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SUMMARY

Olfactory receptors (ORs), responsible for the sense of smell, play an essential
role in various physiological processes outside the nasal epithelium, including can-
cer. In breast cancer, however, the expression and function of ORs remain under-
studied. We examined the significance of OR transcript abundance in primary and
metastatic breast cancer to the brain, bone, and lung. Although 20 OR transcripts
were differentially expressed in distant metastases, OR5B21 displayed an
increased transcript abundance in all three metastatic sites compared with the
primary tumor. Knockdown of OR5B21 significantly decreased the invasion and
migration of breast cancer cells as well as metastasis to different organs espe-
cially the brain, whereas increasing of OR5B21 transcript abundance had the
opposite effect. Mechanistically, OR5B21 expression was associated with epithe-
lial to mesenchymal transition through the STAT3/NF-kB/CEBPp signaling axis.
We propose OR5B21 (and potentially other ORs) as a novel oncogene contrib-
uting to breast cancer metastasis and a potential target for adjuvant therapy.

INTRODUCTION

Breast cancer is the second most frequently diagnosed malignancy, just behind lung cancer, and the lead-
ing cause of cancer death in women with more than 2 million new cases annually (Siegel et al., 2021).
Although standard therapy, consisting of surgical removal of the tumor followed by adjuvant radiation
and chemotherapy, has decreased breast cancer mortality, around 12% of patients are still at high risk
of relapse (DeSantis et al., 2016). Breast cancer metastasis is one of the major causes of eventual mortality;
thus, novel therapeutic targets to halt or delay metastasis are of critical need.

Generally, it is recognized that cancer cells responsible for developing distant organ metastases have changed
their phenotype to adjust and facilitate colonization (Lambert et al. 2017). G protein-coupled receptors (GPCRs)
are overexpressed and aberrantly activated during different metastatic phases including dissemination from the
primary site and colonization at other sites (Dorsam and Gutkind 2007; O'Hayre et al., 2013). GPCRs are acti-
vated by a diverse array of ligands including inorganic ions, proteins, small molecules, and GPCR sensory stimuli
such as light, taste, and odorants (Neves et al. 2002). This activation transduces a wide range of extracellular sig-
nals into intracellular messages resulting in cell proliferation, invasion, migration, survival, angiogenesis, and
metastasis (Dorsam and Gutkind 2007; Hutchings et al., 2017, Wu et al., 2019).

The human olfactory receptor (OR) gene family is a crucial member of GPCRs typically expressed in the sen-
sory neurons and plays an essential role in various physiological processes outside the olfactory epithelium,
including cancer (Lee et al. 2019). For instance, OR51E2 (also called prostate-specific G-protein coupled
receptor) is overexpressed in prostate cancer tissues with a crucial role in accelerating tumor cell invasive-
ness through loss of PTEN (Neuhaus et al., 2009). OR2AT4 regulates cell proliferation, apoptosis, and dif-
ferentiation of human myelogenous leukemia (Manteniotis et al., 2016). OR2B6 and OR2W3 are abundant
in invasive breast tumors, whereas OR2Té is overexpressed in breast cancer tissues, contributing to metas-
tasis (Li et al., 2019; Masjedi et al., 2019a, 2019b; Weber et al., 2018a). Thus, ORs might play a vital role in
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Figure 1. ORs are differentially expressed in breast cancer metastasis

(A) Breast cancer metastasis model was developed by intracardiac injection of human breast cancer cell line MDA-MB-231
(231P). Brain-seeking clone (231BR), lung-seeking clone (231LM), and bone-seeking clone (231BO) were harvested and cultured.
(B) Transcript abundance of 20 olfactory receptor genes in primary and different metastatic clones.

(C) Relative transcript abundance of OR5B21 in various MDA-MB-231 metastatic sites with respect to the primary tumor.
(D) OR5B21 transcript abundance in two different brain-seeking clones of ErbB2 versus primary cells.

Data presented as mean + SEM (n = 3); **p < 0.01, ***p < 0.001 by one-way ANOVA.

in all organ metastases, with the highest being the brain. We show that OR5B21 plays a vital role in breast
cancer cell invasion/migration and metastasis to different sites, especially the brain, by activating epithelial
to mesenchymal transition through the STAT3/NF-kB/CEBPB signaling axis.

RESULTS
Olfactory receptors are associated with breast cancer metastasis

We established a breast cancer metastasis model by intracardiac injection of MDA-MB-231 (231P) cells in
immunocompromised mice. We then produced a series of derivative cell lines from developed metastatic
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Figure 2. OR5B21 regulates breast cancer invasion/migration

(A and B) 231BR, 231LM, and 231BO expressing either shCTRL or shOR5B21 were plated as a monolayer, scratched, and
analyzed by bright-field microscopy at different time points. Representative images (A) and relative quantification of
migratory cells (B) are shown (n = 4).

(Cand D) 231P cells overexpressing OR5B21 (or control cells) or 231BR, 231LM, 231BO cells transduced with shOR5B21 or
scrambled shRNA (shCTRL) were plated on Matrigel-coated Transwell chambers. Forty-eight hours later, cells that
migrated to the bottom well were stained with crystal violet and counted (n = 4).

(E and F) 231P and MCF7 control cells or overexpressing OR5B21 were plated, scratched, and analyzed at different time
points (n = 3).

Data presented as mean + SEM; *p <0.05, **p < 0.01 by unpaired Student's t test. Scale bar, 150 um (A and E), 100 um (C).

sites including the brain-seeking clone (231BR), the bone-seeking clone (231BO), and the lung-seeking
clone (231LM) (Figure 1A). We screened these different cell lines for 20 common OR transcripts by quanti-
tative real-time polymerase chain reaction (QRT-PCR) and found them to be differentially expressed in
231BR, 231BO, and/or 231LM, compared with the parental line (Figure 1B). OR5B21 transcript, in particular,
was significantly increased in all three organ metastases, being 15-fold higher in 231BR (p < 0.0001), 10-fold
higher in 231LM (P < 0.0001), and 3-fold higher in 231BO (p = 0.0082), compared with primary 231P (P <
0.0001; Figure 1C). These results were confirmed in another model where OR5B21 was enriched in two
different clones of the brain-seeking mouse metastatic line, ErbB2-BrM1 and ErbB2-BrM2, compared
with the primary ErbB2-P line (P < 0.01; Figure 1D). In addition, we analyzed differential expression of
OR5B21 in healthy and tumor tissue using the Database: TCGA-BRCA and found OR5B21 to be upregu-
lated in breast cancer compared with normal breast tissue (P < 0.001, Figure S1A). We therefore chose
to focus on OR5B21 for further analyses in breast cancer metastasis.

OR5B21 induces breast cancer invasion/migration

To evaluate the role of OR5B21 in breast cancer invasion/migration, we knocked down OR5B21 in different
metastatic lines (231BR, 231LM, and 231BO; Figure S1B) and performed a scratch wound-healing assay.
OR5B21 knockdown significantly reduced the invasion ability of all three metastatic cell lines (p < 0.07;
Figures 2A and 2B). Similar results were obtained using Transwell migration assay (Figures 2C and 2D).
To further validate our results, we increased OR5B21 transcription level in 231P as well as MCF7, a luminal
non-metastatic human breast cancer cell line (Figure S1C), and analyzed cell invasion and migration. The
increasing of OR5B21 transcript abundance led to a significant increase in cell migration and invasion in
both cell lines (p < 0.05; Figures 2E and 2F). Interestingly, OR5B21 overexpression in 231P or knockdown
in 231BR, 231LM, and 231BO did not affect cell proliferation as analyzed by colony formation assay and
the secreted Vluc reporter assay (Figures S2A and S2B). These data demonstrate that OR5B21 participates
in the invasion and migration of breast cancer cells.

OR5B21 promotes breast cancer metastasis

Our in vitro data revealed that OR5B21 was highly associated with pro-metastatic traits. To confirm the role
of OR5B21 in breast cancer metastasis, we knocked down OR5B21 in the brain-seeking highly metastatic
breast cancer line 231BR expressing firefly luciferase (Fluc) and injected them into the left ventricle of athy-
mic mice. Tumor metastasis to different sites was monitored by bioluminescence imaging weekly.
Although control mice formed multiple extensive metastases, OR5B21 knockdown led to a significant
decrease in overall metastasis (Figures 3A and 3B). On day 21 post injection, the overall Fluc mean signal
was 3.2 x 107 for the control group versus 1.14 x 10° for the OR5B21 knockdown group (p < 0.01, n = 10/
group; Figure 3B). In addition, OR5B21 knockdown decreased the incidence rate of the brain, lung, and
bone metastases (Figure 3C). For instance, 5/10, 6/10, and 7/10 mice formed brain metastasis in the control
group compared with 3/10, 4/10, and 5/10 mice in the OR5B21 knockdown group, at days 7, 14, and 21 post
tumor cells injection, respectively (Figure 3C). Importantly, OR5B21 knockdown resulted in a significant in-
crease in the overall mice survival where the median survival for the shOR5B21 group was 29 days versus
23.5 days for the shCTRL group (n = 10/group; p = 0.0024; Figure 3D). Collectively, these data suggest
that OR5B21 plays a vital role in breast cancer metastasis to different tissues, especially the brain.

OR5B21 induces breast cancer metastasis by activating STAT3/NF-kB/CEBP signaling
To identify the potential underlying mechanism responsible for the observed effect on breast cancer metas-
tasis, we evaluated the outcome of OR5B21 genetic manipulation on markers associated with invasion/

migration and epithelial to mesenchymal transition (EMT), typically involved in metastasis. As expected,
MMP1, MMP2, MMP?9, Snail, a-SMA, and/or N-cadherin were highly expressed in metastatic breast cancer
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Figure 3. OR5B21 knockdown inhibits breast cancer metastasis

231BR cells expressing Fluc and either shCTRL or shOR5B21 were injected intracardially into athymic mice, and metastasis was monitored over time by
bioluminescence imaging.

(A) Mouse images at days 7, 14, and 21 post cell injections.
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Figure 3. Continued

(B) Overall whole-body bioluminescence signals at different time points; data presented as mean + SEM; **p <0.01 (n = 10 mice/group), unpaired Student’s
t test.

(C) Brain, lung, and bone metastasis incidence rate for each group over time.

(D) Kaplan-Meir survival curves for each group, p = 0.0024 Log rank (Mantel-cox) test (n = 10 mice/group).

lines compared with primary 231P (Figure S3). Knockdown of OR5B21 led to a significant decrease in MMP1,
MMP2, and MMP9 (markers associated with invasion/migration) as well as SNAIL, a-SMA, and N-cadherin
(associated with EMT) in 231BR, 231LM, and 231BO metastatic lines (Figure 4A). Since NF-«kB activation is
an important characteristic of EMT and cancer metastasis (Azam et al. 2020; Huber et al., 2004; Shostak
and Chariot 2011; Smart et al. 2020), we evaluated the effect of OR5B21 on this pathway as well as two tran-
scription factors known to co-operate with NF-kB as synergistic initiators and master regulators of EMT, the
signal transducer and activator of transcription 3 (STAT3) and the CCAAT/enhancer binding protein b
(C/EBPB) (Bagnato and Rosano 2019; Carro et al., 2010; Grivennikov and Karin 2010; Shackleford et al.,
2011; Zahnow 2002, 2009). C/EBPB promotes both STAT3 expression and NF-«kB signaling (Canino et al.,
2015; Cappelloetal., 2009; Shackleford etal., 2011). Of interest, phosphorylation of STAT3 and upregulation
of C/EBPB in different metastatic breast cancer lines (231BR, 231LM, 231BO) coincided with phosphoryla-
tion of NF-kB p65 (Figure 4B). Knockdown of OR5B21 reversed STAT3 and pé5 phosphorylation and
decreased C/EBPB expression in all three metastatic lines (Figure 4B). On the other hand, OR5B21 overex-
pression in 231P and MCF7 showed the opposite effect (Figures 5A-5C). Altogether, these data suggest that
OR5B21 promotes breast cancer metastasis to different tissues by activating EMT through the STAT3/NF-
kB/C/EBPB signaling axis, revealing OR5B21 as a potential target for breast cancer therapy.

DISCUSSION

The human OR repertoire contains 851 loci and mediates olfactory recognition by activating a G-protein-
mediated transduction cascade in olfactory sensory neurons (Firestein 2001; Kato and Touhara 2009). In
recentyears, it has become clear that ORs play an essential role in physiological processes outside the nasal
epithelium, some of which are ectopically overexpressed in different cancers (Flegel et al., 2013; Gelis et al.,
2016; Kalra et al., 2020; Neuhaus et al., 2009; Rodriguez et al., 2014). Thus, ORs have emerged as markers for
cancer diagnostics and potential therapeutictargets (Lee et al., 2019). Forinstance, 34 ORs were observed in
breast cancer with the CHEK2 1100delC mutation (Muranen et al., 2011), whereas OR2T6 showed a key role
in breast cancer progression (Li et al., 2019). OR transcript abundance revealed that OR2W3 is associated
with invasion and basal-like subtype, whereas OR2B6 correlates with proliferation and luminal A subtype
(Masjedi et al., 2019a, 2019b). Activation of different ORs can regulate various signaling pathways leading
to either enhanced migration and proliferation or apoptosis. Expression of OR51E1 and closely related
ORS51E2 is upregulated in prostate cancer (Lee et al., 2019; MaBberg et al., 2016; Neuhaus et al., 2009,
Sanz et al., 2014; Xia et al., 2001; Xu et al., 2000). Overexpression or stimulation of OR51E2 promotes pros-
tate cancer invasiveness and progression (Neuhaus et al., 2009; Rodriguez et al., 2016; Sanz et al., 2014).
OR51E2 was identified as a potential tumor antigen for CD8+ cytotoxic T cells with implications in cancer
immunotherapy (Matsueda et al., 2012). OR51E1 activation negatively regulates prostate cancer cell growth
(MaBberg et al.,, 2016), whereas OR51E2 inhibits melanoma cell proliferation/migration and induces
apoptosis (Gelis et al., 2017). Similarly, OR2J3 is overexpressed in lung cancer, and its activation results in
apoptosis through ERK1/ERK2/PI3K signaling (Kalbe et al., 2017). Activation of OR1A2 inhibits cell prolifer-
ation of liver cancer cells via p38 MAPK signaling (Mafberg et al., 2015). OR51B4 activation in colorectal can-
cer and OR2AT4 in acute and chronic myelogenous leukemia inhibits cell migration and induces apoptosis
(Manteniotis et al., 2016; Weber et al., 2017). In addition to these, several other olfactory receptors serve as
potential biomarkers or therapeutic targets in different cancers, such as OR2C3 for melanoma and OR10H1
for bladder cancer (Lee et al., 2019; Weber et al., 2018b). Here, we provide evidence that OR5B21 is ectop-
ically expressedin different breast cancer metastatic sites, with the most upregulation observed in the brain.
Interfering with OR5B21 expression leads to inhibition of breast cancer invasion, migration, and metastasis
through the STAT3/NF-kB/C/EBPB signaling axis, serving as a potential therapeutic target for breast cancer.

ORs are a member of GPCR family known to directly or indirectly stimulate STAT transcription factor activity
(Ram et al. 2000; Wu et al. 2003; Yu et al., 2014). STAT3, one of the seven members of the STAT family, is
constitutively activated in all breast cancer subtypes and is most often associated with triple-negative
breast cancer (Furth 2014; Song et al., 2008; Yu et al., 2014). Aberrant STAT3 signaling promotes breast tu-
mor metastasis by interacting with the MMP9 promoter through Fra-1 and ¢-Jun (Song et al., 2008). On the
other hand, STAT3 activation is associated with Snail expression, an interlined event (Saitoh et al., 2016; Xie
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Figure 4. OR5B21 regulates invasion/migration through STAT3/NF-xB/CEBP signaling pathway

(A) Relative mRNA levels of MMP1, MMP2, MMP9, SNAIL, a-SMA, N-CAD (normalized to B-Actin) in 231BR, 231LM, and
231BO expressing shCTRL or shOR5B21 (n = 7).

(B) 231BR, 231LM, and 231BO cells expressing shCTRL or shOR5B21 were analyzed by western blotting for p-STAT3,
STAT3, p-P65, P65, C/EBP-B, and B-Actin loading control. Representative blots from three independent experiments are
shown, while bar graphs represent relative quantification of each target, normalized to B-Actin.

Data presented as mean = SEM (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired Student's t test.

et al., 2020). Furthermore, several studies showed that STAT3 and C/EBP transcription factors act syner-
gistically and co-operate with NF-kB to induce mesenchymal transformation, stimulating cancer metastasis
(Cappello et al., 2009; Carro et al., 2010; Schweiger et al., 2020; Shackleford et al., 2011; Xia et al., 1997). In
our breast cancer model, aberrant STAT3 signaling correlated with overexpression of MMP9, Snail, and
activation of NF-kB in breast cancer metastasis to different tissues (brain, bone, and lung). Of importance,
OR5B21 knockdown inhibited phosphorylation of STAT3 and reversed the expression of MMP2, MMP?9,
and Snail, which coincided with a decrease in both C/EBPP levels and activation of NF-kB, whereas over-
expression of OR5B21 had the opposite effect, endorsing the role of C/EBPB/STAT3 in OR5B21-induced
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Figure 5. OR5B21 overexpression increases invasion/migration of BC cells

(A) Relative mRNA levels of MMP1, MMP2, MMP9, SNAIL, o-SMA, N-CAD (normalized to B-Actin) in 231P control cells
(CTRL) or overexpressing OR5B21.

(B and C) 231P and MCF7 control cells or overexpressing OR5B21 were analyzed by western blotting for p-STAT3, STAT3,
p-P65, P65, C/EBP-B, and B-Actin loading control. Representative blots from three independent experiments are shown
(B), while bar graphs represent relative quantification of each target, normalized to B-Actin (C).

Data presented as mean + SEM (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired Student’s t test.

metastasis. Certainly, additional mechanisms could also be involved. The ligands to which OR5B21 re-
sponds to are unknown, and how exactly these ligands affect breast cancer metastasis through OR5B21 re-
mains unclear.

In summary, we identified that OR5B21 plays a vital role in breast cancer metastasis by inducing EMT
through the STAT3/NF-kB/C/EBPp signaling pathway. Downregulation of OR5B21 significantly inhibited
breast cancer metastasis to different tissues, especially the brain. Thus, we propose OR5B21 as a potential
target for adjuvant breast cancer therapy.

Limitations of the study

There are three major limitations in this study that could be addressed in future research. First, an absence
of adequate antibodies against OR5B21 limits the evaluation of OR5B21 protein expression levels in
various tissues. In this study, we analyzed OR5B21 expression in normal and primary breast cancer tissue
using the TCGA-BRCA dataset, but the expression and clinicopathological characteristics of OR5B21 in
breast cancer metastasis versus the primary tumor are still unknown. The role of olfactory receptors in can-
cer biology is gaining more attraction, and future studies may overcome this challenge with commercially
available antibodies. Second, to establish a model that mimics the human pathophysiology, the widely es-
tablished human breast cancer cell line MDA-MB-231 in immunocompromised mice was used for in vivo
studies, but since olfactory receptors have been reported to be involved in cancer immune regulation (Mat-
sueda et al., 2012), future work should investigate the role of OR5B21 in an immunocompetent background
to further elucidate its role in anti-cancer immunity. Third, the vast majority of ORs are not examined in this
work and screening the olfactory receptor family expressions in primary and metastatic breast cancer from
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patient tissue by proteomics or genomic sequencing would unravel information on the role of additional
olfactory receptors in breast cancer metastasis.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Phospho-Stat3 (Tyr705) (D3A7) XP® Rabbit mAb
Stat3 (79D7) Rabbit mAb

Phospho-NF-kB pé5 (Ser536) (93H1) Rabbit mAb
NF-kB p65 (C22B4) Rabbit mAb

B-Actin (8H10D10) Mouse mAb

C/EBPB (LAP) Antibody

Anti-rabbit IgG, HRP-linked Antibody
Anti-mouse IgG, HRP-linked Antibody

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat#9145; RRID: AB_2491009
Cat#4904; RRID: AB_331269
Cat#3033; RRID: AB_331284
Cat#4764; RRID: AB_823578
Cat#3700; RRID: AB_2242334
Cat#3087; RRID: AB_2078052
Cat#7074; RRID: AB_2099233
Cat#7076; RRID: AB_330924

Chemicals, peptides, and recombinant proteins

D-Luciferin, Potassium Salt Gold Biotechnology LUCK-100

Cypridina Luciferin TFA salt Nanolight 305-1

SuperSignal™ West Pico PLUS Chemiluminescent Substrate ThermoFisher 34577

SuperSignal™ West Femto PLUS Chemiluminescent Substrate ThermoFisher 34095

Matrigel matrix Corning 356234

Crystal violet solution Sigma V5265

Critical commercial assays

RNeasy Mini Kit QIAGEN 217004

5xAll-In-One RT MasterMix Kit Abm G485

PowerUp™ SYBR™ Green Master Mix ThermoFisher A25742

Novex™ WedgeWell™ 10%, Tris-Glycine gel ThermoFisher XP00100PK2

Nitrocellulose Membrane, 0.45 pm Bio-Rad 1620115

Pierce™ BCA Protein Assay Kit ThermoFisher 23225

RIPA Buffer Boston Bioproducts #BP-115

Halt™ Protease and Phosphatase Inhibitor Cocktail ThermoFisher 78441

24 mm Transwell® with 8.0 pm Pore Polycarbonate Membrane Corning 3428

Insert

Deposited data

TCGA breast cancer dataset TCGA-BRCA https://portal.gdc.cancer.gov/projects/
TCGA-BRCA

Experimental models: Cell lines

MDA-MB-231 ATCC HTB-26

ErbB2 parental and brain metastatic cell lines

MDA-MB-231parental and metastatic cell lines

Joan Massague laboratory

Ichiro Nakano laboratory

Muller et al. 1988; Valiente et al. 2014
Yamashita et al. 2020

MCF7 ATCC HTB-22
Experimental models: Organisms/strains
Mouse: Athymic Nude-Foxn1nu Envigo 6904F

Oligonucleotides

Primers for qPCR, see Table S1

MGH primerbank

https://pga.mgh.harvard.edu/primerbank/

Recombinant DNA

pLKO.1-puro Mammalian shOR5B21 Transduction Particles
pLKO.1-puro Mammalian shRNA Control Transduction Particles
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Sigma
Sigma

TRCN0000203498
SHCO16

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
pLenti-GllI-CMV-GFP-2A-Puro-OR5B21 Abm LV247930
pLenti-CMV-GFP-2A-Puro-Blank Vector Abm LV590

Software and algorithms

imageJ National Institutes of Health https://imagej.nih.gov/ij/

Graphpad prime 7.0a Graphpad https://www.graphpad.com/

Adobe lllustrator CS6 Adobe https://www.adobe.com/products/illustrator/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Bakhos A. Tannous (btannous@hms.harvard.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This paper analyzes existing, publicly available data. The accession number and link are listed in the key
resources table. This paper does not report original code. Any additional information required to reanalyze
the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

MDA-MB-231 metastatic cell lines were established and previously reported (Yamashita et al., 2020). In brief, the
metastatic murine model was established via cardiac injection of MDA-MB-231 in immunocompromised mice
and which then produced a series of derivative cell lines from the resultant tumors within the brain (231-BR), lung
(231-LM), and bone (231-BO). The human breast cancer cell line MDA-MB-231 (231P, ATCC, HTB-26), its met-
astatic sublines (231BR, 231LM, 231BO), and MCF7(ATCC, HTB-22) cell line were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. All experiments were performed
with cells passaged <10 times. ErbB2-P activated mouse breast cancer line [generated from FVB-Tg(MMTV-
Erbb2)NK1Mul/J transgenic mice and its brain-seeking clones ErbB2-BrM1 and ErbB2-BrM2 were a kind gift
from Dr. Massague (MSKCC) (Muller et al., 1988; Valiente et al., 2014).

In vivo breast cancer metastasis model

All animal studies were approved by the Massachusetts General Hospital Subcommittee on Research Animal
Care following guidelines set forth by the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. 500,000 231BR cells expressing Fluc were engineered to express shCTRL or shOR5B21 and injected
into the left ventricles of 6-weeks old female athymic nude mice (Chung et al., 2009). The growth/dissemination
of tumors was monitored weekly by bioluminescence imaging after injecting the mice intraperitoneally with
D-luciferin (150mg/kg body weight; Gold Biotechnology) using a Xenogen IVIS 200 Imaging System
(PerkinElmer), and quantifying image intensity using Living Image software 4.3.1 (PerkinElmer). We defined a
metastatic event as any detectable luciferase signal above the background.

METHOD DETAILS

Plasmid transfection and lentiviral transduction

Lentiviral vectors expressing shRNA for OR5B21 and shCTRL were purchased from Sigma (SIGMA
TRCNO0000203498; sequence: CCGGCTATGGCACAATCATCTTCATCTCGA GATGAAGATGATTGTGC
CATAGTTTTTTG). Overexpression of OR5B21 was achieved by lentivirus vector expressing this receptor
under the control of a constitutively active promoter (Abm, LV247930, NM_001005218). Lentivirus vector
stocks were produced by triple transfection of 293T cells with the lentivirus vector plasmid, the packaging
genome plasmid (pCMVAR8.91) and plasmid encoding the vesicular stomatitis virus envelope glycoprotein
(PVSV-G); viral particles were collected from conditioned medium, concentrated by ultracentrifugation,
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and tittered as transducing units per ml (Maguire et al., 2013). Cells were transduced with each of these
lentivirus vector at a multiplicity of infection of 10 transducing units per cell in the presence of 10 ug/ml
of polybrene and OR5B21 transcript abundance was analyzed 48 hrs post-transduction by gPCR.

Cell invasion/migration assay

For scratchy invasion assay, cells engineered with shOR5B21 or shCTRL or to overexpress OR5B21 were
starved for 18 hrs in DMEM containing 1% FBS and seeded at 5 x 10° cells/well in a six-well plate until form-
ing a monolayer. A 200ul pipette tip was used to create a scratch wound, and the medium was immediately
refreshed. Cells migrating from the leading edge were photographed at different time points using phase-
contrast microscopy. The wound healing area was measured in a 10x field using ImageJ (National
Institutes of Health). For transwell migration assay, Matrigel matrix (Corning, 356234) was thawed at 4°C
overnight, and diluted in DMEM (1:1). Next, each transwell insert (8um pore size, Corning) was coated
with 300ul of diluted Matrigel matrix and incubated at 37°C for 1 hour. 20%FBS DMEM was added to
the lower chambers as chemoattractant. MDA-MB-231 cells were trypsinized, resuspended in 1%FBS
DMEM and seeded in Matrigel matrix coated transwell inserts with a final density of 1 x 10%/well. 48 hrs
later, transwell inserts were washed with PBS and upper side of inserts were gently swabbed by cotton
swabs, cells that migrated to the bottom well were fixed in 20% methanol stained with 1% crystal violet
(Sigma) and imaged under a microscope.

Cell viability assay

For colony formation assay, MDA-MB-231 cell lines engineered with shOR5B21 or shCTRL or to overex-
press OR5B21 were seeded with density of 1,000/well in é-well plate. In 14 days, the cells were fixed in
20% methanol and stained with 1% crystal violet (Sigma). Colony images were captured under microscope
and the colony was defined to consist of at least 50 cells. Using secreted Vluc reporter assay to monitor cell
viability were established and previously reported. In brief, OR5B21 was knocked down in 231BR cells ex-
pressing Vargula hilgendorfii luciferase (Vluc) under a constitutively active SV40 minimal promoter, and cell
proliferation was measured over time by evaluating the Vluc levels in 50 puL conditioned medium using 50 pL
vargulin substrate (5 ng mL™"; Nanolight).

Western blotting

Total protein was extracted from cells using RIPA buffer (Boston Bioproducts) containing 1x protease/
phosphatase inhibitors cocktails (ThermoFisher) and quantified using the BCA reagent kit (ThermoFisher).
Thirty pg of protein were electrophoresed in 10% Novex™ Tris-Glycine Gels (ThermoFisher), transferred to
nitrocellulose membranes (Bio-Rad) followed by blocking in 5% non-fat milk in TBS/0.1% TWEEN for 1 hour.
Membranes were then probed overnight with the primary antibody in TBS/0.1% TWEEN. The primary an-
tibodies used were: Phospho-pé5 and total pé5, phospho-STAT3 and total STAT3, C/EBP-B, and B-Actin as
a loading control (Cell Signaling). Corresponding secondary antibody-HRP conjugate were used (Cell
Signaling). Proteins were visualized using SuperSignal™ West Pico PLUS Chemiluminescent Substrate or
SuperSignal™ West Femto PLUS Chemiluminescent Substrate (ThermoFisher).

RNA isolation and RT-qPCR

Cell pellets were collected, and RNA was isolated using RNeasy Mini Kit (QIAGEN). 2 ng total RNA from
individual samples were reverse transcribed into cDNA using 5XAll-In-One RT MasterMix Kit (Abm).
Expression of different genes was analyzed by quantitative real-time PCR using specific primers, with
B-actin mRNA as an internal control using a QuantStudio 3 PCR system (Applied Biosystems) with SYBR
Green Master Mix (ThermoFisher). Primer sequences are listed in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism v7.0a software (LaJolla, CA) was used for statistical analysis of all data. Graphs and figures
were generated using GraphPad Prism v.7.0a and Adobe lllustrator CS6. All cell culture experiments con-
sisted of a minimum of three independent replicates and were repeated at least three times. The results are
presented as the mean + SEM. A p value less than 0.05 was considered to be statistically significant (*p <
0.05; **p < 0.01; ***p < 0.001). Normality of distribution was verified by applying a Shapiro-Wilks's test for
normality. For analysis between 2 groups, a two-tailed Student’s t-test (unpaired, two tails) was used. For
analysis between multiple groups, one-way ANOVA was used. Survival was analyzed using Kaplan-Meier
curves and log rank (Mantel-Cox) tests.
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