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HIGHLIGHTS

o Gli2 correlates with myeloid gene signatures in sequencing data of patient tumors.
e HPI-1 treatment alters transcription and secretion of cytokines, including M—CSF.
o This altered secretory profile induces a proinflammatory phenotype in monocytes.

ARTICLE INFO ABSTRACT
Keywords: The establishment and progression of bone metastatic breast cancer is supported by immunosuppressive myeloid
Breast cancer populations that enable tumor growth by dampening the innate and adaptive immune response. Much work

Bone metastasis remains to understand how to target these tumor-myeloid interactions to improve treatment outcomes. Non-

xl):ﬁ, Ciﬁte canonical Hedgehog signaling is an essential component of bone metastatic tumor progression, and prior liter-
C}Z(okine ature suggests a potential role for Hedgehog signaling and its downstream effector Gli2 in modulating immune

M-—CSF responses. In this work, we sought to identify if inhibition of noncanonical Hedgehog signaling alters the
cytokine profile of osteolytic breast cancer cells and the subsequent communication between the tumor cells and
myeloid cells. Examination of large patient databases revealed significant relationships between Gli2 expression
and expression of markers of myeloid maturation and activation as well as cytokine expression. We found that
treatment with HPI-1 reduced tumor cell expression of numerous cytokine genes, including CSF1, CSF2, and
CSF3, as well as CCL2 and IL6. Secreted CSF-1 (M—CSF) was also reduced by treatment. Changes in tumor-
secreted factors resulted in polarization of THP-1 monocytes toward a proinflammatory phenotype, character-
ized by increased CD14 and CD40 surface marker expression. We therefore propose M—CSF as a novel target of
Hedgehog inhibition with potential future applications in altering the immune microenvironment in addition to
its known roles in reducing tumor-induced bone disease.

1. Introduction morbidity and mortality among patients with breast cancer. Although
outcomes have improved in recent decades, patients with metastatic
Metastasis of cancer cells to distant sites is a leading cause of disease at the time of breast cancer diagnosis have a 21% five-year

* Corresponding author.
E-mail address: julie.rhoades@vumc.org (J.A. Rhoades).

https://doi.org/10.1016/j.jbo.2024.100625

Received 6 May 2024; Received in revised form 23 July 2024; Accepted 24 July 2024

Available online 28 July 2024

2212-1374/© 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:julie.rhoades@vumc.org
www.sciencedirect.com/science/journal/22121374
https://www.elsevier.com/locate/jbo
https://doi.org/10.1016/j.jbo.2024.100625
https://doi.org/10.1016/j.jbo.2024.100625
https://doi.org/10.1016/j.jbo.2024.100625
http://creativecommons.org/licenses/by-nc-nd/4.0/

N.E. Bennett et al.

survival rate[1]. Bone is the most common site of breast cancer metas-
tasis among most subtypes[2]. In fact, in patients diagnosed with Stage
IV breast cancer, over 50% have evidence of bone metastases at the time
of diagnosis[3]. Anti-resorptive medications, such as bisphosphonates
and receptor activator of nuclear factor-xB ligand (RANKL) inhibitors,
are a mainstay of treatment for patients with bone metastases for
reducing morbidity associated with bone destruction[4]. However, bone
metastasis is considered to have no cure[5], emphasizing the importance
of understanding the unique interactions within the bone microenvi-
ronment between tumor cells and neighboring populations.

Over half of patients with bone metastases experience skeletal-
related events (SREs), such as bone pain, fracture, and spinal cord
compression[6,7]. This is due to tumor-induced bone disease (TIBD)
caused by aberrant regulation of homeostatic bone remodeling pro-
cesses. The osteolytic lesions characteristic of bone metastatic breast
cancer result from tumor cell secretion of parathyroid hormone-related
protein (PTHrP), which is regulated by the transcription factor Gli2,
inducing osteolytic bone destruction and tumor growth[8]. This tran-
scription factor is overexpressed in breast cancer bone metastases[9].
While Gli2 is canonically a downstream effector of the Hedgehog
pathway, which is important in limb and skeletal development[10], its
actions in bone metastatic breast cancer are via a noncanonical mech-
anism in which Gli2-mediated PTHrP expression is driven by TGF-p
signaling through TGF-f receptor type II[11] and SMAD activation[12].
This is further supported by a pan-cancer patient data analysis demon-
strating that in Gli-expressing tumors, Gli expression is more closely
correlated to TGF-p genes than canonical Hedgehog signaling genes[13].
This cycle feeds back upon itself as TGF-p plays a direct transcriptional
role in increasing Gli2 expression by binding a TGF-p-responsive
sequence in the Gli2 promoter[14]. Targeting this noncanonical
Hedgehog pathway by inhibiting Gli2 has therapeutic benefit in
reducing TIBD, using both genetic[11,15]and drug[9,16] targeting
strategies.

Despite the fundamental importance of Gli2 and noncanonical
Hedgehog signaling in the growth of bone metastases, there has been
little work studying its role in the crosstalk between tumor cells and
other cells in the bone microenvironment. However, recent studies have
demonstrated the potential role of Gli2 in modulating the immune
microenvironment. For example, Gli2 activation is associated with an
increase in IL-4, IL-6, IL-10, and TGF-p[17-20]. In fact, Gli2 has been
shown to bind the promoter for IL-6[20] and an enhancer site for IL-4
[17]. A recent study in pancreatic cancer demonstrated that fibroblast
Gli2/Gli3 knockout results in differential cytokine expression, leading to
a reduction in tumor-supportive myeloid-derived suppressor cells
(MDSCs) and mature immunosuppressive macrophages[21]. These
processes are of particular interest in bone metastatic breast cancer,
given the importance of Gli2 and noncanonical Hedgehog signaling in
driving disease. Work from our lab and others has demonstrated that
MDSCs[22,23] and tumor-infiltrating macrophages[24] are important
for the establishment and outgrowth of bone metastatic breast cancer.
This work underscores the potential of using Gli2 and noncanonical
Hedgehog inhibition as an avenue for modifying tumor cell-myeloid
relationships.

In this study, we hypothesized that inhibition of noncanonical
Hedgehog signaling modifies cytokine expression by osteolytic breast
cancer cells, thereby altering tumor cell-myeloid cell interactions. We
evaluated this hypothesis through multiple approaches, including bio-
informatic analysis of patient datasets, gene expression and cytokine
assays, and in vitro assays of myeloid response to drug-treated tumor
cells. Identification of novel roles of Gli2 and Hedgehog signaling in
tumor microenvironmental interactions can provide key insights for
future preclinical and clinical studies targeting this niche.
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2. Material and methods
2.1. Bioinformatic analysis

Publicly available bulk RNA sequencing and protein expression data
of patient tumors from the Cancer Genome Atlas (TCGA) - Breast
Invasive Carcinoma cohort (n = 1053) was accessed and visualized
through cBioPortal[25-27]. Co-expression analyses were performed
using cBioPortal, and the Spearman’s correlation of mRNA expression of
key myeloid lineage phenotypic markers versus Gli2 mRNA expression
was calculated. Then, samples were stratified into quartiles based on
level of Gli2 mRNA expression (mRNA expression, RSEM, batch
normalized from Illumina HiSeq RNASeqV2). Subsequent analyses of
TCGA data utilized the top quartile (Gli2 high, mean log2 expression of
121.83-571.31, n = 271) and bottom quartile (Gli2 low, 0.79-37.67, n
= 270). A list of 430 genes related to myeloid differentiation and acti-
vation was compiled based on the following Gene Ontology lists[28-30]
(filtered for human genes, excluded NOT terms, and removed duplicate
genes): GO:0002275 (myeloid cell activation involved in immune
response), GO:0002444 (myeloid leukocyte mediated immunity),
G0:0002274 (myeloid leukocyte activation), GO:0030099 (myeloid cell
differentiation). Significant differences of these genes between the Gli2-
high and Gli2-low groups were calculated using the Student’s t-test with
FDR correction for multiple comparisons. Differences in expression of
cytokine genes and ESR1 expression were similarly calculated. Expres-
sion data of Gli2 across major breast cancer subtypes was also obtained,
with TCGA-normal (normal-like tumor tissue) excluded. Additionally,
data of protein levels measured via reverse-phase protein array (RPPA)
was obtained from TCGA, and estrogen receptor 1 protein expression in
Gli2-low and Gli2-high tumors was evaluated. The Human Protein Atlas
(https://www.proteinatlas.org)[31] was also queried for Gli2, and in-
formation about its expression in immune populations was accessed.
Additionally, further bulk RNA sequencing data was obtained from The
Metastatic Breast Cancer Project (https://www.mbcproject.org/)
[32,33], also via cBioPortal, and Spearman’s correlation of mRNA
expression of key myeloid lineage phenotypic markers and CSF1/CSF1R
versus Gli2 mRNA expression was calculated. Finally, mRNA expression
data of Gli2 and other Hedgehog signaling components in laboratory
breast cancer cell lines and THP-1 cells was collected via the Cancer Cell
Line Encyclopedia (CCLE)[34] (accessed via cBioPortal and the Broad
Institute CCLE portal itself). Breast cancer lines were selected by filtering
for lines marked with the cancer type “Breast Cancer” that had mRNA
expression data available and removing five fibroblast lines from the
resultant list. For analyses comparing Gli2 between ER-negative and ER-
positive cell lines, outliers were removed using the ROUT method.

2.2. Cell culture

The human breast cancer cell line MDA-MB-231 was obtained from
American Type Culture Collection (ATCC), and a bone-metastatic
variant (MDA-MB-231b) was generated as previously described
[9,11,35-37]. Cells were maintained in DMEM (high glucose, pyruvate;
Gibco) supplemented with 10% fetal bovine serum (FBS; Peak Serum)
and 1% penicillin/streptomycin (Corning). The human breast cancer cell
line MDA-MB-436 was also obtained from ATCC and maintained using
the same culture conditions as MDA-MB-231b cells. The human mono-
cytic cell line THP-1 was obtained from ATCC and maintained in RPMI
1640 (Corning) with 10% FBS and 1% penicillin/streptomycin.

2.3. Drug treatments on breast cancer cells

MDA-MB-231b were plated in 6-well plates at a seeding density of
70,000 cells per well and allowed to adhere overnight in DMEM with
10% FBS and 1% penicillin/streptomycin. The following day, media was
changed to serum-free DMEM for 8 hours (h) prior to initiation of drug
treatment. Human recombinant TGF-p1 (R&D Systems) and Hedgehog
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Pathway Inhibitor 1 (HPI-1; Tocris) were reconstituted in sterile filtered
4 mM HCl with 1 mg/ml bovine serum albumin (Sigma-Aldrich) or
DMSO (Sigma-Aldrich), respectively. Cells were treated with TGF-p1
with or without HPI-1 in the following groups: 5 ng/ml TGF-p1, 5 ng/ml
TGF-pl + 1 pM HPI-1, 5 ng/ml TGF-pl + 5 uM HPI-1, and vehicle
control for 24 or 48 hours. MDA-MB-436 cells were treated with 5 ng/ml
TGF-p1 or 5ng/ml TGF-p1 + 5 pM HPI-1 using the same protocol with an
original seeding density of 150,000 cells per well.

2.4. RNA extraction and Quantitative Real-Time PCR

RNA from drug-treated breast cancer cells was collected using
phenol (QIAzol; Qiagen)-chloroform (Fisher Scientific) isolation fol-
lowed by isopropanol (Sigma-Aldrich) precipitation as per QIAzol
manufacturer instructions. Complementary DNA (cDNA) was synthe-
sized from 1 pg RNA using SuperScript VILO Master Mix (Invitrogen).
For standalone PTHLH expression analysis, studies were performed
using TagMan Universal PCR Master Mix (Applied Biosystems) and
TagMan primers for eukaryotic 185 rRNA (4352930E; Applied Bio-
systems) and human PTHLH (Hs00174969_m1, Thermo Fisher). Quan-
titative real-time PCR (qQRT-PCR) was performed on the QuantStudio 7
Pro Real-Time PCR System (Applied Biosystems) using the following
conditions: 2 min at 50°C, 10 min at 95°C, (15 s at 95°C, 1 min at 60°C)
x 40 cycles. Gene expression was calculated using the relative quanti-
fication method (ddCT) with 18S as an endogenous control.

2.5. Custom TagMan PCR array

Tagman Array Plates (Thermo Fisher) were custom-ordered with the
gene expression assays listed in Table S1. ¢cDNA from MDA-MB-231b
cells and MDA-MB-436 cells treated with 5 ng/ml TGF-p1 or 5 ng/ml
TGF-p1 + 5 pM HPI-1 was used for the arrays. Arrays were run on three
biological replicates. cDNA from three technical replicates was pooled
for each biological replicate, combined with TagMan Universal PCR
Master Mix, and added to the array plate with 100 ng of cDNA per well
(one array plate per biological replicate). qRT-PCR was performed as
described above. 18S, ACTB, and GAPDH were included on the arrays as
potential endogenous controls. Gene expression was calculated using the
relative quantification method (ddCT) with 18S as the endogenous
control (selected based on lowest variability between groups and within
replicates).

2.6. Cytokine protein assays

After 48 h of drug treatments as described above, conditioned media
was collected from MDA-MB-231b cells and MDA-MB-436 cells and
centrifuged at 1000 x g for 10 min. Supernatant was collected and stored
at —80°C until ready to use for cytokine assays. MDA-MB-231b samples
were submitted to the VUMC Analytical Services Core for measurement
of cytokines from the MILLIPLEX MAP Human Cytokine/Chemokine
Magnetic Bead Panel (Millipore Sigma). Total protein concentration was
quantified using the Pierce BCA Protein Assay (Thermo Fisher). MDA-
MB-231b and MDA-MB-436 conditioned media samples were then
used for the M—CSF (CSF-1) Human ELISA Kit (Invitrogen), which was
performed per manufacturer instructions.

2.7. Tumor-conditioned media treatments on THP-1 Cells: qRT-PCR

MDA-MB-231b cells were treated with 5 ng/ml TGF-p1 or 5 ng/ml
TGF-p1 + 5 uM HPI-1 as described above. Following 48 h of treatment,
treatment media was removed, and cells were washed with phosphate
buffered saline (Gibco) and cultured in serum-free DMEM for an addi-
tional 24 or 48 h. Cell culture media was centrifuged at 1000 x g for 10
min, and supernatant (tumor-conditioned media, TCM) was collected
and stored at —80°C until ready for use. THP-1 cells were seeded at
250,000 cells per well in a 12-well dish and treated with a 1:1 ratio of
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TCM to complete RPMI (with 10% FBS and 1% penicillin-streptomycin)
as previously described[38,39]. Cells were incubated for 72 h, and
adherent and non-adherent cells were collected in QIAzol for RNA
extraction, cDNA synthesis, and qRT-PCR as described above using
primers for eukaryotic 18S rRNA and those listed in Table S2 (Thermo
Fisher).

2.8. Tumor-conditioned media treatments on THP-1 Cells: Flow
cytometry

THP-1 cells were cultured with 1:1 TCM and RPMI for 3 days as
described above or for 5 days with supplementation of an additional 0.5
ml of 1:1 TCM:RPMI at day 3. Adherent cells were detached from wells
using Accutase (Sigma-Aldrich) and pooled with nonadherent cells from
the same treatment group. 500,000 cells per test were stained for
viability with Ghost Dye Violet 510 (Tonbo) at a dilution of 1:5000
followed by Fc receptor blocking using 1 uL per test of Human Trustain
FcX (Biolegend). Samples and fluorescence minus one controls were
stained using antibodies at dilutions listed in Table S3. Single stain
controls were prepared using compensation beads (Invitrogen). Samples
were fixed with 2% paraformaldehyde, and flow cytometry was per-
formed on the Cytek Aurora spectral flow cytometer (Cytek Bio-
sciences). Analyses were completed using FlowJo software (BD Life
Sciences). Experiments were performed three times. Histograms shown
are representative and were generated in FlowJo.

2.9. Statistical analysis

All statistical analyses were performed using Prism 10.2.0 (GraphPad
Software). Values are presented as mean and standard deviation (SD)
unless otherwise noted in figure captions. Analyses with one target were
performed using the unpaired t-test (*p < 0.05). Analyses with more
than one gene or protein target were performed by multiple unpaired t-
tests with correction for multiple comparisons (FDR, Benjamini-
Hochberg procedure, Q=5%, *q < 0.05). Finally, analyses with more
than two groups were performed using the one-way ANOVA test (*p <
0.05). Outlier testing for in vitro experiments was performed using ROUT
method (Q < 1%). Experiments were performed with three independent
biological replicates unless otherwise specified.

3. Results

3.1. Bioinformatic analysis of patient tumors reveals significant
correlations between Gli2 and myeloid gene signatures

To explore the clinical validity of our research question, we first
sought to identify relationships between Gli2 expression and myeloid
markers in patient tumor databases. Large datasets of bone metastatic
tumors are limited, so we utilized bulk RNA sequencing data of 1053
primary breast tumors in The Cancer Genome Atlas accessed via cBio-
Portal[25-27] (workflow in Fig. 1A). Gli2 mRNA expression was
correlated with a number of key myeloid phenotypic genes, including
early myeloid progenitor markers such as CD33 and CD34 as well as
markers of downstream myeloid differentiation, such as ITGAM
(CD11b), CD14, and CD15 (Fig. 1B). Similar correlations were seen in
primary tumor data from patients with known bone metastasis from the
Metastatic Breast Cancer Project cohort[32,33] (Fig. 1C). Because of
these correlations between Gli2 and myeloid phenotypic markers, we
then analyzed relationships between Gli2 and markers of myeloid acti-
vation and maturation (workflow in Fig. 2A). A list of 430 genes was
compiled based on four Gene Ontology lists[28-30]: GO:0002275
(myeloid cell activation involved in immune response), GO:0002444
(myeloid leukocyte mediated immunity), GO:0002274 (myeloid leuko-
cyte activation), GO:0030099 (myeloid cell differentiation). Patient
samples from TCGA were stratified into Gli2-high tumors (top 25% of
Gli2 mRNA expression) and Gli2-low tumors (bottom 25% of Gli2 mRNA



N.E. Bennett et al.

A
TCGA PanCancer Atlas Breast Invasive Carcinoma
The Metastatic . .
Breast Cancer e Pat;\cﬂegt:svr;t:ezone
Project
B
0.6
c
=] _
®
E 0.4+
s ™
(SNT)
o= |THF=1THHT &
c X
©
S % 024
S
©
1]
Q
5 I
00 T T T 1 1 T 1 L] T 1 1
D ad NP A NGV 0D AV QO
00 @ 00'\-000000\3:
\&\ & <UCTCR
& &

Journal of Bone Oncology 47 (2024) 100625

Calculated correlation of myeloid
lineage genes:Gli2 (RNA)

c
0.6+
< —
s
ko
£ 044
o™
(SN
AR I | F— S ...
cE
g 2 0.2 H
®
[
[«
@ oc 1 1 T T T T 1 E|l 1 T T l
D o Q) P N > QO
S S R T oo™
PRSP PSS EHS S K8
NS RS LELEY
& &
N

Fig. 1. Patient database analysis reveals correlations between Gli2 and markers of myeloid lineage. Among all breast cancer samples in The Cancer Genome
Atlas (TCGA) and among patients with bone metastases in the Metastatic Breast Cancer Project (MBCP), Gli2 is correlated with markers of early myeloid differ-
entiation, such as CD33 and CD34, as well as markers of downstream myeloid subtypes. (A) Flowchart of methods used to analyze patient data from primary breast
tumors from TCGA and MBCP (data accessed through cBioPortal). (B) Spearman’s correlation between mRNA expression of Gli2 and myeloid phenotypic markers
(red = general myeloid lineage, green = myeloid subsets, blue = antibody receptors, purple = antigen presentation) in samples from TCGA. Dashed line at
Spearman’s coefficient of 0.3 (n = 1053 tumors). (C) Spearman’s correlation between mRNA expression of Gli2 and myeloid phenotypic markers in primary tumor
samples from patients with bone metastases in MBCP (n = 84 tumors). Schematic created with Biorender.com. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

expression). Of the 430 genes evaluated, 331 were significantly different
between Gli2-high and Gli2-low tumors (Fig. 2B, top 50 most significant
differentially expressed genes from the myeloid gene list shown in
Table S4). These findings demonstrate a robust relationship between
Gli2 and markers of myeloid populations and their activity. Although
this could be mediated by a number of mechanisms, we predicted that
high Gli2 levels in the tumor may be correlated with cytokine expres-
sion. In Gli2-high tumors, there was increased gene expression of
TGFB1/2/3, CSF1/1R, CCL2, CXCLS8, IL6, and IL10 (Fig. 2C), many of
which are important in bone metastasis or recruitment of immunosup-
pressive myeloid populations[40-42]. Finally, we queried Gli2 through
the Human Protein Atlas[31], which demonstrated that Gli2 is not
detected in bone marrow or circulating immune cells (data not shown).
These are the primary sources of tumor-infiltrating myeloid cells in
primary and bone metastatic breast cancer[24,43], suggesting that the
correlations between Gli2 and markers of myeloid cells or cytokines are
not due to Gli2 in the myeloid cells themselves. Despite the lack of large
databases containing sequencing data from breast cancer bone metas-
tases themselves, data from primary tumors shows promising correla-
tions between tumoral Gli2 levels and myeloid populations, supporting
the validity of exploration at the bench. Differences in cytokines in Gli2
high versus low tumors suggest a potential mechanism that is explored in
vitro in subsequent experiments.

3.2. Hedgehog pathway inhibitor treatment modifies cytokine gene
expression in osteolytic breast cancer cells

To better understand the Gli2-myeloid relationships seen in patient
tumor data, we proceeded with in vitro experiments utilizing a small-
molecule inhibitor of the Hedgehog pathway (Hedgehog pathway

inhibitor 1, HPI-1) to inhibit Gli2-mediated signaling. In patient data,
Gli2 is expressed across the major breast cancer subtypes (Fig. 3A), with
basal tumors having higher Gli2 expression than Luminal B and Her2
tumors. Among all breast tumor subtypes, ESR1 (estrogen receptor 1)
mRNA and protein expression are higher in tumors in the bottom
quartile of Gli2 expression than tumors in the top quartile (Fig. 3B-C).
Similarly, among breast cancer cell lines used in the laboratory, estrogen
receptor (ER)-negative cell lines express significantly higher Gli2 than
ER-positive cell lines (Fig. 3D), aligning with prior work showing that
non-osteolytic cell lines are Gli2-negative and often ER-positive[8].
Because of the limited availability of osteolytic breast cancer lines that
express both Gli2 and ER, we proceeded with in vitro experiments using
two triple-negative cell lines: a bone metastatic variant of the human
breast cancer cell line MDA-MB-231 (MDA-MB-231b), which is well-
established in our lab, and MDA-MB-436 cells, which are also known
to have osteolytic capacity[35]. HPI-1 inhibits Hedgehog signaling by
blocking the activity of the Gli transcription factors downstream of Sonic
Hedgehog ligand or Smoothened[44]. As described above, Hedgehog
signaling in bone metastatic breast cancer cells occurs through a non-
canonical route, bypassing Smoothened and signaling through TGF-
B-driven activation of Gli2[11]. Common osteolytic cell lines used in
research do not express Smoothened and have lower expression of
Patched than non-osteolytic cell lines, and Gli2 (but not Glil and Gli3)
drives expression of PTHrP, a central mediator of TIBD[8,11]. Therefore,
HPI-1 can be used to block noncanonical Hedgehog signaling in these
breast cancer cells.

To identify the optimal dosing strategy, MDA-MB-231b cells were
treated for 24 and 48 h with TGF-p and increasing doses of HPI-1, and
qRT-PCR analysis demonstrated that TGF-f increased PTHLH expression
(gene name for PTHrP), and 1 pM and 5 pM HPI-1 treatment for 48 h
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Fig. 2. Gli2-high tumors have increased expression of myeloid activation and differentiation genes and cytokines important in bone metastasis. (A)
Flowchart of methods used to analyze patient data from primary breast tumors from The Cancer Genome Atlas (TCGA) PanCancer Atlas (data accessed through
cBioPortal). (B) Volcano plot showing mRNA expression of myeloid activation and differentiation genes in tumors with high Gli2 gene expression (top quartile, n =
271 tumors) compared to tumors with low Gli2 gene expression (bottom quartile, n = 270 tumors). Top 50 most significant differentially expressed genes from this
list shown in Table S4. (C) mRNA expression of cytokines in Gli2 high tumors and Gli2 low tumors. Student’s t test with FDR correction for multiple comparisons. *q

< 0.05. Schematic created in Biorender.com.

reduced PTHLH below baseline (Figure S1). Therefore, for subsequent
studies, we utilized TGF-p stimulation for all groups due to its relevance
to the bone metastatic microenvironment, in which its release from the
bone matrix stimulates tumor cell proliferation and increased osteolysis
[45]. Additionally, TGF-f itself increases Gli2 transcription[14], further
propagating bone metastatic disease, so inclusion of TGF-f in the media
of treatment groups is physiologically relevant to the typical microen-
vironment of osteolytic tumors. The HPI-1 dose selected was 5 pM,
which is near the IC50 for inhibition of Gli2-mediated Hedgehog
signaling while remaining sub-cytotoxic[44,46], and TGF-p + HPI-1
treatment was compared to TGF-p + vehicle control.

We treated TGF-p-stimulated MDA-MB-231b cells for 48 h with or
without 5 pM HPI-1 and performed a PCR array for key genes associated
with Hedgehog signaling and tumor-immune interactions (Fig. 4). Genes
that were downregulated and upregulated due to HPI-1 treatment are
shown in Fig. 4A and 4B, respectively. As confirmation of HPI-1
reducing noncanonical Hedgehog signaling, PTHLH expression
decreased in all replicates (Fig. 4A). GLI2 and PTCH1 did not change, but
TGFBR2 significantly decreased. SMO was not expressed in either
treatment group, as expected (Table S5).

Gene expression of numerous cytokines and chemokines signifi-
cantly changed upon HPI-1 treatment. CCL2, IL1B, IL6, and IL23A
decreased (Fig. 4A), whereas CXCL8, IL11, and TNF increased (Fig. 4B).
Notably, gene expression of all three colony stimulating factors (CSF1,
CSF2, and CSF3) significantly decreased with treatment (q = 0.003,
0.0003, and 0.005, respectively). There were several cytokines (CCL5,
CXCL11, IL1A, IL10, and IL12B) that amplified in the TGF-p-only treat-
ment group but did not amplify in the TGF-p + HPI-1 group, suggesting
that treatment with HPI-1 substantially reduced expression of these
genes as well (Table S5). HLA class I genes, B2M (B2 macroglobulin, a
component of HLA class I), and CD274 (PD-L1) did not significantly
change (Fig. 4A), suggesting that HPI-1 treatment may not impact direct
tumor cell interactions with T cells through these mechanisms.

This experiment was also repeated in MDA-MB-436 cells, which
showed similar patterns of altered cytokine expression in response to
HPI-1 treatment (Fig. 5). While PTHLH did not significantly decrease,
GLI1 decreased with HPI-1 treatment, consistent with prior observations
that Gli2 is upstream of Glil in TGF-p-mediated noncanonical Hedgehog
signaling[47]. There were substantial overlaps in immune signaling-
related genes modified by HPI-1 treatment in the MDA-MB-436 cells
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Fig. 3. Gli2 is expressed in all major breast cancer subtypes and has differential expression in cell lines. (A) Gli2 mRNA expression in basal (n = 171), luminal
A (n =499), luminal B (n = 197), and Her2 (n = 78) tumors in TCGA. The normal-like subtype was excluded from analysis. (B) and (C) show estrogen receptor 1 gene
(ESR1) and protein expression, respectively, in tumors in the top and bottom quartiles of Gli2 expression (protein data available for 205 Gli2-high tumors and 223
Gli2-low tumors). Estrogen receptor expression is significantly higher in Gli2-low tumors. (D) Gli2 expression in estrogen receptor-negative and —positive cell lines in
the Cancer Cell Line Encyclopedia was queried using cBioPortal, and outliers were omitted. ER-negative lines (n = 28) have significantly higher Gli2 expression than
ER-positive lines (n = 15). Heavy dashed line in violin plots represents median. Solid line in (D) represents mean. *p < 0.05, ***p < 0.0005, ****p < . 0.0001.

compared to the MDA-MB-231b cells shown in (Fig. 4), such as de-
creases in CCL2, IL6, and CSF1/CSF3. Interestingly, there were
numerous cytokine genes that were significantly changed in the treated
MDA-MB-436 cells that did not change in the MDA-MB-231b cells
(including several chemokines such as CXCL10 and CXCL11) as well as
some opposing changes (such as an increase in TNF expression in treated
MDA-MB-231b cells and corresponding decrease in MDA-MB-436 cells).
The remaining genes assayed from Table S1 were not amplified in either
group, except CCL7, IL10, IL12B, and IL13, which were expressed in the
TGF-p-only group but not amplified in the TGF-p + HPI-1 group. Despite
some potential differences in drug response between cell lines, this data
demonstrates that inhibition of noncanonical Hedgehog signaling
modifies gene expression of cytokines in osteolytic tumor cells, war-
ranting further investigation of which cytokines may be mediating in-
teractions between these breast cancer cells and myeloid populations.

3.3. Hedgehog pathway inhibitor treatment induces differential cytokine
secretion by osteolytic breast cancer cells

We then sought to determine if transcriptional changes found in HPI-
1-treated cells resulted in changes in their secreted cytokine profile. We
first performed an enzyme-linked immunosorbent assay (ELISA) for CSF-
1/M—CSF on conditioned media from TGF-p-stimulated MDA-MB-231b
cells treated with or without 5 pM HPI-1. Protein secretion of macro-
phage colony stimulating factor (M—CSF/CSF-1), which was transcrip-
tionally reduced by almost 70% as shown above, was significantly lower
in HPI-1 treated cells (Fig. 6A). Then, the MILLIPLEX MAP Human
Cytokine/Chemokine Magnetic Bead Panel was performed on the same
conditioned media to evaluate presence of a subset cytokines from the
genes assayed above (Fig. 6B). Surprisingly, there were several cyto-
kines which were not detected in the conditioned media (G-CSF/CSF-3,
IL-1a, IL-10, CCL5/RANTES, and TNF-a). However, several of the
detected cytokines that accumulated in the conditioned media followed
similar trends to those seen in the PCR arrays above, albeit with
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Fig. 4. HPI-1 treatment changes expression of key immune signaling-related genes in TGF-p-stimulated MDA-MB-231b breast cancer cells. In addition to
decreasing genes important in Hedgehog activity of osteolytic breast cancer cells (PTHLH, TGFBR2), HPI-1 treatment alters expression of cytokines such as CCL2 and
CSF1/2/3. (A) Genes with decreased expression in HPI-1-treated cells compared to TGF-p only (fold change < 1). (B) Genes with increased expression in HPI-1-
treated cells (fold change > 1). Mean and standard deviation shown. *q < 0.05. Biological replicates from three independent experiments.
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Fig. 6. HPI-1 treatment decreases M—CSF secretion in TGF-B-stimulated MDA-MB-231b breast cancer cells. (A) Conditioned media was collected from treated
cells. ELISA demonstrates decreased M—CSF expression in HPI-1 treated cells. (B) MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel was performed
on the same conditioned media using a subset of targets. Detected proteins show similar trends to transcriptional changes shown in Fig. 4. Mean and standard
deviation shown. *p < 0.05. Biological replicates from three independent experiments. N.D. = not detected.

variability in some groups. The CSF-1/M—CSF ELISA was also per-
formed on conditioned media from treated MDA-MB-436 cells, which
showed similar trends to the MDA-MB-231b cells though not statistically
significant (Figure S2).

These results reaffirm that noncanonical Hedgehog signaling inhi-
bition affects the cytokine milieu from osteolytic breast cancer cells,
particularly M—CSF. The link between noncanonical Hedgehog
signaling and M—CSF/CSF-1 expression is further supported by publicly
available patient tumor sequencing data. In addition to significant dif-
ferences in CSF-1 and CSF-1R in Gli2 high versus low tumors in Fig. 2C,
among primary tumor samples from patients with known bone metas-
tasis in The Metastatic Breast Cancer Project[25-27,32], there were
strong correlations between Gli2 gene expression and CSF1 and its re-
ceptor (Spearman’s correlation 0.4482 and 0.3807, respectively)
(Figure S3A-B).

3.4. Treatment with tumor-conditioned media from treated osteolytic
breast cancer cells alters the phenotype of human monocytic cells

To determine if HPI-1 treatment-mediated cytokine changes affect
tumor-myeloid cell interactions, THP-1 human monocytic cells were
treated with conditioned media from pretreated tumor cells. Although
MDA-MB-231b and MDA-MB-436 cells showed overlapping cytokine
transcription responses to drug treatment, the change in M—CSF cyto-
kine secretion was only significant in MDA-MB-231b cells (Fig. 6A).
Furthermore, MDA-MB-436 cells have higher baseline Glil expression
than MDA-MB-231 cells in gene expression data from the Cancer Cell
Line Encyclopedia[34], suggesting that HPI-1 effects in MDA-MB-231b
cells may be more Gli2-specific than that in MDA-MB-436 cells, partic-
ularly with the significant decrease in PTHLH in HPI-1 treated MDA-MB-
231b cells (Fig. 4A) not seen in MDA-MB-436 cells (Fig. 5A). Therefore,
subsequent experiments were only performed with MDA-MB-231b cells.
Tumor cells were treated with TGF-p with or without 5 pM HPI-1 for 48
h. Drug treatment was then removed, and cells were cultured for 24 or
48 additional hours in serum-free media to allow cytokines to accu-
mulate. Tumor-conditioned media collected 24 h after TGF-p or TGF-p +
HPI-1 treatment cessation is called T24 pretreat TCM and TH24 pretreat
TCM, respectively. Tumor-conditioned media collected 48 h after TGF-p
or TGF-p + HPI-1 treatment cessation is called T48 pretreat TCM and
TH48 pretreat TCM, respectively. These treatments are detailed in
Table S6. This pretreated TCM was applied to THP-1 cells in a 1:1 ratio

with complete RPMI for 72 h (Figure S4A). Cells were collected, and
RNA was extracted using Qiazol. A small percentage of cells in all
treatment groups were adherent, but the fraction was too small to obtain
adequate sample to analyze adherent and nonadherent fractions sepa-
rately, so all cells within each group were pooled. qRT-PCR analysis
demonstrated that THP-1 cells treated with TH48 pretreat TCM had
higher CD14 expression than cells treated with T48 pretreat TCM
(Figure S4B-C). CD14 is a surface receptor that increases when THP-1
cells are pushed toward a pro-inflammatory phenotype upon PMA
stimulation[48,49]. This suggests that although the other genes tested
were not significantly changed, there may be myeloid population shifts
occurring due to TCM treatment, which may be obscured by evaluating
bulk RNA.

Based on this information, TCM treatment on THP-1 cells was then
repeated for three and five days, and flow cytometry was performed for
key myeloid phenotypic markers. There were no significant differences
in cell count or viability between treatment groups (Figure S5). Live
singlet cells were gated on CD45 to exclude any possible retained tumor
cells in the TCM. There was a significant increase in CD14 expression at
three days of treatment with TH48 pretreat TCM, as previously seen in
via qRT-PCR. However, this effect was dampened after five days of TCM
treatment (Fig. 7A-C). Because CD14 can be considered a marker of
proinflammatory THP-1 polarization[48,49], we then evaluated the
expression of the antigen-presenting cell surface receptor HLA-DR
within the CD144 population (Fig. 7D-F). At three and five days of
treatment, there was no difference in HLA-DR expression between THP-
1 cells treated with TH48 pretreat TCM and T48 pretreat TCM. However,
there was a significant increase in CD40 expression within the HLA-DR+
cells in the TH48 pretreat TCM group after five days of treatment
(Fig. 7G-I). These changes in surface marker expression are indicative of
a more proinflammatory state in monocytes treated with TCM from HPI-
1-pretreated tumor cells.

These effects were not observed in THP-1 cells treated with TCM
from tumor cells 24 h after treatment cessation (T24 and TH24 pretreat
TCM) (Figure S6). This suggests that the secreted factors from HPI-1-
pretreated tumor cells must accumulate in the TCM in order to fully
exert their effects on the THP-1 cells. Furthermore, we evaluated the
expression of CD206, CD163, and PD-L1, all markers of an immuno-
suppressive myeloid phenotype, on CD45+ THP-1 cells (Figure S7).
Cells were not gated on CD14 for this evaluation due to its role as a
marker of a proinflammatory THP-1 cell phenotype[48,49]. After three
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Fig. 7. Conditioned media from HPI-1-pretreated tumor cells increases proinflammatory markers on THP-1 monocytes. (A) Representative histogram of
CD14 (CD45+) expression in THP-1 cells treated for three days with TCM: TH48 pretreat TCM (red) and T48 pretreat TCM (blue). Bar graphs shown for all biological
replicates from (B) three and (C) five days of TCM treatment. (D) Representative histogram of HLA-DR (CD45+/CD14-+) expression in THP-1 cells treated for three
days (E: three days, F: five days). (G) Representative histogram of CD40 (CD45+/CD14+/HLA-DR+) expression in THP-1 cells treated for three days (H: three days, I:
five days). *p < 0.05. Biological replicates from three independent experiments. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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days of TCM treatment, there was no difference among treatment
groups. Interestingly, after five days of treatment, cells positive for these
immunosuppressive markers were too low to reliably measure across all
treatment groups (data not shown).

Finally, the expression of Hedgehog signaling components within the
THP-1 cells themselves was evaluated. Expression data of noncanonical
and canonical Hedgehog signaling components in THP-1 cells versus the
breast cancer cell lines used in this study was obtained from CCLE[34].
This data shows that THP-1 cells have low expression of the Gli protein-
encoding genes as well as the downstream effector used by breast cancer
cells in osteolytic disease, PTHLH. Of the major components of nonca-
nonical Hedgehog signaling evaluated, only TGFBR2 is expressed by
THP-1 cells in comparable amounts to the breast cancer lines
(Figure S8). Therefore, although TGF-p stimulation may play a role in
activating some signaling cascades in THP-1 cells, it is unlikely to acti-
vate noncanonical Hedgehog signaling, and THP-1 cells would not
respond to HPI-1 treatment like the osteolytic breast cancer cells do.
This is supported by data from the Human Protein Atlas showing that
bone marrow and circulating immune cells do not have detectable Gli2
[31]. In total, these results demonstrate that the secretory profile of
MDA-MB-231b cells can be altered by inhibition of noncanonical
Hedgehog signaling, and these changes can support a proinflammatory
phenotype in THP-1-derived monocytes.

4. Discussion and conclusions

Metastasis of breast cancer to bone has a deleterious effect on patient
outcomes and quality of life. Despite great strides in treating the primary
tumor over recent decades, cure for bone metastatic disease remains
elusive due in part to complex interactions within the tumor microen-
vironment. One potential therapeutic avenue is targeting tumor-
immune interactions to attenuate their tumor-supportive phenotype.
Myeloid populations such as myeloid-derived suppressor cells and
tumor-associated macrophages provide a key supportive role in the
establishment and maintenance of bone metastases, and targeting them
shows promise in reducing TIBD[22,24,50]. A better understanding of
the mechanisms that promote these tumor-supportive myeloid pop-
ulations can provide insight into improved treatment strategies.

Breast cancer bone metastatic tumors overexpress the transcription
factor Gli2[9], which plays a key role in the significant bone deterio-
ration characteristic of osteolytic disease[8,11]. Literature in a variety of
disease states has identified methods by which Gli2 or Hedgehog
signaling more broadly may affect immune populations, such as by
altering cytokine expression[17-20], inducing PD-L1 expression
[51,52], or affecting T cell receptor signaling[17,53]. These findings
suggest that noncanonical Hedgehog signaling in bone metastatic breast
cancer cells may play a similar role.

In this study, we sought to identify how inhibition of noncanonical
Hedgehog signaling alters cytokine expression by osteolytic breast
cancer cells and to explore how the phenotype of myeloid cells changes
in response to this differential tumor cytokine secretion (working model
in Fig. 8). First, we validated the clinical applicability of this question by
analyzing the coexpression of Gli2 and key myeloid population markers
in patient tumor data from TCGA (Figs. 1-2). We found that Gli2 is
correlated with markers of myeloid lineage and phenotype, and Gli2-
high tumors have a preponderance of markers of myeloid activity and
differentiation compared to Gli2-low tumors. Furthermore, Gli2-high
tumors had higher levels of numerous cytokines that can be involved
in recruiting anti-inflammatory, tumor-supportive myeloid populations.
These findings supported our goal of identifying how inhibition of
noncanonical Hedgehog signaling in tumor cells may alter their cytokine
profile.

Because Gli2 is overexpressed in bone metastatic tumors[9] and in-
creases TIBD through its expression in the tumor cells themselves[11],
we focused our studies on inhibiting noncanonical Hedgehog signaling
in vitro. While Gli2 is expressed among the major breast cancer subtypes,
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among Gli2-expressing cell lines, estrogen receptor-negative lines pre-
dominate (Fig. 3). Acknowledging this limitation of available cell lines,
we proceeded with two triple-negative lines: a bone metastatic variant
of the human breast cancer cell line MDA-MB-231 in addition to another
known osteolytic breast cancer line, MDA-MB-436. Treatment with HPI-
1 altered the expression of numerous cytokines, including several known
to be involved in TIBD (Figs. 4-5). For example, CCL2 recruits monocytes
to the bone metastatic site, where they become tumor-supporting mac-
rophages[24], and I1-6 increases osteolysis by activating signaling cas-
cades both in tumor cells and osteoblasts[54].

Among the most notable cytokine expression changes was the
reduction in expression of the colony stimulating factors (CSF1, 2, and
3). CSF-1 (M—CSF) is of particular interest due to previous studies
suggesting its importance in TIBD. In fact, the activities of CSF-1 and its
receptor are known to be important in the differentiation and activity of
osteoclasts[55,56], and blockade of this signaling axis reduces M2-like
tumor-associated macrophages (TAMs) and osteoclast activity[57] as
well as tumor burden[24,58]. In addition to a significant reduction of
CSF1 gene expression due to HPI-1 treatment, protein levels of this
cytokine decreased in the conditioned media of treated MDA-MB-231b
cells (Fig. 6). This further supports the hypothesis that inhibition of
noncanonical Hedgehog signaling may alter the composition of cyto-
kines released by tumor cells, thereby altering the ability of the tumor
cells to induce tumor-supportive myeloid populations.

Finally, THP-1 human monocytes were treated with tumor-
conditioned media from MDA-MB-231b cells pretreated with TGF-f
with or without 5 pM HPI-1. Gene expression of the cell surface marker
CD14 increased with HPI-1-pretreated TCM as measured by qRT-PCR,
suggesting a potential phenotypic shift (Fig. 4). This was characterized
in more detail by flow cytometry, which demonstrated that TCM from
tumor cells pretreated with HPI-1 induced higher CD14 surface
expression in THP-1 monocytes as well as an increase in CD40+ cells
within the antigen-presenting HLA-DR+ population (Fig. 7).
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Interestingly, the increase in CD14 occurred at an earlier timepoint
(three days of TCM treatment), whereas the increase in CD40 occurred
later (five days). This may reflect a trajectory along proinflammatory
polarization, but other factors may be involved, such as increasing cell
density over the course of treatment. This proinflammatory polarization
of the THP-1 monocytes may be due to the reduction of M—CSF in the
conditioned media of HPI-1-treated MDA-MB-231b cells. Although
M—CSF is notable for recruiting monocytic populations to tumors and
can induce maturation along the myeloid lineage, it also can result in an
immunosuppressive phenotype in myeloid cells|59]. Work utilizing
THP-1 cells specifically has shown that M—CSF alone is not sufficient to
induce THP-1 maturation[60], and one study showed that M—CSF does
not affect CD14 expression in THP-1 cells[61]. Therefore, in this model,
we are utilizing CD14 as a marker of proinflammatory polarization in
THP-1 cells alongside CD40. This phenotypic change may be in part due
to reduced M—CSF in the conditioned media but can also be a result of
alterations in secreted factors not explored in our current studies.
Further studies can explore the role of HPI-1 on immunosuppressive
surface markers, which were low in our experiments, to better under-
stand this relationship. Infiltrating monocytes are the primary popula-
tion from which bone metastasis-supporting macrophage populations
originate[24], so the potential of noncanonical Hedgehog inhibition to
polarize these populations toward a proinflammatory phenotype is
promising.

In total, our results suggest that pharmacologic inhibition of non-
canonical Hedgehog signaling in osteolytic breast cancer cells reduces
expression and secretion of immunosuppressive cytokines such as
M-—CSF, and this altered secretory profile induces a proinflammatory
myeloid phenotype in human monocytes. Our lab has previously shown
that pharmacologic and genetic inhibition of this signaling pathway by
targeting Gli2 is effective in reducing tumor cell proliferation and TIBD
[9,50]. The results presented here suggest the potential value of inves-
tigating a therapeutic approach that can have direct anti-tumor effects
but also influence the tumor immune microenvironment. There is also
an opportunity for studying combination therapies, such as inhibition of
the CSF-1/CSF-1R signaling axis, which has been shown to be effective
in TIBD by reducing tumor-supportive myeloid populations, tumor
burden, and bone destruction[57,58,62]. In fact, CSF-1 has been iden-
tified as a downstream target of Glil in pancreatic tissue repair[63], and
our work is the first to our knowledge to link Gli2 or noncanonical
Hedgehog signaling to CSF-1 expression in the context of breast cancer.

We acknowledge that altering tumor-myeloid interactions via
Hedgehog inhibition does not occur in a vacuum, and these findings may
have broader effects in the tumor microenvironment due to the pleio-
tropic roles of cytokines in recruiting and differentiating other immune
populations. Finally, while this study centered around osteolytic breast
cancer cells, these findings may be applicable to other Hedgehog-driven
cancers.
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