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ARTICLE INFO ABSTRACT
Article History: Background: Triple-negative breast cancer (TNBC) is aggressive and has a poor prognosis. Kynurenine
Received 15 July 2019 3-monooxygenase (KMO), a crucial kynurenine metabolic enzyme, is involved in inflammation, immune
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response and tumorigenesis. We aimed to study the role of KMO in TNBC.
Methods: KMO alteration and expression data from public databases were analyzed. KMO expression levels in
TNBC samples were analyzed using immunohistochemistry. Knockdown of KMO in TNBC cells was achieved
by RNAi and CRISPR/Cas9. KMO functions were examined by MTT, colony-forming, transwell migration/inva-
KMO sion, a.md.mammolsphere assays. T}.le molecular events were analyzed by cDNA microa.rrays, Western blot,
Triple negative breast cancer quanntaqve real-time PCR vand'luc1ferase {eporter assays. Tumor g}'owth and metastasis were detected by
B-catenin orthotopic xenograft and tail vein metastasis mouse models, respectively.
Findings: KMO was amplified and associated with worse survival in breast cancer patients. KMO expression
levels were higher in TNBC tumors compared to adjacent normal mammary tissues. In vitro ectopic KMO
expression increased cell growth, colony and mammosphere formation, migration, invasion as well as mesen-
chymal marker expression levels in TNBC cells. In addition, KMO increased pluripotent gene expression levels
and promoter activities in vitro. Mechanistically, KMO was associated with B-catenin and prevented S-catenin
degradation, thereby enhancing the transcription of pluripotent genes. KMO knockdown suppressed tumor
growth and the expression levels of 8-catenin, CD44 and Nanog. Furthermore, mutant KMO (known with sup-
pressed enzymatic activity) could still promote TNBC cell migration/invasion. Importantly, mice bearing CRISPR
KMO-knockdown TNBC tumors showed decreased lung metastasis and prolonged survival.
Interpretation: KMO regulates pluripotent genes via S-catenin and plays an oncogenic role in TNBC progression.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction
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Research in context

Evidence before this study

Breast cancer exhibits aberrant metabolic profile including tri-
ple-negative breast cancer (TNBC). Estrogen receptor negative
breast cancer shows high level of tryptophan metabolite kynure-
nine. Kynurenine 3-monooxygenase (KMO), a key kynurenine
pathway enzyme, which contributes to immune tolerance and
dysregulation in cancer.

Added value of this study

KMO expressions were higher in TNBC tumors compared to
adjacent normal mammary tissues. KMO protein, rather than
its enzyme activity, enhanced cell growth, motility and cancer
stem cell phenotypes. KMO interacted with $-catenin prevent-
ing its degradation. Beta-catenin mediated KMO-induced plu-
ripotent genes expressions. Knockdown of KMO reduced tumor
growth and lung metastasis in vivo.

Implications of all the available evidence

Our data have disclosed a novel oncoprotein KMO in the regula-
tion of B-catenin which contributes to TNBC progression.

androgen receptor (AR) and PI3K/Akt pathway activation [2]. Cur-
rently, single-agent chemotherapy or in combination with surgery or
radiotherapy remains the standard treatment for TNBC. No specific
therapeutic guidelines have been established [3]. Therefore, develop-
ing targeted therapeutic options and defining clinical biomarkers are
urgently need for TNBC.

Kynurenine 3-monooxygenase (KMO) is a key kynurenine path-
way enzyme localized to the outer membrane of mitochondria [4].
Previous literature suggests that KMO controls the conversion of
kynurenine to neuroactive and immunoregulatory tryptophan
metabolites [5,6], which contribute to immune tolerance and dysre-
gulation in cancer [7,8]. Recently, KMO has been demonstrated to
promote cancer progression and to act as prognostic marker of
human hepatocellular carcinoma [9]. KMO also serves as a diagnostic
and prognostic biomarker in canine mammary gland tumor [10]. Ele-
vated KMO has been found in all breast invasive carcinoma tissues as
well as in normal breast epithelial cells in the immediate tumor prox-
imity [11], implying that KMO expression may influence kynurenine
pathway activity in surrounding normal tissue and may be involved
in the tumorigenesis of breast cancer. Furthermore, higher levels of
tryptophan metabolites, including kynurenine, quin and NAD+, were
found in patients with TNBC relative to patients with estrogen recep-
tor (ER)-positive breast cancer [12]. Thus far, the roles of KMO have
not been demonstrated in TNBC tumorigenesis. Therefore, we aimed
to study the biological functions and expression levels of KMO in
regard to TNBC progression.

pB-catenin is encoded by the CTNNB1 gene and is involved in the
regulation of cell-cell adhesion. As a transcription factor, S-catenin
mediates canonical Wnt signaling, which controls many biological
processes, such as cell fate determination, cell proliferation, and stem
cell maintenance [13]. B-catenin degradation is regulated by a pro-
tein complex composed of glycogen synthase kinase 3 beta (GSK3p),
adenomatous polyposis coli (APC) and Axin. Once the amino-terminal
Thr41, Ser37, and Ser33 residues of B-catenin are phosphorylated,
phosphorylated B-catenin is further ubiquitinated by E3 ligases for
proteasomal degradation [14,15]. Abnormal regulation of S-catenin
degradation leads to various diseases. Increased levels of cytoplasm
expression and nuclear localization of S-catenin induce carcinogens
and promote cancer cell proliferation and survival [16]. Here, for the

first time, we identified KMO as a novel oncogene in TNBC progres-
sion. We observed that KMO promoted cancer aggressiveness by ele-
vating pluripotent genes through B-catenin signaling. Importantly,
KMO knockdown suppressed tumorigenesis and led to a prolonged
overall survival in vivo.

2. Materials and methods
2.1. Patients and specimens

For the use of clinical materials for research purposes, prior patients'
consents were obtained and approval was granted from the ethics com-
mittee of the Institutional Review Board of Taipei Veterans General Hos-
pital, Taipei City, Taiwan (Protocol No. 2013-10-005A; date of
approval: 4 November 2013 and Protocol No. 2017—10—-016AC; date of
approval: 28 October 2017); the study was conducted in compliance
with the Helsinki Declaration. The 96 patients enrolled for this study
were informed of the purpose and details regarding the project. The pri-
mary TNBC tumor tissues were processed and examined for KMO
expression using immunohistochemical staining. All samples were
made into a tissue array before staining to optimize the stability of the
experimental procedure. The antibody against KMO (LS-C165595, LSBio,
Seattle, WA, USA) used in this experiment was obtained from BD Bio-
sciences. KMO expression levels were recorded and interpreted by a
certified pathologist. The IHC staining of KMO was assessed semiquanti-
tatively by assigning an H-score (ranging 0—300), which was defined by
multiplying the percentage of positive-stained carcinoma cells (from
0-100) by the staining intensity (from negative staining as 0, weak as 1,
moderate as 2, to strong staining as 3). A pathologist specializing in
breast cancer pathology performed the assessment of the H-scores inde-
pendently without being given the clinical information on the tumor
specimens.

2.2. Cancer genome atlas data description

2.2.1. KMO alterations were downloaded from cbioportal (http://
cbioportal.org/index.do), and KMO expression data from normal tis-
sues and breast tumor samples were downloaded from The Cancer
Genome Atlas (TCGA) (https://tcga-data.nci.nih.gov/tcga/). Data proc-
essing and quality control were conducted by the Broad GDAC Fire-
hose data portal (https://gdac.broadinstitute.org/). The mRNA reads
per expectation maximization (RSEM) [17] of all samples were ana-
lyzed using GraphPad Prism v 7.1 software.

2.3. Cell culture and reagents

Breast cancer cell lines and MCF10A cells were purchased from
American Type Culture Collection (Manassas, VA). All cells were
maintained in Dulbecco's Modified Eagle Medium (Gibco) supple-
ment with 10% FBS, 2-mM L-glutamine, 0.1-mM non-essential amino
acids and 1% penicillin/streptomycin in a 5% CO, atmosphere at 37 °
C. KMO inhibitors, UPF 648 (Axon Medchem, Reston, VA, USA) and Ro
61-8048 (Sigma-Aldrich, St Louis, MO, USA), were dissolved in
dimethyl sulfoxide (DMSO). MTT was purchased from Sigma-Aldrich.

2.4. Plasmids, plasmid construction and transfection

The KMO, myc-tagged B-catenin and pCMV6 expression plasmids
were purchased from OriGene (Rockville, MD, USA). The KMO
mutants expressing KMON*63P and KMOY3%%F were cloned using
QuikChange Lightning (Agilent, Santa Clara, CA, USA) and verified by
sequencing. For transfection, cells were seeded onto 6-cm dish for
24 h and transfected using Lipofectamine 3000 (Thermo Fisher Scien-
tific, Waltham, MA, USA) following to manufacturer’s instructions. To
knockdown endogenous KMO, MDA-MB-468 and MDA-MB-231 cells
were transfected with siRNAs against KMO (L-009897-01) or control
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(D-001810-10) (final concentration of 25 M) using DharmaFECT 1
Transfection Reagent (T-2001-01) according to manufacturer's
instructions (Dharmacon, Chicago, IL, USA). Reporter plasmids
Nanog-Luc (Nanog), Oct4-Luc (Oct4), or SOX-2-Luc (SOX-2) are gifts
from Dr. Muh-Hwa Yang [18]. For reporter assay, the cells were co-
transfected with luciferase reporter plasmids and reference renilla
luciferase plasmids (pRL-TK) along with either KMO-expressing
(XL5-KMO) or pCMV6 plasmids using Lipofectamine 3000 (Thermo
Fisher Scientific) for 48 h. The promoter activity was analyzed by
dual luciferase assay, according to the manual description (Promega,
Madison, WI, USA).

2.5. CRISPR/Cas9 KMO gene editing

A 20-bp KMO single-guide RNA (sgRNA) sequence targeting the
first exon of KMO was designed using the online database of predicted
protospacer adjacent motif (PAM) targeting site. A two complementary
primer set of forward: 5'-CACCGCCCTGACTAAACATTGCCGC-3' and
reverse: 5- AAACGCGGCAATGTTTAGTCAGGGC-3' containing BsmBI
ligation adapters was customized and purchased from Tri-I Biotech
(Taipei, Taiwan). The primers (100 M of each) primer were annealed
using a T4 ligase kit following the manufacturer's instructions (New
England Biolabs, MA, USA). The product was then purified with a PCR-
cleaning Kit (Geneaid, Taipei, Taiwan). The purified KMO sgRNA was
ligated into BsmBI-digested LentiCRISPR v2 plasmids (Addgene, Water-
town, MA, USA) using a Quick Ligation Kit (New England Biolabs, MA,
USA). LentiCRISPR constructs (LentiCRISPR v2 or LentiCRISPR v2/KMO
sgRNA) were cotransfected with pMD.G and pCMVdeltaR8.91 plasmids
into HEK293 cells to generate lentivirus. MDA-MB-231 cells were
transduced with lentivirus harboring LentiCRISPR v2 or LentiCRISPR
v2/KMO sgRNA and were selected with puromycin. Single colonies
were picked and verified by sequencing.

2.6. ¢cDNA microarray and data analysis

The gene expression patterns of control and KMO knockdown
cells were analyzed using an Affymetrix Expression HU133 2.0 Micro-
array. The total RNA collection, complementary RNA probe prepara-
tion, array hybridization, feature selection and computational
analysis were performed and supported by the High-throughput
Genome and Big Data Analysis Core Facility of the National Yang-
Ming University VGH Genome Research Center. Data can be found
under GEO accession numbers GSE145661. Datasets were quartile-
normalized and log-transformed prior to analysis (Supplementary
Table 1). The differentially expressed genes (>2-fold change) in
MDA-MB-231 cells transfected with siRNA against KMO (siKMO) ver-
sus the control (siCon) were analyzed by Ingenuity Pathway Analysis.

2.7. Real-time PCR

Total RNA was extracted using TRIzol reagent (Thermo Fisher Sci-
entific), and cDNA was then synthesized by M-MuLV Reverse Tran-
scriptase (New England BioLabs, Ipswich, MA, USA) with an oligo (dT)
18 primer. For real-time PCR, the cDNA was amplified with primers
(Supplementary Table 2) using an ABI StepOne Plus system with
Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific)
according to the manufacturer’s instructions. The relative levels of
mRNAs were normalized to GAPDH.

2.8. Western blot analysis

Whole-cell extracts were prepared and analyzed by Western blot
as previously reported [19]. Nuclear and cytoplasmic extracts were
prepared using Nuclear and Cytoplasmic Extraction reagents
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. The cell fraction extracts were validated and quantified by

Western blotting for markers that specifically expressed in each of
fractions. The antibodies against KMO (Abcam, Cambridge, MA,
United Kingdom), Nanog, CD44, SOX2, E-cadherin, N-cadherin, Twist,
Lamin B and B-actin (Cell Signaling, Danvers, MA, USA), and Ub
(Santa Cruz Biotechnology, Dallas, Texas, USA) were used.

2.9. Coimmunoprecipitation (ColP)

The whole-cell extracts were lysed in IP lysis buffer with a Halt
Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scien-
tific). Protein G sepharose (GE Healthcare Life Sciences, Marlborough,
MA, USA) was washed with IP lysis buffer to obtain a 50% (v/v) slurry.
Primary antibody (5 wl) and a 50-ul slurry of Protein G sepharose
were added into 450 ul of IP lysis buffer and rotated at 4 °C for 2 h to
prepare an antibody-bead mixture. Immunoprecipitation was per-
formed by mixing whole-cell extracts and antibody-conjugated pro-
tein G sepharose at 4 °C for 4 h. A 30 pl volume of 2 x Laemmli
Sample Buffer was added to the pelleted beads and boiled at 95 °C for
5 min and then analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis.

2.10. Chromatin immunoprecipitation assay

Briefly, MDA-MB-468 cells were transfected with KMO expression
or pCMV6 plasmids. After 48 h, cells were harvested and washed
with PBS and then fixed with 1% paraformaldehyde at room tempera-
ture for 10 min. Nuclear extracts were prepared by nuclear and cyto-
plasmic extraction reagents with Halt Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific). Anti-f-catenin or anti-
IgG antibodies (5 wl) and 50 ul of a 50% (v/v) slurry of protein G
sepharose were added into 450 ! of IP buffer and then rotated at 4 °
C for 1 h to prepare the slurry of antibody-conjugated protein G
sepharose. Immunoprecipitation was assayed by mixing antibody-
conjugated protein G sepharose and nuclear extracts. The mixture
was rotated and incubated at 4 °C for 4 h. The DNA was eluted and
purified for real-time PCR analysis. The primers used to amplify DNA
fragments of Nanog, OCT4 and SOX2 promoters were listed in Sup-
plementary Table 2.

2.11. Colony and mammosphere formation assays

For colony formation assay, the transfected cells were seeded for
the assay of anchorage-independent growth in soft agar. Two weeks
later, the colonies larger than 0.1 mm in diameter were counted from
10 random fields under the microscope. For mammosphere formation
assay, a total of 300 treated cells were suspended in stem cell-selective
conditions and then seeded onto 96-well ultra-low attachment plates.
11 days later, the spheres larger than 50 «m in diameter were counted
under the microscope.

2.12. Migration and invasion assays

As described previously [20], the migration and invasion assays
were conducted in 24-well plate for 20 h. The treated cells (3 x 10%)
in 200 wl of serum free medium were seeded onto upper Cell Culture
Insert with 8 wm pores (Greiner Bio One, Kremsmiinster, Austria)
and Matrigel matrix (Corning, New York, NY, USA) coated Cell Culture
Insert for migration and invasion assays respectively. The lower
chamber was added 900 w1 of culture medium. Cells were fixed with
methanol for 10 min and stained with 0.05% crystal violet for 1 h. The
migrated or invaded cells were counted under the microscope from
10 random fields.
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2.13. GSK3p assay

To measure GSK3p8 activity, a Kinase-Glo-based assay was used
(BPS Bioscience, San Diego, CA, USA). A 25-u1 master mix containing
5 ul of 5 x kinase assay buffer, 1 ul of ATP (500 M), 5 ul of GSK
substrate peptide (1 mg/ml) and 14 ul of distilled water was pre-
pared. Twenty-five microliters of master mixture and 25 ul of cell
lysates were added into each well and incubated at 30 °C for 45 min.
Kinase-Glo Max reagent (50 ul, Promega) was added into each well
and further incubated at room temperature for 15 min, protected
from light. The luminescence was determined by microplate reader.

2.14. Determination of L-kynurenine and 3-hydroxykynurenine

The concentrations of L-kynurenine and 3-hydroxykynurenine
(3-HK) in cultured medium were measured using liquid chromatog-
raphy-mass spectrometry (LC-MS) following the method reported by
Fuertig et al. [21]. For standard preparation, kynurenine (Sigma-
Aldrich) and 3-HK (Toronto Research Chemicals, Ontario, Canada)
were dissolved in deionized water, and a 1/9 vol of 60% HClIO4 was
then added. Fifteen microliters of culture medium were added to
15 ul of acidified mobile phase (0.2% formic acid/0.05% trifluoroacetic
acid/1% acetonitrile in water). Then, 150 ul of ice-cold 100% metha-
nol was added, and the mixture was incubated at —20 °C for 30 min.
The mixture was centrifuged at 3000 x g for 15 min at 4 °C. The
supernatant was dried under a gentle stream of nitrogen and recon-
stituted in 50 wl of acidified mobile phase. A 20 ul sample was
injected into an LC-MS system (LCMS-2020, Shimadzu Co., Kyoto,
Japan). Separation was performed using a C18 column (2.6 um,
2.1 mm x 100 mm, Fortis Technol. Ltd. UK) and a mobile phase con-
stituted of a stepwise gradient of A (0.1% formic acid in water) and
mobile phase B (0.2% formic acid) at a rate of 0.4 ml/min. The gradient
for LC-MS is listed in Supplementary Table 3. The sample was
detected using absorbance at 220 nm by a PDA detector. The specific
mass-to-charge ratios (m/z) are listed in Supplementary Table 4.

2.15. Measurement of KMO activity

A KMO inhibitor screening assay kit was purchased from BPS Bio-
science (San Diego, CA, USA). To determine the efficacy of KMO inhib-
itor, 50 w1 of KMO protein (20 mg/ml), 10 wul of inhibitor and 40 wl of
KMO substrate mixture (0.44 M NADPH and 0.88 M L-kynurenine)
were added into a 96-well UV-transparent microplate. To determine
KMO activity in cell lysates, 5-ul aliquots of whole-cell extracts,
55 wl of KMO assay buffer and 40 u1 of KMO substrate mixture were
added into the microplate. The UV absorption at 340 nm was mea-
sured. The plate was further incubated at room temperature for
90 min. The amount of NADPH remaining in the reaction was mea-
sured at 340 nm by a microplate reader. The time 0 measurement
was subtracted from the final timepoint at 90 min to account for
NADPH absorbance.

2.16. Determination of quinolinic acid concentration

The quinolinic acid (QA) level was determined by an ELISA kit
(Cloud-Clone Corp., Katy, TX, USA). Briefly, cell culture supernatants
were collected and centrifuged at 1000 x g for 20 min. A 50-ul sam-
ple was added into each well, and 50 ul of detection reagent A was
then added immediately. The plate was covered with a plate sealer
and incubated at 37 °C for 1 h. The solution was removed and washed
with 350 ul of wash solution 3 times. One hundred microliters of
detection reagent B was added into each well, and the plate was then
incubated at 37 °C for 30 min and washed 5 times with wash solution.
Ninety microliters of substrate solution was added into each well,
and the plate was then incubated 37 °C for 20 min, protected from
light, after which 50 1 of stop solution was added. The concentration

of QA was measured at 450 nm by a microplate reader. Data were
analyzed by CurveExpert 1.4 software.

2.17. Xenograft tumor growth

All animal experiment was conducted under an approved by Insti-
tutional Animal Care and Use Committee of Taipei Veterans General
Hospital (IACUC No. 2017-258). Female BALB/c nu/nu mice (5-7 weeks
of age) were purchased from the National Laboratory Animal Center
(Taipei, Taiwan) and maintained in an SPF-environment. Each mouse
was subcutaneously injected in the dorsal flank with 5 x 10 control
cells or KMO-knockdown cells suspended in 100 w1 of a 1:1 mixture of
phosphate-buffered saline (PBS) and Matrigel (BD Biosciences, Bed-
ford, MA, USA). The volume of tumor was measured three times per
week using the standard formula width? x length x 0.52. All mice
were sacrificed on day 70, and the xenografted tumors were harvested
and assayed for subsequent experiments.

2.18. Immunohistochemical staining

Immunohistochemical staining procedure has been described
[22]. Briefly, primary antibodies against KMO (LS-C165595, LSBio,
Seattle, WA, USA), CD44 (#3570), B-catenin (#8480S) and Nanog
(#4903; Cell Signaling) were used at 1:100 dilution for overnight
incubation. The slides were then counterstained with hematoxylin
stain solution. Rabbit IgG was used as a control for antibody specific-
ity. Staining signals were detected using the EnVisionTM system
(Dako, Santa Clara, CA, USA).

2.19. Tail vein metastasis assay

NOD-SCID immunodeficient female mice aged 5 weeks were pur-
chased from the National Laboratory Animal Center (Taipei, Taiwan)
and maintained in an SPF-environment. CRISPR KMO-knockdown or
control cells were seeded 1 x 10° cells responded in 100 wl of PBS
and intravenously injected into the tail veins. Animals were sacrificed
on Day 61 after injection, the metastatic nodules on the lungs surface
were counted and quantified.

2.20. Statistical analysis

Data are expressed as mean =+ SD or mean + SEM. Statistical com-
parisons were based on nonparametric tests, and statistical signifi-
cance was defined as a P value less than 0.05. Quantification of
protein levels was analyzed by Image] software. For survival analysis,
survival curves of mice were generated by the Kaplan-Meier method
and compared by Log-rank test. All statistical analyses were per-
formed using GraphPad Prism v. 7.1 (GraphPad Software).

3. Results
3.1. KMO amplification in patients with breast cancer and TNBC

We first analyzed the gene alteration frequencies of KMO, kynure-
ninase (KYNU) and kynurenine aminotransferase (KAT) isoenzymes,
which have been reported to metabolize kynurenine [7]. Among
others, KMO was the most frequently altered gene found in ~5-30%
of breast tumors in eight breast cancer databases (Fig. 1a). We further
analyzed KMO expression data from The Cancer Genome Atlas
(TCGA) in breast cancer and TNBC specimens compared to normal tis-
sues. KMO transcripts were increased in patients with breast cancer
and TNBC (Fig. 1b, c). We also collected and examined the samples
from patients with TNBC and found that KMO was upregulated in
TNBC tissues (Fig. 1d, left). The protein levels of KMO were also ele-
vated in tumor tissues relative to paired mammary epithelial samples
by immunohistochemical analysis (Fig. 1d, right). In fact, the results
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Fig. 1. Up-regulation of KMO in patients with TNBC. (a) The gene alteration frequencies of KMO, KYNU and KAT2 in breast cancer databases. (b, c) The level 3 data of KMO mRNA
RPKM (Reads Per Kilobase per Million mapped reads) from patients with breast cancer (b) and TNBC (c) were selected and analyzed from the TCGA database. (d) The IHC intensity of
KMO was determined independently by a qualified pathologist, and a H-score of 0—300 based on percentage of cells stained at different intensities were assigned to each in-house
TNBC samples (left). The ratio of tumor to normal KMO IHC H-score was illustrated (right). Data are shown as mean =+ SD. Student's t-test, *, P < 0.05; **, P < 0.01; ***, P < 0.001.

showed that KMO levels in tissues from all breast cancer subtypes
were higher than in normal tissues (Figure S1a, b). To evaluate the
clinical relevance of KMO in breast cancer, data from public cancer
datasets, Kaplan-Meier-plotter [23], Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) and UCSC Xena (http://xena.
ucsc.edu) were examined. A high level of KMO was associated with
worse recurrence-free survival (RES; Figure S1c) and distant metasta-
sis-free survival (DMFS; Figure S1d). Additionally, we conducted
analysis using the biomarker validation database SurvExpress [24],
and found that high risks of metastasis and recurrence were linked to
high KMO expression levels (Figure S1e). These data suggested that
KMO was upregulated in patients with breast cancer and TNBC and
might participate in metastasis and recurrence.

3.2. KMO acts as an oncogene in TNBC cells

We next analyzed the endogenous levels of KMO in a panel of
breast cancer cell lines, and the results showed that KMO protein

expression levels were high in breast cancer cell lines, including
TNBC, in comparison with breast epithelial MCF10A cells (Fig. 2a). To
address the biological functions of KMO in TNBC, the KMO-expres-
sion or control plasmids were transiently transfected into TNBC cells.
Exogenous KMO increased the cell growth and colony-forming
capacity of MDA-MB-231 and MDA-MB-468 cells. In contrast, knock-
down of KMO suppressed cell growth and colony formation (Fig. 2b,
¢). Since KMO is located on the outer membrane of mitochondria [4],
we checked whether KMO inhibition affected mitochondrial func-
tions. However, knockdown of KMO did not affect the mitochondrial
functions, including oxygen consumption rate (OCR; Figure S2a) and
the basal extracellular acidification rate (ECAR; Figure S2b). We
observed that KMO knockdown MDA-MB-231 cells showed rounded
morphology, while KMO-expressing MDA-MB-468 cells showed
spindle-like morphology (Fig. 2d). To further investigate whether
KMO regulated cell motility, transwell migration and invasion assays
were performed. Ectopic KMO expression promoted cell migration
and invasion. Moreover, cell motility was reduced by KMO
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knockdown (Fig. 2e, f). In addition to morphology change and motil-
ity elevation, the epithelial-mesenchymal transition (EMT) pheno-
type can be examined by the loss of epithelial markers and the
acquisition of mesenchymal markers. Consistently, knockdown of
KMO increased the level of the epithelial marker E-cadherin and
decreased the levels of mesenchymal markers, including N-cadherin
and Twist, whereas these effects were reversed by KMO overexpres-
sion (Fig. 2g).

3.3. KMO enhances the stemness property of TNBC cells

To investigate the regulatory mechanisms of KMO-mediated TNBC
progression, we then identified KMO target genes by conducting a
cDNA microarray of MDA-MB-231 cells transfected with siRNA against
KMO or control. We identified a group of KMO-regulated genes that
are involved in cellular movement, cell death and survival, cellular
development, cellular growth and proliferation, as well as cell-to-cell
signaling and interaction (Fig. 3a). In addition, KMO silencing not only
decreased the pluripotent gene expression levels of CD44, Nanog,
POU5F1 (OCT4) and SOX2 but also suppressed the expression of
CTNNBI1 (B-catenin) (Fig. 3b), which is a well-known upstream regula-
tor of pluripotent genes and the cancer stem cell (CSC) phenotype
[25,26]. The existence of CSCs plays a role in metastasis formation [27].
Moreover, previous research has shown that EMT can induce differen-
tiated cancer cells into a CSC-like phenotype [28]. KMO-expressing
cells exhibited mesenchymal-like phenotypes (Fig. 2d-g). Thereby, we
hypothesized that KMO might be involved in the regulation of TNBC
CSCs. To test our hypothesis, we first confirmed the expression levels
of stemness markers by real-time PCR. Consistent with the cDNA
microarray results, we observed decreases in the mRNA expression
levels of CD44, Nanog, OCT4 and SOX2 in KMO-knockdown MDA-MB-
231 cells, whereas the expression levels were increased in KMO-
expressing MDA-MB-468 cells (Fig. 3c). The protein expression levels
of Nanog, SOX2 and OCT4 were decreased by KMO knockdown,
whereas the expression levels were increased by KMO overexpression
(Fig. 3d). We then evaluated whether KMO regulated the formation of
CSCs by mammosphere assay. Data revealed that KMO suppression
decreased the number of mammospheres, while exogenous KMO
increased the mammosphere-forming capacity (Fig. 3e). To further
analyze whether KMO modulated the transcription of stemness
markers, a luciferase reporter assay was conducted. The promoter
activities of Nanog, OCT4 and SOX2 were driven by KMO overexpres-
sion (Fig. 3f). Collectively, the results suggested that KMO improved
the mammosphere-forming capacity and upregulated the expression
levels of pluripotent genes in TNBC cells.

3.4. KMO regulates pluripotent genes through B-catenin

KMO is a hydroxylase enzyme without a putative DNA-binding ele-
ment; however, we found that KMO regulated CD44, Nanog, OCT4 and
SOX2 expression levels and that of their common upstream regulator,
B-catenin (Fig. 3). We thus proposed that KMO might regulate these
pluripotent genes through B-catenin signaling. To decipher the regula-
tory mechanism, we next explored the role of B-catenin in KMO-
induced pluripotent gene expression. We established KMO-knock-
down MDA-MB-231 cell lines using the CRISPR/Cas9 system (CRISPR
KMO-KD). The protein expression levels of S-catenin and CD44 as well
as mammosphere numbers were lower in CRISPR KMO-KD cells rela-
tive to control cells (Fig. 4a, b and S3a). In addition, CD44 and B-cate-
nin mRNA expression levels were suppressed in CRISPR KMO-KD cells
(Fig. 4c). We found that KMO was expressed in both the cytoplasm
and nucleus (Fig. 4d). Importantly, not only cytosolic but also nuclear
B-catenin expression was decreased in CRISPR KMO-KD cells com-
pared to parental cells (Fig. 4e). Interestingly, CRISPR KMO-KD
increased the level of phosphorylated $-catenin (p-B-catenin), which
was further enhanced by treatment with the proteasome inhibitor

carfilzomib (Fig. 4f and S3b). Knockdown of KMO by siRNA-induced
p-B-catenin was enhanced by carfilzomib in MDA-MB-468 cells
(Fig. 4g and S3c). Additionally, overexpression of KMO decreased
B-catenin phosphorylation (Figure S3d). To study whether KMO upre-
gulated B-catenin expression through stabilization, we performed a
cycloheximide (CHX) chase assay. The results indicated that ectopic
expression of KMO attenuated S-catenin degradation (Fig. 4h and
Figure S3e). KMO-expressing cells showed lower ubiquitin levels com-
pared to control cells (Figure S3f). To test whether KMO interacted
with B-catenin, the association between KMO and B-catenin was
examined by coimmunoprecipitation. 8-catenin was immunoprecipi-
tated by antibodies against S-catenin and KMO but not IgG (Fig. 4i and
S3g). GSK38 phosphorylates B-catenin and is essential for S-catenin
stabilization. We also found that KMO was immunoprecipitated by
antibodies against GSK38 (Fig. 4j and S3h). Furthermore, the associa-
tion between B-catenin and GSK38 was attenuated in KMO-express-
ing cells compared to control cells (Figure S3i). We found an
approximate 25% reduction of GSK3p activity in KMO-expressing cells
(Figure S3j). Next, we aimed to validate whether KMO-regulated plu-
ripotent gene expression levels through B-catenin. The binding of
B-catenin to Nanog, OCT4 and SOX2 promoters was enhanced by KMO
overexpression (Fig. 4k). The decreased expression levels of CD44,
0CT4 and SOX2 in KMO-knockdown cells were restored by S-catenin
overexpression (Fig. 41 and S3k). These findings demonstrated that
KMO was involved in the regulation of S-catenin stability and modu-
lated pluripotent genes via S-catenin.

3.5. KMO promotes TNBC progression irrelevant to its enzyme activity

To study whether KMO-fostered TNBC tumorigenesis was depen-
dent on its enzyme activity, we used two different KMO inhibitors, UPF
648 and Ro 61-8048 [29]. KMO catalyzes the NADPH-dependent
hydroxylation. To measure KMO enzymatic inhibition, we determined
the consumption of NADPH. The KMO activity was significantly
impaired by UPF 648 and Ro 61-8048 (Fig. 5a). Moreover, the level of
quinolinic acid (QA), a metabolite of the KMO pathway, was reduced by
UPF 648 and Ro 61-8048 treatment (Figure S4a). Surprisingly, inhibi-
tion of KMO activity did not affect either the cell viability or migration
capacity of TNBC cells (Fig. 5b, c). KMO inhibitors did not alter the pro-
tein expression levels of KMO and B-catenin (Fig. 5d). To evaluate
whether exogenous KMO was enzymatically active, we measured the
levels of L-kynurenine and 3-HK. The results of LC-MS showed increased
3-HK levels in KMO-expressing cells compared to control cells (Fig. 5e).
In addition, KMO activity was higher in KMO-expressing cells than in
control cells (Figure S4b). The residues N363 and Y398 are known to be
essential for KMO enzyme activity, whereas mutations at N363 and
Y398 significantly decreased KMO activity [30]. To further investigate
the role of functional inactivation of KMO in TNBC progression, we
cloned KMO™*%3P and KMOY3%8F expression constructs. Both the protein
and mRNA expression levels of B-catenin were upregulated by KMO
and mutants (Fig. 5f, g and S4c). Overexpression of wild-type KMO ele-
vated QA levels compared to control cells. In contrast, QA levels were
reduced by overexpression of KMO mutants (Fig. 5h). In particular, the
cell viability and migration capacity were promoted by KMO™*%P and
KMOY*%8F overexpression (Fig. 5i, j). These findings suggested that the
tumor-promoting effects of KMO were independent of enzyme activity.

3.6. KMO promotes TNBC progression and metastasis in vivo

To explore the role of KMO in tumorigenesis in vivo, nude mice
were subcutaneously implanted with KMO-knockdown or control
MDA-MB-231 cells. The results showed that knockdown of KMO
reduced tumor growth and slightly decreased tumor weight (Fig. 6a,
b). The decreased levels of KMO, B-catenin, CD44, and Nanog in
KMO-knockdown xenografts were confirmed by Western blot and
IHC (Fig. 6¢, d). To evaluate the effect of KMO elimination on the
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metastatic colonization of TNBC cells, CRISPR KMO-KD cells were
intravenously injected into the tail veins of NOD-SCID immunode-
ficient mice. The results showed that the lung metastasis capacity
was significantly inhibited by CRISPR KMO-KD (Fig. Ge, f). Moreover,
in the control group, 5 mice were dead after inoculation within 7
weeks, and only 2 mice survived until the end of the experiment
(2/7). In contrast, all mice transplanted with CRISPR KMO-KD cells
survived until the end of the experiment (8/8), suggesting that KMO

silencing led to an increased overall survival compared to the control
group (Fig. 6g). Taken together, the results indicated that KMO
enhanced tumor growth and metastasis of TNBC in vivo.

4. Discussion

Breast cancer is still the major cause of cancer death in women
worldwide. In addition to common surgery and radiation, there are
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many types of drugs that target hormone receptors or growth factor
inhibitors. However, TNBC is known for the absence of hormone
receptors and HER?2, thus resulting in a more aggressive behavior and
increased treatment difficulty [31]. Tryptophan metabolism is impor-
tant for tumorigenesis. Tang X. et al. discovered that tumor metabo-
lism was different between ER-positive and ER-negative breast
cancer. ER-negative breast cancer showed high levels of the

*, P <0.05; **,P < 0.01; ***, P < 0.001.

tryptophan metabolite, kynurenine, which has been linked to IDO
expression [32]. Consistently, the expression levels of serum kynure-
nine and IDO1 mRNA were higher in patients with ER-negative breast
cancer than in those with ER-positive breast cancer [33]. In addition,
suppression of IDO1 expression by hypermethylation of the IDO1
promoter is more characteristic of ER-positive than ER-negative
breast cancer [33,34]. Previous studies also suggest that TNBC
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exhibits an aberrant metabolic profile [35,36]. For example, TNBC
tumors express extremely low levels of members of the miR-200
family, in which miR-200c is a TDO2-targeting repressor, thus per-
mitting TNBC to express TDO2 and genes encoding immunosuppres-
sive factors, such as HMOX-1 and GDF15 [37]. However, the roles of
the kynurenine metabolic enzyme KMO in tumors are still ambigu-
ous. Here, we provided evidence that KMO was upregulated in TNBC.
Mechanically, KMO elevated B-catenin mRNA expression levels and
suppressed f-catenin phosphorylation, thus preventing its degrada-
tion. KMO induced pluripotent gene expression through S-catenin,
thereby promoting TNBC progression (Fig. 6h).

We observed KMO upregulation in patients with breast cancer and
TNBC. Exogenous KMO increased cell proliferation and anchorage-
independent growth. In addition, ectopic expression of KMO changed
cell morphology from rounded to spindle-shaped and resulted in
increased motility and CSC phenotypes. Accumulating evidence indi-
cates that CSCs is a small subpopulation of cancer cells contributing to
tumor initiation, growth, metastasis and recurrence [28]. Stemness
genes, such as Nanog, OCT4 and SOX2, are responsible for pluripotency
maintenance and are also used to identify CSCs [38,39]. Targeting CSCs
is a promising therapeutic strategy for cancer, including TNBC [40,41].
However, it should be emphasized that KMO is also overexpressed in
other subtypes of breast cancer compared to normal breast tissue. Our
findings of the oncogenic role of KMO may not be confined to only
TNBC subtype. Comparing to non-TNBC subtypes, where specific path-
ways, such as HER2 and/or ER signaling, play a major role in each bio-
logical subtype, TNBC tends to be more heterogenous, and several
pathways that are not specifically confined to TNBC have emerged as
potential therapeutic targets, such as PI3K/Akt and AR pathways. How-
ever, given the heterogeneity of TNBC, none of these non-TNBC-
specific pathways can be applied as a universal treatment for all TNBC
patients; thus, biomarkers are needed [42]. More studies are needed to
elucidate the interaction of the KMO/B-catenin axis and the signifi-
cance of KMO in the context of HER2-driven breast cancers and/or hor-
mone receptor-positive breast cancer subtypes.

Our results showed that KMO upregulated stemness genes,
whereas KMO is a hydroxylase enzyme without a putative DNA-bind-
ing element. We found that KMO could be detected in the cytoplasm
and nucleus and that knockdown of KMO decreased nuclear S-cate-
nin levels. S-catenin interacts with T-cell factor (TCF) and lympho-
cyte enhancer transcription factor (LEF) in the nucleus to promote
the transcription of multiple genes, leading to abnormal cell progres-
sion and growth [16]. In Fig. 4c, we found that knockdown of KMO
significantly decreased mRNA level of B-catenin. In addition, we
found B-catenin mRNA levels was increased in KMO and KMO
mutant overexpressing cells (Fig. 5g). Given the fact that KMO is not
a transcriptional factor, we hypothesized that KMO might indirectly
altered the transcriptional level of S-catenin by yet-to-be identified
mechanisms, or simply this is only a co-incidental finding. Whether
KMO could serve as a co-factor in B-catenin transcription also require
extensive mechanistic experiments. Based on current data we could
not draw any conclusion that KMO upregulates B-catenin in tran-
scriptional level. Interestingly, we demonstrated that KMO interacted
with B-catenin and GSK3p (Fig. 4i, j). Supportive data showed that
increased or decreased KMO protein expression levels could affect
the amount of phosphorylated B-catenin (Fig. 4f, 4g and S3d). More-
over, using CHX to stop protein synthesis, we demonstrated that
KMO significantly delayed the degradation of B-catenin (Fig. 4h).
Therefore, it is possible that the protein-protein interactions of KMO
with B-catenin and GSK3 could affect the phosphorylation of B-cat-
enin and, thus, the stability of S-catenin. We observed that the asso-
ciation between GSK38 and B-catenin and GSK3f8 activity was
attenuated by KMO expression (Figure S3i). However, the exact
molecular mechanisms involved in the binding and phosphorylation
remain unknown, and further research is needed. Moreover, despite
that we have performed overexpression and knockdown KMO (either

CRISPR or siRNA) to show the association of KMO with B-catenin, fur-
ther rescue experiments to prove that the effect of altered feature is
mainly by KMO are needed, and this is a limitation of current study.

Previous studies have shown that some proteins indirectly
enhance B-catenin stability. DACH1 inactivates the Wnt pathway via
decreasing p-GSK3p8%™ to promote pB-catenin degradation [43].
RBMY impairs GSK3p-dependent S-catenin degradation, inducing
stemness properties [44]. CK1e phosphorylates TCF3, stimulating its
binding to B-catenin. TCF3 competes with Axin and APC, preventing
B-catenin turnover [45]. We proposed that KMO might modulate
B-catenin partly by decreasing p-B-catenin levels. Wnt/S-catenin sig-
naling is associated with lung and brain metastasis in patients with
TNBC [46]. B-catenin has been reported to enhance the migration,
stemness and chemosensitivity of TNBC [47]. Moreover, Wnt/3-cate-
nin pathway blockage inhibits metastasis by reducing breast CSC
phenotypes [48]. Our data showed that inhibition of KMO reduced
tumor growth and metastasis and that the levels of S-catenin, CD44
and Nanog in tumors were impaired by KMO suppression. In addi-
tion, mice inoculated CRISPR KMO-KD cells exhibited longer overall
survival than control mice in a metastasis model. It should also be
pointed out that the tumor growth of MDA-MB-231 xenografted
tumors in nude mice appeared to be suboptimal (Fig. 6a, b). Several
technical issues, such as the cytotoxicity of transfection reagents, cell
batches, and shear stress during the implantation process might con-
tribute to the relatively slow growth rate of transfected cancer cells.

Several KMO enzymatic inhibitors are being investigated for the
treatment of neurodegenerative disease. KMO inhibitors exhibit neuro-
protective effects through QA reduction [49]. UPF 648, a 4-aryl-4-oxobu-
tanoic acid derivative, is a KMO substrate analogue and is ineffective at
blocking KAT activity. The phenylthiazole benzenesulfonamide Ro
61-8048 is an L-kynurenine analogue with an FAD-binding benzene
ring and is a potent and competitive KMO inhibitor [29]. Interestingly,
cell viability and migration as well as S-catenin levels were not affected
by treatment with the KMO inhibitors UPF 648 and Ro 61—-8048. LC-MS
data showed that kynurenine levels did not alter but 3-HK level was
increased by KMO overexpression. In fact, the levels of kynurenine were
much higher than 3-HK in culture medium (data not shown). Our data
revealed that the 3-HK to kynurenine ratio was significantly increased
suggesting exogenous KMO was enzymatically active. However, KMO
harboring N363D or Y398F mutation still upregulated S-catenin and
enhanced the cell viability and migration capacity of TNBC cells. These
findings suggested that KMO is an oncoprotein and promotes TNBC pro-
gression regardless of its enzyme activity.

Kynurenine directly activates aryl hydrocarbon receptor (AhR) to
induce regulatory T cell production [50]. TDO2 facilitates kynurenine
production, which enhances anchorage-independent survival and
metastasis in TNBC by AhR binding and activation [51]. Our findings
suggested that the kynurenine metabolic enzyme KMO upregulated
B-catenin. Intriguingly, crosstalk between AhR and B-catenin has
been reported [52]. AhR activates B-catenin to control breast CSC
self-renewal, development and chemoresistance [53]. In inflamma-
tory breast cancer, AhR expression correlates with §-catenin expres-
sion, CSCs and poor prognosis [54]. Thus, kynurenine and KMO might
enhance TNBC tumorigenesis through an AhR-S-catenin pathway.

Collectively, our study identified KMO as a novel oncoprotein in
TNBC. Targeting the KMO/B-catenin axis might be an attractive
approach for TNBC treatment.
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