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ABSTRACT
Kynurenine formation by tryptophan-catabolic indoleamine-2,3-dioxygenase 1 (IDO1) plays a key role in
tumor immune evasion and inhibition of IDO1 is efficacious in preclinical models of breast cancer. As the
response of breast cancer to immune checkpoint inhibitors may be limited, a better understanding of the
expression of additional targetable immunomodulatory pathways is of importance. We therefore
investigated the regulation of IDO1 expression in different breast cancer subtypes. We identified estrogen
receptor a (ER) as a negative regulator of IDO1 expression. Serum kynurenine levels as well as tumoral
IDO1 expression were lower in patients with ER-positive than ER-negative tumors and an inverse
relationship between IDO1 and estrogen receptor mRNA was observed across 14 breast cancer data sets.
Analysis of whole genome bisulfite sequencing, 450k, MassARRAY and pyrosequencing data revealed that
the IDO1 promoter is hypermethylated in ER-positive compared with ER-negative breast cancer. Reduced
induction of IDO1 was also observed in human ER-positive breast cancer cell lines. IDO1 induction was
enhanced upon DNA demethylation in ER-positive but not in ER-negative cells and methylation of an IDO1
promoter construct reduced IDO1 expression, suggesting that enhanced methylation of the IDO1
promoter suppresses IDO1 in ER-positive breast cancer. The association of ER overexpression with
epigenetic downregulation of IDO1 appears to be a particular feature of breast cancer as IDO1 was not
suppressed by IDO1 promoter hypermethylation in the presence of high ER expression in cervical or
endometrial cancer.
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Introduction

To evade immune destruction, tumor cells make use of immuno-
suppressive mechanisms that originally developed to limit exces-
sive inflammation. Diverse immunosuppressive mechanisms
such as secretion of transforming growth factor b (TGFb), pros-
taglandin signaling, expression of tolerogenic surface molecules
as well as the metabolism of amino acids such as arginine and
tryptophan (Trp) are used by tumors to suppress antitumor
immune responses. The formation of kynurenine (Kyn) by the
Trp-catabolic enzymes indoleamine-2,3-dioxygenase 1 (IDO1)
and/or tryptophan-2,3-dioxygenase (TDO2) has emerged as an
important metabolic pathway controlling immune escape as well
as tumor-intrinsic malignant properties.1-6 Inhibitors of IDO1
and TDO2 are therefore in development for cancer therapy and
clinical trials with IDO1 inhibitors in solid tumors in combina-
tion with chemo- or immunotherapy are ongoing.3,7

Physiologically, IDO1 plays a role in maintaining maternal-
fetal tolerance, and dampening immune responses after immune
activation by pro-inflammatory stimuli such as interferon gamma
(IFNg).8 IFNg represents one of the most potent activators of
IDO1 transcription through binding of STAT1 to IFNg activation
sequence elements and interferon regulatory factor 1 (IRF1) to
IFN-stimulated response elements (ISRE) in the 50-flanking region
of the IDO1 gene.9 Kyn along with downstream metabolites such
as kynurenic acid creates an immunosuppressive microenviron-
ment, due to inhibition of T-cell responses.10 In preclinical cancer
models, IDO1 is regulated by tumor suppressor genes such as
Bin11 and oncogenes such as KIT,11 while an IDO-AHR-IL-6-
STAT3 transcriptional circuit drives constitutive IDO1 expression
in ovarian carcinoma and non-small cell lung cancer (NSCLC)
cells.12 In contrast, the molecular mechanisms that regulate IDO1
expression in human breast cancer are incompletely understood.
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Invasive breast cancer is a heterogeneous disease, classified
through gene expression profiling into intrinsic subtypes, which
serve as independent predictors of survival.13 The intrinsic sub-
types, luminal A and luminal B overexpress ER, while the
HER2-enriched and basal-like subtypes are ER-negative.13 Pre-
clinical evidence suggests that the use of pharmacological IDO1
inhibitors to block immunosuppressive Trp metabolism may
represent a promising avenue for the treatment of breast can-
cer.1,4 However, a better understanding of the regulation of
IDO1 expression in the different breast cancer subtypes is nec-
essary for selection of patients that may benefit from treatment
with IDO1 inhibitors. We therefore investigated the regulation
of IDO1 in human breast cancer.

Results

Serum Kyn and tumoral IDO1 expression are lower in ER-
positive than in ER-negative breast cancer patients

Analysis of sera obtained at primary breast cancer diagnosis
before initial surgery or neoadjuvant chemotherapy revealed
reduced Kyn concentrations in ER-positive compared with ER-
negative breast cancer patients (Fig. 1A, Table S1). In human
breast cancer tissue, prominent IDO1 expression was detected in
four out of six ER-negative tumors but not in the nine ER-posi-
tive tumors (Fig. 1, B and C, Table S2). To confirm a possible
relationship between IDO1 and ER, we analyzed larger data sets

of human breast cancer expression data. We found a negative
correlation between IDO1 and ESR1 in invasive breast cancer
RNASeq data from “The Cancer Genome Atlas” (TCGA,
Fig. S1) and across 13 additional publicly available human breast
cancer expression data sets (Table S3). Analysis of TCGA data
confirmed that IDO1 mRNA expression is significantly lower in
ER-positive than in ER-negative breast cancer tissue (Fig. 1D).
Correspondingly, in the different breast cancer subtypes, IDO1 is
downregulated in the ER-overexpressing luminal A and B sub-
types compared with the ER-negative HER2-enriched and basal-
like subtypes (Fig. 1E). Using a comprehensive computational
model of Trp metabolism based on existing kinetic data for the
enzymatic conversions and transporters,14 we investigated
whether Kyn concentrations differ in ER-positive and ER-nega-
tive tumors as a consequence of the differential IDO1 expression.
Integration of breast cancer expression data (TCGA) into our
model of Trp metabolism indeed predicted reduced Kyn concen-
trations in ER-positive compared with ER-negative breast cancer
tissue (Fig. 1F).

Hypermethylation of the IDO1 promoter downregulates
IDO1 expression in ER-positive breast cancer

As DNA methylation is recognized as a potent epigenetic regu-
lator of transcription, we next sought to investigate whether
IDO1 promoter methylation contributes to the differential
expression of IDO1 in ER-positive and ER-negative breast

Figure 1. Serum Kyn and tumoral IDO1 expression are lower in ER-positive than ER-negative breast cancer patients. (A) Sera obtained before initial surgery showed signif-
icantly lower Kyn concentrations in untreated ER-positive (nD 30) compared with untreated ER-negative breast cancer patients (nD 16, Student’s t-test ��p< 0.01). (B) In
line, IDO1 mRNA normalized to GAPDH (Student’s t-test �p < 0.05) and (C) IDO1 protein expression were higher in ER-negative (n D 6) than ER-positive (n D 9) frozen
breast cancer samples from distinct patients. (D) TCGA data of breast invasive carcinoma confirm decreased IDO1 expression in ER-positive compared with ER-negative
breast cancer tissue (ER(C) n D 343, ER(¡) n D 99, Mann–Whitney U test ���p < 0.001). (E) Reduced IDO1 mRNA expression is observed in the ER-positive luminal com-
pared with the mainly ER-negative Her-2 enriched and basal-like intrinsic breast cancer subtypes based on PAM50 classification, (basal-like n D 141, Her2-enriched n D
67, luminal A nD 423, luminal B nD 192). (F) In accordance with a decrease in IDO1 expression a model of Trp metabolism based on TCGA expression data of breast inva-
sive carcinoma predicted lower Kyn concentrations in human ER-positive compared with ER-negative breast cancer (ER(C) n D 311, ER(¡) n D 103, ���p < 0.001). Box
plots represent the medians and the 75% and 25% percentiles. Whiskers extend to min and max values.
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cancer. Using whole genome bilsulfite sequencing (WGBS) data
of ER-positive and ER-negative breast cancer tissue
(TCGA),15,16 we identified seven CpGs in the IDO1 promoter
overlapping with a region of active chromatin, characterized by
corresponding histone modifications and an overlap with a
DHS cluster (Fig. 2A, Table S4). Strikingly, methylation of six
of these CpGs was enhanced in ER-positive as compared with
ER-negative breast cancer (Fig. 2A). As only very few WGBS
data of human breast cancer are publically available, we turned
to 450k DNA methylation arrays to corroborate our findings in
a larger cohort. Although only one of the seven aforementioned
CpG sites (cg10262052) in the IDO1 promoter is covered by

450k arrays, analysis of TCGA data revealed significantly
higher DNA methylation of cg10262052 in ER-positive as com-
pared with ER-negative human breast cancer tissue (Fig. 2B).
Mirroring the IDO1 expression data (Fig. 1E), methylation of
this CpG was highest in the ER-positive luminal A and B breast
cancer subtypes and lowest in the basal-like subtype (Fig. 2C).
Furthermore, methylation of the CpG site in the IDO1 pro-
moter inversely correlated with IDO1 mRNA expression in
TCGA 450k and RNASeq data (Fig. 2D), further supporting
that DNA hypermethylation in the IDO1 promoter may indeed
be involved in the reduction of IDO1 transcription observed in
ER-positive breast cancer.

Figure 2. The IDO1 promoter is hypermethylated in ER-positive breast cancer. (A) Schematic representation of regulatory elements in the human IDO1 promoter. In an
upstream region of active chromatin (ENCODE ChromHMM E027 and E028, enrichment of H3K27Ac, DNase hypersensitivity cluster) an interferon sensitive response ele-
ment (ISRE) and a STAT1 binding site overlap with several CpG sites as can be seen in the WGBS data. One of these CpG sites— cg10262052—is covered by 450k arrays
(GRCh 37/hg19 assembly). The localization of our IDO1 luciferase reporter gene construct is depicted in green. (B) The DNA methylation level of cg10262052 is signifi-
cantly lower in ER-negative (n D 99) compared with ER-positive (nD 343) breast cancers (TCGA breast invasive carcinoma, Mann–Whitney U test, ���p< 0.001). Box plots
represent the medians and the 75% and 25% percentiles. Whiskers extend to min and max values. (C) DNA methylation of cg10262052 is highest in the ER-positive lumi-
nal A, luminal B breast cancer subtypes and lowest in the ER-negative basal-like subtype (basal-like n D 83, Her2-enriched n D 31, luminal A n D 272, luminal B n D
125). (D) The DNA methylation at cg10262052 negatively correlates with IDO1 mRNA expression derived from TCGA breast invasive carcinoma 450k and RNASeq data
(n D 511, Spearman’s rank correlation). (E) Significant hypermethylation of cg10262052 in ER-positive (n D 9) as compared with ER-negative (n D 6) breast cancer tissue
was observed by pyrosequencing (Student’s t-test, �p < 0.05). (F) Methylation at this CpG site negatively correlates with IDO1 mRNA expression in these samples (Spear-
man’s rank correlation).
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These findings were confirmed by pyrosequencing of DNA
extracted from our ER-positive and ER-negative breast cancer
tissues. In accordance with the above results, we observed
higher DNA methylation of cg10262052 in the ER-positive
than in the ER-negative tumors (Fig. 2E). This methylation
showed a strong negative correlation with the IDO1 expression
of the same samples (Fig. 2F), supporting the notion that meth-
ylation of this area is critical for IDO1 expression. Higher DNA
methylation of the IDO1 promoter in the ER-positive than in
the ER-negative tumors was also corroborated by MassARRAY
(Fig. S2A), which correlated nicely with the pyrosequencing
data (Fig. S2B).

IDO1 expression and activity is reduced in ER-positive
breast cancer cells

To experimentally address the differences in IDO1 expression
observed in human breast cancer tissue in vitro, we investigated
whether ER also suppresses IDO1 in breast cancer cell lines.
We therefore compared IDO1 expression in the ER-positive
luminal cell lines, MCF7, BT-474 and ZR-75–1, the ER-nega-
tive HER2-enriched cell line HCC1954 and the ER-negative,
HER2-negative basal-like cell lines MDA-MB-468 and MDA-
MB-231 (Fig. 3). While hardly any IDO1 mRNA was detectable
in the ER-positive luminal cells, IDO1 mRNA was expressed at
low basal levels in the ER-negative HER2-enriched and basal-
like cells (Fig. 3B). At protein level, IDO1 expression was con-
stitutively detectable only in ER-negative HCC1954 cells
(Fig. 3D, top). In breast cancer tissue, IDO1 expression appears
to be induced by IFNg released from tumor infiltrating T-cells
as interferon-related genes such as IFNG, STAT1 and IRF1 as
well as T-cell markers such as CD2, CD3D and LCK were
among the genes with the strongest association with IDO1
expression in human invasive breast cancer tissue (Fig. 3A).
We therefore also used IFNg to induce IDO1 in vitro. Induc-
tion of IDO1 mRNA expression by IFNg stimulation was
higher in ER-negative than in ER-positive cells (Fig. 3C). IFNg
induced IDO1 protein expression in all the cells examined,
albeit to higher levels in ER-negative than in ER-positive cells
(Fig. 3D, bottom). In line with their higher IDO1 expression,
the ER-negative cells produced more Kyn than the ER-positive
cells in response to IFNg (Fig. 3E). Our results thus indicate
that in accordance with the data obtained from human breast
cancer tissue, IDO1 expression and Kyn production are higher
in ER-negative than ER-positive breast cancer cells. We there-
fore used these breast cancer cells to experimentally validate
the role of the methylation of the IDO1 promoter for IDO1
expression.

In vitro validation of DNA hypermethylation as a regulator
of IDO1 expression in breast cancer cells

We first measured the methylation of the IDO1 promoter in
our ER-positive and ER-negative cell lines by MassARRAY.
While the ER-positive MCF7, ZR-75–1 and BT-474 cells
showed high mean methylation of the IDO1 promoter region
at CpG1 (cg10262052, chr8:39770526), CpG2 (chr8:39770486)
and CpG3 (chr8:39770463), the ER-negative cells HCC1954

and MDA-MB-231 were hypomethylated in comparison
(Fig. S3).

To test whether methylation is functionally involved in the
inhibition of IDO1 expression, we treated breast cancer cells
with the demethylating agent 5-aza-20-deoxycytidine (5-Aza).
5-Aza increased both IFNg-induced IDO1 mRNA (Fig. 4A),
and IDO1 protein (Fig. 4B) in ER-positive breast cancer cells,
which was associated with a concomittant increase in Kyn for-
mation (Fig. 4C). Demethylation of the IDO1 promoter by 5-
Aza was confirmed by MassARRAY (Fig. S4). In contrast to the
ER-positive cells, no increase in IDO1 expression by 5-Aza
treatment was observed in the ER-negative HCC1954 cells
(Fig. 4D and E), supporting the hypothesis that methylation of
the IDO1 promoter contributes to the lower expression of
IDO1 in ER-positive breast cancer cells. To analyze whether
methylation of the IDO1 promoter indeed results in decreased
IDO1 expression, we cloned a 2.1 kb IDO1 luciferase promoter
construct (Fig. 2A) into a CpG-free vector and compared the
luciferase activity of the IDO1 promoter methylated by the pro-
karyotic DNA (cytosine-5)-methyltransferase M.SssI to its
unmethylated counterpart (Fig. 4F). The methylated IDO1 pro-
moter suppressed relative luciferase activity in the absence and
presence of IFNg in both ER-positive and ER-negative cells
(Fig. 4F). Taken together, our results suggest that the expres-
sion of ER in breast cancer tissue is associated with suppression
of IDO1 expression through IDO1 promoter hypermethylation.

In cervical and endometrial carcinoma high ESR1
expression is not associated with increased IDO1 promoter
methylation and suppression of IDO1 expression

We next analyzed whether high ESR1 expression is associated
with low IDO1 expression also in other cancers arising from
estrogen-responsive tissues such as cervical and endometrial
carcinoma. These cancers differ from breast cancer in that their
response rate to endocrine therapy is significantly lower. In
contrast to our results in breast cancer, analysis of TCGA data
did not reveal an inverse correlation between ESR1 and IDO1
in these tumor entities (Fig. S5A, B). In cervical cancer, IDO1
expression was higher in the cancers expressing ESR1 above the
median expression level, than in those with ESR1 expression
equal or below the median (Fig. 5A). Methylation of the IDO1
promoter inversely correlated with IDO1 mRNA expression in
DNA methylation array and RNASeq data (Fig. 5B), suggesting
that DNA-methylation of the IDO1 promoter may reduce
IDO1 transcription in these tumors. However, high expression
of ESR1 was not associated with enhanced methylation of the
IDO1 promoter in cervical cancer (Fig. 5C), possibly explaining
why no inverse correlation between ESR1 and IDO1 was
observed. In endometrial carcinoma, IDO1 expression did not
differ between tumors expressing high or low levels of ESR1
(Fig. 5D). Methylation of the IDO1 promoter did not correlate
with IDO1 mRNA expression (Fig. 5E) and high expression of
ESR1 was associated with reduced methylation of the IDO1
promoter (Fig. 5F). Collectively, these results suggest that high
ESR1 expression is not associated with increased IDO1 pro-
moter methylation and suppression of IDO1 mRNA expression
in cervical and endometrial cancer. The suppression of IDO1

e1274477-4 D. L. DEWI ET AL.



expression by IDO1 promoter hypermethylation may thus be
characteristic of ER-positive breast cancer.

Discussion

The ER plays a pivotal role in the development and progression
of breast cancer as it enhances the proliferation, survival and
invasion of breast tumor cells.17 Here we show that despite its
aforementioned tumor-promoting effects, ER also suppresses a

malignant feature of breast cancer cells by inhibiting the induc-
tion of IDO1, a key enzyme mediating tumor immune evasion.
The role of murine Ido1 in promoting breast cancer has previ-
ously been demonstrated in preclinical breast cancer models.
Inhibition of Ido1 in combination with the chemotherapeutic
agent paclitaxel reduced the growth of spontaneous mammary
tumors in MMTV/neu mice,1 while Ido1 knockout protected
against lung metastasis after orthotopic engraftment of mice
with 4T1 breast carcinoma cells.4 Based on promising

Figure 3. IDO1 expression and Trp metabolism in breast cancer cells. (A) Spearman’s rank correlation of gene expression with IDO1 mRNA in TCGA breast invasive carci-
noma RNASeq data. IFNG, STAT1 and IRF1, which are components of IFNg signaling, as well as CD2, CD3D and LCK, which are T-cell markers were among the top IDO1 cor-
related genes. Their correlation with IDO1 is depicted as scatter plots. Spearman’s rank correlation coefficients and corresponding p-values are shown. (B and C) IDO1
mRNA expression normalized to 18S RNA in ER-negative (HCC1954, MDA-MB-468, MDA-MB-231) and ER-positive (MCF7, BT-474 ZR-7–51) breast cancer cell lines, in the
absence (B) and presence (C) of IFNg stimulation (1000 U/mL for 24 h), measured by qRT-PCR. (D) Representative western blots demonstrating that also on the protein
level IDO1 is expressed more strongly in ER-negative than ER-positive breast cancer cells. (E) Higher Kyn production was measured by high performance liquid chroma-
tography (HPLC) in the supernatants of ER-negative in comparison to ER-positive cells 48 h after IFNg stimulation (n D 3). Results are expressed as mean, error bars indi-
cate s.e.m.
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preclinical data, clinical trials with IDO1 inhibitors in patients
with solid cancer with the aim of eliciting antitumor immunity
and enhancing the efficacy of conventional chemotherapy are
underway.7 As IDO1 is recognized as a resistance mechanism
to immune checkpoint blockade in cancer,18,19 a better under-
standing of the regulation of IDO1 in human breast cancer
may help improve immunotherapeutic strategies for this
disease.

Several lines of evidence suggest that there is considerable
variation in Trp metabolism in breast cancer patients. In 1967,
Rose already described increased excretion of Trp metabolites

in the urine of some but not all breast cancer patients ana-
lyzed.20 Recently, higher variabilities in Kyn and Kyn/Trp ratios
in the plasma of breast cancer patients than in breast cancer-
free women were reported21 and breast cancers were found to
show differential Trp kinetics by dynamic positron emission
tomography (PET).22 These data suggest that different subtypes
of breast cancer may differ in Trp metabolism. We found that
Kyn, the product of IDO1 enzymatic activity was reduced in
the sera of ER-positive compared with ER-negative breast can-
cer patients (Fig. 1A). In addition, while IDO1 expression was
detected in the majority of ER-negative tumors none of the

Figure 4. IDO1 expression and activity is suppressed by IDO1 promoter hypermethylation in ER-positive breast cancer cells. Treatment of ER-positive breast cancer cells
with the demethylating agent 5-Aza (10 mM, 5 d) followed by stimulation with IFNg (1000 U/mL, 48 h) significantly increased (A) IDO1 mRNA expression relative to
GAPDH and (B) IDO1 protein expression (n D 3, per group). (C) Similarly, Kyn production of cells treated with 5-Aza for 5 d and subsequent IFNg-stimulation for 48 h (n D
3) measured by HPLC was significantly increased compared with non-5-Aza treated controls (n D 3). 5-Aza treatment of the ER-negative HCC1954 cells neither influenced
(D) IDO1 mRNA expression nor (E) IDO1 protein expression. (F) Activity of the unmethylated and the methylated IDO1 promoter was measured by luciferase reporter assay
after stimulation with IFNg (8 h; 20 U/mL for ZR-75–1 and HCC1954, 100 U/mL for BT-474 and MDA-MB-231), indicating that DNA methylation reduces IDO1 expression.
Results are expressed as means, error bars indicate s.e.m. Statistical significance was determined by Student’s t-tests, �p < 0.05, ��p < 0.01, ���p < 0.001.
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ER-positive tumors expressed relevant IDO1 levels (Fig. 1B and
C). Gene expression data showed a negative correlation
between IDO1 and ESR1 across 14 breast cancer data sets
(Fig. S1 and Table S3) and kinetic modeling of Kyn concentra-
tions,14 revealed lower Kyn concentrations in ER-positive than
ER-negative breast cancer (Fig. 1F). While our result of reduced
IDO1 expression in ER-positive tumors is in contrast to a study
investigating IDO1 expression in breast cancer by immunohis-
tochemistry,23 it is supported by several other studies including
a metabolomics study showing increased Kyn levels in ER-neg-
ative as compared with ER-positive breast cancer tissue.24-26 In
addition, recent evidence suggests that the ER may also be
involved in the suppression of Ido1 expression in animal mod-
els of breast cancer as treatment of mice with a compound lead-
ing to ER expression in otherwise ER-negative mammary
tumors resulted in suppression of Ido1 expression.27

In this study, we focused on the regulation of IDO1, but
recently also TDO2, which catalyzes the same enzymatic reac-
tion as IDO1 has been found to be expressed in different malig-
nancies including breast cancer.2,3,28 TDO2-mediated AHR
activation was shown to protect against anoikis in triple nega-
tive breast cancer cells, while the induction of TDO2 by sub-
stratum detachment was not significant in ER-positive breast
cancer cells.28 In addition, TDO2 expression was found to be
higher in ER-negative than ER-positive breast cancer tissue.28

The downregulation of IDO1 by ER signaling identified here
therefore does not appear to be counteracted by the activity of
TDO2, resulting in a general downregulation of Trp metabo-
lism in the presence of ER.

As the degree of T cell infiltration is highest in ER-negative
tumors,29 and IDO1 expression shows a strong correlation with
T cell markers and genes involved in IFNg signaling (Fig. 3A),
the difference in IDO1 expression between ER-positive and
ER-negative breast cancer may in part be mediated by different
levels of inflammatory mediators released by T cells that induce
IDO1. However, we show here that also tumor cell intrinsic
properties underlie the difference in IDO1 expression between
ER-positive and ER-negative breast cancer as IFNg-induced
IDO1 mRNA, IDO1 protein and Kyn production were reduced
in ER-positive compared with ER-negative breast cancer cells
(Fig. 3, C–E).

The ER is a member of the nuclear receptor family of
transcription factors and the mechanisms, through which
ER activates gene expression by binding to estrogen respon-
sive elements in the promoters of its target genes are well
characterized. In recent years, attention has shifted to
repression of gene expression by ER, demonstrating that ER
is recruited to ER binding sites of early estrogen-repressed
genes, albeit more transiently than for estrogen-stimulated
genes.30

Figure 5. High ESR1 expression is not associated with IDO1 promoter methylation and reduced IDO1 expression in cervical and endometrial carcinoma. (A) IDO1 mRNA
expression is higher in ESR1 high (n D 152, higher than the median ESR1 expression) than ESR1 low (n D 153, equal or lower than the median ESR1 expression) cervical
cancers (TCGA, cervical squamous cell carcinoma and endocervical adenocarcinoma; Student’s t-test, ��p < 0.01). (B) The DNA methylation at cg10262052 inversely corre-
lates with IDO1 mRNA expression derived from TCGA (n D 305, Spearman’s rank correlation). (C) The DNA methylation level of cg10262052 does not differ between ESR1
low (n D 153) compared with ESR1 high (n D 152) cervical cancers (TCGA, cervical squamous cell carcinoma and endocervical adenocarcinoma, Mann–Whitney U test).
(D) IDO1 mRNA expression does not differ between ESR1 low (n D 87, equal and lower than the median ESR1 expression) compared with ESR1 high (n D 86, higher than
the median ESR1 expression) human endometrial carcinoma tissues derived from TCGA uterine corpus endometrial carcinoma RNASeq data; Student’s t-test. (E) The DNA
methylation at cg10262052 does not correlate with IDO1 mRNA expression derived from TCGA uterine corpus endometrial carcinoma (n D 173, Spearman’s rank correla-
tion). (F) The DNA methylation level of cg10262052 is lower in ESR1 high (n D 86) compared with ESR1 low (n D 87) endometrial carcinomas (TCGA, uterine corpus endo-
metrial carcinoma, Mann–Whitney U test). Box plots represent the medians and the 75% and 25% percentiles. Whiskers extend to min and max values.
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Analysis of ENCODE data did not reveal any evidence of
direct binding of the ER to the promoter region of IDO1. How-
ever, using WGBS, 450k, MassARRAY and pyrosequencing
data, we identified CpGs within the STAT1 binding site in the
IDO1 promoter (Fig. 2A) that are hypermethylated in ER-posi-
tive compared with ER-negative breast cancers (Fig. 2, Fig. S2).
Methylation of cg10262052 in the IDO1 promoter is highest in
the ER-positive luminal tumors, and lowest in the basal-like
subtypes (Fig. 2C), which is mirrored by IDO1 showing the
lowest expression in luminal tumors (Fig. 1E). Expression data
of human breast cancer tissue as well as our own pyrosequenc-
ing data showed an inverse correlation between IDO1 promoter
methylation and IDO1 mRNA expression (Fig. 2, D and F).
These results suggested that enhanced methylation of the IDO1
promoter in ER-positive breast cancer cells may be involved in
suppressing IDO1. In accordance with this notion, treatment
with the DNA demethylating agent 5-Aza enhanced IDO1
expression in ER-positive but not in ER-negative cells (Fig. 4A–
E, Fig. S4) and the inhibitory effect of IDO1 promoter methyla-
tion on IDO1 expression was corroborated by the use of a
methylated reporter construct (Fig. 4F).

Identification of distinct DNA methylation between ER-pos-
itive and ER-negative breast cancer is in agreement with previ-
ous findings showing differences in global DNA methylation
patterns between these groups.31 In general, ER-positive tumors
have been found to contain more hypermethylated loci than
ER-negative tumors32 and ER has been reported to transcrip-
tionally induce DNA (cytosine-5-)-methyltransferase 1
(DNMT1) in breast cancer cells.33 Interestingly, a synergistic
induction of IDO1 by IFNg and the DNA methyltransferase
inhibitor zebularine has previously been described in human
monocytic cells,34 suggesting that methylation of the IDO1 pro-
moter may inhibit IDO1 expression also in other cell types. We
therefore tested whether ER expression also is associated with
suppression of IDO1 expression through IDO1 promoter meth-
ylation in other cancers that develop from estrogen-dependent
tissues, such as cervical and endometrial carcinoma. IDO1

expression has previously been shown to be present in 83% of
cervical carcinomas and 94% of endometrial carcinomas.6

Unlike in breast tumors, in endometrial carcinomas, IDO1 was
observed to be expressed constitutively within the tumor cells
in the absence of T-cell infiltration.35 ER expression has been
reported to be required for carcinogenesis in mouse models for
HPV-associated cervical cancer and to be frequently expressed
in human cervical carcinoma,36 while ER expression in endo-
metrial carcinoma has been described in 32–77% of cases.37

However, in contrast to ER-positive breast cancer, anti-estro-
gen therapy does not constitute a standard of care for ER-posi-
tive cervical or endometrial cancer, suggesting less dependence
of these cancers on ER. Interestingly, no inverse correlation
was observed between IDO1 and ESR1 mRNA expression in
cervical and endometrial carcinoma possibly due to the fact
that high ESR1 expression was not associated with hypermethy-
lation of the IDO1 promoter (Fig. 5, C and F). The association
of ER overexpression with low IDO1 expression due to IDO1
promoter hypermethylation thus appears to be characteristic
for breast cancer (Fig. 6). Higher IDO1 expression in ER-nega-
tive breast cancer may contribute to its malignant phenotype as
well as bad prognosis, and IDO1 inhibitors may thus be a
promising avenue for the treatment of ER-negative breast
cancer.

Methods

Measurement of Kyn concentrations in human sera by
ELISA

Serum samples from a total of 46 patients with histologically
confirmed invasive breast cancer were obtained from the
Department of Gynecology and Obstetrics at the University
Hospital of Dresden, Germany. Clinical characteristics are
documented in Table S1. This sample set consisted of (i) sera
from 30 untreated ER-positive patients and (ii) 16 sera from
untreated ER-negative patients. Informed written consent was

Figure 6. Overview of the modulation of IDO1 by ER in breast cancer. In ER-positive breast cancer, hypermethylation (HyperM) of CpGs in the IDO1 promoter reduces
IDO1 expression. Reduced IDO1 expression results in less production of immunosuppressive kynurenine. In contrast, in ER-negative breast cancer the CpGs in the IDO1
promoter are hypomethylated (HypoM) leading to stronger induction of IDO1, increased production of Kyn and finally enhanced suppression of antitumor immune
responses.
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obtained from all patients. The study was approved by the
Local Ethics Committee (EK 74032013) and was performed
according to the declaration of Helsinki.

Kyn was measured using the IDK� IDO activity ELISA
K7726 (Immundiagnostik AG) according to the manufacturer’s
instructions.

Human breast cancer tissue samples

Six ER-negative and nine ER-positive breast cancer tissue cryo-
samples were provided by the tissue bank of the National Cen-
ter for Tumor Diseases (NCT, Heidelberg, Germany) in
accordance with the regulations of the tissue bank and the
approval (206/2005 and 207/2005) of the ethics committee of
Heidelberg University. Clinical characteristics are documented
in Table S2. RNA was isolated using the Qiagen RNeasy Mini
Kit according to the manufacturer’s instruction for RNA isola-
tion from tissue. Protein was isolated by lysing the frozen tis-
sues in RIPA buffer supplemented with complete protease
inhibitor (Roche) and phosphatase inhibitor (Sigma-Aldrich).
qRT-PCR measurements and Western blot were performed as
described below.

Modeling of Trp metabolism

TCGA breast invasive carcinoma RNASeq data were applied to a
comprehensive kinetic model of Trp metabolism as described pre-
viously14 For each patient, a separatemodel was generated resulting
in patient-specific concentrations. The Trp concentration used as
input for the model was 5 mM, corresponding to the median con-
centration of free Trpmeasured in the blood of healthy donors.

Analysis of expression data

TCGA breast invasive carcinoma (TCGA, provisional), TCGA
Uterine Corpus Endometrial Carcinoma (TCGA, provisional) and
TCGA Cervical Squamous Cell Carcinoma and Endocervical Ade-
nocarcinoma (TCGA, provisional) 450k array data were down-
loaded from TCGA and RNASeq data were downloaded from the
cBio Cancer Genomics Portal (www.cbioportal.org).38,39 RNA seq
V2 RSEM values were log2 transformed. Patients’ ER status,
based on immunohistochemistry, and PAM50 classification
were derived from the UCSC cancer genomics browser.40,41 For
correlation analyses of IDO1 with ESR1 microarray data was
downloaded from the R2:Genomic analysis and Visualization
Platform (http://hgserver1.amc.nl) and Gene Expression Omni-
bus (GEO).

Cell culture

All breast cancer cell lines were obtained from ATCC and culti-
vated in phenol red-free DMEM (Gibco) supplemented with
10% FCS (Gibco), 100 U/mL penicillin 100 mg/mL streptomy-
cin (Gibco), 2 mM glutamine (Gibco) and 1 mM sodium pyru-
vate (Gibco). HCC1954 were cultivated in RPMI (Gibco)
supplemented with 10% FCS (Gibco). IDO1 expression was
equal whether cells were cultured in DMEM or RPMI. Cell lines
were confirmed to be mycoplasma-free and were authenticated
by Multiplex Cell Authentication (Multiplexion).

Drug and cytokine treatment

5-Aza-20 deoxycytidine (5-Aza; A3656, Sigma-Aldrich, 200 mM
stock) was dissolved in DMSO. Cells were incubated with 1mMor
10 mM 5-Aza for 5 d and the medium was replaced with fresh
medium containing 5-Aza every 24 h, subsequently 1000 U/mL
IFNg (14–8319, eBiosciences) were added for 48 h.

RNA isolation and quantitative (q)RT-PCR

Total RNA was isolated using the Qiagen RNeasy Mini Kit
(Qiagen). One microgram RNA was reverse-transcribed using
the High Capacity cDNA reverse transcriptase kit (Applied
Biosystems). qRT-PCR was performed in quadruplicates with
the SYBR Select Master Mix (Thermo Scientific) using a StepO-
nePlus real-time PCR system (Applied Biosystems). Relative
quantification was done using the 2DDCt method. GAPDH or
18S RNA were used for normalization. qRT-PCR primers were
designed using Primer Blast (NCBI) and were separated by at
least one intron on the genomic DNA.

Primers sequences:
IDO1 forward: 50-GATGTCCGTAAGGTCTTGCC -30
reverse: 50-TCCAGTCTCCATCACGAAAT-30
GAPDH forward: 50-CTCTCTGCTCCTCCTGTTCGAC-30
reverse: 50-TGAGCGATGTGGCTCGGCT-30
18S RNA forward: 50-GATGGGCGGCGGAAAATAG-30
reverse: 50-GCGTGGATTCTGCATAATGGT-30

Protein isolation and western blot

Cells were harvested and lysed in ice-cold lysis buffer, consist-
ing of TRIS-HCl (50 mM, pH 8,0) containing 50 mM NaCl,
1% NP-40, 2.5 mM EDTA, 10% glycerin, 200 mM dithiothrei-
tol, 100 mM PMSF, complete protease inhibitor (Roche) and
phosphatase inhibitor (Sigma). Protein concentrations were
measured by Bradford Assay (BioRad, Hercules, CA, USA) at
595 nm. 30 to 60 mg of protein were diluted in Laemmli buffer,
denatured for 5 min at 95�C, loaded and separated by 12%
SDS-PAGE. Proteins were transferred onto 0.2 mm nitrocellu-
lose membranes, blocked with either 5% milk or 5% BSA for
1 h, and stained with the primary antibodies diluted in blocking
solution overnight. Primary antibodies: rabbit anti-human
IDO1 (#AG-25A-0029-C100, Adipogene, 1:1000) and mouse
anti-human GAPDH (#39–8600, Thermo Scientific, 1:1000).
Membranes were stained with appropriate HRP-linked second-
ary antibodies (GE Healthcare, #GENA9340–1M, #GENXA931,
1:5000) for 2 h at RT. Signals were visualized using ECL (GE
Healthcare). Images were captured using the BioRad ChemiDoc
MP system with Image Lab 5.1 software.

Kyn measurement by High Performance Liquid
Chromatography (HPLC)

For 1mL of cell culture supernatant, 162.8mL of 72% trichloroace-
tic acid were added, andmixed briefly. Samples were centrifuged at
maximum speed for 12 min, and the supernatants were analyzed
using a Dionex Ultimate� 3000 UHPLC (Thermo Scientific).
Chromatographic separation was achieved on a reversed phase
AccucoreTM aQ column (Thermo Scientific) with 2.6 mm particle
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size with a gradient mobile phase consisting of 0.1% trifluoroacetic
acid (TFA) in water (A) and 0.1% TFA in acetonitrile (B). Kyn was
detected based on comparison with the standard, its retention time
andUV emission spectrum at 365 nm. Results were analyzed using
the ChromeleonTM 7.2 Chromatography Data System (Thermo
Scientific).

Pyrosequencing

Genomic DNA (gDNA) was isolated using the QIAamp DNA
Mini Kit (Qiagen). 1 mg gDNA was bisulfite converted using the
EZ DNA-methylation Kit (ZymoResearch) and DNA methylation
of cg10262052 was assessed on a PyroMark Q48 Autoprep station
(Qiagen) following the manufacturers’ instructions. The pyrose-
quencing assay was designed on the reverse complement strand
using the PyroMark Assay Design version 2.0.1.15 software (Qia-
gen) with the reverse primer biotinylated at the 50end (forward
primer 50-GTAAGTTTGTGGTTTATTTTAGAGGTATTG-30,
reverse primer [biotin]-50-ACTATTTCTCTTTTCTCCTTT-
TAATCA-30, sequencing primer 50-GGAAGTTAAAGAA-
GAAATTAAG-30). PCR was performed using the PyroMark
PCR Kit (Qiagen) following the manufacturer’s recommendations
with an annealing temperature of 52�C.

DNA methylation analysis by MassARRAY

Quantitative DNA methylation analyses were performed on
the mass spectrometry-based Agena Bioscience MassARRAY
platform. A PCR primer pair for the IDO1 promoter region
(chr8:39771416–39771555, covering cg10262052 and two
neighboring CpGs) was designed with a T7 promoter tag (y
D cagtaatacgactcactatagggagaaggct) on the reverse primer
for in vitro transcription and a 10-mer tag (x D aggaaga-
gag) on the forward primer (forward: x-AGGAAGTTAAA-
GAAGAAATTAAG; reverse: y- CACAATTTAATTTATT
TCAAATAC). Bisulfite-treated DNA was PCR amplified
using HotStarTaq DNA Polymerase (Qiagen) with the fol-
lowing cycling program: 95�C for 15 min, followed by 45
cycles of 94�C for 30 sec, 56�C for 30 sec, 72�C for 1 min
and a final elongation step at 72�C for 5 min on a T1 Ther-
mocycler (Biometra). The PCR product was in vitro tran-
scribed and cleaved by RNase A using the EpiTyper T
Complete Reagent Set (Sequenom) and subjected to
MALDI-TOF mass spectrometry analysis to determine
methylation patterns as described previously.42 DNA meth-
ylation standards (0%, 20%, 40%, 60%, 80% and 100%
methylated genomic DNA) were used to control for poten-
tial PCR bias. Validity of the derived DNA methylation val-
ues was confirmed by correlation of expected and measured
DNA methylation values (IDO1: R2 D 0.98, Fig. S6).

Cloning of the IDO1 reporter plasmid

To generate an IDO1 reporter plasmid lacking CpGs in the
backbone, the 2.1 kb promoter region of IDO1 was PCR-ampli-
fied using Phusion polymerase with high fidelity buffer
(Thermo Scientific) with the following primers:

forward: 50-ACACTAGTTAGAGCAAAACGCTGAGTTCT
G -30

reverse: 50-ACCCATGGCCATTCTTGTAGTCTGCTCCTC
T-30

The PCR product was cloned into SpeI and NcoI sites of the
pCpGL basic vector (kind gift from M. Rehli). The resulting
plasmid (pCpGL-IDO1) was grown in PIR1-competent E.coli
under Zeocin (Invitrogen) selection. Insertion of the IDO1 pro-
moter was confirmed using colony PCR and sequencing.

In vitro methylation assay

Methylated IDO1 reporter plasmid was prepared by incubating
10 mg of plasmid with 20 mL of the prokaryotic DNA(cytosine-
5)-methyltransferase M.SssI (Thermo Scientific) and 100 mM
S-adenosylmethionine (Thermo Scientific) in the presence of
M.SssI buffer at 37�C for 1 h. The enzyme was inactivated by
incubation at 65�C for 20 min. The methylation status was con-
firmed by digesting the plasmid using the methylation-sensitive
HpaII restriction enzyme.

Luciferase reporter gene assay

5 £ 104 cells were transfected with 150 ng of pCpGL-IDO1
or pCpGL empty vector with pRL-TK renilla using Fugene
(Promega). 48 h after transfection, cells were treated with
20 or 100 U/mL IFNg for 8 h and directly lysed in passive
lysis buffer (PromoCell). Luciferase activity was assayed
using the PromoKine Luciferase Reporter Assay Kit III
(PromoCell) and measured using PheraStar FS (BMG Lab
Tech) with the MARS program 3.01.R2 software. Relative
luciferase activity was defined as the mean of firefly lucifer-
ase/renilla luciferase ratios.

Statistical analyses

Statistical analyses were performed using GraphPad Prism ver-
sion 5.00 (GraphPad Software), SigmaPlot version 12 (Systat
Software) and Statistica for Windows, Version 10 (Statsoft).
Correlation analyses were based on Spearman’s rank analysis.
Two-tailed Student’s t-tests were used for single comparisons.
Where applicable, rank sum analysis by Mann–Whitney U was
conducted. All data are expressed as mean § s.e.m. Statistical
significance is assumed at p < 0.05.
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