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Abstract

Breast cancer cells frequently home to the bone marrow, where they encounter signals that
promote survival and quiescence or stimulate their proliferation. The interleukin-6 (IL-6)
cytokines signal through the co-receptor glycoprotein130 (gp130) and are abundantly secreted
within the bone microenvironment. Breast cancer cell expression of leukemia inhibitory factor
(LIF) receptor (LIFR)/STAT3 signaling promotes tumor dormancy in the bone, but it is unclear
which, if any of the cytokines that signal through LIFR, including LIF, oncostatin M (OSM),

and ciliary neurotrophic factor (CNTF), promote tumor dormancy and which signaling pathways
are induced. We first confirmed that LIF, OSM, and CNTF and their receptor components were
expressed across a panel of breast cancer cell lines, although expression was lower in estrogen
receptor negative bone metastatic clones compared to parental cell lines. In estrogen receptor
positive (ER+) cells, OSM robustly stimulated phosphorylation of known gp130 signaling targets
STAT3, ERK and AKT, while CNTF activated STAT3 signaling. In ER- breast cancer cells,

OSM alone stimulated AKT and ERK signaling. Overexpression of OSM, but not CNTF, reduced
dormancy gene expression and increased ER+ breast cancer bone dissemination. Reverse-phase
protein array revealed distinct and overlapping pathways stimulated by OSM, LIF, and CNTF with
known roles in breast cancer progression and metastasis. In breast cancer patients, downregulation
of the cytokines or receptors was associated with reduced relapse-free survival, but OSM was
significantly elevated in patients with invasive disease and distant metastasis. Together these data
indicate that the gp130 cytokines induce multiple signaling cascades in breast cancer cells, with a
potential pro-tumorigenic role for OSM and pro-dormancy role for CNTF.

Introduction

Breast cancer cells frequently metastasize to the bone marrow, which increases patient
risk of developing skeletal related events such as fracture, hypercalcemia, and spinal cord
compression, and increases mortality :2), Upon dissemination into the bone marrow, breast
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cancer cells may either induce osteolysis or enter a latent period in which they remain
quiescent before emerging as a clinically detectable metastasis (3-5). While patients with
both estrogen receptor positive (ER+) and estrogen receptor negative (ER-) disease develop
bone metastases with similar frequency (~50%) (®), the risk of recurrence is different
between the two subtypes; in ER- tumors, most skeletal recurrence occurs within the first

5 years after diagnosis, while extended periods of tumor dormancy (8-10 years) prior to
skeletal recurrence are more common in ER+ breast cancer (7:8),

One of the signaling molecules identified as a key regulator of tumor dormancy in the
bone is leukemia inhibitory factor (LIF) receptor (LIFR) (), which is also a breast tumor
suppressor and metastasis suppressor (:0.11), Breast cancer patients with lower LIFR levels
in the primary tumor have significantly worse overall survival (%11 and breast cancer
patients who develop bone metastases have significantly lower LIFR levels in the primary
tumor . When LIFR is down-regulated in ER+ breast cancer cells that lie dormant /7
vivo, the tumor cells proliferate and colonize the bone marrow (). This is thought to occur
through loss of STAT3 signaling, since loss of STAT3 phenocopies tumor cell exit from
dormancy in the bone  and was previously identified as a pro-dormancy gene in ER+
breast cancer cells (%12), LIFR is a member of the interleukin-6 family of cytokines, which
induce signaling through the common co-receptor glycoprotein130 (gp130).

There are multiple ligands that form a complex with and initiate downstream signaling
through the LIFR/gp130: LIF, oncostatin M (OSM), and ciliary neurotrophic factor (CNTF).
LIF and OSM can both form a complex with LIFR/gp130, but OSM can also bind to

its cytokine-specific receptor OSM receptor (OSMR). CNTF forms a complex with LIFR/
gp130 and its cytokine-specific, soluble receptor CNTF receptor (CNTFR) (13). While these
cytokines are produced in the bone microenvironment (14-18) and are well documented to
induce STAT3 signaling in breast cancer cells (1%-22) it is unclear which, if any, of these
cytokines provide signaling cues to induce tumor dormancy. Similarly, while LIF and OSM
are known to induce STAT3 signaling (©19.22-24) MAPK/ERK (23.25-27) ‘and AKT signaling
(22.27,28) it js unknown whether these cytokines have differential effects on downstream
pathways in breast cancer, and the effect of CNTF on breast cancer cells has not been
studied at all.

This study therefore sought to establish the baseline expression of the LIFR-binding
cytokines and their receptors in both ER+ and ER- breast cancer cells and their correlation
with patient outcomes, identify differentially activated downstream signaling pathways, and
determine their effect on tumor growth and dissemination to bone.

Materials and Methods

Cell lines

Human breast cancer cells MCF7 and MDA-MB-231, were acquired from ATCC. Human
breast cancer cell line SUM159, were obtained as a gift from the Rutgers Cancer Institute
of New Jersey. Bone-tropic MCF7 (MCF7b) were generated in the Johnson Lab and
created as previously described (29). The bone metastatic variant of the MDA-MB-231
cells (MDA-MB-231b) cells were donated to our lab but was previously established as
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described (%:30.31) D2 0R and D2A1 mouse mammary carcinoma cells were donated by the
Green laboratory at the National Cancer Institute. Polyoma middle T (PyMT)-derived mouse
mammary carcinoma cells were acquired and created by the Anderson laboratory at the
Peter MacCallum Cancer Centre. 4T1 mouse mammary carcinoma cells were acquired from
ATCC and the bone metastatic variant (4T1BM2) as described (32), were obtained as a gift
from the Pouliot laboratory at the Peter MacCallum Cancer Centre.

Cell culture reagents

All cell lines were cultured in DMEM with 10% fetal bovine serum (FBS) and penicillin/
streptomycin (P/S) as previously described (:33). Human SUM159 breast cancer cells, were
cultured in Ham’s F12 medium supplemented with 5% FBS, 5 ug mL™1 and 1 pg mL™1
hydrocortisone.

shRNA Knockdown

Knockdown experiments were performed as previously described (9). For shRNA
experiments 293T cells were transfected with GIPZ lentiviral-LIFR targeting vectors to
produce lentivirus. MCF7 cells were transduced with virus using 5 ug mL™1 polybrene
followed by selection with 1ug/mL puromycin for 3 days.

Stable and Transient Overexpression

MCF7 cells with empty vector and OSM/CNTF overexpression were established

by transduction using these expression plasmids: pCMV3-C-GFPSpark Vector (Sino
Biologcial, Catalog Number CV026), pCMV3-C-OSM-GFP (Sino Biologcial, Catalog
Number HG10452-ACG), pCMV6-AC-GFP (Origene, Catalog Number PS100010) and
pCMV6-AC-CNTF-GFP (Origene, Catalog Number RG222331). Cells were selected using
hygromycin (OSM) and neomycin (CNTF). MDA-MB-231 parental and bone metastatic
cells transiently overexpressing OSM and CNTF were established using previously
mentioned expression vectors. Cells were transfected using Lipofectamine LTX with Plus
Reagent (Thermo Fisher, Catalog Number 15338030) and harvested 36 hours later.

Real-time PCR

Intact femurs and cells were harvested in TRIzol (Life Technologies), extracted, DNA
digested (TURBO DNA-free Kit, Life Technologies), and cDNA synthesized (iScript

cDNA Synthesis Kit, Bio-Rad) using the manufacturer’s instructions. Real-time PCR was
performed using iTagTM Universal SYBR Green Supermix (Bio-Rad) on a QuantStudio 5
(Thermo Fisher) with the conditions previously described (33). For each biological replicate,
three technical replicates were pipetted onto the gPCR plate and averaged for each gene
analyzed. Primers for B2M, B2m, LIFR, SOCS3, THBSI1, TPM1, AMOT, TGF-B2, P4HAI,
HZBK, IGFBP5, miR-190, and SBP56were all previously published ©). Primers for 0SOX1
G4, PDCD4 35 and CDKN1B (35 were previously published by other groups. The primer
for mouse gp130was also previously published (36),

The following primers were designed using PrimerBlast (NCBI) against the human
genome (Homo sapiens) and mouse genome (mus musculus) and validated by dissociation:
LIFF: CCAACGTGACGGACTTCC; LIFR: TACACGACTATGCGGTACAGC; LIfF:
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AACCAGATCAAGAATCAACTGGC; LifR: TGTTAGGCGCACATAGCTTTT,; OSM

F: GGCAGCTGCTCGAAAGAGTA; OSMR: ATAGGGGTCCAGGAGTCTGC; Osm

F: TCATCCTGAGCATGGCACTG: OsmR: CGTGAGGTTCGCCTGATTCT: CNTFF:
GAAGATTCGTTCAGACCTGACTG; CNTFR: AAGGTTCTCTTGGAGTCGCTC; Cntf
F: GCATTTCACCCCGACTGAAG; CntfR: CGCCATTAACTCCTCTAGCTG; GP130

F: GGAGTGAAGAAGCAAGTGGGA; GP130R: AGGCAATGTCTTCCACACGA,; Lifr
F: CTTGCAATGTGCCACTCACT; LifrR: CGAGCACCACTTTGTCTTGA; OSMR

F: ATGCCATCATGACCTGGAAGG; OSMRR: CCTTCACCATGGAGTTCAATCTG;
OsmrF: AAACATGATATTTCAGATAGAGATCAGTAGACT; OsmrR:
CTTATGAAATGTTTGACACACTCCAA; CNTFRF: TTATGGTCTGTGAGAAGGACCC,;
CNTFRR: GCATTGCTGACACTTATGGAGA; CntfrF:
TGTCTACACGCAGAAACACAG; CntfrR: CCCAGACGCTCATACTGCAC;

MSKIF: TTCCTTTGTTGCTCCTTCCATC; MSKIR:
CAACATTTGTCACTCCAGGACG; GATA3F: GCCCCTCATTAAGCCCAAG; GATA3
R: TTGTGGTGGTCTGACAGTTCG, FOXAIF: GCAATACTCGCCTTACGGCT, FOXAI
R: TACACACCTTGGTAGTACGCC; BMP7F. TCAACCTCGTGGAACATGACA; BMP7
R: CTTGGAAAGATCAAACCGGAACT; MAPKI4F. CCCGAGCGTTACCAGAACC;
MAPKI4R: TCGCATGAATGATGGACTGAAAT; MAPKI1I1F:
AAGCACGAGAACGTCATCGG; MAPKIIR: TCACCAAGTACACTTCGCTGA; GAS6
F: GGTAGCTGAGTTTGACTTCCG; GAS6R: GACAGCATCCCTGTTGACCTT; Gapdh
F: AGGTCGGTGTGAACGGATTTG; GapdhR: GGGGTCGTTGATGGCAACA,;. For the
in vitro studies, each target gene was normalized to the expression of the average B2M
(human) or B2m (mouse) expression within the same sample. For the detection of human
cells in mouse samples B2M was normalized to the expression of the average Gapadh
expression within the same sample.

Recombinant proteins

Recombinant human LIF (R&D Systems), human OSM (R&D Systems), human CNTF
(R&D Systems), human CNTFsR (R&D Systems), human IL-6 (R&D Systems), and human
IL-6Ra (R&D Systems) were reconstituted in PBS + 0.1% bovine serum albumin (BSA) at
10-50 pg mL~ and aliquoted for storage at —80°C. For all experiments, human recombinant
proteins were used on human cell lines. Before cytokine treatment, breast cancer cells were
serum starved in DMEM supplemented with 2% FBS overnight and cytokine treatment was
made up in fresh media under serum starved conditions.

Reverse Phase Protein Array

MCF7 breast cancer cells were seeded at 1 x 10° cells per dish (Eppendorf) in a 100mm
plate cultured overnight. The next day, cells were washed with PBS and plates were
reconstituted with DMEM with 2% FBS for serum starvation prior to cytokine treatment as
described in the previous section. After 30 minutes of cytokine treatment, cells were washed
with PBS and 100uLof RIPA buffer (Sigma) with PhosStop (Phosphatase Inhibitor, Roche,
Catalog Number 04-906-845-001) and Protease Inhibitor (Roche/Sigma, Catalog Number
4693159001) and incubated for 30 minutes at 4°C on a plate shaker. Protein concentration
was determined by BCA (Thermo Fisher), adjusted to 1.5pg/uL, mixed with (4X SDS and
beta-mercaptoethanol) and boiled for 5 minutes. Samples remained at -80°C until sent to
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MD Anderson Cancer Center where the samples were processed and analyzed by the RPPA
Core facility (analysis included as Supplemental Tables 1-4).

Western Blotting

Animals

Cells grown in a monolayer on 100mm cell culture dish were rinsed with 1X PBS and
harvested for protein in RIPA buffer supplemented with protease and phosphatase inhibitor.
Protein concentration was determined by BCA assay and 18-20ug protein was loaded onto
an SDS-PAGE gel and transferred to nitrocellulose membranes using standard techniques.
Membranes were probed with antibodies against LIFR (Santa Cruz Biotechnology, C-19,
Catalog Number sc-659, 1:1000), pSTAT3 Y705 (Cell Signaling, Catalog Number 9131,
1:1000), STAT3 (Cell Signaling, clone 124H6, Catalog Number 9139, 1:1000), pSTAT1
(Cell Signaling, Catalog Number 9172, 1:1000), STAT1 (Cell Signaling, Catalog Number
pAKT Ser473 (Cell Signaling, Catalog Number 9271, 1:1000), AKT (Cell Signaling,
Catalog Number 9272S, 1:1000), pERK1/2 Thr202/Tyr204 (Cell Signaling, Catalog Number
9101, 1:1000), ERK1/2 (Cell Signaling, Catalog Number 9102, 1:1000), GAPDH (Cell
Signaling, Catalog Number 2118S, 1:1000), alpha-tubulin (Antibody & Protein Resource

at Vanderbilt University, Catalog Number VAPRTUB, 1:5000), and vinculin (Millipore,
Catalog Number AB6039, 1:10,000). All western blot images were converted to a histogram
rendering for each lane and peaks were converted to the relative percentage for each blot.
Peaks were quantified as adjusted relative density after the relative percentage for proteins of
interest were normalized to the relative percentage of the loading control for the respective
lanes. These values were then plotted and defined as relative protein expression. Original,
uncropped blots are included as Supplemental Figure 12.

All experiments were performed in accordance to the guidelines and regulations of the
Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee (IACUC) at Vanderbilt
University. Experiments were conducted using 4-6-week-old female athymic nude mice
(Jackson, Cat #7850). Mice were implanted subcutaneously with 17p-estradiol pellets as
described (29). The next day, 1 x 108 tumor cells in 50uL volume of sterile PBS + 50%
Matrigel (Fischer Scientific) were injected into the fourth mammary fat pad (n=10 mice/
group). Tumor volume was assessed by caliper measurements. Several mice were found
dead or had to be sacrificed early due to estrogen toxicities and were removed from the final
analysis; all other mice were euthanized 28 days post-inoculation of tumor cells. For the
study, final analysis included n=10 MCF7-pCMV3 (Empty Vector) inoculated mice and n=9
MCF7-pCMV3-OSM (OSM overexpression), n=9 MCF7-pCMV6 (Empty Vector) and n=9
MCF7-pCMV6-CNTF (CNTF overexpression).

Flow Cytometry

One hindlimb was crushed with a mortar and pestle to obtain the bone marrow. PBS (1mL)
was added to the crushed bone marrow and were spun down and washed with PBS to
remove bone debris. Bone marrow (5 x 10° cells) was stained in 100pL of PBS with LIVE/
DEAD™ Fixable Green Dead Cell Stain Kit @488nm (Thermo Fisher Scientific, Catalog
Number L34970, 1:1000) for 15 minutes on ice at 4°C in the dark. Cells were washed with
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PBS and resuspended with 100pL of 1% BSA in PBS with CD298 antibody (BioLegend,
Cat #341704) for 30 minutes on ice at 4°C in the dark. Flow cytometry experiments were
performed in the VUMC Flow Cytometry Shared Resource using the 5-laser BD LSRII and
4-laser BD Fortessa LSRII. Data was analyzed using FlowJo software (FlowJo, LLC) where
bone marrow samples were gated based on forward scatter and side scatter geometry and
PE-CD298 (+) cells were gated using live cells (LIVE/DEAD-Green negative). MCF7 breast
cancer cells were used as a positive control for CD298 stain.

KM-Plotter and GSE Datasets

KM-Plotter graphs were directly produced using the online bioinformatics tool (https://
kmplot.com/) specifically for breast cancer 37). The specific Affymetrix ID for the probes of
interest were LIF (205266 _at), OSM (214637_at), CNTF (208597 _at), LIFR (205876 _at),
OSMR (205729 _at), CNTFR (205723 _at), and GP130 (IL6ST-212195_at). Patients were
split using the automated best-selection-cutoff analysis provided by the KM-Plotter and
median survival between cohorts was computed. No restrictions on analysis were included
except for ER status as indicated by microarray (7) in the stratified analysis. A total of
n=4929 patients were included in the unstratified analysis and in the ER status analysis,
n=3768 ER+ and n=2009 ER- patients were included. The analysis tool has had subsequent
updates since its initial creation, culminating to an increase in the number of patients within
the database (3839 and the integration of several tools for more in-depth patient sample
analysis (40-43)_ Overall, the KM-Plotter total breast cancer patient database includes patient
samples from GSE2603, GSE17705, GSE21653, GSE16446, GSE17907 and GSE19615,
with a grand total of 7830 patient samples.

For the analysis of the GEO datasets, GSE14548 (44) had a total of 66 samples from
fresh-frozen biopsies obtained from the Massachusetts General Hospital. Informed consent
was not applicable because specific patient characteristics and data were unavailable to the
authors of the study. GSE29044 (45) had a total of 124 samples that were collected from
the normal tissue and primary tumors of 109 patients between the ages of 20-62 who
underwent treatment and surgery at the King Faisal Specialist Hospital and Research Center
of Saudi Arabia. The authors of the study focused on breast cancer patients diagnosed with
infiltrating ductal carcinoma (IDC) and ductal carcinoma /n situ (DCIS). Patient cohorts
were stratified by tissue type (normal versus tumor), tumor grade, receptor status, tumor
type (IDC versus DCIS) and age. The probes for each cytokine and receptor that were
available are listed in Supplemental Table 5 for GSE29044 and in Supplemental Table 6
for GSE14548; we analyzed all of the probes for each sample, and all probes had a similar
trend of expression across both GSE datasets. Specific probes were chosen to be displayed
in Figure 8, Supplemental Figure 7, 8 and 11 because they are representative of the larger
probe set for each gene of interest.

Statistics and reproducibility

For all studies, the scatter dot plots indicate the mean of each group and error bars

indicate the standard error of the mean (SEM). All graphs and statistical analyses were
generated using Prism software (Graphpad). All /n vitro assays were performed at least
three independent times, and the replicates for each graph contains one replicate from each
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independent study. If technical replicates were plated these data were averaged prior to
statistical analysis. Data were analyzed for statistical significance using a one-way ANOVA
with Dunnett’s multiple comparisons test or a two-way ANOVA with Tukey’s multiple
comparisons test. For in vitro assays, no statistical method was used to predetermine sample
size. For all analyses p<0.05 was considered statistically significant, and *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

LIFR-binding ligands and receptors are expressed at variable levels in breast cancer cells
and reduced in bone metastatic breast cancer

To determine the endogenous expression levels of gp130 cytokines in breast cancer cells,
we examined a panel of breast cancer cell lines inclusive of multiple molecular subtypes
and species (human and mouse). The human breast cancer cell lines MCF7 (dormant /

low metastatic potential /n7 vivo, estrogen receptor positive, ER+), SUM159 (dormant / low
metastatic potential /77 vivo, estrogen receptor negative, ER-), and MDA-MB-231 (high
metastatic potential /7 vivo, ER-) all expressed L/F, OSMand CNTF (Supplemental Figure
1A-C) at variable levels. Similarly, mouse mammary carcinoma cell lines (low metastatic
potential: D2.0R and PyMT-derived; high metastatic potential: 4T1 and D2A1) expressed
Lif, Osm, and Cntf (Supplemental Figure 1D-F).

Since all the breast cancer cell lines we examined are able to disseminate to the

bone marrow (29-3246:47) ‘and LIFR is a metastasis suppressor (19) and prevents tumor
colonization of bone (), we examined whether there were differences in cytokine expression
between parental and bone-metastatic variants. In comparison to their parental counterparts,
there was no significant difference in L/For CNTFexpression in the bone metastatic
variants of the MCF7 cell line (MCF7b) (2®) or MDA-MB-231 cells (MDA-MB-231b)

(30.31) jn comparison to the parental cell lines (Supplemental Figure 1G, I, J, L), but

OSM was significantly lower in MDA-MB-231b compared to parental cells (Supplemental
Figure 1K; 90%, p=0.0152) and unchanged in MCF7b cells (Supplemental Figure 1H).

The bone-metastatic variants for human breast cancer cell line MDA-MB-231 were run
concurrently with the parental cell lines, which were re-plotted in Supplemental Figure

1J-L for comparison to the bone metastatic lines. In contrast, L/f(82%, p=0.0299), Osm
(86%, p=0.0271), and Cntf(58%, p=0.0076) were all significantly down-regulated in the
bone metastatic variant of the 4T1 mouse mammary carcinoma cell line (4T1BM2) (32)
compared to the 4T1 parental line (Figure 1A—C). Thus, each breast cancer cell line that was
investigated expressed the gp130 ligands at the mRNA level and may therefore be capable of
gp130 autocrine signaling.

Since the tumor cell lines expressed the gp130 cytokines, we next examined the endogenous
receptor levels across all cell lines to determine whether each component of the LIFR/gp130,
OSMR/gp130, and LIFR/CNTFR/gp130 complex is expressed in the breast cancer cells.

In the parental human breast cancer cell lines, GP130, the co-receptor subunit for not

only L/FR, OSMR, and CNTFR but also IL-6 and IL-11 signaling 48-50), was abundantly
expressed in MCF7, SUM159, and MDA-MB-231 cells (Supplemental Figure 2A), and
LIFR, OSMR, and CNTFR were all expressed in the human breast cancer cell lines
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(Supplemental Figure 2B-D), although CATFR expression was much lower across all
cell lines. All the mouse mammary carcinoma cell lines also expressed gp130 and the
cytokine specific receptors, again with particularly low CNTFR expression across all cell
lines (Supplemental Figure 2E-H).

Upon examination of the bone-metastatic cell lines, MCF7b cells had no significant change
in GP130, LIFR, OSMR, or CNTFR (Supplemental Figure 2I-L), nor did MDA-MB-231b
cells compared to the parental cell line (Supplemental Figure 2M-P). In 4T1BM2 cells,
gp130was unchanged (Supplemental Figure 2Q), but L/fr (85%, p=0.0081), Osmr (73%,
p=0.0344), and Cntfr (82%, p=0.0036) were all significantly reduced (Figure 1D-F). Thus,
all of the receptors required for LIFR signaling are expressed in breast cancer cell lines,
although some of the receptors are expressed at lower levels in bone-metastatic cells.

We next examined whether patterns of expression for the cytokines or receptors aligned with
ER status. Upon clustering expression values from Figure 1 and Supplemental Figures 1

and 2 into ER+ and ER- cell lines, there was no significant change in the expression of

LIF, OSM, CNTFor GP130 (Supplemental Figure 3A-D) between ER+ and ER- human
breast cancer cell lines. In contrast, the cytokine specific receptors L/FR (66%, p=0.0224),
OSMR (64%, p<0.0001) and CNTFR (96%, p=0.0006) were all significantly reduced in the
human ER- breast cancer cell lines when compared to the ER+ cell lines (Supplemental
Figure 3E-G). In mouse cell lines, Cntf(44%, p=0.0207) and L/fr (85%, p=0.0390) were
significantly lower in ER- compared to ER+ cell lines, with no significant changes in L/f;
Osm, gp130, Osmr, or Cntfr (Supplemental Figure 3H-N).

The expression of gp130, LIFR, OSMR, and CNTFR in breast cancer cells suggests that
breast cancer cells possess all of the machinery to induce downstream signaling in response
to both autocrine and paracrine-secreted gp130 ligands. Breast cancer cells have been shown
to colonize the osteogenic niche, and it was previously reported that osteoblast lineage cells
express LIF (16.18) osM (7), and CNTF (14.15), along with hematopoietic cell lineages and
stromal cells (31 suggesting that bone-disseminated tumor cells in the osteogenic niche may
be exposed to these signals. We have confirmed that these cytokines are also expressed at the
transcript level in homogenized mouse femora, which include bone marrow (Supplemental
Figure 30).

OSM activates STAT3, ERK, and AKT signaling in MCF7 cells

Since breast cancer cells express the necessary signal transduction machinery for LIFR
signaling, we next examined whether the cytokines induce known gp130 downstream
signaling pathways. LIF, OSM, and CNTF have all been previously reported to activate
AKT, ERK, and STAT signaling (919-2325-28,5253) hyt the relative induction of these
downstream signaling pathways, and in response to CNTF in particular, has not been
explored in breast cancer. While the MCF7 cells have low basal phosphorylated AKT
(pAKT) and ERK (pERK), OSM dramatically activated AKT (up to a 9-fold increase,
p<0.0001) and ERK (up to a 5-fold increase, p=0.0542-0.0001) signaling, while LIF
only activated ERK signaling (up to a 3-fold increase, p=0.0025) above baseline (Figure
2A-C). CNTF alone did not activate either pathway, as indicated by pAKT and pERK
expression, but modestly increased ERK signaling (p=0.0130) when combined with its
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soluble receptor CNTFR (sR), which has been reported to mediate downstream CNTF
signaling in osteoblasts (14). In contrast, LIF, OSM, and CNTF all robustly activated the
STAT3 signaling pathway, as indicated by up to a 37-fold increase in phosphorylated STAT3
(pSTAT3Y705) when compared to PBS control (Figure 2A, D; p=0.0001 — 0.0017). CNTF
and CNTF+sR (CNTFsR) activation of STAT3 signaling was only significant at 15 minutes
(Figure 2D), but still induced pSTAT3 signaling well above baseline at 30 minutes (Figure
2A). Thus, OSM is the most potent signal transducer of AKT, ERK, and STAT3 signaling in
ER+ breast cancer cells.

OSM activates STAT3 and AKT signaling in MDA-MB-231b cells

We and others have previously reported that MDA-MB-231 and MDA-MB-231b cells
express LIFR at the protein level, but that it is non-functional, since treatment with LIF

does not activate downstream STAT3 signaling ©20), While OSM activated AKT in MDA-
MB-231 cells, with up to a 4-fold increase in pAKT, neither LIF, CNTF nor CNTF/CNTFsR
treatment induced pAKT (Figure 2E, F; p=0.0101 — 0.0227). Since MDA-MB-231 cells
have constitutive ERK activation (26), we saw no further enhancement of ERK signaling by
any of the ligands (Figure 2E, G). As previously demonstrated, recombinant LIF did not
activate STAT3 signaling, while OSM dramatically activated STAT3 signaling (Figure 2E,
H; up to 2.41-fold increase, p<0.0001). MDA-MB-231b cells were unresponsive to CNTF
and CNTFsR (Figure 2E-H), consistent with the need for a functional LIFR, which both the
MDA-MB-231 and MDA-MB-231b cells lack (%29), Despite LIFR being non-functional in
the MDA-MB-231b cells, OSM was still able to activate STAT3 signaling, suggesting that
OSM specifically may still be able to induce downstream signaling through LIFR in breast
cancer cells, or that OSM may be able to signal through the OSMR, which was expressed in
both MDA-MB-231 and MDA-MB-231b cells (Supplemental Figure 20). Collectively these
data indicate that OSM is the most potent inducer of downstream signaling in ER- and ER+
breast cancer cells.

LIFR is required for LIF but not OSM induction of downstream signaling

Given that MCF7 cells express both OSMR and LIFR, we next aimed to determine whether
MCFT7 cells retain their responsivity to OSM and LIF when LIFR is knocked down. When
compared to MCF7 non-silencing control (NSC) cells, two distinct MCF7 shLIFR cell lines
(generated from pooled populations of two different shRNAs) had reduced expression of
LIFR (Supplemental Figure 4A-C), as expected. It is important to note that while each cell
line is represented by its own blot, all blots were developed simultaneously for NSC and
shLIFR cell lines at 15 and 30 minutes. LIF (78-89% increase, p=0.0005 — 0.0039), OSM
(81-90% increase, p<0.0001 — 0.0013) and IL-6 (75-86% increase, p=0.0021 — 0.0401),
which was included as a control since it does not require LIFR to signal, significantly
activated STAT3 signaling in MCF7 NSC cells as indicated by pSTAT3 (Y705) levels
(Supplemental Figure 4A, D, E). However, in MCF7 shLIFR cells, LIF activation of STAT3
signaling was no longer significant (Supplemental Figure 4D, E). LIF activation of AKT and
ERK was similarly dampened in the MCF7 shLIFR cells (Supplemental Figure 4A-C, F-I).
In contrast, OSM robustly activated STAT3 and AKT signaling up to a 72-fold increase,
regardless of LIFR knockdown (Supplemental Figure 4A-I; p=0.0001 — 0.0055). OSM
induction of ERK was significantly dampened with LIFR knockdown (Supplemental Figure
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4A-C, H; p=0.2290 — 0.8960). As expected and similar to 1L-6 activation of STAT3, IL-6
stimulation resulted in an increase in AKT (83-95% increase) and ERK (37%-93% increase)
activation when compared to the PBS control, regardless of LIFR knockdown (Supplemental
Figure 4A-C, F-I). OSM therefore remains a potent inducer of downstream signaling even
when LIFR expression is reduced.

OSM promotes spontaneous dissemination of MCF7 cells to the bone

To determine whether autocrine gp130 signaling alters tumor progression and known
dormancy-promoting genes (9, we constitutively over-expressed OSM, LIF, and CNTF in
MCFT7 cells. We chose the MCF7 model for these experiments since they are ER+ and
patients with ER+ disease typically have much longer latency (dormancy) periods prior

to recurrence than patients with ER- disease (5-10 years compared to <5 years) (6.7, and
patients with ER+ breast cancers are also more likely to develop bone-only metastases

(54). We and others have also published that MCF7 tumor cells remain dormant in distant
sites including the lung and bone marrow following inoculation (9:29.33.47.55) The OSM

and CNTF overexpression plasmids had unique plasmid backbones (OSM: pPCMV3, CNTF:
pCMV6) and were each compared to their respective control cell lines expressing the empty
vector. We were unable to generate stable LIF overexpressing cells (data not shown), which
we hypothesize may be due to dormancy induction within the LIF-overexpressing clones.
Overexpression of OSM and CNTF was confirmed by gPCR (Supplemental Figure 5A,

B; 107-fold - p<0.0079, 4000-fold - p<0.0003) in MCF7 cells (OSM-OE and CNTF-OE).
Utilizing these overexpression cells, we sought to determine the role of OSM and CNTF

in primary tumor growth /in vivo, OSM-OE and CNTF-OE or control MCF7 cells were
inoculated into the mammary fat pad of mice with estradiol supplementation (n=10 mice/
group). Over-expressing cells were re-validated for OSM and CNTF overexpression at the
time of inoculation (data not shown). Overexpression of OSM resulted in a modest but
significant increase in primary tumor volume at end point with a trend toward an increase

in tumor weight (Figure 3A&B). We also examined whether tumor dissemination to bone
was impacted by OSM overexpression, using previously published techniques to detect
ultra-low levels of bone-disseminated tumor cells (33). Assessment of tumor burden by gPCR
for the human housekeeping gene B2M did not yield any detectable expression in the
femurs of mice inoculated with either empty vector or OSM-overexpressing cells (Figure
3C) but more sensitive flow cytometric analysis of bone-disseminated CD298+ tumor cells
(33) revealed a significant increase in the number and percentage of CD298+ tumor cells in
the bone in mice inoculated with OSM-overexpressing tumor cells, regardless of whether
tumor burden was normalized to primary tumor weight at sacrifice (Figure 3D-G; p=0.0009
—0.0401). Overexpression of CNTF did not significantly alter primary tumor volume but
modestly increased primary tumor weight at the endpoint of the study (Supplemental Figure
5E, F). There was no change in bone-disseminated tumor burden in mice inoculated with
CNTF-overexpressing tumor cells by either qPCR or flow cytometric analysis, regardless
of whether the data were normalized to primary tumor weight (Supplemental Figure 5G—
K). Of note, a slight trend in increased bone dissemination in CNTF overexpressing

cells was observed; however, this effect was reversed when normalized to final tumor
weight (Supplemental Figure 5H&J). Thus, OSM, but not CNTF promotes ER+ tumor
dissemination to bone.

J Bone Miner Res. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Omokehinde et al. Page 11

Constitutive expression of OSM, but not CNTF, reduces pro-dormancy genes in ER+ breast
cancer cells

To determine whether the OSM-induced increase in bone-disseminated tumor cells may

be due to cells exiting dormancy, we examined expression of pro-dormancy genes in

OSM and CNTF-overexpressing cells. Overexpression of OSM in MCF7 cells (OSM-OE)
significantly reduced the expression of 6/21 pro-dormancy genes (9, including MAPK11
(p38B), BMP7, FOXAL, IGFBP5, PDCD4, and TGFBZwhen compared to the empty
vector expressing control cell line (Figure 4A; 41-97.5%, p<0.05-0.0001). In contrast,

one gene, BMP7, was significantly reduced in CNTF-over-expressing MCF7 (CNTF-OE)
cells (Figure 4B; 20%, p=0.0223). Using the same expression vectors, we transiently
over-expressed OSM and CNTF in MDA-MB-231 parental and bone-metastatic cells to
determine if gp130 signaling alters dormancy related genes in ER- breast cancer cell lines.
Overexpression of OSM (2500-fold, p=0.0188) in MDA-MB-231 parental cells significantly
reduced GAS6 expression (p=0.0064; Supplemental Figure 6A&C); CNTF overexpression
(2400-fold, p=0.0100) did not alter any of the dormancy genes (Supplemental Figure
6B&D). Overexpression of OSM (32,000-fold) in MDA-MB-231b cells significantly
increased SOCS3 (p=0.0417) and MAPK11 (p38p, p=0.0211) (Figure 4C, Supplemental
Figure 5C), but CNTF overexpression (626-fold, p=0.0122) had no effect on any dormancy
genes (Figure 4D, Supplemental Figure 5D). It is therefore possible that OSM reduces
pro-dormancy genes to promote the outgrowth of tumor cells in the bone.

The gp130 cytokines activate novel signaling pathways in breast cancer cells

Previous studies have demonstrated that loss of LIFR in ER+ MCF7 cells leads to

tumor outgrowth in the bone ), but our data indicates that OSM is the most potent

signal transducer and promotes tumor dissemination while repressing dormancy. To further
understand how OSM may be acting as a pro-metastatic factor, we examined the complex
downstream signaling activated by the gp130 cytokines by performing molecular reverse
phase protein array (RPPA) profiling of MCF7 cells treated with recombinant LIF, OSM,
CNTF or CNTF+sR (50ng/ml) for 15 minutes. Of the 496 phospho-specific and total
antibodies tested, 38 proteins were significantly altered in the presence of one of the
gp130 cytokines compared to PBS controls. Our findings highlight the cascade of signaling
pathways activated by the GP130 cytokines L/F, OSM, CNTF, CNTF.CNTF+sR and the
interconnectivity between the downstream signaling proteins in ER+ breast cancer cells
(Figure 5A-F, Supplemental Figure 6E-G). We also analyzed the relative induction of
downstream signaling pathways by one-way ANOVA with multiple comparisons, which
yielded 13 protein targets (Supplemental Figure 6H). OSM specifically activated major
downstream mediators of the AKT, STAT, and ERK signaling pathways (Figure 6A-D),
consistent with our findings in Figure 2, as well as mediators of the mTOR, HSP27, and
Src signaling pathways (Figure 6E-H). LIF also stimulated the Src signaling pathway
(Figure 6H, 7A), while CNTF activated mTOR (Figure 6F), Src (Figure 6H) and MTCO1
(Figure 7B) downstream signaling. Interestingly, there were several pathways that were
negatively regulated by the addition of SCNTFR, including MTCO1, NRAS, PREX1, and
PYGB (Figure 7B-E). Of note, Src signaling was activated by all three cytokines both

in the one-way ANOVA and by the individual cytokine analysis, suggesting this is a key
signaling pathway activated downstream of gp130 in breast cancer. We therefore examined
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Src expression and several downstream signaling targets in the GSE14548 (Supplemental
Figure 7) and GSE29044 (Supplemental Figure 8) datasets. Not all targets were available for
both datasets; however, in both datasets, c-SRC and KRAS were significantly increased

in invasive tumors. p190RhoGAP and NRAS were also significantly increased in the
GSE14548 dataset. Interestingly, p38a (MAPK14) was significantly elevated in both
datasets in the invasive tumors, and STAT3 was increased in GSE14548, both pro-dormancy
factors (912) that are downstream of Src signaling (°6-59)

Expression of the gp130 cytokines and receptors is associated with increased survival in
breast cancer patients

Lastly, we examined whether the expression of these cytokines and receptors were
associated with clinical outcomes in breast cancer patients. Kaplan Meier (KM) Plotter
analysis revealed that relapse-free survival (RFS) was significantly reduced in all breast
cancer patients with lower expression levels of the gp130 ligands or receptors, including
OSM and OSMR, (Supplemental Figure 9; p<0.0001), regardless of whether patients had
ER+ or ER- tumors (Supplemental Figure 10; p<0.0001). Analysis from two additional
independent datasets (GSE14548 and GSE29044 (29)) demonstrated that L/FR mRNA
expression, but not L/F, was significantly reduced in patients with both non-invasive ductal
carcinoma /n situ (DCIS) and invasive ductal carcinoma (IDC) (Figure 8A-B, Supplemental
Figure 11A-B; p<0.0001 — 0.0085). OSMR expression was unchanged in DCIS and

IDC patient samples in the GSE29044 dataset (Supplemental Figure 11C), but OSM was
increased in the GSE29044 dataset (Supplemental Figure 11D), and OSM and OSMR were
significantly increased in DCIS and invasive carcinoma in the GSE14548 dataset (Figure 8C,
D; p=0.0006 — 0.0216). gp130 expression was also reduced in patients with IDC (Figure
8E; p=0.0337) from the GSE29044 data set, but not in the GSE14548 dataset (Supplemental
Figure 11E). CNTF and CNTFR levels were unchanged with breast cancer stage (Figure 8F,
G and Supplemental Figure 11F); CNTF was not included in the GSE29044 dataset.

Discussion

This study explores and characterizes the function of the gp130 cytokines in several breast
cancer cell lines and patient datasets by highlighting the relative expression of the ligands
and cytokine specific receptors, identifying novel signaling pathways activated by the
cytokine family, and assessing the /n vivo outcomes of breast cancer bone colonization
(Figure 8H). We utilized a panel of breast cancer cell lines with varying molecular
characteristics to assess the expression of the gp130 cytokines across multiple subtypes,
including highly metastatic cell lines (e.g. MDA-MB-231, 4T1) and cell lines that are
considered dormant (e.g. MCF7, D2.0R), given the lack of growth and colonization of
distant metastatic sites following inoculation (4:1247.60) Our data indicate that all of the
cytokines and receptors that are required for autocrine or paracrine OSM, LIF, and CNTF
signaling are present in all breast cancer subtypes at the transcript level; however, we

can conclude that expression of the receptors (LIFR, OSMR, CNTFR, and gp130) is
considerably lower in ER- compared to ER+ disease, suggesting that loss of the gp130-
related receptors (not just LIFR, as we previously reported), may be associated with
more aggressive disease. These data are consistent with our previously published work
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demonstrating that LIFR signaling is lower across cells with high metastatic potential (),
which tend to be ER-.

OSM has been shown to induce metastatic characteristics of ER+ breast cancer cells (61),
and is associated with EMT and the detachment of tumor cells (62). In 4T1 triple negative
breast cancer (TNBC) cells, (which lack ER, progesterone receptor/PR, and HER2), OSM
knockdown reduces osteolytic bone destruction and spontaneous metastasis to the spine

(63), Our study suggests that OSM also promotes dissemination of ER- cells to the bone,

but loss of OSM signaling may increase proliferation of bone-disseminated tumor cells,

as evidenced by lower DMFS and the lower expression of OSM we observed in the bone
metastatic clones of both TNBC breast cancer cell lines. While the mechanism by which
OSM downregulation promotes tumor outgrowth remains unknown, OSM increased SOCS3
and p38 signaling specifically in the bone-metastatic MDA-MB-231 cells, suggesting loss of
these signaling pathways as potential mechanisms to explore. Our data also suggests there
may be an inverse correlation between OSM expression in the primary tumor and bone
metastases in patients with TNBC.

In ER+ breast cancer, our data indicate a pattern similar to ER- breast cancer: OSM drives
bone dissemination, but loss of OSM promotes tumor outgrowth in the bone. However, our
data indicate that OSM may be downregulated more frequently in ER- compared to ER+
breast cancer. Thus, while OSM drives dissemination to bone and reduces pro-dormancy
genes in ER+ breast cancer, our data indicate that ER+ breast cancer cells frequently retain
OSM expression and remain dormant in the bone.

The question therefore remains how OSM and LIFR signal together to regulate tumor
progression and dormancy. OSM is a ligand for the LIFR, which acts as a tumor suppressor
(10.11) and pro-dormancy factor in bone (), and OSM appears to be the most potent signal
transducer of all the gp130 cytokines in breast cancer cells. However, OSM promotes bone
dissemination and activates multiple pro-tumorigenic signaling pathways. How, then, does
LIFR suppress tumor progression and emergence from dormancy with OSM inducing these
pro-tumorigenic signaling pathways? The clinical data suggest that OSM expression is
beneficial for long-term patient outcomes. Of note, OSM robustly induces ERK, AKT, and
STAT3 signaling, and STAT3 is a part of an ER+ dormancy signature (12) and promotes
dormancy of ER+ breast cancer cells in the bone (9. Thus, OSM induction of STAT3 may
be the dominant signaling pathway in ER+ tumor cells once they have disseminated to bone.
In the primary tumor, as in our model reported here, the balance may be tipped toward

ERK and AKT or the other pro-tumorigenic pathways we identified, with suppression of
pro-dormancy genes helping to fuel tumor proliferation. It also cannot be ruled out that

our /in vivo findings may be impacted by the immunodeficient mouse model or estradiol
treatment that is required for ER+ xenograft models. Follow-up studies in syngeneic models
will shed light on this, but it is important to note that our studies are consistent with previous
findings that OSM promotes bone colonization in a syngeneic immunocompetent mouse
model (63),

Our findings demonstrate that LIF, OSM, and CNTF all robustly phosphorylate Src (Y527),
but the significance of this is unclear given that the three cytokines do not appear to have
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the same effect on tumor dissemination to bone (OSM promotes, CNTF has no effect, and
LIF is unknown). Despite being in a ‘closed’ confirmation (64-66), SrcY527 gverexpression

in MDA-MB-231 breast cancer cells results in increased bone and lung dissemination, and
osteolytic bone destruction (7). In patient studies, high SrcY>27 expression is significantly
associated with metastatic disease, poor progression-free survival, and significantly worse
bone metastasis-free survival 68:69). This suggests that OSM in particular may promote
metastasis through activation of a SrcY®27 signaling axis; however, given that the pro-
dormancy factor p38a and STAT3 expression were elevated in invasive disease alongside
Src signaling factors, further studies will be necessary to determine the role for Src signaling
downstream of the gp130 cytokines in breast cancer progression and metastasis.

While there are multiple reports of OSM promoting tumor proliferation and bone metastasis
(21,61-63.70) there is relatively little known about the role for OSMR in bone metastasis.
OSM can form a complex with either LIFR/gp130 or OSMR/gp130 %2), and therefore

the effects of OSM and activation of downstream signaling pathways such as STAT3,

ERK, AKT, and Src signaling in breast cancer cells may be mediated through either LIFR
or OSMR, but previous studies have not determined which receptor is responsible. Our

data from shLIFR knockdown cells suggest that OSM may activate STAT3 and AKT
signaling through the OSMR, but activates ERK signaling through both the LIFR and
OSMR; however, LIFR knockdown was incomplete in our model and OSM may therefore
continue to signal through residual LIFR. Indeed, LIF modestly induced STAT3 signaling in
shLIFR cells, and although this did not reach statistical significance, it suggests some active,
residual LIFR persists. Future studies examining the role for OSMR in tumor progression
and whether it is required for OSM induction of downstream signaling will be of interest.

CNTF has been widely studied for its role in the nervous system and neurite outgrowth

(71) and effects on bone formation (14.15), The data presented here is the first to report

the effects of CNTF on breast cancer signaling and tumor progression and suggest that
CNTF may prevent tumor progression and bone metastasis in patients with ER- but not ER+
disease. However, we cannot rule out potential effects of CNTF on later stages of metastatic
progression in ER+ disease, such as regulation of bone colonization by disseminated tumor
cells. Since CNTF preferentially activates STAT3 over AKT or ERK signaling in ER+ cells,
and we previously reported that STAT3 induces dormancy in the bone ©), this suggests

that CNTF may be the most likely of the three cytokines to induce dormancy. This may
also point to a potential role for CNTF/CNTFR in preventing colonization of bone in more
aggressive or later stages of bone metastatic disease.

In conclusion, the gp130 cytokines play a nuanced role in tumor progression and bone
dissemination and activate multiple signaling pathways in breast cancer cells. Our findings
also suggest a potential stimulatory role for OSM in ER+ breast cancer bone dissemination
and a potential inhibitory effect of CNTF on bone metastasis in ER- breast cancer and
emergence from dormancy in ER+ breast cancer. Continued study of these signaling
pathways in breast cancer may uncover novel ways to prevent tumor progression and the
formation of bone metastases.
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Figure 1. Comparison of the relative expression of the gp130 ligandsin parental and bone
metastatic variants of 4T 1 breast cancer cell lines.
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(A-F) gPCR analysis of parental 4T1 and 4T1BM2 cells (bone metastatic) (A) Lif; (B)
Osm, (C) Cntf, (D) Lifr, (E) Osmr, and (F) CntfrmRNA levels normalized to B2M
(housekeeping gene). Student’s unpaired t-test. n=three independent biological replicates.

Boxplots represent mean + interquartile range.
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Figure 2. LIFR-binding ligands activate AKT, ERK, and STAT3 signaling pathwaysin MCF7
and MDA-MB-231 célls.

(A-H) Western blot analysis for pAKTS473, total AKT, pERKT202-204 tota] ERK,
pSTAT3Y705 total STAT3 and vinculin (loading control) after 15 or 30 minute treatment
with PBS, recombinant LIF, recombinant OSM, recombinant CNTF at 50 ng mL™1 and

a 1:10 ratio of CNTF and its soluble receptor CNTF (50:500 pug mL™1) in (A-D) MCF7
and (E-H) MDA-MB-231b breast cancer cells. (A, E) Representative western blot images
for MCF7 and MDA-MB-231b cells treated with the respective cytokines. (B-D, F-H)
Densitometry analysis from western blot images developed from 3 biological replicates of
MCF7 and MDA-MB-231b cells treated with the respective cytokines. One-way ANOVA
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with Sidak’s multiple comparisons. n=three independent biological replicates. Boxplots
represent mean + interquartile range.
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Figure 3. Overexpression of OSM promotes spontaneous dissemination of MCF7 cellsto the
bone.

(A-G) In vivo analysis of MCF7 OSM/CNTF overexpressing cells. n=10 mice/group for
MCF7-pCMV3, n=9 mice/group for MCF7-pCMV3-OSM. (A) Tumor volume by caliper
measurements over 26 days following injection of MCF7-pCMV3 (empty vector), MCF7-
pCMV3-OSM (OSM over-expression). (B) Final tumor weight after sacrifice. (C) gPCR
analysis of BZM expression in homogenized femur from inoculated mice normalized to
mouse Gapah (housekeeping gene). (D, E) Quantification of the total number (D) and
percentage (E) of CD298+ tumor cells detected by flow cytometry in the bone marrow of
inoculated mice. (F, G) Normalization of total number (F) and percentage (G) of CD298+
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cells to final tumor weight. A: Two-way ANOVA with Tukey’s multiple comparisons test.
B-G: Mann-Whitney Test. n=three independent biological replicates. Boxplots represent
mean + interquartile range.
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Figure 4. Overexpression of OSM downregulates the expression of several dormancy genesin
MCF7 but not MDA-M B-231b breast cancer cells.

(A, B) MCFT7 cells with constitutive expression of OSM or CNTF were assessed for mRNA
expression levels of genes associated with dormancy. (C, D) MDA-MB-231b cells with
transient expression of OSM or CNTF were assessed for mRNA expression levels of genes
associated with dormancy. n=3 independent biological replicates. A-H: Student’s unpaired
t-test. n=three independent biological replicates. Boxplots represent mean + interquartile
range.
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Figure 5. The gp130 cytokines activate multiple signaling pathwaysin breast cancer cells.
(A-E) Proteins significantly altered by the gp130 cytokine family evaluated by RPPA

in MCF7 cells treated for 30 minutes with PBS, recombinant LIF, recombinant OSM,
recombinant CNTF at 50 ng mL~1 and a 1:10 ratio of CNTF and its soluble receptor

CNTF (50:500 pg mL~1). Normalized linear protein expression of the significantly regulated
proteins by (A) L/F, (B,C,D) OSM, (E) CNTF, and (F) CNTFsR treatment. One-way
ANOVA with Sidak’s multiple comparisons test. n=three independent biological replicates.
Boxplots represent mean + interquartile range.
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Figure 6. OSM activates several downstream signaling pathwaysin breast cancer cells.
(A-H) Normalized linear protein expression of the significantly regulated proteins in MCF7

cells by OSM. (A) AKT (p<0.0001), (B) AKT2 (p=0.0016), (C) MEK1 (p=0.0123),

(D) STAT3 (p=0.0013), (E) p70-S6K (p=0.0056), (F) Raptor (p=0.0154), (G) HSP27
(p<0.0001), and (H) Src (p=0.0057) were all significantly upregulated by OSM treatment.
One-way ANOVA with Sidak’s multiple comparisons test. n=three independent biological

replicates. Boxplots represent mean + interquartile range.

J Bone Miner Res. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Omokehinde et al.

Normalized
linear expression

O

Normalized
linear expression

Page 28
A Src pY416 / Total Src
1.3 p=0.0366
I
S 1.2- ° °
T n o
ﬁ 8 1.1 o
= °
§ ® 1.0 © e o E
z3 =
£ 0.9
£ 097 o
0.8 1 1 1 1 1
PBS LIF OSM CNTF CNTFsR
MTCO1 C N-RAS
p=0.0233  p=0.0182 p=0.0197
1.6- 2.0
| g o
1.4 8 o % 157 o
o N o s
® S 10
2] b gl g,
L3 52 s
1.0- 2 0.5
§ 8° - =
-O=
0.8 T T T T I 0.0 T T T T T
PBS LIF OSM CNTF CNTFsR PBS LIF OSM CNTF CNTFsR
PREX1 E PYGB p=0.0283

1.4+ p=0.0303 25—
| o o
1.2 o . 2.0
l - ! . 1.5-
1.0 ° e T3
° OIO °°O 80

Normalized
linear expression

f 1.0 o o

0.8 0.5-

0.6 1 I 1 1 1 0.0 1 I 1 I 1
PBS LIF OSM CNTF CNTFsR PBS LIF OSM CNTF CNTFsR

Figure 7. LIF activates SrcY 416 and novel CNTF/CNTFsR signaling activates several previously
unknown downstream effectorsin breast cancer cells.

(A-E) Normalized linear protein expression of the significantly regulated proteins in MCF7
cells by LIF and CNTF/CNTFsR. (A) SrcY416 (p=0.0366) was the only protein upregulated
by LIF alone. (B) MTCOL1 (p=0.0233), (C) N-Ras (p=0.0197), (D) PREX1 (p=0.0303), and
(E) PYGB (p=0.0283) were significantly downregulated by CNTFsR signaling. One-way
ANOVA with Sidak’s multiple comparisons test. n=three independent biological replicates.
Boxplots represent mean + interquartile range.
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Figure 8. Differential expression of the gp130 cytokines and receptorsin clinical patient data
sets.
(A-G) LIF, LIFR, OSM, OSMR, GP130, CNTF and CNTFR mRNA expression in normal,

ductal carcinoma in situ (DCIS) and invasive ductal carcinoma (IDC) patient samples from
GSE14548 (A, B, C, D, F, G) and GSE29044 (E). A-G: One-way ANOVA with Sidak’s
multiple comparisons test. GSE14548: n= (Normal: 28, DCIS: 20, Invasive: 18). GSE29044:
n= (Normal: 36, DCIS: 6, IDC: 67). n=three independent biological replicates. Boxplots
represent mean + interquartile range. (H) Tumor cells that metastasize and colonize the bone
marrow, invade and establish within the endosteal niche resulting in increased interaction
with dormant hematopoietic stem cells (HSCs). Our group and other propose that these
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tumor cells outcompete HSCs for important self-renewal and dormancy-related factors
pertinent for HSC maintenance and survival. In conjunction, gp130 cytokines are expressed
and produced by hemotopoietic lineage cells, osteoblast lineage cells, and stromal cells,
suggesting that tumor cells encounter the cytokines via paracrine cytokine signaling. These
signals then activate STAT3, ERK, AKT, and Src signaling, among other cytokine-specific
pathways, to regulate tumor progression and bone dissemination.
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