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Abstract
AKR1CZ promotes metastasis
and regulates the molecular
features of luminal androgen
receptor subtype in triple
negative breast cancer cells
LI SONGBIN
Interdisciplinary Program in Cancer Biology

The Graduate School

Seoul National University

Patients with triple—negative breast cancer (TNBC) have an
increased risk of distant metastasis compared to those with

other subtypes. In this study, I aimed to identify the genes



associated with distant metastasis in TNBC and their underlying
mechanisms. 1 established patient—derived xenograft (PDX)
modelsusing surgically resected breast cancer tissues from 31
patientswith TNBC. Among these, 15 patients subsequently
developed distant metastases. Candidate metastasis—associated
genes were l1dentified using RNA sequencing. /n wvitro wound
healing, proliferation, migration, and Invasion assays and iIn
vivotumor xenograft and metastasis assays were performed to
determine the functional importance of aldo—keto reductase
family 1 member C2 (AKR1C2). Additionally, I used the
METABRIC dataset to investigate the potential role of AKR1C2
in regulating TNBC subtypes and their downstream signaling
activities. RNA sequencing of primary and PDX tumors showed
that genes involved in steroid hormone biosynthesis, including
AKR1C2, were significantly upregulated in patients who
subsequently developed metastasis. /n vitro and in vivo assays
showed that silencing of AKR1CZ2 resulted in reduced cell
proliferation, migration, invasion, tumor growth, and incidence of
lung metastasis. AKRI1C2 was upregulated in the luminal
androgen receptor (LAR) subtype of TNBC in the METABRIC
dataset, and AKRICZ silencing resulted in the downregulation of
LAR classifier genes in TNBC cell lines. The androgen receptor

(AR) gene was a downstream mediator of AKR1C2-—associated
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phenotypes in TNBC cells. AKR1CZ2 expression was associated
with gene expression pathways that regulate AR expression,
including JAK—STAT signaling or interleukin 6 (IL—6). The
levels of phospho—signal transducer and activator of transcription
3 (p—STAT3) and IL—6, along with secreted IL—6, were
significantly downregulated in AKR1C2—silenced TNBC cells. My
data indicate that AKRI1CZ is an important regulator of cancer
growth and metastasis in TNBC and may be a critical

determinant of LAR subtype features.

Keywords: Aldo—Keto Reductase Family 1 Member C2;
Neoplasm Metastasis; Receptors, Androgen; Triple Negative

Breast Neoplasms

Student Number: 2020—-39163
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[. Introduction

Breast cancer 1s the most common malignancy in women
worldwide [1]. It is also the most common malighancy in women
in Korea, and its incidence has been increasing during the last
few decades [2, 3]. Although most breast cancers can be
effectively treated with current multimodal treatment options, a
substantial number of patients eventually develop distant
metastasis and die [4].

Triple—negative breast cancer (TNBC) accounts for 10-20%
of all breast cancers and is characterized by a lack of estrogen
receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) expression. Compared with
other subtypes of breast cancer, TNBC has a shorter time to
metastasis and recurrence, has fewer treatment options, and is
more likely to metastasize to visceral organs such as the lung or
liver [5—7]. Therefore, there are ongoing efforts to better
understand the molecular mechanisms underlying TNBC.

The patient—derived xenograft (PDX) model is a preclinical
research model established by transplanting patient tumor tissue
into immunodeficient mice. While some studies have suggested

potential limitations of the PDX model in terms of maintaining the
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biological fidelity of the primary tumors [8, 9], many studies
have shown that the genetics, gene expression patterns, and
histology of PDX tumors are generally stable and can effectively
recapitulate the patient’ s tumor characteristics [10—15]. PDX
models can also preserve tumor characteristics, such as cell—cell
interactions within the tumor microenvironment, and may provide
insights into the mechanisms of drug resistance in cancer
[16—18]. Importantly, PDX models of patients with breast cancer
have been shown to accurately predict the clinical outcomes of
donor patients, suggesting that these models can be effectively
used to provide biological insights into the processes of distant
metastasis [15, 19].

The overall prognosis of TNBC patients is poor [b], and they
are not sensitive to endocrine therapy and targeted therapy. To
develop new therapies, a better understanding of the molecular
mechanisms of TNBC is needed. In 2011, Lehmann et al. [20]
divided TNBC into BL1, BLZ2, IM, M, MSL and LAR subtypes
according to the gene expression of TNBC patients. And these
subtypes exhibit different prognosis in TNBC. In TNBC, targeted
therapies based on the gene expression signatures of these
subtypes may achieve better efficacy. The representative gene
in the LAR subtype is AR [20]. However, the role of AR in

TNBC has been controversial. Some studies have shown that AR
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can lead to poor prognosis in TNBC [20, 21], while some have
shown the opposite result [22, 23]. I compiled 21 studies on the
involvement of AR in the prognosis of TNBC patients, as shown
in Table 1. The research on AR mainly focuses on prostate
cancer. In most prostate cancer—related studies, the activation of
AR signaling can promote tumor progression [24]. AR also plays
an important role in breast cancer. Studies have shown that AR
can promote the proliferation of breast epithelial cells and the
expansion of ducts in breast cancer [25, 26], especially in
TNBC, AR can promote tumor cell proliferation by activating
MAPK/ERK signaling [27]. In the present study, I investigated
the role of AR in TNBC based on analysis of public databases

and in vitro experiments.

Table 1. AR in TNBC has different clinical outcomes

No. of
Good Poor No
Reference Dataset pggggs prognosis  prognosis significant Note
GSE4394, GSE7904,
GSE2109, GSE7390,
GSE2990, GSE1456, X
GSE22513, Pr%%;fékes
GSE28796,
GSE11121, GSE2603, related to
Lehmann, oy TS the
R SRR o
2011 [20] ™ (:SE,12{2‘76 ’ E higher age
(i§E16446, of patients
GSE18864. with LAR
GSE19615, subtype.
GSE20194, MDA1333
and ETABM158
- AR is
Sutton, et .
2014 ini —1c ©) negatively
al.[ZZé)]lz clinical data n=121 (DMFS) correlated
with Ki—67
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Reduced

androgen
receptor
signaling
encourages
Thike, et neoplastic
al. 2014 clinical data n=699 5 transformati
(23] mammary
epithelial
cells
harboring
BRCA1
mutations
Pistelli, et
al. 2014 clinical data n=81 O
[28]
McGhan,
et al. clinical data n=94 O
2014 [29]
. AR is
Gasparini, .
et al. clinical data n=153 ((g)S) rclgffggteelg
2014 [30] with CDK6
The CCND1
Burstein, 0 and FGFR2
et al. clinical data n=198 (DFS) genes are
2015 [31] amplified in
LAR tumors
AR
. upregulates
%055 clinical data n=87 <((g)s, exprosion
[32] DFS) of MMP—9
and COX-2
L AR is
Ricciardi, .
et al. clinical data n=45 ((g)S) rclgffggteelg
2015 [33] with Ki—67
GSE4394, GSE7904,
GSE2109, GSE7390,
GSE2990, GSE1456,
GSE22513,
GSE28796, .
GSE11121, GSE2603, Prognosis
Lehmann, GSE5364, GSE1561, O relatyed to
et al. GSE5327, GSE5847, n=767 (0S, age and
2016 [21] GSE12276, DMFS) che%nogensit
GSE16446, it
GSE18864, ¥
GSE19615,
GSE20194, MDA1333
and ETABM158,
TCGA
AR inhibits
Asano, et 0 the
al. 2016 clinical data n=61 (RFS) expression
[34] of
E—cadherin
It may be
related to
AsZElga ot = 0 the effect
al. 2017 clinical data n=190 (RFS) of ?hl?a on
[35] expression
of FOXAL.
o AR is
Hu, et al. . - - negatively
2017 [36] clinical data n=360 ]Sgg) correlated
with CK5/6
The LAR
Bareche, 0 subtype
et al. METABRIC, TCGA n=550 0S) shows the
20181[37] worst
prognosis
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Astvatsatu
ryan, et

al clinical data n=135 O
20181[38]
Sunar, et
al. 2018 clinical data n=84 0)
[39]
- AR is
Dieci, et .
P . _og- (0] positively
al.[fé)]l{) clinical data n=263 (DDFS) correlated
with FOXA1
Anita AR affects
Mangia, et linical d —194 0 o pmor
al. 2019 clinical data n= (DFS) infiltrating
[41] lymphocytes
and FOXA1
Bhattarai,
et al. clinical data n=1407 0)
2019 [42]
AR is
Govindan, 0 positively
et al. clinical data n=101 (DMFS) correlated
2020 [43] with FOXA1
and GATA3
Lyalkin, et 0 The role of
al. 2020 clinical data n=116 0S) AR is not
[44] = described.

In this study, by performing RNA sequencing using primary
tumors and their corresponding PDX tumors, I identified a
metastasis—related gene, aldo—keto reductase family 1 member
C2 (AKRI1C2), in breast cancer. Additionally, my data
demonstrate that AKR1C2 regulates androgen receptor (AR)
expression and modulates the features of the luminal androgen

receptor (LAR) subtype in TNBC.
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II. Materials and Method

Breast cancer cell lines and small interfering RNA

(siRNA) treatment

Breast cancer celllines were purchased from the Korean Cell
Line Bank (Seoul, Korea). MDA—-MB-231 and MDA-MB-468
cells were obtained from the American Type Culture Collection
(Manassas, VA, USA) and were cultured in Dulbecco’ s Modified
Eagle’ s medium (Biowest LLC, Riverside, MO, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco,
Waltham, MA, USA) and 1% penicillin/streptomycin (Gibco).
Commercially available AR (gene ID: 367), AKR1C1 (gene ID:
1645), AKRI1C3 (gene ID: 8644), and AKR1C4 (gene ID:1109)
siRNAs were purchased from Bioneer (Daejeon, Korea). The
cells were seeded 1 X 10°%cells/well in 6—well plates. After the
cells were attached, I diluted Lipofectamine—RNAi MAX Reagent
(Invitrogen, Waltham, MA, USA) and siRNA 10 nM (Dharmacon,
Lafayette, CO, USA) in Opti—-MEM. After incubation for 5
minutes, I treated Lipofectamine and siRNA mixture to attached

cells and incubated for 2 days at 37° C. Next, I analyzed the



transfected cells.

Cell transfection

The pLKO.1—-Puro lentiviral vector was constructed to contain
sequences of specific short hairpin RNA (shRNA) targeting
human AKRICZ2 (pLKO.1-AKR1C2—-shRNA: Forward:
CCGGACAGGCTGCTGGAGATGATCCCTCGAGGGATCATCTCCAG
CAGCCTGTTTTTTG, Reverse:
AATTCAAAAAACAGGCTGCTGGAGATGATCCCTCGAGGGATCA
TCTCCAGCAGCCTGT). Constructs containing
pLKO.1-AKR1C2—shRNA were transfected into HEK—-293FT
cells wusing Lipofectamine 3000 (Thermo Fisher Scientific,
Waltham, MA, USA). After incubation in a CO. incubator at37° C
for 48 hours after transfection, the medium containing lentivirus
was harvested and used for infecting MDA-MB-231 and
MDA—-MB—-468. Cells with pLKO.1—Puro scramble shRNA

(shCTL) were used as negative controls.

Proliferation assay



Cells were plated in flat—bottom 96—well culture plates (1 X
10*cellsperwell). The cells were incubated with 0.5mg/mL
thiazolyl blue tetrazolium bromide MTT; Sigma—Aldrich, St.
Louis, MO, USA) for 4 hours at 37° C. The medium was
discarded, and 200 gL of dimethyl sulfoxide (Duchefa
Biochemie, Haarlem, The Netherlands) was added to each well to
dissolve the formazan crystals in the cells. The absorbance was
measured at 570 nm wusing a microplate reader (BioTek

Instruments, Winooski, VT, USA).

Cell invasion, migration, and wound healing assay

In the invasion assay, 1 mg/mL Matrigel was added to the
insert before seeding the cells, but this was not the case in the
migration assay. Medium supplemented with 10% FBS was added
to the lower chambers. Cells were incubated for 24 hours, fixed
with 4% paraformaldehyde (Biosesang, Seoul, Korea), and
stained with 0.1% crystal violet (Sigma—Aldrich). Quantitative
evaluation of the migrated and invaded cells was performed using
the Image] (Java 1.8.0_172) software (NIH, Bethesda, MD,
USA).

For the wound healing assay, the cell lines were seeded in



6—well plates. Monolayers were scraped with a pipette tip after
24 hours incubation in a serum—free medium and washed with a
serum—free medium to remove floating cells. The cells were
photographed every 12 hours at two randomly selected sites per

well.

Western blotting

Cell lysates were harvested using radioimmunoprecipitation
assay buffer (Thermo Fisher Scientific), protease, and
phosphatase inhibitor (Thermo Fisher Scientific), incubated for
10 minutes on ice, and centrifuged at 14,000 rpm for 15 minutes
at 4° C. The protein concentration was measured using a
bicinchoninic acid assay kit (Thermo Fisher Scientific), separated
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis,
and transferred to polyvinylidene fluoride (Sigma—Aldrich)
membranes. After blocking with 5% bovine serum albumin
(Biosesang, Seoul, Korea) solution, membranes were incubated
with primary antibody overnight at 4° C. The secondary antibody
was diluted (1:10,000) in a 5% skim milk solution. Western
blotting bands were detected using an Amersham Imager 680

(GE Healthcare Life Sciences, Chicago, IL, USA). The following



antibodies were used: B —actin (#sc—47778; Santa Cruz
Biotechnology, Dallas, TX, USA), AKRI1C2 (#13035; Cell
Signaling Technology, Danvers, MA, USA), AR (#5153; Cell
Signaling Technology), signal transducer and activator of
transcription 3 (STAT3, #9139; Cell Signaling Technology),
phosphorylated STAT3 (pSTAT3, #9138; Cell Signaling
Technology), and interleukin 6 (IL—6, #12153; Cell Signaling

Technology).

Real—time polymerase chain reaction (PCR)

Total RNA was extracted from the cells using TRIzol Reagent
(Favorgen, Ping—Tung, Taiwan). The Prime Script 1st strand
cDNA Synthesis Kit (Takara, Osaka, Japan) was used for
reverse transcription of RNA, and qPCR assays were performed
using Power SYBR Green PCR Master mix (Thermo Fisher
Scientific). The reactions were performed using an ABI7500
real—time PCR System (Thermo Fisher Scientific). To compare
relative messenger RNA (mRNA) expression levels, gene
expression levels were expressed as ratios relative to
glyceraldehyde 3—phosphate dehydrogenase. Primer sequences

are shown in Table 2.
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Table 2. Information on used primer sequences

Gene Orientation Primer Sequence (5'—3")
AKRICL Forward TGTCCAACTTCAACCGCAGG
Reverse CCCATGGTTCTTCTCGGTGG
AKR1C2 Forward CAACTTCAACCACAGGCTGC
Reverse GGGTCCACCCATGGTTCTTC
AKRLCS Forward GGGTGTCAAACTTCAACCGC
Reverse GGTCCACCCATCGTTTGTCT
AKR1CA Forward TCGGGGTGTCAAACTTCAACT
Reverse ACCCATAGTTTATGTCGTTGGG
hGAPDH Forward ACCCAGAAGACTGTGGATGG
Reverse TTTCTAGACGGCAGGTCAGG
DHCR24 Forward TGCCTCCCAAGATCTCCCTC
Reverse TGTCGTTTTGGAAGGTGTGC
APOD Forward ACAACCTTTGAGAATGGACGC
Reverse GGTGGCTTCACCTTCGATTTG
Forward ACGTCCAAATGACGAAGTCAC
FIP Reverse CGTCACATAGGCAGGCAGTAT
ALCAM Forward AACACGATGAGGCAGACGAG
Reverse CAGCCAGTAGACGACACCAG
Forward (Product name: P171456)
AR Primers were purchased from
Reverse Bioneer (South Korea)
AURKB Forward GGGAACCCACCCTTTGAGAG
Reverse GGGGTTATGCCTGAGCAGTT
CENPF Forward TGCCTCTTTGCAGGACACAT
Reverse TGCAGCTCAGTTTCCTTTGC
BUB1 Forward TTATCTGCTGGCTTGGCACT
Reverse TCGATCTGGTAGTTCCATGGTT
FANCG Forward GCCCAGGTAATCGAGACACT
Reverse CCTTAGTTTGGGCCTCCAGC
MCM2 Forward GGCGTGACAACAATGAGCTG
Reverse CCAAGTCCTTCTCAGGGACC

- 11 - .-rE-,-



Hematoxylin and eosin (H&E) staining

Tissues were fixed in 4% para—form aldehyde for 48 hours.
After processing, the processed tissues were embedded in
paraffin blocks. To identify the histological structure, paraffin
blocks were sectioned to a thickness of approximately 4 [Om
using a microtome. After drying the section slides, paraffin was
removed from the sections using xylene, followed by dehydration
with ethanol. After dehydration, the nuclei were stained with
hematoxylin solution and cytosol with eosin, according to the

manufacturer’ s protocol.

IL-6 enzyme—linked immunosorbent assay

(ELISA)

Measurements were performed on the conditioned medium of
transfected MDA—-MB-231 cells using a Human IL—6 Human
ELISA Kit (#EH2IL6; Thermo Fisher Scientific). The conditioned
medium was diluted with diluent buffer and added to each well.
After incubating for 3 hours at 4° C, each well was washed and

incubated for 1 hour at 4° C with human IL—6 conjugate. After
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washing, substrate solution was added to each well, followed by
incubation for 30 minutes. With stop solution addition, each well
was read by a microplate reader, followed by calculation of IL—6

concentration with an optical density at 450 nm wavelength.

Established PDX and xenograft murine model

Breast cancer tissues were obtained from surgical specimens
obtained during curative or palliative surgery. The acquisition of
tissue and clinical and pathologic data from patients with breast
cancer for this study was approved by the Institutional Review
Board of Seoul National University Hospital (No.
H—-1707-174—874). Six—week—old female mice were used for
the in vivoexperiments. All experiments involving mouse models
were approved by the Institutional Animal Care and Use
Committee of the Seoul National University Hospital(No.
19-0096—-S1A1, 22-0146—S1A0), and animals were maintained
in the facility accredited by AAALAC International (#001169) in
accordance with the Guide for the Care and Use of Laboratory
Animals 8th edition, NRC (2010).

To establish the PDX model, surgically excised tissue was cut

into small pieces of approximately 2mm and transplanted into
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NOD/solid IL2Rg mouse mammary fat pads. After the tumor
volume reached 1,000 mm?®, surgical resection was performed,
and the tumor tissue was subjected to transcriptome analysis. To
establish a xenograft model, MDA—-MB—-231 cells stably
transfected with shCTL and shAKR1CZ2 were injected into the fat
pads of 6-—week—old athymic female nude mice (1 X
10°cells/mouse). There were five mice each in the control and
experimental groups. The length and width of each tumor were
measured using calipers, and the volume was calculated using
the following equation: V = (length X width?)/2. Tumor volume
was measured twice a week until the tumor size reached 1,000
mm®after which surgical resection was performed. The mice
were sacrificed 4 weeks after the operation and lung metastases
were observed. MDA-MB-231 cells stably transfected with
shCTL or shAKR1CZ2 were injected into the tail vein of
6—week—old mice (5 X 10° cells/mouse). There were five mice

eachin the control and experimental groups. Mice were sacrificed

after four weeks, and lung tumor metastasis was observed.

RNA sequencing and bioinformatics

RNA sequencing libraries were prepared using the TruSeq

- 14 - A 21



Stranded mRNA Prep kit (Illumina, Inc., San Diego, CA, USA),
according to the manufacturer’ s protocol. Paired—end 101 bp
RNA sequencing was performed using a Novaseq 6000 system
(Illumina, Inc.). Sequenced RNA reads were aligned to a
chimeric reference genome (human hg38 and mouse mml0)
using the RSEM-—1.3.1. To normalize gene expression levels, I
separated raw read counts by the organism and normalized the
counts to FPKM using htseq—count. Differentially expressed
genes (DEGs) were called using edgeR—3.30.3 for each

comparison group.

Statistical analysis

GraphPad Prism ver. 8 (GraphPad Software, San Diego, CA,
USA) was to generate graphs and perform statistical tests. Data
values are presented as mean*tstandard deviation (SD), and
Mann—Whitney U tests were used to compare the means
between the groups. For the size of tumor volumes, I used
two—way analysis of variance (ANOVA) for comparison.
Spearman correlation analysis was used to verify the correlation
between genes. Survival curves were constructed using the

Kaplan-Meier method and compared between TNBC subtypes
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with the log—rank test. Survival analyses were performed using

SPSS 26 (IBM Corp., Armonk, NY, USA).
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[II. Results

Gene expression signatures of primary tumors and
PDX tumors in patients with TNBC with distant

metastases.

I established TNBC PDX models using tumor tissues obtained
during breast surgery from 31 patients with breast cancer.
Subsequently, 15 patients (48.4%) developed distant metastasis
during the follow—up period and the remaining 16 patients were
disease—free (Table 3). Since the cells within the tumor
microenvironment are replaced by murine stromal cells in PDX
tumors, RNA sequencing of PDX tumors can generate gene
expression data that are more enriched with epithelial cancer
cells by excluding murine sequencing reads [45, 46]. Therefore,
I hypothesized that incorporating the RNA sequence reads of
both PDX tumors and corresponding primary tumors could enrich
metastasis—related genes originating from epithelial cancer cells.
I obtained 18 corresponding primary tumor tissues from 31
TNBC PDX models and identified 304 genes that were

significantly upregulated in both PDX tumors and primary tumors
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from patients who developed clinical distant metastasis (Figure

1.
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Table 3. Patients’

age, disease—free survival, and metastatic

site

PDX_ID Age DFS(month) Metastatic site Subtype
X12 30 5 Liver, SCN, neck, bone TNBC
X125 57 17 Lung TNBC
X148 40 20 Local recur —> lung TNBC
X257 32 11 Chest wall —> bone TNBC
X61 38 3 Chest wall, liver TNBC

MX_285 50 15 Liver TNBC

MX_215 46 13 Lung, mediastinal LN TNBC

MX_237 78 1 Lung TNBC

MX_173 33 11 Lung, brain TNBC

MX_197 55 1 Contralaﬁil;lagl breast, TNBC

MX_258 47 8 Brain TNBC

MX_276 52 9 Lung, mediastinal LN TNBC

MX_347 35 9 Lung, bone TNBC

MX_373 55 1 Pleura, lung TNBC

MX_408 35 6 Lung, LN TNBC
X134 27 63 TNBC
X141 54 73 TNBC
X142 61 72 TNBC
X192 38 89 TNBC
X196 56 88 TNBC
X27 62 94 TNBC

MX_130 51 86 TNBC

MX_158 65 89 TNBC

MX_195 51 85 TNBC

MX_214 51 83 TNBC

MX_227 72 81 TNBC

MX_231 58 84 TNBC

MX_247 33 79 TNBC

MX_308 77 46 TNBC

MX_363 56 73 TNBC

MX_404 27 63 TNBC
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Figure 1. Schematic representation of human and PDX primary
tumor RNA sequencing experiments. The Venn diagram shows
upregulated genes in the tumors that developed distant

metastasis, and the volcano plot illustrates the upregulation of

AKRI1CZ.
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KEGG pathway analysis  (https://david.ncifcrf.gov/)  was
performed on these overlapping genes. patients who developed
clinical distant metastasis (Figure 2A). Interestingly, 304
upregulated genes were enriched with genes involved in steroid
hormone biosynthesis (Figure 2B, Table 4). Among the
upregulated genes in steroid hormone biosynthesis, AKR1C2

showed the highest level of upregulation (Figure 2B, Table 5).
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Retinol metabolism
Drug metabolism - cytochrome P450
Metabolism of xencbiotics by cytochrome P450
Tyrosine metabolism
PI13K-Akt signaling pathway
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Taste transduction
Proteoglycans in cancer
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ABC transporters
Focal adhesion
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Figure 2. Identification of AKR1CZ as a potential gene regulating
breast cancer metastasis. (A) KEGG pathways significantly
enriched with the 304 genes that are upregulated in both
patient’ s tumor tissue and PDX tumor tissue. (B) The red dots
indicate genes involved in the steroid hormone biosynthetic

pathway.



Table 4. Pathway analysis of 304 upregulated genes

Term Count % P—Value Genes
: STS, AKRICI, AKRIC3,
Steroid hormone 7 2.39726  2.81E-04 HSD17B3, AKRICZ,
biosynthesis AKRIC4, UGTIAS
CYP2B6, RDH12, DHRS,
Retinol metabolism 7 2.39726 5.08E-04 ADHIC, ADHIB, AOXI,
UGTIAS
o GSTMI, CYP2B6, ADHIC,
Drug metabolism 7 2.39726  6.91E-04  ADHIB, AOXI, GSTTI,
cytochrome P450 UGTIAS
Metabolism of GSTMI, CYP2B6, ADHIC,
xenobiotics by 7 2.39726 0.001057 ADHIB, AKRICI1, GSTTI,
cytochrome P450 UGTIAS
Tyrosine metabolism 5 1.712329  0.001939 bol, ADHIG T8,
PI3K—Akt signali H%%Fg'}“A?gngﬁzT%)égg
—Akt signaling , , ) )
g 14 4794521 0002359 gl [NEIGTS FAVZ,
CHAD, IL7R, FGF10
Hematopoietic cell IL1IA, CSF3, CSF3R,
lineage 7 239726 0.003577  ooro" \MME, IL7R, CD34
Taste transduction 6 2.054795 0009164  TDELL GABRAS. TR,
: VTN, CAVZ2, CAVI, HGF,
Proteoglycans in 9 3.082192  0.011603 IGF2, WNT7A, FLNC,
cancer FGF2, ANK1
L FGF5, CYSLTRI, EDNRB,
Calcium signaling 9 3.082192  0.027217 CCKAR, PDE1B, HGF,
pathway PLCBI, FGF2, FGF10
ABC transporters 4 1.369863  0.020378 ~ ABCPZ ABCHI ABCCS,
Focal adhesion 8 2739726  0.030858 /gl THAB CAvZ CAVY
Chemical FGF5, GSTMI1, CYPZB6,
carcinogenesis — 8 2.739726 0.039463 CHRNASY, GSTTI,
receptor activation UGTIAS, FGF2, FGFI10
Insulin secretion 5 1712329 0.039606  ALCTAVIRL CCRAR,
ECM-receptor VTN, TNXB, SVZA,
interaction 5 1.712329 0.042527 CHAD, TNC
Morphine addiction 5 1712320 0.047131  CGNGE FDEID PDEZA,
Dopaminergic synapse 6 2.054795  0.047601  GRIAL GNGZ T KIFSC,
Chemical
( s GSTM1, HGF, AKRICI,
Cfg;ég‘;iegfflsen 8 2.739726  0.049515 AKRIC3, AKRIC2,
oXyg GSTT1, AKRIC4, COX7AI
species
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Table 5. AKR1C2 showed the highest upregulation of steroid

hormone biosynthesis

Human PDX
Genes Human + PDX
ranki score
logFC q—value Score logFC q—value Score
AKR1C2 28.3088 2.79662 2.99683 8.38101 4.15689 4.79393 19.9278
AKR1C3 23.4647 2.40016 3.46055 8.30587 3.20286 4.7329 15.1588
UGT1A8 17.5964 3.24661 1.96276 6.37232 5.37107 2.08973 11.2241
AKR1C1 9.95868 2.154 2.32996 5.01874 2.05823 2.4001 4.93994
STS 9.40079 1.78779 3.50961 6.27443 1.50814 2.07298 3.12636
AKR1C4 9.09725 1.65444  1.5504 2.56505 2.40798 2.71274 6.53221
HSD17B3 7.00582 2.01713 1.63345 3.29487 2.20159 1.68558 3.71095
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AKR1CZ2 promotes in vitro growth and migration of

TNBC cells.

The AKR1CZ2 gene catalyzes nicotinamide adenine dinucleotide
(NADH) and nicotinamide adenine dinucleotide phosphate
(NADPH) —dependent conversion from dihydrotestosterone to 3«
—diol [47, 48]. I examined the expression level of AKRIC2 in a
panel of breast cancer cells. Breast cancer cells showed
heterogeneous levels of AKR1C2 expression (Figure 3A). To
verify whether the expression of AKR1CZ differs among breast
cancer subtypes, the expression of AKR1ICZ2 in 42 breast cancer
cell lines was downloaded from the CCLE database for statistical
analysis  (https://sites.broadinstitute.org/ccle/). AKR1C2 was
significantly upregulated in basal—like (BL) breast cancer cell

lines in the CCLE database (Figure 3B).
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Figure 3. Expression of AKR1C2 in breast cancer cell lines. (A)

The AKRI1CZ protein expression levels in various breast cancer

(B) The AKRI1C2 gene expression levels in breast

cell lines.

cancer subtypes in the CCLE dataset. Error bars denote mean =*

p = 0.05. p—values were determined by the Mann-Whitney

%

SD.

test.
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To determine the functional significance of AKR1CZ2 in TNBC,
I silenced AKR1CZ2 in MDA—-MB—-231 cells using shRNA against
AKR1C2 (Figure 4A, B). Silencing of AKRIC2 significantly
reduced the proliferation rate of breast cancer cells (Figure 5A,
5B). Wound healing and transwell cell migration assays showed
that AKR1C2 silencing resulted in reduced cell migration (Figure
6A, 6B). Additionally, silencing AKR1C2 in MDA-MB-231 cells
and MDA-MB—-468 cells decreased Matrigel invasion capacity
(Figure 7A, 7B). The results of these in vitro experiments
suggested that AKR1C2 can regulated various aspects of breast

cancer phenotypes by promoting cell growth and migration.
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Figure 4, AKR1C2 protein expression levels in

shAKR1C2—treated breast cancer cell lines. (A) AKR1C2 protein
expression levels in shAKR1CZ2—treated MDA-MB-231 -cells.
(B) AKR1C2 protein expression levels in shAKR1C2—treated
MDA—-MB—468 cells. Error bars denote mean = SD. p < 0.05.

p—values were determined by the Mann-Whitney test.
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Figure 5. Viability of shAKR1CZ2—treated breast cancer cell lines.
(A) Results of MTT assay using AKR1C2-silenced
MDA-MB—-231 cells. (B) Results of MTT assay using
AKRI1CZ—silenced MDA—MB—-468 cells. Error bars denote mean
+ SD. "p =< 0.05, “p = 0.01, ™p = 0.0001. p—values were

determined by the Mann-Whitney test.
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Figure 6. Mobility of shAKR1CZ—treated breast cancer cell lines.

(A) Representative images and quantitative results of wound
healing assay, migration assay using AKR1C2-silenced
MDA—-MB—-231 cells. (B) Representative images and quantitative
results of wound healing assay, migration assay using
AKR1C2-silenced MDA—MB—468 cells. Error bars denote mean
+ SD. "p < 0.05, “p = 0.01. p—values were determined by the

Mann-Whitney test.
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Figure 7. Invasive ability of shAKR1CZ—treated breast cancer
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invasion assay using AKR1C2-silenced MDA—-MB—-231 cells. (B)
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using AKR1CZ2—silenced MDA—MB—468 cells. Error bars denote
mean £ SD. “p < 0.01. p—values were determined by the Mann

-Whitney test.
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Effect of AKR1C family—related genes in breast

cancer

I examined whether other genes in the aldo—keto reductase
family exert similar effects on TNBC cells by silencing AKRI1CI,
AKR1C3, and AKR1C4 in TNBC cells (Figure &). Silencing of
these genes resulted ina modest reduction in cell proliferation
and invasion (Figure9), but there was no significant effect on
cell migration (FigurelO). The results of these in vitro
experiments suggest that AKR1CZ regulates various aspects of
breast cancer phenotypes by promoting cell growth and migration

in TNBC cells.
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AKR1C4 in MDA—-MB-231 cells after using siRNA. Error bars
denote mean = SD. p =< 0.05. p—values were determined by

the Mann-Whitney test.
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AKR1C2 facilitates in vivo tumor growth and lung

metastasis for MDA—-MD-231 cells.

Next, I tested whether AKR1CZ2 expression levels affected the
growth and metastasis of breast cancer i wivo. 1 transplanted
AKR1CZ-silenced and control MDA—MB—-231 cells into the fat
pads of the nude mice (Figure 11A). As shown in Figure
12B-D, AKRI1C2 silencing significantly reduced the growth of
primary tumors. Furthermore, silencing AKR1CZ2 resulted in a
significantly lower number of spontaneous lung metastases
(Figure 12A, 12B). To determine the effect of AKR1C2 on the
development of lung metastasis, I additionally performed tail vein
injection experiments (Figure 13A) and observed that
AKRI1CZ2—silenced breast cancer cells developed a significantly
smaller number of lung metastases (Figure 13B, 13C). These
data indicate that AKR1CZ2 regulates primary tumor growth and
controls metastasis, which is consistent with the results of the

above RNA sequencing data.
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images of H&E staining of xenograft tumors. (D) Photographs
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Figure 12. AKR1CZ2 regulates in vivo metastasis of breast cancer
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evaluated at one month after the resection of the primary
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AKR1C2 1s positively associated with LAR
subtypes of TNBC.

Steroid hormone biosynthesis regulates the carcinogenesis of
TNBC and its molecular classifications [49]. Based on the
observation that steroid hormone biosynthesis was the most
dysregulated pathway related to the development of distant
metastasis and that AKR1CZ plays an important role in cancer
cell metastasis 7 vivo, 1 hypothesized that AKRICZ can be
differentially expressed among the TNBC subtypes. As proposed
by Lehmann et al. [20], TNBC can be further classified into six
subtypes: two BL (BL1 and BL2), immunomodulatory (IM),
mesenchymal (M), mesenchymal stem—like (MSL), and LAR. To
test my hypothesis, I obtained gene expression data of 271
TNBC cases from the METABRIC dataset (METABRIC Nature
2012 & Nat Commun 2016) [50] and classified the tumors into
different subtypes using the TNBCtype, a web—based subtyping
tool for TNBC [51]. The proportions of BL1, BL2, IM, M, MSL,
and LAR subtypes were 25.8%, 8.1%, 23.2%, 17.3%, 10.7%, and
14.8%, respectively (Figure 14A). AKR1C2 mRNA levels were
significantly different among TNBC subtypes. The LAR subtype

showed the highest AKR1CZ levels, whereas the BL1 subtype
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showed the lowest levels (Figure 14B).
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Next, I examined the correlation between AKR1CZ2 and TNBC
subtype classifier genes used in the study by Lehman et al.
[20]. T observed that genes upregulated in the LAR subtype
often showed a positive correlation with AKRICZ, but genes for
the BL1 subtype often showed a negative correlation, as
representative examples such as PIP for the LAR subtype and
CENPF for the BL1 subtype are shown in Figure 15A. When the
correlation coefficients for the subtype—defining genes against
AKR1C2 were compared, the LAR subtype genes showed
significantly higher correlation coefficients when compared to

those of the BL1 subtype (Figure 15B).
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I also measured the mRNA levels of the LAR subtype and
BL1 subtype genes in AKR1CZ-silenced cells. The expression
levels of genes upregulated in the LAR subtype, including AR,
were significantly downregulated in AKR1CZ2-silenced breast
cancer cells. In contrast, genes that were upregulated in the BL1
subtype were significantly upregulated in AKR1CZ2—silenced cells
(Figure 16A, 16B). Consistent with previous reports [21, 52],
different subtypes of TNBC showed different survival outcomes,
with the LAR subtype having the poorest outcomes (Figure 17,
Table 6). These data indicated that AKR1C2 may play a critical

role in determining the subtype characteristics of TNBC cells.
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Table 6. The median and mean survival times of TNBC subtypes

in the METABRIC dataset

Median
Subtype
BL1 BL2 IM M MSL LAR median
(month)
195.4 101.1 175.1 98.1 211.2 94.9
(90.5-3 (()_24:}> (82.5-2 (17.2—-1 (82.4-3 (52.3—-1 UNS 101.1
00.2) * 67.7) 79) 40) 37.6)
195.4 206.6 159.2 206.6 153.8
(135.1— (103.3— (77.3-2 (138.4— (80.5-2 BL1 206.6
255.6) 309.9) 41.2) 274.7) 27.1)
175.1 98.1 220.9 83.7
(70-280 (15.9-1 (130.4— (11.3-1 BL2 75.5
.2) 80.3) 311.4) 56.1)
155.7 220.9 137.1
85.7—72 (138.3— (76.5—1 M 241.6

303.5) 97.7)
155.7 94.9 )
(88.8—2  (58.2-1 | M 98.1
22.7) 31.

MSL 220

LAR 83.7

Mean
Subtype
BL1 BL2 M M MSL LAR mean
(month)
168 146 170 139.5 159.5 137
(141.2— (112.2— (144.6— (113.5— (129.1—- (109.4— UNS 143.2
194.7) 179.8) 195.5) 165.6) 189.9) 164.6)
170.1 176.2 161.9 176.6 156.1
(142.1—- (154.3— (137.7— (150.3— (133—-17 | BL1 174.2
198) 198) 186.2) 202.9) 9.2)
172.4 140.2 157.6 134.2
(145.7—- (112.5— (126.9— (105.4— BL2 140.3
199) 167.9) 188.3) 163)

163.1 179.5 157.5
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AR, a gene regulated by AKR1CZ, controls the

proliferation and migration of TNBC cells.

AR is a major driver of the molecular features of the LAR
subtype in TNBC [48]. I observed decreased AR expression in
AKR1C2—-silenced breast cancer cells (Figure 18A). However,
AKR1CZ2 levels were not changed in AR—silenced MDA—MB—-231
cells, suggesting an upstream role of AKRICZ in regulating AR
levels (Figure 18B). Next, I performed in vitro assays to
determine whether AKR1CZ2—mediated regulation of AR in breast
cancer cells plays a role in the phenotypes observed in
AKRI1CZ—silenced cells. When cells were treated with siAR,
MDA—-MB—-231 cells showed a significant reduction in cell
proliferation (Figure 19). Additionally, siAR—treated cells showed
decreased transwell migration and Matrigel invasion (Figure 20A,
20B). These data indicate that, at least in part, the phenotypes
associated with AKRI1CZ2 silencing may be the result of

AKRICZ2—mediated AR regulation in breast cancer cells.
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Figure 18. Effects of silencing AKR1CZ on AR expression in
MDA-MB-231. (A) AR protein expression levels in
AKR1C2-silenced MDA-MB-231 cells. (B) AKRI1C2 protein
expression levels in AR-silenced MDA—-MB-231 cells. Error
bars denote mean = SD. ns = not significant, “p < 0.05.

p—values were determined by the Mann-Whitney test.
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Studies [53, 54] have shown that AR can be regulated by
activated STAT3. Based on the RNA sequencing data comparing
the gene expression profiles of AKR1CZ2—silenced
MDA-MB—-231 cells to those of control MDA—-MB—-231 cells
(Figure 21A), 1 observed that the genes involved in the
JAK—STAT signaling pathway were significantly dysregulated in
AKR1C2-silenced cells (Figure 21B). Additionally,
AKR1C2—silenced cells showed significantly reduced STATS3
phosphorylation (Figure 22). Dong et al. [55] suggested a
reciprocal interaction between AR and IL—6 which is regulated
by STATS3 signaling. Consistently, I observed that
AKR1C2-silencing resulted in the downregulation of IL—6
protein (Figure 23A) and mRNA (Figure 23B) levels in breast
cancer cells. ELISA results indicated that the amount of secreted
IL-6 was also significantly reduced in AKR1CZ2-silenced cells

(Figure 22C).
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Figure 21. Results of RNA sequencing of primary tumors in
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IV. Discussion

In the present study, I attempted to identify the genes
assoclated with breast cancer metastasis using primary tumor
tissues and their corresponding PDX tumor tissues. As one can
efficiently separate gene expression data originating from
epithelial tumor cells and surrounding microenvironment cells
[45], integrated analysis of primary tumors and PDX tumors may
provide more accurate information on the molecular profiles of
epithelial cancer cells. This approach has revealed the
importance of JAK?Z signaling in regulating paclitaxel resistance
in TNBC [18], and Mastri et al. showed that patient—derived
models may allow the analysis of epithelial cancer cell pathways
independent of the tumor microenvironment [46]. Additionally,
the molecular characteristics of the tumor cells are relatively
well preserved in the PDX tumor cells [9, 15, 18, 45, 46, 56],
and for some instances, PDX tumors may represent the nature of
metastatic clones better than primary tumor tissues [57].

Using this approach, including primary and PDX tumor tissues
of 31 patients with breast cancer, I identified AKRI1CZ as a
potential regulator of distant metastasis in breast cancer.

AKRICZ2 promoted cancer cell proliferation, migration, and
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invasion in vwvitro, and AKR1CZ2 facilitated tumor growth and
metastasis i vivo. In this study, 1 believe that the candidate
gene AKR1CZ2 may promote breast cancer metastasis. According
to previous research, AKR1CZ2 can catalyze the conversion of
dihydrotestosterone (DHT) to 5« —androstane—3a@,17 3 —diol (3
a —diol) [58]. And affects a variety of tumor types (Table 7).
AKRICZ2 has been proposed in esophageal cancer, liver cancer
and other studies to not only affect the PI3K/Akt and STAT3
signaling pathways [59, 60], but may also affect EMT—related
proteins [61, 62]. However, the role of AKR1CZ2 in breast
cancer, especially triple—negative breast cancer, 1s rarely
studied. In this study, I confirmed that AKR1CZ2 plays an
important role in the progression of TNBC through /n vivo and in

vitro experiments.
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Table 7. The role of AKR1IC2 in tumor

Promote Suppress
Affected tumor_ tumor
progression progression

Tumor type Reference pathway

Esophageal = 7,00 ot PISK/Akt

Squgé?lous al. 2020 signaling 0
carcinoma [60] pathway
. Li, et al.
Liver : EMT (E—cad
Cancer 2[8%]6 herin) O
Rizner, et
Prostate ’ DHT
cancer al. 2003 metabolism 0
[63]
Zhu, et
Lung y STATS3
cancer al. 2018 pathway O
[59]
Sinreih,
Endometrial et al. Progesterone 0
cancer 2[0133 metabolism
64

AKRI1C1—-4, four members of the aldo—keto reductase family
1 member C (AKRI1C) family, is expressed in different degrees
in various tissues in the human body. Its main function is to
participate in the production and metabolism of steroids and sex
hormones [58]. Studies have shown that AKRICl1—4 is
assoclated with the progression of various tumors, such as lung,
liver, and nasopharyngeal cancer [59, 65, 66]. These genes can
affect tumor cells by activating and regulating the activity of
PISK/AKT, JAK—-STAT, and NF—-kb signaling pathway [62,

65—68]. To further understand the role of these family members
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in TNBC, I inhibited AKRI1C1l, AKRI1C3, and AKRIC4 in
MDA—-MB-231 and performed activity, metastasis and invasion
assay. In this study, other members of the AKRIC family had
corresponding effects on breast cancer progression, but less
significantly than AKR1C2. My data indicate that AKR1CZ, a
steroid hormone biosynthesis gene that catalyzes NADH and
NADPH—dependent conversion of dihydrotestosterone to
3 a —diol, may play a more important role in the development of
distant metastasis of TNBC than other AKR1C family members.
However, the role of AKR1CZ in various solid tumor types
remains controversial. It has been reported that in malignant
tumors, such as prostate cancer and esophageal cancer, AKR1C2
can promote tumor growth and metastasis by regulating epithelial
mesenchymal transition or affecting the phosphoinositide
3—kinase (PI3K)/Akt signaling pathway [60, 62, 69]. Although I
observed similar pro—tumorigenic effects of AKRICZ in TNBC
cells in the present study, AKR1CZ2 had no effect on PI3K/Akt
signaling in TNBC cells. In this study, AKR1CZ was shown to
regulate AR expression. Studies have shown that AKR1CZ can
directly interact with STAT3 and phosphorylate STAT3 [59].
pSTATS3 can modulate AR activation in the absence of hormones
[53, 54, 70]. I obtained downregulated genes in the experimental

group by RNA-sequencing primary tumors from xenograft
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models. And through KEGG pathway analysis and Western blots,
it was found that AKR1CZ2 affect the JAK—STAT pathway and
phosphorylate STATS3.

In the present study, AKRI1C2 affected the JAK—-STAT
pathway and pSTATS3. This may be the mechanism that affects
TNBC metastasis. On the other hand, some studies have
suggested that AKR1C2 may exert inhibitory effects on tumors,
as AKR1CZ expression is associated with improved prognosis in
thyroid cancer [71] and AKRI1CZ2 overexpression results in
slower tumor growth in prostate cancer [63, 72]. Further
research on the role of AKRICZ in human solid tumors is
required to clarify its importance in different tumor types.

Additionally, my data suggested that AKR1CZ may influence
the subtype determination of TNBC cells. Although efforts have
been made to clarify the origins of the different intrinsic
subtypes of breast cancer [73, 74], the molecular mechanisms
underlying the classification of the TNBC subtype are largely
unknown. Since Lehman et al. [20]proposed that TNBC can be
further classified into different subtypes, studies have repeatedly
shown the presence of heterogeneity and its clinical implications
[52, 75]. In the present study, AKR1C2 was highly upregulated
in the LAR subtype, whereas it was significantly downregulated

in the BL1 subtype. Furthermore, AKR1CZ2 silencing resulted in
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the downregulation of genes expressed in the LAR subtype,
including AR. These observations indicate that AKRI1C2
expression levels may determine the subtypes of TNBC cells, as
PDGF signaling is suggested to regulate the conversion of basal
breast cancer to luminal cancer [76]. And through the analysis
of METABRIC TNBC dataset, it was found that the prognosis of
patients with LAR subtype is the poorest among all subtypes.
These results indicate that AKR1CZ2 may affect breast cancer
progression by altering TNBC subtypes. Of course, the potential
association between AKR1CZ and LAR subtypes and their
therapeutic implications should be tested in future studies.

My study has several limitations. First, although my data
suggest that AKR1CZ2 regulates AR expression, the mechanism
by which it affects AR has not yet been elucidated. Second, I
could not address the functional importance of AKRI1CZ in
non—basal subtypes because I focused my assays on TNBC cell
lines. Finally, I was unable to determine the prognostic
importance of AKRI1CZ2 in an independent cohort of patients with

breast cancer.
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V. Conclusion

In conclusion, my data indicated that AKR1CZ is an important
regulator of cancer growth and metastasis in TNBC cells.
AKR1C2 regulates the expression of AR in breast cancer cells
and 1s associated with the LAR subtype of TNBC. Future
research on the potential therapeutic use of targeting AKR1C?Z in

patients with TNBC is warranted.
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