined in that study, genes altered by restoration of
miR-200c to human TNBC cells compared to those altered by miR-200c in the mouse
mammary carcinoma found a significant number of overlapping genes, including 7D02,
HMOX-1, PD-L1/CD274, and Inhibitor of Nuclear Factor Kappa B Kinase Subunit Beta
(/KBKB) among others (Supplemental Figure S1B).

miR-200c directly targets TDO2 and decreases TNBC kynurenine production

To further validate the decrease in 7002 upon miR-200c restoration observed in the initial
gene expression findings, four TNBC cell lines (BT549, Hs578T, MDA-453, and SUM159)
were transiently transfected with either miR-200c mimic or scrambled control mimic (SCR).
Decreased 7DOZ expression was detected in all four cell lines following miR-200c
transfection (Figure 2A). Western blot of whole cell lysates showed decreased TDO2 and
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ZEB1 in three TNBC cell lines tested (Figure 2B). A predicted miR-200bc/429 binding site
was identified in the 7D023’UTR (nucleotide position 5’-395-400-3") using TargetScan.
To test whether miR-200c directly binds to and targets 7002, the entire 3’'UTR of 7D02
was inserted downstream of luciferase in the pmiR-GLO reporter plasmid (Figure 2C).
When this reporter was transfected into BT549 cells with miR-200c mimic or SCR,
miR-200c mimic significantly decreased luciferase activity. This effect was reversed upon
mutation of the predicted binding site for miR-200c in the TDO23’UTR (Figure 2D). To
test the impact of miR-200c and subsequent reduction in TDO2 protein on tryptophan
catabolism, Kyn levels were measured by UHPLC-MS following miR-200c induction in the
BT549 TripZ DOX-inducible system. Intracellular and secreted Kyn levels were
significantly reduced with DOX induction of miR-200c in the BT549 cells and the same
effect was observed following addition of miR-200c mimic to the Hs578T and MDA-453
TNBC cell lines (Figure 2E).

Exogenous TDO2 in ER+ breast cancer cells increased anchorage independent growth

TDO2 mRNA and protein are very low or undetectable in ER+ breast cancer cells and these
cells do not survive well under anchorage independent conditions compared to TNBC lines
(11). To determine whether increased TDO2 promotes anchorage independent survival,
MCFT7 cells were transfected with either TDO2-expression vector (TDO2 OE) lacking the
3’UTR or empty vector (EV) for 24 hours and plated in soft agar. After 11 days, colonies
were stained and quantified to assess anchorage independent growth. MCF7-TDO2 OE
demonstrated significantly enhanced growth on soft agar compared to MCF7 EV cells
(Figure 2F). Western blot of whole-cell lysate collected prior to growth on soft agar
confirmed TDO2 overexpression in the MCF7-TDO2 OE cells as compared to MCF7-EV
(Figure 2F). Further, to functionally confirm the activity of the exogenous TDO2, we
confirmed by UHPLC-MS that MCF7-TDO2 OE cells had increased intracellular and
secreted Kyn levels compared to MCF7-EV cells (Figure 2G).

Restoration of miR-200c decreases TDO2, HO-1, and GDF-15 even in the presence of
inflammatory stimuli

TDO?2 is significantly upregulated in TNBC cells in forced-suspension culture as a result of
increased Nuclear Factor kappa B (NFxB) activity (11). Given these findings, we examined
whether miR-200c would repress NFxB-mediated stimulation of TDO2 expression. BT549-
TripZ-200c inducible cells were treated with or without DOX in the presence or absence of
the NFxB activating cytokines Interleukin 1 Beta (IL-1f) and Tumor Necrosis Factor alpha
(TNF-a). Both TDO2 mRNA and protein were significantly upregulated following
treatment with the NFxB activating cytokines, but suppressed in the presence of DOX,
indicating that miR-200c blocks TDO2 expression even in the context of inflammatory
stimuli (Figure 3A). As a positive control we examined Interleukin-6 (/L-6), a known NFxB
target, which significantly increased following treatment with IL-1 and TNF-a (Figure
3B). /L-6was also decreased with restoration of miR-200c in the initial array results and this
was confirmed in an independent experiment shown in Figure 3B. While miR-200c levels
significantly increased following treatment with DOX, they were not significantly affected
by IL-1B and TNF-a treatment (Figure 3C).

Mol Cancer Res. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rogers et al.

Restoration

Page 9

We further investigated miR-200c decreased multiple other genes encoding
immunomodulatory proteins (Figures 1A, Supplemental Figure S2). HMOX-1, which
encodes heme oxygenase 1 (HO-1), was reduced by restoration of miR-200c in the
microarray analysis (fold change -2.13; P=9.40E-05). Following transient transfection of
BT549, Hs578T, MDA-453, and SUM159 TNBC lines with miR-200c mimic HMOX-1 was
significantly reduced in all lines (Figure 3D, left). HO-1 protein (encoded by HMOX-1) was
also decreased by miR-200c (Figure 3D, right). Since TNFa. increased HO-1 protein levels,
but IL-1p decreased them (Supplemental Figure S3), we examined HO-1 in empty vector
containing BT549-TripZ-EV cells versus miR-200c containing BT549-TripZ-200c cells
treated with or without DOX, then plus or minus TNF-a.. It was clear that even in the face of
TNFa stimulation, miR-200c suppressed production of HO-1 (Figure 3E).

GDF-15, which encodes an anti-inflammatory cytokine also known as Placental TGF-Beta
(PTGFB) due to its high level of expression in placenta, decreased in BT549-TripZ-200c
cells following induction of miR-200c in the array analysis (fold change -1.7); however, the
p value fell slightly below the cutoff of P < 0.1, with P=0.12. We examined whether NFxB
stimulation affected GDF-15 levels and whether miR-200c would limit this process. BT549-
TripZ-200c inducible cells were treated with or without DOX in the presence or absence of
the NFxB stimulating cytokines IL-1p and TNF-a for 48 hours. GDF-15 protein was
upregulated by 4.4 fold following cytokine treatment, but the effect was suppressed in the
presence of DOX induction of miR-200c (Figure 3F right). The same was true in MDA-453
cells, in which the NFxB activating cytokines significantly upregulated GDF-15, but
addition of miR-200c mimic repressed GDF-15 baseline and cytokine induced levels (Figure
3F left).

of miR-200c decreases expression of PD-L1/2

PD-L 1 was recently identified as a direct target of miR-200c in lung cancer and MCF7
breast cancer cells (28,29). Since PD-L 1 was significantly decreased in BT549-200c cells
following DOX induction in the array analysis (Figure 1A), we treated BT549-TripZ-200c
cells with Interferon gamma (IFN-y) to induce PD-L1 expression, and confirmed that
miR-200c significantly reduced the IFNy-mediated upregulation of PD-L1 (Figure 4A).
Additionally IFN-y-induced PD-L2expression was significantly reduced in the presence of
miR-200c (Figure 4B). Reduction in PD-L1 ligand following restoration of miR-200c was
confirmed by flow cytometry (Figure 4C). Figure 4D illustrates a model how miR-200c
suppression of TDO2-dependent tryptophan catabolism and resulting Kyn production, along
with suppression of GDF-15 and HO-1, might affect T-cells in a non-contact dependent
fashion in addition to reducing the contact-dependent immune suppressors, PD-L1 and 2.

Discussion

Here we report a novel mechanism of regulation of tumor tryptophan catabolism, involving
post-transcriptional regulation by miR-200c. The miR-200 family is well-described as a
critical determinant of the epithelial phenotype that directly targets and suppresses
transcriptional repressors of E-cadherin such as ZEB1 and ZEB2, Twist, and Snail, to
mediate normal EMT that facilitates rearrangement of epithelial cells during development,
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as well as oncogenic EMT in carcinomas, which can facilitate metastasis (19,20). Many
mesenchymal and neuronal genes involved in motility, invasiveness, anoikis resistance,
chemo-resistance and stem cell-like properties such as Tropomyosin-Related Kinase B
(TrkB), Neurotrophin 3 (NTF3), Moesin, Tubulin Beta 3 Class 111 (TUBB3), and Suppressor
Of Zeste 12 Protein Homolog (SUZ12) are targeted by miR-200c (21,30). In many de-
differentiated, aggressive carcinomas, including TNBC, miR-200 family members are often
lost or repressed by micro-deletions or silenced via methylation (31,32). Here, restoration of
miR-200c to TNBC cells repressed ZEBL, restored E-cadherin, profoundly reversed a
patient-derived, pan-cancer EMT signature (26), and significantly repressed genes encoding
immune suppressive factors. GSEA analysis of genes reduced by induction of miR-200c in
TNBC revealed a change in a number of pathways involved in immune modulation
including allograft rejection, complement and coagulation pathways, and tryptophan
metabolism.

Analysis of genes increased by induction of miR-200c demonstrated the expected gain of
epithelial characteristics, but also indications of increased glycolysis and oxidative
phosphorylation. While this alteration was unexpected, a recent study of the metabolic
properties of an immortalized breast epithelial cell line and its EMT counterpart also found
glycolysis and oxidative phosphorylation to be associated with the epithelial phenotype,
while amino acid anaplerosis and fatty acid oxidation drove the mesenchymal phenotype
(33). Interestingly, the tryptophan transporter LAT1 was deemed “essential for mesenchymal
cell survival” (33).

Multiple clinical trials evaluating inhibitors of IDO activity such as Indoximod (D-1-methyl-
tryptophan, NewLink Genetics) and INCB024360 (Incyte) either have already been
conducted or are underway. However, these compounds do not inhibit TDO2, which evolved
separately to metabolize tryptophan (34,35). Data presented here, in our previous report, and
by others, suggests that TDO2 may be relevant in TNBC and other types of cancer (11-13).
Thus, new drugs that inhibit both IDO and TDO2 may be more effective in some cancer
types including TNBC. TDO2-mediated production of Kyn supports tumor cell anchorage
independent growth and invasion in an autocrine manner by binding to and activating AhR
(11-13). Indeed AhR was recently linked to inflammation and tryptophan metabolism in
breast cancer (36). Kyn can also act in a paracrine fashion by binding AhR in T cells to
suppress T-cell mediated tumor rejection (12,37) via expansion of regulatory T-cells (14) and
direct effects on cytotoxic T cells (38). In addition to increased TDO2 upon NFxB activation
in TNBC (11), we now report post-transcriptional control of 7D002by miR-200c, explaining
why this enzyme is expressed in TNBC, but not ER+ lines, which have high levels of
miR-200c (16). TDO2 is decreased as a consequence of direct targeting of the 7D023’UTR
by miR-200c and Kyn production is consequently reduced. Conversely, transfection of
TDOZ2lacking the 3’UTR containing miR-200c binding site into ER+ cells increased
expression of Kyn and growth on soft agar.

GSEA analysis of genes altered by miR-200c¢ showed a reduction in pathways involved in
immune-suppression and tolerance. Interestingly, normal EMT enables extravillar
cytotrophoblasts to invade into the maternal decidual stroma and produce immune-
suppressive substances that ensure embryo maintenance/fetal tolerance during pregnancy
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(23). We demonstrate that restoration of miR-200c suppresses the ability of TNBC to make
similar immune-suppressive factors. The miR-200 family typically serves as the “brakes” by
which EMT is kept at bay in normal epithelium or ER+ breast cancer. We propose that loss
or silencing of the miR-200 family permits TNBC to undergo EMT and co-opt this invasive/
immune suppressive program. In support of this theory, low levels of the miR-200 family
member, miR-141, permit successful trophoblast uterine invasion and immune suppression
to facilitate successful tolerance of the fetus, whereas miR-141 is abnormally high in pre-
eclamptic placentae (when these processes fail) (39).

Mellor and Munn described the role of tryptophan catabolism in the prevention of T-cell-
driven complement activation and inflammation during pregnancy (40). Inhibition of IDO or
TDO2-mediated tryptophan catabolism in pregnant mice induced fetal loss, supporting its
role in maternal fetal tolerance (40). The immune-suppressive effects of both tryptophan
depletion and increased tryptophan metabolites such as Kyn are well established (12,14,41).
TDO2 also plays a role in endometrial decidualization where it suppresses the activation of
decidual T-cells to maintain pregnancy (42).

HO-1 is an anti-inflammatory, immune-suppressive, pro-angiogenic enzyme involved in
suppression of CD8+ T-cells through expansion of T-regulatory cells necessary for fetal
tolerance during pregnancy (43). Gestational stress in mice led to lower HO-1, increased
cytotoxic CD8+ T-cells and intrauterine growth restriction (44). Here we show that
restoration of miR-200c significantly decreased levels of HMOX-1 (encoding HO-1) and
HO-1 protein is overexpressed in breast cancer and predicts shorter overall survival (45). In
clear-cell renal cell carcinoma cells, miR-200c directly targets HMOX-1 (46). In a mouse
mammary carcinoma model, HO-1 inhibition reduced tumor growth to a degree comparable
to PD-1 blockade (47). GDF-15 is highly expressed in placenta and decidual stromal cells in
the uterus and has been found to promote tolerogenic dendritic cells during pregnancy (48).
In malignant gliomas, depletion of GDF-15 enhanced natural killer cell-mediated clearance
of tumors (49) and is also though to help tumor cells evade immune surveillance by
macrophages (50). In the normal prostate, GDF-15 is inversely correlated with inflammation
(51); however, circulating GDF-15 levels are elevated in prostate cancer patients compared
to men without prostate cancer. GDF-15 was significantly decreased by restoration of
miR-200c to TNBC even in the face of NFxB stimulation.

Our data support recent reports that PD-L1 (CD274) is targeted by miR-200c (28,29), and
we confirmed this finding at the protein level by flow cytometry. Restoration of miR-200c
also reduced PD-L2(CD273) induction by IFN+y. Like PD-L1, PD-L2 is expressed on both
antigen-presenting cells and tumor cells and interacts with PD-1 on T-cells to inhibit anti-
tumor function (52). High tumor PD-L2 indicated a better clinical response in patients
treated with pembrolizumab (Keytruda), suggesting that PD-1 blockade may function
through inhibition of both ligands (53).

Restoration of miR-200c decreased metastasis in an immune competent genetically
engineered mouse model of claudin-low TNBC (27) and although changes in the immune
response were not examined in that study, comparison of the data with the human TNBC
cells studied here revealed overlap in the genes reduced upon induction of miR-200c,

Mol Cancer Res. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rogers et al.

Page 12

including 7D0O2, HMOX-1, IKBKB, PLCG1 and PD-L 1 (Supplemental Figure S1B). We
observed that NFxB stimulating cytokines upregulate TDO2, HO-1, and GDF-15 protein in
TNBC, but this induction by inflammatory stimuli is inhibited in the face of miR-200c as are
baseline levels of these proteins. While the ability of miR-200c to repress NFxB function
may also be due to miR-200c affecting upstream regulators of this pathway such as IKKB,
data presented here and by others indicate that 7D02, HMOX-1 (46), /L-6 (54), and PD-L1
(28,29) are directly targeted by miR-200c. This insight into both the inflammation-mediated
transcriptional and miRNA-mediated post-transcriptional regulation of specific immune-
suppressive factors produced by TNBC cells may lead to new therapeutic strategies. During
pregnancy, infection can trigger pre-term birth by activating the immune system, so
dampening the immune response to infection and non-self antigens is advantageous in that
setting. However, chronic inflammation may contribute to cancer by prompting epithelial
cells to make immune suppressive factors such as those described here, which would impede
the anti-tumor immune response. Furthermore, we previously documented that NFxB
activity increased in TNBC cells under anchorage independent conditions (7,11) and indeed
TDOZ2and HMOX-1 increased in TNBC under these conditions as well (8,11). Thus,
circulating tumor cells, which are able to resist the stress of anchorage independent survival
during dissemination, may also be particularly able to generate immune suppressive
metabolites that contribute to immune evasion. Interestingly, HMOX-1 emerged in a recent
synthetic lethal screen for genes supporting metastasis in a mouse mammary carcinoma
model (55).

In a recent comparison of two isogenic mammary carcinoma cell lines, the more
mesenchymal line expressed higher PD-L1, lower MHC-1, and contained increased T
regulatory cells and M2 macrophages in the tumor stroma (56); however, specific effectors
or regulatory mechanisms or were not identified. The current study reveals multiple genes/
proteins made by TNBC reminiscent of those used by trophoblasts to achieve fetal tolerance
including 7DO2, PD-L1/2, HMOX-1 and GDF-15. While future studies are necessary to
determine how to utilize this information to reverse tumor-induced tolerance and re-activate
the immune system, some of these enzymes (TDO2 and HO-1) and ligands (GDF-15) are
targetable. The miR-200c family regulates the epigenetic modifier PcG protein Enhancer of
Zeste Homolog 2 (EZH2), which affects the adaptive response to immunotherapies in
melanoma (57). While other lines of evidence have linked EMT and immune suppression in
cancer (26,56,58), our study functionally links miR-200c to an early embryonic program of
immune suppressive factors that ensure fetal tolerance. Therapeutic strategies targeting these
tumor-derived non-contact dependent immune suppressive factors may increase the efficacy
of checkpoint inhibitors in TNBC.
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Figure 1. Restoration of miR-200c to TNBC represses epithelial to mesenchymal transition and
pathways/genes involved in immune suppressive functions.

BT549-TripZ-200c cells containing the pre-miR-200c sequence in the DOX inducible
pTripZ vector were treated in triplicate with 1 pg/mL Doxycycline (DOX) or vehicle for 48
hours. (A) Heat map of differentially expressed genes (adjusted p-value < 0.10 and fold-
change > 1.2) between untreated (DOX-) and induced (DOX+) BT549-TripZ-200c cells in
triplicate. (B) In both BT549-TripZ-200c and BT549 cells with empty pTripZ vector
(BT549-TripZ EV), miR-200c and ZEB1 were measured by gRT-PCR and normalized to U6
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and 18Srespectively, and presented as fold change of DOX+ cells relative to untreated
counterpart cells. ****P<0.0001, unpaired t-test. (C) Western blot for ZEB-1 and E-
Cadbherin proteins in BT549-TripZ-EV cells and BT549-TripZ-200c minus or plus DOX (48
hrs). (D) Gene Set Enrichment Analysis of pathways enriched in DOX- (no miR-200c)
versus DOX+ (miR-200c induced). **P<0.01, *P<0.05, unpaired t-test. (E) Select
transcripts measured by qRT-PCR from RNA isolated from independent BT549-200c cells
DOX- and DOX+ for 48 hours.
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Figure 2. Restoration of miR-200c to TNBC decreases TDO2 by direct targeting of TDO2 at a
binding site in the 3’UTR, resulting in reduction of intracellular and secreted kynurenine.

(A) Relative 7DO2mRNA levels determined by gRT-PCR in multiple TNBC cell lines
following transfection with either negative SCR control mimic or miR-200c mimic for 48
hours. ***P<0.001, **P<0.01, unpaired t-test. (B) TDO2 and ZEBL1 in multiple TNBC lines
following transfection with negative control or miR-200c mimic for 72 hours. (C) Schematic
of TDOZ23’UTR depicting predicted binding site of miR-200c at position 395-400 cloned
into pmiR-Glo-luciferase vector with site-directed mutations indicated by asterisks. (D)
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Luciferase activity of the WT 7D0O23’UTR or mutated 7002 3’UTR containing pmiR-Glo
following transfection of BT549 cells with either negative control mimic or miR-200¢c mimic
for 48 hours. ****P<0.0001, one-way ANOVA analysis. (E) Relative Kyn levels in BT549
cells as determined by UPLC-MS expressing a stable DOX-inducible lentiviral empty vector
pTripZ vector or miR-200c-pTripZ vector after 72 hours of DOX induction (left). Relative
Kyn levels measured in Hs578T and MDA-453 following transfection with SCR control or
miR-200c mimic 72 hours prior (middle, right). (F) MCF7 cells transfected with expression
vector for 7D02 (OE) or empty vector (EV) and immunoblot probed with TDO2 detecting
antibody 24 hours after transfection (top). MCF7 cells with TDO2 OE or EV control were
grown in soft-agar and colony number determined after 11 days (bottom). (G) Intracellular
and secreted Kyn measured by UPLC-MS in MCF7-EV or MCF7-TDO2-OE cells after 72
hours. Data is shown on a log10 scale.
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Figure 3. Restoration of miR-200c abrogates expression of immunomodulatory gene and protein
expression in TNBC cells.

(A) Relative 7TDO2mRNA levels in BT549-TripZ-200c cells after 72 hours of no treatment,
DOX, NF«xB stimulation (TNF-a,, IL-1B (10 ng/uL each)) for the last 48 hrs, or the
combination of DOX and NFxB stimulation (top). Relative 7DOZ2 levels were normalized to
B-actin. ***P<0.001, **P<0.01 by unpaired t-test. Immunoblot for TDO2 and ZEB1with a-
Tubulin as a loading control in BT549-TripZ-200c cells after 72 hours of no treatment,
DOX, NF«xB stimulation (TNFa and IL-1p), or the combination of DOX and NFxB
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stimulation (bottom). Fold changes are indicated compared to vehicle treated after
normalizing to loading control.(B) /L6 mRNA levels in BT549-TripZ-200c cells after 72
hours of no treatment, DOX, NF«xB stimulation(TNF-a, IL-1), or the combination of DOX
and NFxB activation. Relative /L6 levels were normalized to B-actin. ***P<0.001,
**P<0.01 by unpaired t-test. (C) Relative m/iR-200c in BT549-TripZ-200c cells after 72
hours of no treatment, DOX alone, NFxB stimulation (TNF-a, IL-1), or the combination of
DOX plus NFxB activation. Relative miR-200c levels were normalized to U6 snRNA. (D)
HMOX-1 gRT-PCR in multiple TNBC cell lines following transient transfection with either
negative control scrambled (SCR) mimic or miR-200c mimic after 48 hours (left) and
immunoblot for HO-1 (encoded by HMOX-1) in TNBC lines following transient
transfection with SCR mimic or miR-200c mimic for 72 hours (right). Fold changes were
calculated over SCR after normalizing to the a-Tubulin loading control. (E) Immunoblot for
HO-1 protein in in BT549-Tripz-EV cells as compared to BT549-Tripz-200c cells treated
minus or plus DOX (72 hrs) with or without TNF-a for the last 48 hrs. (F) Immunoblot for
GDF-15 in MDA-453 cells following transfection with SCR control or miR-200c mimic for
72 hrs with or without NFxB stimulation for the last 48 hrs (left) and in BT549-TripZ-200c
cells after vehicle versus DOX for 72 hrs with or without NFxB stimulation for the last 48
hrs (right). Fold change was calculated over vehicle treated cells after normalization to a-
Tubulin loading control.
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Figure 4. miR-200c regulates PD-L1 and 2 and other immunosuppressive factors in Triple-
Negative Breast Cancer.

BT549-TripZ-200c cells were treated with DOX to induce expression of miR-200c, or
vehicle control. (A) Relative PD-L1 mRNA levels were determined by gRT-PCR in 24 hours
after DOX treatment began, cells were treated with interferon -y (IFN-y, 10 ng/mL) or
vehicle. Cells were harvested 72 hours after the commencement of DOX treatment.
****pP<0.0001, as determined by one-way ANOVA. (B) Relative PD-L2mRNA levels were
determined by gRT-PCR in BT549 cells expressing a stably transduced, DOX-inducible
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miR-200c vector were treated with DOX to induce expression of miR-200c, or vehicle
control. 24 hours after DOX treatment began, cells were treated with IFNy (10 ng/mL) or
vehicle. Cells were harvested 72 hrs after DOX treatment. ****P<0.0001, as determined by
one-way ANOVA. (C) PD-L1 expression was measured by flow cytometry. BT549 cells
expressing a stably transduced, DOX-inducible miR-200c vector were treated with DOX to
induce expression of miR-200c, or vehicle control. 24 hours after DOX treatment began,
cells were treated with IFNy (10 ng/mL) or vehicle. Cells were harvested 72 hours after the
commencement of DOX treatment and stained for PD-L1. n=3 samples, data shown is
representative of two independent experiments. *** p<0.001, **** p<0.0001, as determined
by unpaired t-test. (D) Model of factors repressed by restoration of miR-200c to TNBC and
their published effects on T cells.
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