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Abstract

Anoikis is programmed death of epithelial cells triggered by detachment from a basement
membrane or extracellular matrix, and anoikis resistance is a critical step in metastasis. Triple-
negative breast cancers (TNBC) have a high rate of metastasis in the first 3 years following
diagnosis, and although TNBC cell lines are more resistant to anoikis than estrogen receptor
positive lines, little is known regarding pathways that support anoikis resistance. Gene expression
and metabolomic profiling of TNBC cells in forced suspension culture revealed multiple genes in
the kynurenine pathway of tryptophan catabolism upregulated by TNBC cells in suspension,
including tryptophan 2,3-dioxygenase (TDO2). Increased production of kynurenine, a key
metabolite of this pathway, by TNBC in suspension activated aryl hydrocarbon receptor (AhR)
transcriptional activity. Pharmacological inhibition or knockdown of TDO2 decreased kynurenine
production, increased anoikis sensitivity, and inhibited proliferation, migration, and invasion.
Likewise, AhR inhibition or knockdown also decreased proliferation, migration, and anchorage-
independent growth. Mining publically available data, TDO2 was found to be higher with
increasing grade, higher in estrogen receptor negative than positive breast cancer, and associated
with shorter overall survival. This study reveals a TDO2-AhR signaling axis activated by TNBC
cells in suspension in an NF-xB dependent manner, and suggests TDO2 inhibition as a targeted
therapy for TNBC. Indeed, pharmacological inhibition of TDO?2 activity decreased lung
colonization in a preclinical model of TNBC.
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Introduction

The vast majority of breast cancer deaths are caused by complications from metastases [1-
3]. A high rate of metastasis is characteristic of triple-negative breast cancers (TNBC),
which lack expression of estrogen receptor (ER), progesterone receptor (PR), and HER?2
amplification, and thus do not respond to current endocrine therapies or HER2-targeted
therapies [4]. Due in part to the absence of effective targeted therapies, but likely also to
inherent properties of this subtype, patients with metastatic TNBC have a poor prognosis
with a median survival of 13 months [5]. Thus, identification of new targeted therapies that
inhibit or slow metastasis is of critical importance to improve the prognosis of women with
TNBC.

Metastasis is a complex process with multiple steps including detachment of cancer cells
from the primary tumor, invasion through local tissue, intravasation into the vasculature and
lymphatics, survival while in transit, extravasation, and colonization of secondary sites [6].
Normal epithelial cells are programmed to undergo apoptosis if they become detached from
the basement membrane, a process termed anoikis [7]. Anoikis resistance is thought to
facilitate survival of tumor cells that detach from the primary tumor and thereby facilitate
metastasis [8, 9]. Multiple mechanisms of anoikis resistance have been identified, including
deregulation of integrin expression and aberrant activation of pro-survival pathways (as
reviewed in [9]), as well as altered metabolism [10, 11]. However, the present study is the
first to globally profile gene expression alterations in forced suspension culture with the goal
of identifying targetable pathways important for survival in suspension. This objective
screening approach identified multiple components of the kynurenine pathway of tryptophan
catabolism and the aryl hydrocarbon receptor (AhR), which is activated by kynurenine [12],
as being upregulated by TNBC in suspension culture.

Altered tryptophan metabolism and increased secretion of tryptophan metabolites by solid
tumors, including in breast cancer, has long been recognized [13, 14]. The essential amino
acid tryptophan is required for protein synthesis and is a precursor for the formation of
multiple signaling molecules including serotonin [15]. The majority of tryptophan
catabolism occurs via the kynurenine pathway, leading to synthesis of NAD™* along with
intermediate products including quinolinic acid and kynurenine (Kyn) [16]. The first step of
the kynurenine pathway can be catalyzed by indoleamine 2,3-dioxygenase 1 (IDO1), IDO2,
or tryptophan 2,3-dioxygenase (TDO2) [17-19]. IDOL1 is expressed in tissues throughout the
body, while TDO2 is predominantly expressed in the liver [20]. Much research on the
kynurenine pathway in cancer has focused on the ability of Kyn to decrease immune
surveillance (as reviewed in [21]), but in glioma, Kyn, acting in both a paracrine and
autocrine fashion, suppressed antitumor immune responses and promoted tumor cell survival
and motility. Kyn was demonstrated to serve as an endogenous ligand to activate AhR in
both immune cells and the tumor cells themselves [12].

AhR is a member of the basic-helix-loop-helix (bHLH) Per-ARNT-Sim (PAS) superfamily
of transcription factors best known for its activation by xenobiotics such as polycyclic
aromatic hydrocarbons (PAH) [22, 23]. PAH binding leads to transcription of AhR target
genes including drug metabolizing enzymes such as CYP1A1 and CYP1B1 [24]. Increased
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expression of AhR and its target genes has been found in several cancer types, including
lung, cervical, ovarian, and breast [16]. AhR is required for normal mammary gland
development [25, 26], and AhR overexpression increased migration, invasion, and
proliferation of immortalized mammary epithelial cells [27]. AhR knockdown in MDA.-
MB-231 TNBC cells decreased expression of genes involved in these same processes [28].
Interestingly, increased AhR activity in mouse hepatoma cells grown in suspension was
observed nearly 20 years ago [29]; however, neither the mechanism of activation nor the
functional significance was tested.

Using global expression analysis and metabolomic profiling of TNBC cells in forced
suspension, we identify a novel TDO2-AhR signaling axis, mechanistically dependent on
NF«B, which promotes anoikis resistance, as well as migratory and invasive capacity.
Indeed, we found that pharmacological inhibition or knockdown of TDO2 or AhR decreased
anchorage independent growth and invasive capacity in vitro and TDO2 inhibition decreased
lung metastasis in a TNBC preclinical model. Collectively, these data and the fact that
TDO2Z expression confers a shorter overall survival in breast cancer patients suggest that
TDO2 inhibition may be a rational targeted therapy to reduce TNBC metastasis and resultant
mortality.

Multiple enzymes of the kynurenine pathway are up-regulated in detached TNBC cell lines

To model loss of attachment in vitro, we grew breast cancer cells on tissue culture plates
coated with poly(2-hydroxyethyl methacrylate) (poly-HEMA). We previously demonstrated
that TNBC cells grown in forced suspension upregulate proteins involved in anoikis
resistance and motility [30, 31]. To identify additional pathways responsible for resistance to
anoikis in an unbiased, global fashion, expression profiling was performed on the TNBC cell
line BT549 grown in standard attached conditions for 24 hours as compared to the same
number of cells grown in forced suspension for 24 hours in quadruplicate. In total, we
identified 367 genes that change more than 1.5-fold in a statistically significant manner
(p<0.05, log-rank test). Of these genes, 217 (59%) were upregulated and 150 (41%) were
downregulated in suspended cells (Supplemental Figure 1A). Ingenuity Pathway Analysis of
these data revealed two related pathways strongly upregulated in suspension: tryptophan
catabolism and AhR signaling (Supplemental Figure 1B and 1C).

Figure 1A shows unsupervised hierarchical clustering of the top 35 genes significantly
upregulated by at least 2-fold in suspended compared to attached conditions (p<0.05, log-
rank test). Among the genes most highly upregulated in suspension were two enzymes
involved in the kynurenine pathway, which converts tryptophan to NAD™*. The rate limiting-
enzyme tryptophan 2,3-dioxygenase (TDO2) was the most highly upregulated gene in
suspension, and the downstream enzyme kynureninase (KYNU) was also among the top
fold-changing genes (Figure 1A). To confirm our gene array data, we performed gRT-PCR
for TDO2 and KYNU in multiple breast cancer cell lines, including both luminal (ER+) and
TNBC (ER-) lines, after 24hrs in suspension (Figure 1B and C). In all three TNBC lines
tested, TDO2 and KYNU were significantly increased in suspension compared to attached
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culture. In the two ER+ breast cancer cell lines tested, expression of these genes trended
slightly higher in suspension but this change was not significant.

Western blot analysis of whole cell extracts also demonstrated an increase in TDO2 and
KYNU protein in TNBC cell lines (MDA-231, BT549, and SUM159) grown in suspension
for 24hrs (Figure 1D and Supplemental Figure 3A). The increase in TDO2 protein was
confirmed by IHC in BT549 cells grown in suspension for 48hrs compared to cells grown in
the attached condition (Figure 1E).

Global metabolomic profiling of intracellular and secreted metabolites from BT549 cells
grown in standard attached conditions or in forced suspension for 24 hours was also
performed. Two intermediate products of the kynurenine pathway, Kyn and
formylkynurenine, were the intracellular metabolites with the highest fold-change increase
in suspension. Among secreted metabolites, kynurenine had the third-highest fold-change
increase (Supplemental Figure 2). Together with the gene expression data, this demonstrates
that the kynurenine pathway is strongly upregulated in TNBC cells upon loss of attachment.

Using HPLC to verify the metabolomic profiling data, we found that secreted Kyn levels
were more than two-fold higher in conditioned media from BT549 cells in forced suspension
for 48hrs than in media from the same number of cells in the attached condition (Figure 1F).
Furthermore, addition of the TDO2-specific inhibitor 680C91 to cells in suspension
completely prevented the increase in secreted Kyn, demonstrating that increased secretion of
Kyn in TNBC cells in suspension is dependent on TDO?2 activity (Figure 1F). TDO2 mRNA
was expressed at a higher copy number at baseline than IDO1 in two of the three TNBC cell
lines tested, and TDO2 expression increased more strongly in suspension than IDO1
(Supplemental Figure 3B).

Aryl Hydrocarbon Receptor expression and activity is increased in suspension

In addition to the components of the kynurenine pathway, AhR and AhR-regulated genes
were also identified among the genes most highly upregulated by TNBC cells in suspension
(Figure 1A and Supplemental Figure 4). Increased AhR mRNA expression in suspended
compared to attached TNBC cells was confirmed by qRT-PCR. Similar to TDO2 and
KYNU, AhR was not significantly increased in ER+ cell lines in suspension (Figure 2A).
Furthermore, AhR protein was increased in all three TNBC cell lines tested following 24hrs
in suspension as tested by western blot (Figure 1D and Supplemental Figure 3A), and in
BT549 cells grown in suspension for 48hrs as measured by IHC (Figure 2C). In attached
SUM159 cells, while AhR protein was found in both the cytoplasmic and nuclear fractions,
after 48hrs in forced suspension AhR protein was almost exclusively nuclear (Figure 2B).
Since AhR nuclear translocation and transcriptional activity are known to be ligand-
mediated [32], the movement of AhR to the nucleus in suspension suggests that the receptor
is ligand-bound and transcriptionally active.

We assessed AhR transcriptional activity using a luciferase reporter containing six dioxin
response elements (DRES), the consensus AhR binding site. In BT549 and MDA-231 cells,
luciferase activity was upregulated more than two-fold in suspended compared to attached
cells (Figure 2D). The AhR antagonis a-naphthoflavone inhibited the suspension-mediated
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increase in luciferase activity, demonstrating specificity of the reporter construct for AhR
activity (Figure 2D and Supplemental Figure 3C).

TDO2-mediated kynurenine production activates AhR

Kyn is an endogenous ligand for AhR [12, 33-35], suggesting a potential relationship
between increased kynurenine pathway enzyme expression and increased AhR activity in
TNBC cells in suspension. First, we tested whether inhibition of TDO2 and consequent Kyn
production could prevent AhR activation in suspended TNBC cells. Treatment with 10uM
680C91, which prevented the suspension-induced increase in Kyn, significantly decreased
AR activity in BT549 and MDA-MB-231 cells in suspension (Figure 2E and Supplemental
Figure 3D). Furthermore, the suspension-mediated increase in AhR target genes CYP1A1
and CYP1BL1 was abrogated by both the AhR inhibitor CH-223191 and the TDO?2 inhibitor
680C91 (Figure 2F), linking TDO2 activity to AhR transcriptional activity. Addition of
100uM exogenous Kyn also resulted in a significant increase in AhR luciferase reporter
activity in TNBC cells in both attached and suspended culture conditions (Figure 2G),
demonstrating that Kyn is able to activate AhR in TNBC cells.

Inhibition of TDO2 and AhR decrease TNBC anoikis resistance, proliferation, migration,
and invasion

Since TDO2 and AhR were upregulated by TNBC cells in suspension, we next tested their
functional importance by assessing whether pharmacological inhibition or genetic
knockdown could reduce anchorage-independent growth in soft agar or increase sensitivity
of TNBC cells to anoikis in forced suspension culture. BT549 and SUM159PT cells were
pre-treated in the attached condition with vehicle, the TDO2 inhibitor 680C91, or the AhR
antagonist CH-223191 for 24hrs. Then an equal number of cells were plated in soft agar in
the continued presence of treatment. Both 680C91 and CH-223191 significantly decreased
anchorage-independent growth of BT549 and SUM159PT cells in soft agar (Figure 3A). To
test the effect of Kyn on anoikis resistance, we treated cells in forced suspension culture for
48hrs with Kyn, and found that this significantly decreased apoptosis as measured by
cleaved caspase activity compared to vehicle control treatment (Figure 3B). We then
performed knockdown of TDO2 and AhR using two shRNA constructs each, and decreased
protein expression was confirmed by western blot (Figure 3C). Knockdown of either TDO2
or AhR also significantly decreased growth of BT549 cells in soft agar (Figure 3D).
Knockdown of either TDO2 or AhR also significantly increased apoptosis in BT549 and
MDA-MB-231 cells grown in suspension for 48hrs (Figure 3E), demonstrating that TDO2
and AhR promote survival in anchorage-independent conditions.

To determine if TDO2 and AhR also mediate growth of TNBC cells, MDA-MB-231 and
BT549 cells were treated with 680C91 or CH-223191 and cell number was measured over
time. Both inhibitors significantly decreased the number of cells when grown in traditional
attached conditions, and the combination was more effective than either drug alone (Figure
4A). MDA-MB-231, BT549, and SUM159 cells were also treated with a range of 680C91
concentrations, and GI50 values were calculated as 20 pM, 61 uM, and 102 puM, respectively
(Supplemental Figure 5). Knockdown of TDO2 or AhR similarly resulted in decreased
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growth of MDA-231 cells (Supplemental Figure 6), demonstrating a role for TDO2 and
AR signaling in baseline growth of TNBC cells in vitro even in attached culture.

Additionally, pharmacological inhibition of TDO2 and AhR each significantly reduced
migration of MDA-MB-231 and BT549 cells in a scratch wound assay, and again the
combination was more effective than either inhibitor alone (Figure 4B). Knockdown of
either TDO2 or AhR recapitulated this effect, significantly diminishing migration in the
scratch wound assay in both BT549 and MDA-231 cells (Figure 4C and 4D).

To test whether the increased TDO2 and AhR expression observed in cells grown in
suspension affects invasive capacity, SUM159PT cells were grown for 48hrs either in the
attached condition, or in forced suspension culture with or without addition of 10uM of the
TDO2 inhibitor 680C91 or the AhR inhibitor CH-223191. After 24hrs, 25,000 viable cells
were plated in a Matrigel-coated trans-well invasion chamber with continuous treatment.
Cells grown in suspension for 24hrs were significantly more invasive than control cells
grown in the attached condition (Figure 4E). The addition of the TDO2 inhibitor 680C91
during suspension culture greatly decreased the invasive capacity of viable cells. While the
cells treated with the AhR inhibitor showed decreased invasion, this effect was not
statistically significant (Figure 4E).

NFxB regulates expression of kynurenine pathway genes and AhR in TNBC cells

We previously demonstrated that NFxB activity is substantially increased in TNBC cells in
suspension, but not in ER+ cells [31]. Here we again demonstrate increased NFkB activity
in TNBC cells in suspension as measured by an NFkB-promoter luciferase reporter, and this
increase is not observed using a reporter containing a mutated binding site (Figure 5A).
Interestingly, a recent global profiling study of ovarian cancer in vivo found that knockdown
of lkk-epsilon, a positive regulator of NFKB activity, decreased expression of TDO2 and
KYNU, suggesting NF«xB regulation of these genes [36]; however, the regulatory mechanism
was not directly tested.

To investigate the link between increased NFkB activity, TDO2, and KYNU, we treated
BT549 cells with a cocktail of TNFa and IL-1p to activate NFxB and found that expression
of TDO2, KYNU, and AhR (Figure 5B), as well as the NF«B target genes IL-6 and IL-8 (data
not shown) were significantly increased at 24 hrs. Next we tested whether inhibition of
NF«B in suspension could reduce upregulation of Kyn pathway genes and AhR in TNBC
cells grown in suspension. Upstream inhibition of NFxB with the Ik inhibitor PS1145
significantly reduced the suspension-induced increase in TDO2, KYNU, and AhR (Figure
5C), as well as well as the NFxB target gene IL-6 (not shown), demonstrating that NFxB
activity mediates the increased TDO2, KYNU, and AhR expression in TNBC cells in
suspension. Lastly, a constitutively active form of IxB, a negative regulator of NFxB, was
expressed in BT549 cells and this ablated the suspension-induced increase in TDO2, KYNU,
and AhR (Figure 5D). These data demonstrate that the increased transcription of TDO2,
KYNU, and AhR in suspension is specifically induced by and dependent on NFkB in TNBC.
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TDO?2 inhibition decreases metastatic colonization in vivo

To test the potential contribution of TDO2 activity to the metastatic capacity of TNBC cells
in vivo, we grew luciferase-expressing MDA-MB-231 cells in forced suspension conditions
for 48hrs in the presence of either vehicle control or the TDO2 inhibitor 680C91. 250,000
viable cells, as determined by trypan blue staining, were then injected into the tail vein of
NOD/SCID mice and luminescence was monitored over time. Seven days after injection,
mice that received vehicle-treated cells had significantly higher luminescence, and this
statistically significant difference was maintained throughout the experiment (Figure 6A-B).
At the conclusion of the experiment at Day 28 post-injection, lung luminescence was
measured ex-vivo, and lungs from mice that received vehicle-treated cells had significantly
higher luminescence compared to mice that received cells treated with the TDO?2 inhibitor
(Figure 6C). A significant decrease in the number of metastatic nodules in the lungs from
mice receiving cells treated with 680C91 was also observed by H&E (Figure 6D). Together,
these data demonstrate that TDO?2 inhibition decreases the ability of TNBC cells to
successfully metastasize following tail vein injection in vivo.

TDO2 is more highly expressed in ER- than ER+ breast cancer and correlates with poor

prognosis

To determine the clinical relevance of our findings, we examined TDO2 expression in
primary TNBC samples by IHC. As shown in Figure 7A, primary TNBC were strongly
positive for TDO2 expression. We evaluated TDO2 gene expression in patient samples using
publicly available gene expression microarray datasets from Oncomine. The Curtis et al
dataset [37] had the largest patient population (n=1998) and was therefore selected for
analysis. Notably, TDO2 was the 6! most highly-overexpressed gene in breast carcinoma
compared to normal breast tissue (top 1% of overexpressed genes, p<0.0001; Figure 7B).
TDO2 gene expression was significantly higher in ER-negative breast tumors compared to
ER-positive tumors (p<0.0001; Figure 7C). High TDO2 expression was also associated with
increasing grade (p<0.001; Figure 7D), supporting the hypothesis that tumors with high
TDO2Z expression may have increased metastatic potential. Similarly, IDO1 was
overexpressed in breast carcinoma compared to normal breast tissue, although it was not as
highly overexpressed as TDO2 (Supplemental Figure 7A). IDO1 was also more highly
expressed in ER- than ER+ breast tumors in both the Curtis and TCGA data sets
(Supplemental Figure 7B-C).

Finally, patients whose tumors had above-median TDO2 expression had approximately 3
years shorter overall survival (OS) when compared to those with below-median TDO2
expression (median OS 10.62 years vs. 13.31 years, respectively; p=0.0002, log-rank test;
Figure 7E), suggesting that TDO2 expression may contribute to tumor progression and poor
prognosis. Similarly, patients with above-median IDO1 expression had a shorter survival
than those with lower IDOL, but the difference in survival was not as large (Supplemental
Figure 7D). This further supports the importance of targeting TDO?2 in breast cancer
patients, possibly in combination with IDO1, rather than targeting IDO1 alone as in current
clinical trials.
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DISCUSSION

TNBC has no effective targeted therapies and the worst prognosis of the breast cancer
subtypes, due in part to its propensity for rapid metastasis [3]. Indeed, patients with
metastatic TNBC have a median survival of only 13 months [5]. However, few studies have
examined pathways that support anoikis resistance in TNBC. In this study, global gene
expression profiling revealed the novel finding that TNBC cells in forced suspension
upregulate two related pathways: AhR signaling and the kynurenine pathway of tryptophan
catabolism. Indeed, global metabolomic profiling identified formylkynurenine and Kyn as
the most highly-upregulated intracellular metabolites, and Kyn as the third most-highly
increased secreted metabolite in conditioned media from cells in forced suspension.

Based on our data demonstrating that TNBC cells in suspension upregulate AhR and TDO2,
increase secretion of Kyn, and rely on TDO2 and AhR for anchorage independent growth
and invasive potential, we hypothesized that suspended TNBC cells utilize an autocrine
signaling loop in which Kyn activates AhR to support anoikis resistance and anchorage
independent growth, as well as migration and invasion (Figure 7F). Central to this model is
upregulation of TDO2, a key enzyme in the Kyn pathway. Our observation that
pharmacological inhibition of TDO2 decreased the ability of MDA-MB-231 cells to form
lung metastases in vivo suggests that TDO2 inhibition represents a novel opportunity for
targeted therapy to inhibit TNBC metastasis.

Further, we show that the Kyn pathway components TDO2 and KYNU, as well as AhR, are
regulated by the transcription factor NFkB in suspension. We previously identified a
different NFxB-regulated autocrine signaling loop involving the neurotrophic tyrosine
kinase, type 2 (NTRK2 or TrkB) and the TrkB ligand neurotrophin 3 (NTF3) that promotes
survival of TNBC cells in suspension [31], suggesting that increased NFkB signaling in
suspended cells supports multiple pro-metastatic attributes of TNBC.

In addition to its autocrine role affecting growth, migration, and invasion of tumor cells that
we describe here, the Kyn pathway may also facilitate metastasis through paracrine
signaling mechanisms involving suppression of immune surveillance. Specifically, TDO2-
mediated Kyn production prevented T-cell-mediated immune rejection of the immunogenic
P815 mouse tumor cell line in immunized mice [38]. In dendritic cells, IDO1 activity can
lead to the AhR-dependent generation of regulatory T-cells via a coordinated increase in
Kyn and decrease in tryptophan [33]. Inhibition of IDO1 also sensitizes cancer cells to
chemotherapy in a T-cell dependent manner [39].

Multiple clinical trials testing the efficacy of Indoximod (1-methyl-D-tryptophan), an
IDO1/2 inhibitor, are currently underway, including one in metastatic breast cancer in
combination with conventional chemotherapies or immunotherapy (NCT01792050). These
trials are based on the ability of IDO1/2 inhibition to reverse immune suppression and
enhance the anti-tumor immune response. However, 1-MT does not target TDO2 [40].
Importantly, our data combined with data mined from publically available breast cancer
clinical cohorts suggest that TDO2 may be the more relevant target in TNBC. Interestingly,
the membrane protein responsible for tryptophan import into cells, LAT1, is also more
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highly expressed in TNBC than in other breast cancer subtypes [41]. Although a recently
published analysis of serum metabolite concentrations in breast cancer patients found no
difference in tryptophan levels between ER+ and ER- breast cancer patients, median levels
of Kyn were significantly higher in patients with ER— tumors [42]. While this finding was
attributed to IDO1 activity, we find that that TDO2 is higher in ER- tumors than ER+ in two
publicly available data sets, and that TDO2 expression is higher than IDO1 at baseline in
two of three TNBC cell lines tested and TDO2 increases more strongly in suspension in all
cell lines. Lastly, and perhaps the strongest indicator of the relative role of TDO2 versus
IDO1, blocking TDO?2 activity completely prevented the detachment-induced increase in
Kyn secretion observed in TNBC cells in suspension (Figure 1F).

Collectively, our results suggest that in TNBC, TDO?2 is an important contributor to Kyn
production, and thus should be considered as a therapeutic target. High TDO2 in primary
breast tumors from publically available data sets correlates with shorter overall survival.
TDO2 was significantly upregulated in metastases of leiomyosarcoma patients compared to
primary tumors [43], and increased KYNU expression is associated with metastasis of breast
cancer cells to the lung and brain [44, 45]. In addition to abrogating the autocrine pro-
tumorigenic effects of Kyn, TDO2 inhibition may also inhibit Kyn activation of AhR in
immune cells and thereby reduce TNBC immune evasion, but this remains to be tested.

While we demonstrate a significant increase in Kyn levels in TNBC cells in suspension, it is
possible that the effects of TDO2 could be mediated in part through production of other
intermediate molecules or NAD* production. However, AhR nuclear localization and
transcriptional activity is clearly increased in TNBC in suspension culture, and other recent
studies find that AhR affects growth and migration of breast cancer cells [27, 28] and
castrate-resistant prostate cancer cells [46]. Studies examining AhR expression in breast
cancer primary tumors found that higher AhR expression correlates with good prognosis
[47]. However, our data suggests that AhR expression, nuclear localization, and
transcriptional activity may be low until cells begin the metastatic process by detaching from
the primary tumor. Thus, AhR in the primary tumor may not reflect its role in supporting the
metastatic cascade.

The independent tumor-promoting roles of the Kyn pathway (particularly via IDO1) and
AhR signaling have been recognized separately for many years. Recently the connection of
these two pathways via Kyn serving as an AhR ligand was discovered [12, 33—-35]. Our
study demonstrates that the TDO2-AhR signaling axis may be of particular importance in
TNBC because it is strongly activated in this highly-metastatic breast cancer subtype in
response to detachment, and supports anchorage independent survival and invasive capacity.
The combination of pro-tumorigenic autocrine effects and potential immunosuppressive
paracrine signaling effects make this pathway an attractive target for therapeutic
intervention. Our findings that inhibition of the Kyn or AhR pathways decreased in vitro
characteristics associated with multiple steps in the metastatic cascade, and that
pharmacological inhibition of TDO2 decreased TNBC metastasis in vivo, suggest that
inhibitors of TDO2 may represent an exciting opportunity for targeted therapy for TNBC to
decrease mortality from this aggressive breast cancer subtype.
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MATERIALS AND METHODS

Cell Culture and Treatments

All cell lines were authenticated by short tandem repeat analysis and tested negative for
mycoplasma in July of 2014. SUM159PT cells were purchased from the University of
Colorado Cancer Center Tissue Culture Core in August of 2013 and were grown in Ham’s
F-12 with 5% fetal bovine serum, penicillin/streptomycin, hydrocortisone, insulin, HEPES
and L-glutamine supplementation. MDA-MB-231 (MDA-231) cells were purchased from
the ATCC in August of 2008 and were grown in minimum essential media with 5% fetal
bovine serum, penicillin/streptomycin, HEPES, L-glutamine, non-essential amino acids and
insulin supplementation. BT549 cells, purchased from the ATCC in 2008, were grown in
RPMI Medium 1640 with 10% fetal bovine serum, penicillin/streptomycin and insulin.
MCF7 and T47D cells were purchased from the ATCC, and were grown in DMEM with
10% FBS, and 2 mM L-glutamine.

Forced Suspension-Culture

Poly-2-hydroxyethyl methacrylate (poly-HEMA, from Sigma-Aldrich) was reconstituted in
95% ethanol to 12 mg/mL. Ethanol was allowed to evaporate overnight, and plates were
washed with PBS prior to use.

Kynurenine HPLC

Experimental samples were generated by plating 500,000 cells in 2mL culture media in a 6-
well plate in triplicate. After 48hrs, media was collected and protein was precipitated using
trichloroacetic acid at a final concentration of 7%, samples were centrifuged, and the
supernatant was analyzed on an Agilent 1260 HPLC with a Kinetex BiPhenyl column
(particle size 2.7 um, 4 mm internal diameter by 150 mm; Phenomenex, Catalog No.
00F-4622-E0). Kynurenine was eluted using a binary gradient consisting of 0.2% formic
acid in water (mobile phase A) and 0.2% formic acid in acetonitrile (mobile phase B). The
separation gradient was 5% to 60% B over 6 minutes at a flow rate of 0.75 ml/min and the
kynurenine peak was monitored at 360 nm. To quantify kynurenine in the samples, peak
areas were compared to a serial dilution of L-kynurenine (Sigma, Catalog No. K8625) in
tissue culture media, which was prepared with the same precipitation method as the samples.
In brief, 100uL of standard or supernatant was injected onto the system and peak area was
calculated using Agilent ChemStation software.

Cellular Assays and Reagents

Cells were treated with 680C91 and CH223191 (TOCRIS Bioscience, Bristol, United
Kingdom) prepared in dimethyl sulfoxide (DMSO). Alpha-naphthoflavone (Sigma-Aldrich)
was diluted in methanol:ethyl acetate (3:1), and 1-D,L-methyl-tryptophan and crystalline L-
kynurenine (Sigma-Aldrich) were prepared in 0.25N HCI. PS 1145 (TOCRIS Bioscience)
was prepared in DMSO. IL-1p and TNF-a were obtained from eBioscience (San Diego,
CA).

Cancer Res. Author manuscript; available in PMC 2015 November 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

D’Amato et al. Page 11

Cellular Fractionation

Cellular fractionation was performed using the NE-PER Nuclear and Cytoplasmic
Extraction Kit (Pierce Biotechnology; Rockford, IL) as per the manufacturer’s instructions.

Quantitative RT-PCR

Total RNA was isolated using the RNeasy Mini Plus kit (QIAGEN) according to
manufacturer instructions. cDNA was synthesized with the Applied Biosystems reverse
transcription kit. gRT-PCR was performed in an ABI 7600 FAST thermal cycler using
ABsolute Blue gPCR SYBR Green Low ROX Mix (Thermo Scientific). All fold-change
data were normalized to B-Actin. All experiments were performed in biological triplicate.
For primer sequences, see Supplemental Methods.

Immunoblotting

Whole cell protein extracts (50 pg) were denatured, separated on SDS-PAGE gels and
transferred to polyvinylidene fluoride membranes. After blocking in 3% bovine serum
albumin in Tris-buffered saline-Tween, membranes were probed overnight at 4°C. Primary
antibodies used include: AhR (#13790, 1:1000 dilution; Cell Signaling Technology), KYNU
(HO0008942-B01, 1:1000 dilution; NOVUS Biologicals, Littleton, CO), TDO2
(HO0006999-BO1P, 1:1000 dilution; Abnova, Taipei, Taiwan), TOPO1 (C-21, 1:100
dilution; Santa Cruz Biotechnology, Inc., Dallas, TX), and a-Tubulin (clone B-5-1-2,
1:30,000 dilution; Sigma Aldrich). Following secondary antibody incubation, results were
detected using Western Lighting Chemiluminescence Reagent Plus (Perkin Elmer;
Waltham, MA). Densitometry quantification was performed using Image Studio Lite
Version 3.1 and reported as a ratio compared to a-Tubulin as a loading control.

Immunohistochemistry

5um FFPE sections were heat immobilized onto glass slides and deparaffinized in a series of
xylenes and graded ethanols. Antigens were heat retrieved in 10mM Tris, ImM EDTA, pH
9.0 solution, and blocked for endogenous peroxidase followed by 10% normal goat serum
prior to antibody incubation. Tris buffered saline with 0.05% Tween (TBST) was used for
all washes. TDO2 antibody (Abnova # H00006999-B01P) was incubated overnight at RT at
1:200 in TBST, and AhR antibody (CST #13790) was incubated for 1h at RT at 1:50 in
TBST. Envision polymer (Dako, Carpinteria, CA) was used for detection, followed by 3,3'-
diaminobenzidine (Dako), and slides were counterstained with dilute hematoxylin.

Gene Expression Array Analysis

BT549 cells were grown in either attached conditions or forced-suspension conditions on
poly-HEMA coated plates in quadruplicate for 24 hrs. RNA was harvested at 24 hours using
Trizol method, and hybridized onto Affymetrix Human Gene 1.0ST arrays at the University
of Colorado Denver Genomics and Microarray Core, following manufacturer’s instruction.

Microarray analysis was performed using Partek Genomics Suite (Partek, Inc.) and
Ingenuity Pathway Analysis software (Qiagen, Inc.). One-way ANOVA analysis was
performed to determine differentially expressed genes between the two treatment groups
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(attached versus suspended). Fold-change cut-off was 1.5 and significance cut-off was
p<0.05. Significantly differentially expressed genes were imported to Ingenuity for pathway
analysis, including identification of altered canonical pathways.

Short Hairpin RNA (shRNA) Experiments

High-titer shRNA lentiviral transduction particle suspensions were obtained from the
Functional Genomics Facility at the University of Colorado (Boulder, CO). BT549 or MDA-
MB-231 cells were plated at 50% confluence in 60 mm tissue culture-treated dishes in 4 mi
of media. 24 hours after plating, 100 ul of the lentiviral suspension and 8 ug/ml polybrene
(Sigma-Aldrich) was added to the tissue culture media. After 24 hours, viral media was
replaced with regular tissue culture media and cells were incubated for an additional 24
hours before the commencement of puromycin selection (1 ug/ml). Knockdowns were
confirmed by western blot and all experiments were done within three passages of
puromycin selection. For shRNA sequences, see Supplemental Methods.

Luciferase Reporter Activity

The AhR luciferase reporter, generously provided by Dr. Michael Denison (University of
California-Davis), and NFkB luciferase reporter, generously provided by Dr. Rebecca
Schweppe (University of Colorado-Anschutz Medical Campus) were transiently transfected
along with SV40 Renilla in TNBC cells using Lipofectamine (Life Technologies).
Transfected cells were then plated in a 24-well plate at a density of 5 x 10° cells per well in
either a control or poly-HEMA coated well and incubated at 37°C for 24hr. Following
incubation, reporter activation was determined using the Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturer’s protocol. Briefly, cells were lysed for
15min at room temperature using 1X passive lysis buffer. Lysed cells were collected and
centrifuged at 14,000rpm for 15 minutes at 4°C to eliminate cell debris. The supernatant was
used immediately or diluted with 1X passive lysis buffer for determination of luciferase
activity. For analysis, AhR or NFxB reporter activity was normalized to SV40 reporter
activity to control for differences in transfection efficiency.

Measurement of Anoikis

Soft agar assays were performed in 0.5% bottom and 0.25% top layer agar (Difco Agar
Noble, BD Biosciences). Media with treatment was refreshed every 4 days.

Caspase-3/7 activity was measured using Caspase-Glo® 3/7 Assay kit (Promega, Madison,
WI, USA\) according to manufacturer’s protocol. Briefly, 8x10* TNBC cells were plated in a
clear bottom, white walled 96-well plate coated with poly-HEMA. The cells were incubated
for 48 hours at 37°C. Following incubation, each well was mixed with Caspase-Glo® 3/7
reagent in equal volume to the culture medium. The 96-well plate was then covered in foil,
shook for 30 seconds, and incubated at RT for 30 min. Luminescence was determined by
luminometer, measuring luminescence after 1sec.

In Vivo Metastasis Experiment

Tail-vein injection experiments were approved by the University of Colorado Institutional
Animal Care and Use Committee (IACUC protocol-83612(10)1E). All animal experiments
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were conducted in accordance with the NIH Guidelines of Care and Use of Laboratory
Animals. Prior to tail-vein injection, luciferase-expressing MDA-MB-231 cells were grown
in forced suspension conditions for 48hrs in the presence of either vehicle control or 10 uM
680C91. 250,000 viable cells, as determined by trypan blue staining, were then injected into
the tail vein of NOD.CB17-Prkdcsc¢id/J (NOD/SCID) mice (The Jackson Laboratory, Bar
Harbor, ME). Following injection, luminescence was monitored every 7 days for a total of 4
weeks. At the completion of this experiment, lungs of 5 mice from each group were imaged
by IVIS ex vivo. Lungs from the remaining 5 mice per group were formalin-fixed and
paraffin embedded for IHC.

Proliferation, Migration, and Invasion

Proliferation assays were performed using the Incucyte ZOOM live-cell imaging system
(Essen BioSciences, Ann Arbor, MI). Migration scratch wound assays were performed per
the manufacturer’s instructions and scanned with the Incucyte ZOOM apparatus (Essen
BioSciences). Trans-well invasion assays were performed with BD BioCoat Matrigel
Invasion Chambers (BD Biosciences; Bedford MA) per the manufacturer’s protocol.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5. Student’s 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funded by: DOD Breast Cancer Research Program Idea Expansion grant W81XWH-13-1-0222 to JKR; DOD
BCRP Breakthrough Level 2 award is W81XWH-15-1-0039 to JKR; CU Cancer Center’s Women’s Event/The
Salah Foundation to JKR; Cancer League of Colorado to TIR

We wish to acknowledge the Shared Resources at University of Colorado Denver Anschutz Medical Campus and
the Cancer Center NCI Support Grant (P30CA046934).

References

1. Fidler 1J. Critical factors in the biology of human cancer metastasis: twenty-eighth G.H.A. Clowes
memorial award lecture. Cancer Res. 1990; 50(19):6130-6138. [PubMed: 1698118]

2. Liedtke C, Mazouni C, Hess KR, Andre F, Tordai A, Mejia JA, Symmans WF, Gonzalez-Angulo
AM, Hennessy B, Green M, Cristofanilli M, Hortobagyi GN, Pusztai L. Response to neoadjuvant
therapy and long-term survival in patients with triple-negative breast cancer. Journal of clinical
oncology : official journal of the American Society of Clinical Oncology. 2008; 26(8):1275-1281.
[PubMed: 18250347]

3. Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, Sawka CA, Lickley LA, Rawlinson E,
Sun P, Narod SA. Triple-negative breast cancer: clinical features and patterns of recurrence.
Clinical cancer research : an official journal of the American Association for Cancer Research.
2007; 13(15 Pt 1):4429-4434. [PubMed: 17671126]

Cancer Res. Author manuscript; available in PMC 2015 November 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

D’Amato et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 14

. Lin NU, Vanderplas A, Hughes ME, Theriault RL, Edge SB, Wong YN, Blayney DW, Niland JC,

Winer EP, Weeks JC. Clinicopathologic features, patterns of recurrence, and survival among
women with triple-negative breast cancer in the National Comprehensive Cancer Network. Cancer.
2012; 118(22):5463-5472. [PubMed: 22544643]

. Kassam F, Enright K, Dent R, Dranitsaris G, Myers J, Flynn C, Fralick M, Kumar R, Clemons M.

Survival outcomes for patients with metastatic triple-negative breast cancer: implications for
clinical practice and trial design. Clinical breast cancer. 2009; 9(1):29-33. [PubMed: 19299237]

. Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis. Science. 2011; 331(6024):

1559-1564. [PubMed: 21436443]

. Frisch SM, Francis H. Disruption of epithelial cell-matrix interactions induces apoptosis. The

Journal of cell biology. 1994; 124(4):619-626. [PubMed: 8106557]

. Simpson CD, Anyiwe K, Schimmer AD. Anoikis resistance and tumor metastasis. Cancer Letters.

2008; 272(2):177-185. [PubMed: 18579285]

. Paoli P, Giannoni E, Chiarugi P. Anoikis molecular pathways and its role in cancer progression.

Biochim Biophys Acta. 2013; 1833(12):3481-3498. [PubMed: 23830918]

. Kamarajugadda S, Stemboroski L, Cai Q, Simpson NE, Nayak S, Tan M, Lu J. Glucose oxidation
modulates anoikis and tumor metastasis. Molecular and cellular biology. 2012; 32(10):1893-1907.
[PubMed: 22431524]

Schafer ZT, Grassian AR, Song L, Jiang Z, Gerhart-Hines Z, Irie HY, Gao S, Puigserver P, Brugge
JS. Antioxidant and oncogene rescue of metabolic defects caused by loss of matrix attachment.
Nature. 2009; 461(7260):109-113. [PubMed: 19693011]

Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, Trump S, Schumacher T, Jestaedt L,
Schrenk D, Weller M, Jugold M, Guillemin GJ, Miller CL, Lutz C, Radlwimmer B, Lehmann 1, et
al. An endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature.
2011; 478(7368):197-203. [PubMed: 21976023]

Rose DP. Tryptophan metabolism in carcinoma of the breast. Lancet. 1967; 1(7484):239-241.
[PubMed: 4163145]

Poulter JM, Dickerson JW, White WF. Tryptophan metabolism in patients with breast cancer. Acta
vitaminologica et enzymologica. 1985; 7(1-2):93-97. [PubMed: 4036762]

Peters JC. Tryptophan nutrition and metabolism: an overview. Advances in experimental medicine
and biology. 1991; 294:345-358. [PubMed: 1772073]

Stone TW, Darlington LG. Endogenous kynurenines as targets for drug discovery and
development. Nature reviews Drug discovery. 2002; 1(8):609-620. [PubMed: 12402501]

Salter M, Pogson CI. The role of tryptophan 2,3-dioxygenase in the hormonal control of
tryptophan metabolism in isolated rat liver cells. Effects of glucocorticoids and experimental
diabetes. The Biochemical journal. 1985; 229(2):499-504. [PubMed: 3899109]

Ball HJ, Sanchez-Perez A, Weiser S, Austin CJ, Astelbauer F, Miu J, McQuillan JA, Stocker R,
Jermiin LS, Hunt NH. Characterization of an indoleamine 2,3-dioxygenase-like protein found in
humans and mice. Gene. 2007; 396(1):203-213. [PubMed: 17499941]

Metz R, Duhadaway JB, Kamasani U, Laury-Kleintop L, Muller AJ, Prendergast GC. Novel
tryptophan catabolic enzyme IDO?2 is the preferred biochemical target of the antitumor
indoleamine 2,3-dioxygenase inhibitory compound D-1-methyl-tryptophan. Cancer Res. 2007;
67(15):7082-7087. [PubMed: 17671174]

Platten M, Wick W, Van den Eynde BJ. Tryptophan catabolism in cancer: beyond IDO and
tryptophan depletion. Cancer Res. 2012; 72(21):5435-5440. [PubMed: 23090118]

Lob S, Konigsrainer A, Rammensee HG, Opelz G, Terness P. Inhibitors of indoleamine-2,3-
dioxygenase for cancer therapy: can we see the wood for the trees? Nature reviews Cancer. 2009;
9(6):445-452. [PubMed: 19461669]

Poland A, Knutson JC. 2,3,7,8-tetrachlorodibenzo-p-dioxin and related halogenated aromatic
hydrocarbons: examination of the mechanism of toxicity. Annual review of pharmacology and
toxicology. 1982; 22:517-554.

Burbach KM, Poland A, Bradfield CA. Cloning of the Ah-receptor cDNA reveals a distinctive
ligand-activated transcription factor. Proc Natl Acad Sci U S A. 1992; 89(17):8185-8189.
[PubMed: 1325649]

Cancer Res. Author manuscript; available in PMC 2015 November 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

D’Amato et al.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 15

Gonzalez FJ, Fernandez-Salguero P, Ward JM. The role of the aryl hydrocarbon receptor in animal
development, physiological homeostasis and toxicity of TCDD. The Journal of toxicological
sciences. 1996; 21(5):273-277. [PubMed: 9035034]

Lew BJ, Collins LL, O’Reilly MA, Lawrence BP. Activation of the aryl hydrocarbon receptor
during different critical windows in pregnancy alters mammary epithelial cell proliferation and
differentiation. Toxicological sciences : an official journal of the Society of Toxicology. 2009;
111(1):151-162. [PubMed: 19502548]

Hushka LJ, Williams JS, Greenlee WF. Characterization of 2,3,7,8-tetrachlorodibenzofuran-
dependent suppression and AH receptor pathway gene expression in the developing mouse
mammary gland. Toxicology and applied pharmacology. 1998; 152(1):200-210. [PubMed:
9772216]

Brooks J, Eltom SE. Malignant transformation of mammary epithelial cells by ectopic
overexpression of the aryl hydrocarbon receptor. Current cancer drug targets. 2011; 11(5):654—
669. [PubMed: 21486221]

Goode G, Pratap S, Eltom SE. Depletion of the aryl hydrocarbon receptor in MDA-MB-231 human
breast cancer cells altered the expression of genes in key regulatory pathways of cancer. PLoS
One. 2014; 9(6):€100103. [PubMed: 24932473]

Sadek CM, Allen-Hoffmann BL. Suspension-mediated induction of Hepa 1c1c7 Cypla-1
expression is dependent on the Ah receptor signal transduction pathway. J Biol Chem. 1994;
269(50):31505-31509. [PubMed: 7989317]

Howe EN, Cochrane DR, Richer JK. Targets of miR-200c mediate suppression of cell motility and
anoikis resistance. Breast cancer research : BCR. 2011; 13(2):R45-R45. [PubMed: 21501518]

Howe EN, Cochrane DR, Cittelly DM, Richer JK. miR-200c targets a NF-xB up-regulated TrkB/
NTF3 autocrine signaling loop to enhance anoikis sensitivity in triple negative breast cancer. PloS
one. 2012; 7(11):e49987-e49987. [PubMed: 23185507]

Richter CA, Tillitt DE, Hannink M. Regulation of subcellular localization of the aryl hydrocarbon
receptor (AhR). Archives of biochemistry and biophysics. 2001; 389(2):207-217. [PubMed:
11339810]

Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham WJ, Bradfield CA. An interaction
between kynurenine and the aryl hydrocarbon receptor can generate regulatory T cells. J Immunol.
2010; 185(6):3190-3198. [PubMed: 20720200]

DiNatale BC, Murray IA, Schroeder JC, Flaveny CA, Lahoti TS, Laurenzana EM, Omiecinski CJ,
Perdew GH. Kynurenic acid is a potent endogenous aryl hydrocarbon receptor ligand that
synergistically induces interleukin-6 in the presence of inflammatory signaling. Toxicological
sciences : an official journal of the Society of Toxicology. 2010; 115(1):89-97. [PubMed:
20106948]

Denison MS, Nagy SR. Activation of the aryl hydrocarbon receptor by structurally diverse
exogenous and endogenous chemicals. Annual review of pharmacology and toxicology. 2003;
43:309-334.

Hsu S, Kim M, Hernandez L, Grajales V, Noonan A, Anver M, Davidson B, Annunziata CM.
IKK-epsilon coordinates invasion and metastasis of ovarian cancer. Cancer Res. 2012; 72(21):
5494-5504. [PubMed: 22942254]

Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, Speed D, Lynch AG,
Samarajiwa S, Yuan Y, Graf S, Ha G, Haffari G, Bashashati A, Russell R, McKinney S, et al. The
genomic and transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. Nature.
2012; 486(7403):346-352. [PubMed: 22522925]

Pilotte L, Larrieu P, Stroobant V, Colau D, Dolusic E, Frederick R, De Plaen E, Uyttenhove C,
Wouters J, Masereel B, Van den Eynde BJ. Reversal of tumoral immune resistance by inhibition
of tryptophan 2,3-dioxygenase. Proc Natl Acad Sci U S A. 2012; 109(7):2497-2502. [PubMed:
22308364]

Muller AJ, DuHadaway JB, Donover PS, Sutanto-Ward E, Prendergast GC. Inhibition of
indoleamine 2,3-dioxygenase, an immunoregulatory target of the cancer suppression gene Binl,
potentiates cancer chemotherapy. Nat Med. 2005; 11(3):312-319. [PubMed: 15711557]

Cancer Res. Author manuscript; available in PMC 2015 November 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

D’Amato et al.

40.

41.

42.

43.

44,

45,

46.

47.

Page 16

Suzuki S, Tone S, Takikawa O, Kubo T, Kohno I, Minatogawa Y. Expression of indoleamine 2,3-
dioxygenase and tryptophan 2,3-dioxygenase in early concepti. The Biochemical journal. 2001;
355(Pt 2):425-429. [PubMed: 11284730]

Furuya M, Horiguchi J, Nakajima H, Kanai Y, Oyama T. Correlation of L-type amino acid
transporter 1 and CD98 expression with triple negative breast cancer prognosis. Cancer science.
2012; 103(2):382-389. [PubMed: 22077314]

Tang X, Lin CC, Spasojevic I, Iversen ES, Chi JT, Marks JR. A joint analysis of metabolomics and
genetics of breast cancer. Breast Cancer Res. 2014; 16(4):415. [PubMed: 25091696]

Davidson B, Abeler VM, Forsund M, Holth A, Yang Y, Kobayashi Y, Chen L, Kristensen GB,
Shih le M, Wang TL. Gene expression signatures of primary and metastatic uterine
leiomyosarcoma. Human pathology. 2014; 45(4):691-700. [PubMed: 24485798]

Bos PD, Zhang XH, Nadal C, Shu W, Gomis RR, Nguyen DX, Minn AJ, van de Vijver MJ, Gerald
WL, Foekens JA, Massague J. Genes that mediate breast cancer metastasis to the brain. Nature.
2009; 459(7249):1005-1009. [PubMed: 19421193]

Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri DD, Viale A, Olshen AB, Gerald WL,
Massague J. Genes that mediate breast cancer metastasis to lung. Nature. 2005; 436(7050):518—
524. [PubMed: 16049480]

Tran C, Richmond O, Aaron L, Powell JB. Inhibition of constitutive aryl hydrocarbon receptor
(AhR) signaling attenuates androgen independent signaling and growth in (C4-2) prostate cancer
cells. Biochemical pharmacology. 2013; 85(6):753-762. [PubMed: 23266674]

Saito R, Miki Y, Hata S, Takagi K, lida S, Oba Y, Ono K, Ishida T, Suzuki T, Ohuchi N, Sasano
H. Aryl hydrocarbon receptor in breast cancer-a newly defined prognostic marker. Hormones &
cancer. 2014; 5(1):11-21. [PubMed: 24078229]

Cancer Res. Author manuscript; available in PMC 2015 November 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

D’Amato et al.

Page 17

A B §24 TDO2
[a]
[ Attached [Suspended] B2
"g’,fg DAttached
E GRANDIE g 16 .Suspended
MAFB 10
STRAG T
TNFRSF19 S
SECTM1 6
CHIBL1 e 4
SNED1 £ 2
sCG2 % o
ANK1 '3
CA12 MCF-7 T47D BT549 MDA-231SUM159
ITGEs — ] 1 1
DOCK11 Luminal (ER+) TNBC (ER-)
ERCCB C
TCP11L2 .
PALMD 2 KYNU
SNAI2 E 15
JAGT x -
sTC1 b4
PTGES 2.,
SSBP2
TNFRSF11B 2 D Attached
PXK o "
GEM 3 - Suspended
FIRL o 5
CYP1B1 I
1002 2
KYNU =
CAMK2N1 % 0
PDE7B ['4 — — — — —
o MCF-7 T47D  BT549 MDA-231 SUM159
ATXN1 Luminal (ER+) TNBC (ER-)
LYN
b D  mDA-mB-231 BT549 SUM159
OLFM1 Att Sus Att Sus Att Sus
ITGA2
NPTX1 —
T S s TDO2
HS5ST3
MALL ==
oLt —— M SNE KN
L GUCY1B3
ARHGEF3 —
T Grinza T e & AhR
L kRT1s
[ Ca— | * SRS ssmee® o-Tubulin
6.0 0.00 6.00
E BT549 E '

Attached Suspended Lo Lo .
wAET PG CRANT BRI Botdei = ' i, !
pL . SR g Al s e ? 2 1.0

- . ‘ o ® o Al Y ¢ .

L o LN e DU E .
> . v »o ¥ Y Tk e £
;. LS5 3, W F YN & ¥ 8% A » =
o BB ¥e' 7 e * BefS O ,'.'t-v,\ ¢ 4 °
(@) B wrw g 2% ) h ] o r g ..} 3 0.5
a f, > 7 - v & ™ » 3
- ¥ ¥ - e 3 .5 T | o
s L A B - ¢ x
» T NP At s LA N ) oo -
4 s D 2 s ¥ [ ) ]
’ vl ) p 3 W R 0 <9 o o & =
pat g% “3 ’- P d s 2 ,"r-y Vel S2mA0D o0 '
3 3 ‘ ». 8 e s®Hun 1§ PN SRS - Attached Suspended Suspended +
; * R 2abia v ¥ NS L B 4 10uM 680C91

Figure 1. Kynurenine pathway components and activity are increased in TNBC cells in
suspension and suppressed by TDO?2 inhibition

(A) BT549 cells were grown in either attached or forced-suspension conditions on poly-
HEMA coated plates in biological quadruplicate for 24h. RNA was harvested at 24h and
hybridized onto Affymetrix Human Gene 1.0ST array. Gene expression profile analysis
obtained by analysis identified genes significantly upregulated in suspension culture
(p<0.05). Those involved in tryptophan metabolism and AhR signaling highlighted in red.
(B) Relative TDO2 and (C) KYNU mRNA levels determined by gRT-PCR in luminal and
TNBC cell lines grown in attached or suspended culture for 24h. (D) Western blot for
TDO2, KYNU, and AhR protein in three TNBC cell lines following 24h of attached or
suspended culture. (E) TDO2 protein detected by immunohistochemistry in BT549 cell
pellets grown in attached or suspended culture for 48h. Bar equals 50um. (F) Secreted
kynurenine levels, as measured by HPLC, from BT549 cells grown for 48h in the attached
versus suspended conditions or suspended plus 10uM 680C91 (a specific TDO?2 inhibitor).
*P<0.05, ***P<0.001, ****P< 0.0001 by ANOVA with Bonferroni’s Multiple Comparison
Test.
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Figure 2. AhR expression and localization is affected by suspension culture, and kynurenine
activates AhR in TNBC cells in suspension

Breast cancer cell lines were plated on uncoated (attached) or polyHEMA-coated
(suspended) tissue culture plates for 24 h. (A) Relative AhR levels measured by gRT-PCR in
TNBC cells in attached or suspended culture for 24h. (B) AhR levels in nuclear and
cytoplasmic fractions of SUM-159 cells in attached or suspended culture for 24h. (C) AhR
protein as detected by immunohistochemistry in BT549 cell pellets grown in attached or
suspended culture for 48h. Bar equals 50pum. (D and E) AhR reporter activity in BT549
cells in attached or suspended culture for 24h treated with (D) vehicle (0.1% DMSO) or
10uM a-Naphthoflavone (AhR antagonist) or (E) vehicle (0.1% DMSO) or 10uM 680C91
(TDOiI). (F) Relative expression of AhR target genes by qRT-PCR in BT549 cells in
attached or suspended culture treated with vehicle, 680C91, or CH-223191 (AhR antagonist)
for 24 hours. (G) AhR reporter activity in BT549 cells in attached or suspended culture for
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24h treated with vehicle (0.1% DMSO) or crystalline kynurenine (100uM). *p<.05, **p<.
01, ****p < .0001 by ANOVA with Bonferroni’s Multiple Comparison Test.
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Figure 3. Targeting the kynurenine pathway or AhR increases cell death of TNBC cells in
suspension

(A) Anchorage-independent growth of SUM-159 or BT549 cells pre-treated with vehicle
(0.01% DMSO), 10uM 680C91 (TDOI), or 10uM CH-223191 (AhR antagonist) for 24h,
then plated in 0.25% soft agar where respective treatments were maintained for 18-21 days.
(B) Caspase 3/7 activity in TNBC cells (BT549 and SUM159) treated with either vehicle
control or 200uM Kynurenine while cultured in suspension for 48h. (C) Western Blot of
TDO2 or AhR in attached BT549 cells following transduction with non-targeting ShRNA
(shNEG) or shRNA constructs targeting AhR or TDO2. (D) Anchorage-independent soft
agar growth of BT549 cells with knockdown of TDO2 or AhR grown in soft agar for 14
days. (E) Caspase 3/7 activity in BT549 cells transduced with non-targeting sShRNA
(shNEG) or shRNA constructs targeting AhR or TDO2, and plated in poly-HEMA coated
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plates for 48h. **P<0.01, ****P< 0.0001 by ANOVA with Bonferroni’s Multiple
Comparison Test.
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Figure 4. TDO2 and AhR inhibition decrease cell number, migration, and invasion of TNBC

cells

BT549 and MDA-MB-231 cells (TNBC) were treated with either vehicle control (0.01%
DMSO), 10uM 680C91 (TDOi), 10uM CH-223191 (AhR antagonist), or in combination.
(A) Crystal violet assay of BT549 and MDA-MB-231 cells treated for 8 days. (B) Scratch

wound assay of BT549 and MDA-MB-231 cells treated in media containing 0.5% FBS. (C-
D) Scratch wound assay of BT549 and MDA-MB-231 cells transduced with a non-targeting
control (shNeg) or shRNAs targeting (C) AhR (shAhR-85, shAhR-86) or (D) TDO2
(shTDO2-82, shTD0O2-98). (E) Boyden chamber invasion assay of SUM-159 cells
pretreated in the attached or suspended conditions for 24h then seeded into the upper
chamber and allowed to invade through a matrigel-coated membrane. *p<.05, **p<.01,
****p < .0001 by ANOVA with Bonferroni’s Multiple Comparison Test.
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Figure 5. NFkB regulates expression of TDO2, KYNU, and AhR in TNBC cells in suspension
(A) Activity of an NFxB (left) or mutated NFxB (right) luciferase reporter in BT549 cells in

attached or suspended condition for 24h. (B) Relative expression of TDO2, KYNU, and AhR
by gRT-PCR in BT549 cells treated with vehicle or TNFa (10ng/ml) plus IL-1f (10ng/ml)
for 24h. (C) Relative expression of TDO2, KYNU, and AhR by gRT-PCR in BT549 cells
grown in attached or suspended culture treated with vehicle (0.01% DMSO) or 30uM
PS1145 (IKK inhibitor) for 24h. (D) Relative expression of TDO2, KYNU and AhR as
measured by gRT-PCR in BT549 cells grown in attached or suspended culture and
expressing a stable empty-vector (EV) or mutant (constitutively active) IxB expression
vector. *P<0.05, **p<0.01, ***p<0.001, ****p <0.0001 by ANOVA with Bonferroni’s
Multiple Comparison Test.
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Figure 6. Targeting TDO2 decreases colonization and outgrowth of TNBC cells in vivo
Luciferase-expressing MDA-MB-231 cells were pretreated for 48 hours in forced-

suspension culture with either vehicle (0.01% DMSO) or 10uM 680C91 prior to tail vein
injection. (A-B) Metastatic colonization was measured by whole animal VIS imaging at 7
days post-injection and weekly thereafter. (C) Ex vivo imaging of lungs 28 days after
injection. (D) Quantification of lung metastases based on H&E of FFPE lung sections.
*P<0.05, ***P< 0.001 by Two-tailed t-test.
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Figure 7. TDO2 expression in breast cancer clinical samples

(A) TDO2 staining in primary TNBC patient samples, bar equals 50 pm. (B-E) Using the
Curtis Breast Cohort, TDO2 expression was compared between normal breast and invasive
ductal carcinoma (B). TDO2 gene expression in breast tumor samples divided by (C) ER+
versus ER-, or (D) by tumor grade. (E) Patients were then split into TDO2-high or —low
groups based on median TDO2 gene expression, and overall survival was plotted. (F) A
model of TDO2-AhR signaling in TNBC cells: NFkB activity increases in suspension,
increasing expression of TDO2 which leads to increased Kyn (both intracellular and
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secreted), which subsequently activates AhR and promotes anoikis resistance, migration,
and invasion. p<.001 by log-rank test.
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