CANCER AND
BONE METASTASIS

EDITED BY: Chandi C. Mandal and Julie A. Sterling
PUBLISHED IN: Frontiers in Endocrinology

,frontiers Research Topics


https://www.frontiersin.org/research-topics/6335/cancer-and-bone-metastasis
https://www.frontiersin.org/research-topics/6335/cancer-and-bone-metastasis
https://www.frontiersin.org/research-topics/6335/cancer-and-bone-metastasis
https://www.frontiersin.org/journals/endocrinology

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88963-408-8
DOI 10.3389/978-2-88963-408-8

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: researchtopics@frontiersin.org

Frontiers in Endocrinology

1 January 2020 | Cancer and Bone Metastasis


https://www.frontiersin.org/research-topics/6335/cancer-and-bone-metastasis
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:researchtopics@frontiersin.org

CANCER AND
BONE METASTASIS

Topic Editors:
Chandi C. Mandal, Central University of Rajasthan, India
Julie A. Sterling, Vanderbilt University, United States

Citation: Mandal, C. C,, Sterling, J. A, eds. (2020). Cancer and Bone Metastasis.
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88963-408-8

Frontiers in Endocrinology 2 January 2020 | Cancer and Bone Metastasis


https://www.frontiersin.org/research-topics/6335/cancer-and-bone-metastasis
https://www.frontiersin.org/journals/endocrinology
https://doi.org/10.3389/978-2-88963-408-8

Table of Contents

04

07

15

22

29

38

50

61

70

83

92

100

Editorial: Cancer and Bone Metastasis

Chandi C. Mandal

Osteolytic Breast Cancer Causes Skeletal Muscle Weakness in an
Immunocompetent Syngeneic Mouse Model

Jenna N. Regan, Carter Mikesell, Steven Reiken, Haifang Xu, Andrew R. Marks,
Khalid S. Mohammad, Theresa A. Guise and David L. Waning
Targeting the Metastatic Bone Microenvironment by MicroRNAs
Marie-Therese Haider and Hanna Taipaleenmaki

Soluble and Cell-Cell-Mediated Drivers of Proteasome Inhibitor
Resistance in Multiple Myeloma

Mariah L. Farrell and Michaela R. Reagan

Parathyroid Hormone-Related Protein Negatively Regulates Tumor Cell
Dormancy Genes in a PTHR1/Cyclic AMP-Independent Manner

Rachelle W. Johnson, Yao Sun, Patricia W. M. Ho, Audrey S. M. Chan,
Jasmine A. Johnson, Nathan J. Pavlos, Natalie A. Sims and T. John Martin
Multifaceted Roles for Macrophages in Prostate Cancer Skeletal
Metastasis

Chen Hao Lo and Conor C. Lynch

Androgen Receptor-CaMKK2 Axis in Prostate Cancer and Bone
Microenvironment

Ushashi C. Dadwal, Eric S. Chang and Uma Sankar

The Role of Semaphorin 4D in Bone Remodeling and Cancer Metastasis
Konstantinos Lontos, Juraj Adamik, Anastasia Tsagianni, Deborah L. Galson,
John M. Chirgwin and Attaya Suvannasankha

XRK3F2 Inhibition of p62-ZZ Domain Signaling Rescues
Myeloma-Induced GFI1-Driven Epigenetic Repression of the Runx2 Gene
in Pre-osteoblasts to Overcome Differentiation Suppression

Juraj Adamik, Rebecca Silbermann, Silvia Marino, Quanhong Sun,

Judith L. Anderson, Dan Zhou, Xiang-Qun Xie, G. David Roodman and
Deborah L. Galson

Mechanically-Loaded Breast Cancer Cells Modify Osteocyte
Mechanosensitivity by Secreting Factors That Increase Osteocyte
Dendrite Formation and Downstream Resorption

Wenbo Wang, Blayne A. Sarazin, Gabriel Kornilowicz and Maureen E. Lynch
Advanced Imaging of Multiple Myeloma Bone Disease

Barry G. Hansford and Rebecca Silbermann

Multimodal Treatment of Bone Metastasis—A Surgical Perspective

Henry Soeharno, Lorenzo Povegliano and Peter F. Choong

Frontiers in Endocrinology

3 January 2020 | Cancer and Bone Metastasis


https://www.frontiersin.org/research-topics/6335/cancer-and-bone-metastasis
https://www.frontiersin.org/journals/endocrinology

1' frontiers

in Endocrinology

EDITORIAL
published: 04 December 2019
doi: 10.3389/fendo.2019.00852

OPEN ACCESS

Edited and reviewed by:
Jonathan H. Tobias,

University of Bristol, United Kingdom

*Correspondence:
Chandi C. Mandal
chandicmandal@gmail.com

Specialty section:

This article was submitted to
Bone Research,

a section of the journal
Frontiers in Endocrinology

Received: 15 October 2019
Accepted: 21 November 2019
Published: 04 December 2019

Citation:

Mandal CC (2019) Editorial: Cancer

and Bone Metastasis.
Front. Endocrinol. 10:852.
doi: 10.3389/fendo.2019.00852

Check for
updates

Editorial: Cancer and Bone
Metastasis

Chandi C. Mandal*
Department of Biochemistry, Central University of Rajasthan, Ajimer, India

Keywords: cancer, microenvironment, bone metastases, osteolysis, stromal

Editorial on the Research Topic

Cancer and Bone Metastasis

INTRODUCTION

In spite of great efforts, cancer continues to be a leading cause of mortality and morbidity
nationwide. Recent advances through innovation and discoveries in cancer biology have largely
improved overall survival as well as quality of life in cancer patients. This is through the treatment
of primary tumors, when the tumors are diagnosed at an early stage. The development of cancer
metastases is still a deadly threat to cancer patients. Metastases frequently occur in bone tissue since
it provides fertile nutrients to those disseminated tumor cells which had already traveled to bone
environment. Bone is an active and dynamic tissue which is continuously remodeled by balanced
and coordinated action of bone forming osteoblast and bone resorbing osteoclast cells. Dispersed
tumor cells growing in the bone microenvironment often supply various cytokines/chemokines
to bone resident cells. This eventually disrupts the balanced action between these two types of
bone resident cells. Here, excess osteoclast activity leads to develop osteolytic lesions, whereas
abnormal osteoblast activity drives to develop osteoblastic metastases. Indeed, cancer cells derive
various cytokines (e.g., CSF-1, RANKL, DKK-1, JAGGED 1, etc.) either directly or indirectly
which promote bone metastasis. Thus, the detailed mechanism for understanding the influence
of bone microenvironment and adjacent stromal cells in the development of metastases is of
urgent need. Understanding this process might identify targets in which one could design therapies
for metastatic bone disease. Articles published on the topic “cancer and bone metastasis” have
described important mechanisms and cellular interaction involved in bone metastasis.

INTERACTION BETWEEN CELLS AT METASTATIC NICHE

Osteolytic metastasis increases fracture risk and leads to develop cachexia. Guise TA research group
described herein that this osteolytic metastasis also causes skeletal muscle weakness (Regan et al.).
Increased oxidative stress caused by disseminated cancer cells might accelerate the pathological
process of the sarcoplasmic Ca™™ release from muscle cells to make the muscle weak. This would
further potentiate fracture risk. In depth studies have found an involvement of TGF-$/NOX4/RyR1
signaling in breast cancer osteolyitc induced muscle weakness. In fact, disseminated cancer
cells present in bone environment disrupts bone remodeling by altering the activity of
osteoblast and osteoclast cells. Mechanical loading prevents bone metastasis. Lynch ME research
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work suggested that in bone metastasis, mechanical loading
increases osteocyte dendrite formation and downstream
resorption (Wang et al.). This study further suggested that
loading condition might increase and/or alter soluble factors
(which are yet to be identified) to enhance osteocyte E11
expression and remodeling RANKL/OPG ratio along with
decreasing osteocyte cells. Beside bone cells, various stromal
cells including immune, endothelial, fibroblast, and adipocytes
(directly or indirectly) modulate survival, dormancy, growth of
disseminated cancer cells, and metastatic activity by supplying
various factors and modulating intracellular signals, in addition
to cell-cell interaction. Lynch research team highlighted the
impact of bone resident macrophages on bone metastasis
and cancer cell progression at metastatic sties. The factors
CSF-1 and CCL2 released by disseminated cancer cells, recruit
macrophages to the metastatic environment (Lo and Lynch).
However, these recruited macrophages may polarize into
pro-inflammatory and/or anti-inflammatory depending on the
molecular and cellular components present at the metastatic
niche. These polarized macrophages seem to have various roles
in cancer progression and osteoblast/osteoclast activity. Uma
Sankar research group also emphasized the recruitment of
macrophages to the site of bone metastases by prostate cancer
cells (Dadwal et al.).

CELLULAR SIGNALING FOR TARGET
IDENTIFICATION AND THERAPY

Dadwal et al. outlined how androgen-deprivation therapy
(ADT) not only affects bone health, but promote cancer
resistance probably because of mutations in the androgen
receptor (AR). Such mutations activate downstream CaMKK2
signaling even in the presence of very low androgen levels.
Thus, targeting AR-CaMKK2 seems to be a therapeutic strategy
for metastatic bone disease. Similarly, Suvannasankha group
pointed out that blocking semaphoring 4D (Sema4D) may
prevent osteolytic deposits along with inhibition of cancer
progression both at the primary and metastatic sites (Lontos
et al.). Both Sema4D and its receptor, Plexin Bl are often
deregulated in various cancers. In addition, Sema4D expressed
in mature osteoclast binds to Plexin Bl present on the
osteoblast cell surface. This receptor ligand interaction not
only inhibits osteoblast differentiation, but it also promotes
angiogenesis. Galson DL research team reported that small
molecule inhibitor, XRK3F2, reduced osteoclast activity along
with the suppression of multiple myeloma (MM) growth
(Adamik et al.). Moreover, this inhibitor blocks P62-ZZ domain
signaling to rescue MM-suppressed osteoblast differentiation by
reducing the transcriptional epigenetic repressor of RunX2, a
key osteoblast differentiation factor. Martin TJ research study
suggests that PTHrP might work differentially in disseminated
cancer cells, and in bone osteoblast/osteocyte cells to promote
metastases (Johnson et al.). They suggest that PTHrP potentiates
the growth of cancer cells at the site of osteolytic deposits
by reducing expression of tumor dormancy genes presumably

via PTHR1/cyclic AMP-independent manner; whereas it can
alter bone homeostasis by acting with osteoblast/osteocyte cells
following canonical PTHR1/cyclic AMP signaling pathway.

The bone microenvironment also modulates the level of
various microRNAs and could be targeted by specific metastatic
therapy. In this context, Haider MT research group emphasized
the role of various microRNAs in regulation of metastatic growth
(Haider and Taipaleenmaki). For example; miR-34a, miR-133a,
miR-141, and miR-219 inhibit osteoclast activity, whereas miR-
135 and miR-203 prevent macrometastases. Similarly, miR-
218 and miR-296 increase osteoblast and osteoclast activity,
respectively. Thus, delivery of these microRNAs or antagomiRs
can be used to limit disease progression in metastatic bone
disease. Similarly, Reagah MR research team suggested that
the use of proteasome inhibitors (PI) in controlling multiple
myeloma induced bone disease will be more effective if PI
resistance is overcome (Farrell and Reagan).

ADVANCED IMAGING AND SURGICAL
PERSPECTIVE FOR METASTATIC BONE
DISEASE

However, it is quite difficult to diagnose metastatic bone
disease at an early stage. Silbermann R group suggested that
various advanced imaging techniques including (i) skeletal
survey (SS), (ii) whole body computed tomography (WBCT),
and (iii) positron emission tomography-CT (PET-CT) could be
used for the detection of very small sized osteolytic lesions.
They also emphasized the improved combination of WBCT
and 18F fluoro-deoxyglucose (FDG) PET-CT for visualizing
bone marrow infiltration along with whole body tumor burden
(Hansford and Silbermann). Similarly, both surgical and non-
surgical multimodal treatment strategies are required to deal with
metastatic bone disease. Choong PF research group emphasized
that orthopedic surgeons have a critical role in the decision
making to choose the most effective treatment strategy. This
may depend on the site (e.g., femur, humerus, etc.) and bone
metastasis type (e.g., breast, lung, etc.), since type of implants
and surgical options available will influence the outcome
(Soeharno et al.).

CONCLUSION

In brief, the articles published on the Research Topic “cancer
and bone metastasis” emphasized the importance of various
molecules, different cell types, and crucial signaling pathways
working in various bone metastatic niches, and how they
influence our understanding of metastatic bone disease. This
is in addition to advancing imaging diagnostic techniques
and various surgical options in dealing with such devastating
disease. The Research Topic also suggested various non-
surgical treatment options including proteasome inhibitors,
small molecule inhibitors and microRNAs. Being an editor,
I would like to express my gratitude to all the contributing
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Osteolytic Breast Cancer Causes
Skeletal Muscle Weakness in

an Immunocompetent Syngeneic
Mouse Model

Jenna N. Regan’, Carter Mikesell', Steven Reiken?, Haifang Xu?®, Andrew R. Marks?,
Khalid S. Mohammad', Theresa A. Guise' and David L. Waning®*

" Department of Medicine, Indiana University School of Medicine, Indianapolis, IN, United States, ?Department of
Physiology and Cellular Biophysics, Columbia University College of Physicians and Surgeons, New York, United States,
SDepartment of Cellular and Molecular Physiology, College of Medicine, Pennsylvania State University, Hershey, PA,
United States

Muscle weakness and cachexia are significant paraneoplastic syndromes of many
advanced cancers. Osteolytic bone metastases are common in advanced breast
cancer and are a major contributor to decreased survival, performance, and quality of
life for patients. Pathologic fracture caused by osteolytic cancer in bone (OCIB) leads
to a significant (32%) increased risk of death compared to patients without fracture.
Since muscle weakness is linked to risk of falls which are a major cause of fracture, we
have investigated skeletal muscle response to OCIB. Here, we show that a syngeneic
mouse model of OCIB (4T1 mammary tumor cells) leads to cachexia and skeletal mus-
cle weakness associated with oxidation of the ryanodine receptor and calcium (Ca?*)
release channel (RyR1). Muscle atrophy follows known pathways via both myostatin
signaling and expression of muscle-specific ubiquitin ligases, atrogin-1 and MuRF1. We
have identified a mechanism for skeletal muscle weakness due to increased oxidative
stress on RyR1 via NAPDH oxidases [NADPH oxidase 2 (Nox2) and NADPH oxidase
4 (Nox4)]. In addition, SMAD3 phosphorylation is higher in muscle from tumor-bearing
mice, a critical step in the intracellular signaling pathway that transmits TGFp signaling
to the nucleus. This is the first time that skeletal muscle weakness has been described
in a syngeneic model of OCIB and represents a unique model system in which to study
cachexia and changes in skeletal muscle.

Keywords: breast cancer, osteolytic disease, muscle weakness, immune competent, syngeneic tumor model

INTRODUCTION

Breast cancer is the most common cancer in women (1) and frequently metastasizes to bone in
advanced disease (2). Healthy bone has endocrine functions that are achieved both by active signal-
ing from bone cells such as osteoblasts and osteocytes as well as passive release of cytokines and
minerals stored in the bone matrix. However, in the tumor-bone microenvironment, breast cancer
cells secrete factors that stimulate osteoclast-mediated bone resorption. The increased resorption,
in turn, greatly increases the release of signaling factors from the mineralized matrix, including
TGEP. This further promotes cancer cell invasion, growth, and osteolytic factor production to fuel
a feed-forward vicious cycle that induces more bone destruction (3-6). Increased bone resorption
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Osteolytic Bone Metastases in Immunocompetent Mice

also causes skeletal complications such as bone pain, fractures,
hypercalcemia, and nerve compression syndromes (6).

Skeletal muscle weakness is a debilitating consequence of
many advanced malignancies. Muscle is one of the organ systems
responsive to bone-derived signals. Thus, conditions such as
osteolytic cancer in bone (OCIB) that disrupt the balance of nor-
mal bone resorption (7, 8) may also have detrimental effects on
skeletal muscle. We have recently shown that a significant reduc-
tion in skeletal muscle function occurs in mice with osteolytic
bone metastases from breast, prostate, and lung cancer and in
multiple myeloma (9).

In normal muscle contraction, the ryanodine receptor calcium
(Ca*") release channel (RyR1) is activated, leading to the release
of Ca** from the sarcoplasmic reticulum (SR) and causing muscle
contraction. Ca** is then pumped back into the SR during relaxa-
tion by the sarcoplasmic/endoplasmic reticulum Ca®* ATPase.
Physiological oxidation is a normal signaling mediator in skeletal
muscle whereas pathological oxidation of RyR1 leads to chan-
nel Ca** leak and muscle weakness (10, 11). We have previously
shown that RyR1 oxidation and loss of its stabilizing subunit,
calstabin1 (also known as FKBP12), is a biochemical signature of
RyR1 channel Ca** leak in OCIB (9). This biochemical signature
was also present in skeletal muscle samples taken from patients
with breast cancer that had metastasized to bone, validating the
clinical importance of our model systems. NADPH oxidase 4
(Nox4), a constitutively active oxidase and TGFp target gene, is
the source of reactive oxygen species in our models of OCIB that
lead to skeletal muscle weakness. These data collectively describe
a novel TGFB-Nox4-RyR1 axis responsible for skeletal muscle
weakness in OCIB (9).

The studies described above used human tumor cells, which
made it necessary to perform the experiments in immunocom-
promised mice. Thus, we wondered whether the presence of a
functional immune system would alter the TGFB-Nox4-RyR1 axis
that we identified. The present study addresses this question using
a syngeneic murine model of breast cancer that is osteolytic in
bone (4T1 cells). We have found that mice with 4T1 OCIB develop
profound skeletal muscle weakness and cachexia within 4 weeks
of tumor cell inoculation to bone. SMAD3 phosphorylation, the
relative expression of Nox4 mRNA, and Nox4-RyR1 binding
were higher in muscle from mice with 4T1 OCIB, consistent with
disruption of the TGFB-Nox4-RyR1 axis (9). In addition, skeletal
muscle fiber diameter was reduced, and mRNA expression of the
atrophy-related muscle-specific ubiquitin ligases, atrogin-1 and
MuRF1, were higher in mice with OCIB than non-tumor control
animals. The relative expression of myostatin mRNA, a strong
mediator of muscle atrophy, was also higher in mice with OCIB.
These data indicate that a syngeneic model of OCIB shows both
muscle weakness due to Ca** mishandling and activation of a
muscle atrophy program.

RESULTS
Weight Loss in Mice with 4T1 OCIB

To investigate skeletal muscle changes in an immune competent
model of OCIB, we used 4T1 mouse stage IV breast cancer cells
(12). We inoculated 100,000 cells (non-tumor mice received PBS),

directly into the right tibia of 5-week old female Balb/c mice.
Mice with 4T1 cells in bone exhibit osteolytic lesions as detected
by X-ray (13-15). In our study, we confirmed this result at 4-week
postinoculation (Figure 1A). We also found that mice with 4T1
OCIB had progressive weight loss starting at approximately
14-day postinoculation (Figure 1B). At 4-week postinoculation,
mice with 4T1 OCIB had lower individual skeletal muscle weights
measured following dissection. The extensor digitorum longus
(EDL), tibialis anterior (TA), soleus (SOL), and gastrocnemius
(Gastroc) muscles were dissected from hindlimb contralateral to
the site of inoculation and weighed intact (Figure 1C). Mice with
4T1 OCIB also had lower lean (Figure 1D) and fat (Figure 1E)
content as measured by dual energy X-ray absorptiometry (DXA).
Lean and fat mass was measured both as absolute value at 4-week
postinoculation and as the percentage change over the baseline
reading (Figures 1D,E).

4T1 Osteolytic Bone Lesions Cause
Skeletal Muscle Atrophy

Because mice with 4T1 OCIB lost lean mass, we investigated
known mechanisms of skeletal muscle atrophy. Skeletal muscle
fiber cross-sectional area was lower in mice with 4T1 OCIB
than in non-tumor control mice (Figure 2A). We measured
cross-sectional area from H&E stained histological sections
from the Gastroc muscle dissected from the side contralateral to
tumor cell inoculation. At least 200 fibers were measured from
histological sections taken from three samples from each group.
Mice with 4T1 OCIB also had higher relative mRNA expression
of myostatin, a strong negative regulator of skeletal muscle mass
(16), compared to non-tumor controls (Figure 2B). In addition to
myostatin, we also measured the relative expression of FOXO3a
and its downstream targets atrogin-1 and MuRFI1. The muscle-
specific ubiquitin ligases atrogin-1 and MuRF1 are induced by
FOXO3a by two distinct mechanisms during skeletal muscle
atrophy (17-19). We found that the relative mRNA expression of
FOXO3a, atrogin-1, and MuRF1 were all increased in mice with
4T1 OCIB compared to non-tumor control mice (Figure 2C).

Skeletal Muscle Weakness in Mice with
4T1 OCIB

To determine skeletal muscle function in mice with 4T1 OCIB,
we measured in vivo forelimb grip strength over the course of
the experiment and at 4-week postinoculation we measured
whole muscle contractility of the excised EDL muscle. Mice with
4T1 OCIB developed muscle weakness measured by forelimb
grip strength starting at approximately 3-week postinoculation
(Figure 3A). Whole muscle contractility of the excised EDL mus-
cle showed lower muscle-specific force in tumor-bearing mice
compared to non-tumor control animals (Figure 3B). Specific
force corrects for differences in muscle size between individual
animals and test groups (20). We also observed higher EDL fati-
gability in mice with 4T1 OCIB. Fatigue was tested by repeated
whole muscle tetanic stimulation (Figure 3C). Finally, from
our whole muscle contractility studies we determined the half-
relaxation time of twitch stimulation of the EDL from mice with
4T1 OCIB. Tumor mice had a slower relaxation time compared
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FIGURE 1 | Mouse breast cancer 4T1 osteolytic cancer in bone (OCIB) leads to osteolysis and body weight loss. (A) X-ray analysis revealed large osteolytic lesions
in mice receiving 4T1 cell via intratibial injection at 4-week postinjection. (B) Body weight loss in mice with 4T1 OCIB (percentage change in total body weight over
baseline) (n = 10). (C) Weight loss of individual muscles dissected from the lower hindlimb (n = 10) of mice with 4T1 OCIB; extensor digitorum longus (EDL), tibialis
anterior (TA), soleus (SOL), and gastrocnemius (Gastroc) compared to non-tumor control mice. Dual energy X-ray absorptiometry (DXA) scan revealed loss of both
(D) lean content and (E) fat content in mice with 4T1 OCIB at 4-week postinjection (n = 10). Data are mean + SEM, (B) two-way analysis of variance with Bonferroni

to non-tumor control mice (Figure 3D) indicating dysfunctional
Ca’* handling in muscle.

RyR1 Oxidation in Skeletal Muscle of Mice
with 4T1 OCIB

Increased oxidative stress is a characteristic of advanced breast
cancer (21). Oxidation of RyR1 channels and reduced binding
of the stabilizing subunit, calstabinl, in skeletal muscle result in
pathological SR Ca?* leak that is associated with muscle weakness
(9-11). Indeed, skeletal muscle RyR1 channels from mice with
4T1 OCIB were oxidized, nitrosylated, and depleted of calstabin
compared to non-tumor control mice (Figure 4A). We have
previously shown that a major source of oxidative stress in OCIB
is expression of Nox4 (9), a constitutively active Nox protein.
Nox4 is a TGFp target gene that is upregulated following the
release of TGFpP from the bone matrix during OCIB (9). Mice
with 4T1 OCIB showed higher SMAD3 phosphorylation, indica-
tive of TGFp signaling, compared to non-tumor control mice
(Figure 4B). We also found higher relative mRNA expression of
Nox4 and higher levels of direct Nox4-RyR1 binding compared to
non-tumor control mice (Figures 4C,D). Our data also indicate
an upregulation of NADPH oxidase 2 (Nox2) (Figure 4E) which
could serve as another source of oxidative stress in muscle from

mice with 4T1 OCIB. Nox2 and Nox4 are both induced in response
to TGFf in certain cell types (22), but interestingly, we did not
observe upregulation of Nox2 mRNA in muscle in our previous
studies using human tumor cells in athymic nude mice (9). The
regulation of Nox2 gene expression in muscle represents a differ-
ence between immunocompetent and immunosuppressed mouse
models of OCIB. Nox2 is thought to predominantly function in
phagocytes (23) and activity of these cells in athymic nude mice
may actually be enhanced (24). Thus, the role of Nox2 and Nox4
in OCIB-induced oxidative stress still needs to be determined.

DISCUSSION

Muscle weakness and cachexia are significant paraneoplastic
syndromes of many advanced cancers. In the present study,
we have investigated skeletal muscle weakness in a syngeneic
mouse model of OCIB. Primary mouse 4T1 breast cancers are
highly metastatic, including an affinity for bone, where the
cells are aggressively osteolytic (14). Inoculating 4T1 tumor
cells directly into the bone recapitulates the bone destruction
(Figure 1A), while limiting metastasis to other organs and
allowing investigation of bone to muscle signaling in the setting
of OCIB. While we did observe metastases of 4T1 cells to lung,
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FIGURE 2 | Skeletal muscle fiber size is lower in mice with 4T1 osteolytic cancer in bone (OCIB). (A) Gastrocnemius muscle fiber diameter was lower in mice with
4T1 OCIB (n = 3 histological sections) compared to non-tumor control mice. (B) Relative myostatin mMRNA expression in tibialis anterior (TA) muscle from non-tumor
mice and mice with 4T1 OCIB (n = 6). (C) Relative FOXO3, atrogin-1, and MuRF1 mRNA expression in TA muscle from non-tumor mice and mice with 4T1 OCIB

(n = 6). (A) Data are mean + SEM, error bars in (B,C) represent ddCt + SD propagated to fold change, (A-C) t-test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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the number of cells inoculated and the time postinoculation
were optimized for assessment of skeletal muscle changes in
response to osteolytic lesion development. Importantly, this
syngeneic system allows for the study of pathways important
for changes in both muscle mass and muscle function in animals
with an intact immune system and mimics the bone destruction
and bone-muscle crosstalk that occur in humans with breast
cancer bone metastases (9).

We have previously shown that TGF released from the bone
matrix during osteolysis due to breast cancer bone metastases
causes oxidative stress and skeletal muscle Ca** leak and weak-
ness via the TGFp-Nox4-RyR1 axis (9). This mechanism was
elucidated in athymic nude mice to accommodate the use of
human breast cancer cells (MDA-MB-231, ZR-75-1,and MCF-7),
human lung cancer cells (RWGT2 and A549), human prostate
cancer cells (PC-3), and human multiple myeloma cells (JJN-3).
In addition, mice with MDA-MB-231, MCF-7, A549, or PC-3
bone metastases also develop cachexia that is independent of the
reduction in skeletal muscle function.

While our previous studies strongly implicate bone-to-muscle
signaling as the root cause of the skeletal muscle weakness, we
felt it was important to investigate whether the presence of a
functional immune system significantly alters OCIB-driven
muscle weakness since this represents a major difference between
the mouse models and human patients. In the present study, we

have shown that mice with 4T1 OCIB develop both cachexia and
skeletal muscle weakness. Myostatin expression and activation
of the ubiquitin ligases atrogin-1 and MuRF1 downstream of
FOXO3a are hallmarks of skeletal muscle atrophy (16-19) and
are likely responsible for the cachexia in the 4T1 OCIB model.
In addition, we determined that these immune competent mice
display the same biochemical signature of RyR1 oxidation leading
to skeletal muscle SR Ca®* leak as immunodeficient mice with
human tumor cells (9). The TGFp signal mediator SMAD3 is
phosphorylated in mice with 4T1 OCIB and that the relative
expression of Nox4 mRNA and Nox4-RyR1 binding is higher
than in non-tumor control mice. Overall, these data recapitulate
those described in athymic nude mice and suggest that immune
functionality does not significantly alter OCIB-induced cachexia
or muscle weakness.

MATERIALS AND METHODS

Animals

Female Balb/c mice were obtained from Harlan (Indianapolis,
IN, USA) at 5 weeks of age. All experiments with animals were
performed at the Indiana University School of Medicine (IUSM)
and approved by Indiana University’s Institutional Animal Care
and Use Committee (IACUC).
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FIGURE 3 | Skeletal muscle weakness in mice with 4T1 osteolytic cancer in bone (OCIB). (A) In vivo forelimb grip strength (1 = 10) and (B) excised whole muscle
contractility of the extensor digitorum longus (EDL) muscle (n = 10) were lower in mice with 4T1 OCIB. (C) Skeletal muscle fatigue was higher in mice with 4T1 cells
in bone (percent of maximum force) (n = 10). (D) Half-relaxation time (1/2 RT) was higher in EDL from mice with 4T1 OCIB compared to non-tumor control mice.
Data are mean + SEM, (A,B,C) two-way analysis of variance with Bonferroni post-test, (D) t-test. “p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

Ethics Statement

In all studies, mice were handled and euthanized in accordance
with approved institutional and national guidelines set forth
by the Indiana University IACUC and the Laboratory Animal
Resource Center at the IUSM. This facility is fully accredited by
the American Association for the Accreditation of Laboratory
Animal Care, International and is registered with the USDA as
a Research Facility.

Materials

Antibodies: Anti-RyR (Affinity Bioreagents, cat. no. MA3-916,
Golden, CO, USA; 1:2,000), anti-RyR1 5029 (custom rabbit poly-
clonal antibody raised against the C-terminus of human RyR1,
Yenzyme, South San Francisco, CA, USA; 1:250 for IP), anti-Cys
NO antibody (Sigma, cat. no. N0409, St. Louis, MO, USA; 1:2,000),
anti-calstabin antibody (Santa Cruz Biotechnology, cat. no. sc-6173,
Santa Cruz, CA, USA, 1:2,500), anti-DNP (Oxyblot, cat. no. S7150,
Millipore, Darmstadt, Germany; 1:250), anti-pSMAD3 (Abcam,
cat. no. ab40854, Cambridge, UK; 1:1,000), anti-SMAD3 (Abcam,
cat. no. 52903, Cambridge, UK; 1:1,1000), and anti-Nox4
(Abcam, cat. no. 109225, Cambridge, UK; 1:1,000).

Cell Culture

4T1 breast cancer cells (ATCC, CRL-2539, Manassas, VA, USA)
were cultured in Dulbeccos modified Eagle’s media (Hyclone,
Logan, UT, USA) containing 10% heat-inactivated fetal bovine

serum. Cells were maintained at 37°C with 5% CO, in a humidi-
fied chamber.

In Vivo Models

Intratibial inoculation of tumor cells was performed on 5-week
old female Balb/c mice. Tumor cells were trypsinized, washed
twice in sterile ice cold PBS, and resuspended in ice cold PBS to
a final concentration of 10° cells in 20 pl. Mice were anesthetized
(ketamine and xylazine) and inoculated in the proximal tibia
using a 27-gauge needle. 100,000 cells (or PBS for non-tumor
controls) were inoculated into the right tibia of each animal.
Measurements of muscle weight and muscle function were
done using the hindlimb contralateral to the side of tumor cell
inoculation.

Radiography

The presence of osteolytic lesions was visualized by radiography
on a Kubtec digital X-ray imager (Kubtec, Milford, CT, USA).
Mice were placed in a prone position and imaged at 2.7X mag-
nification. The investigators were blinded to treatment subjects.

Dual Energy X-ray Absorptiometry

Body composition (lean and fat content) was determined using
a PIXImus mouse densitometer (GE Lunar II, Faxitron Corp.,
Tucson, AZ, USA). Mice were anesthetized and placed with limbs
spread on an adhesive tray in a prone position. Measurements
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FIGURE 4 | Skeletal muscle ryanodine receptor oxidation and SMAD3 phosphorylation are higher in mice with 4T1 osteolytic cancer in bone (OCIB). (A) Immunoblot
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were performed and analyzed excluding the calvarium, mandible,
and teeth. Values for lean and fat content were expressed as both a
final absolute value and as a percentage change over the baseline
scan. The investigators were blinded to treatment of subjects.

Grip Strength

Forelimb grip strength was assessed by allowing each mouse to
grab a wire mesh attached to a force transducer (Bioseb, Vitrolles,
France) that records the peak force generated as the mouse is
pulled by the tail horizontally away from the mesh. The investiga-
tors were blinded to treatment of subjects.

Muscle Function

Whole muscle contractility of the EDL muscles was determined
as previously described (9). EDL was dissected from hind
limbs, and stainless steel hooks were tied to the tendons of the
muscles using 4-0 silk sutures, and the muscles were mounted
between a force transducer (Aurora Scientific, Aurora, ON,
Canada) and an adjustable hook. The muscles were immersed
in a stimulation chamber containing O,/CO; (95/5%) bub-
bled Tyrode solution (121 mM NaCl, 5.0 mM KCI, 1.8 mM
CaCl,, 0.5 mM MgCl,, 0.4 mM NaH,PO,, 24 mM NaHCOs,
0.1 mM EDTA, and 5.5 mM glucose). The force-frequency
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relationships were determined by stimulation of 0.5 ms pulses
at 1-150 Hz for 350 ms with rest for 3 min between stimula-
tions. Fatigue of the muscle was determined by calculating the
percentage of maximum force generated at repeated tetanic
stimulations. To quantify the specific force, the absolute force
was normalized to the muscle size (20). The half-relaxation
time was determined during muscle stimulations during
twitch stimulation. The investigators were blinded to treat-
ment of subjects.

RyR1 Immunoprecipitation and

Immunoblotting

RyR1 oxidation and nitrosylation and calstabinl binding
were determined from EDL muscles as previously described
(9). Immunoblots were developed and quantified using the
Odyssey Infrared Imaging System (LI-COR Biosciences,
Lincoln, NE, USA) and infrared-labeled secondary antibod-
ies. Detection of Nox4 (Abcam, Cambridge, UK; 1:1,000) was
from immunoprecipitated RyR1 as described above. Detection
of pSMAD3, SMAD3 (Abcam, Cambridge, UK; 1:1,000 each),
and tubulin (Sigma, St. Louis, MO, USA; 1:500 each) from
mouse muscle was via lysis in NP-40 buffer, and detection
and quantification of immobilized proteins using the Odyssey
Infrared Imaging System. The investigators were blinded to
treatment of subjects.

Semi-Quantitative RT-PCR

Tibialis anterior muscle was lysed by dounce homogenization
in Trizol (Invitrogen) for RNA extraction. One-fifth volume
chloroform was added to lysates and vortexed vigorously for
15 s and incubated at room temperature for 3 min. Samples were
loaded onto GenElute mammalian total RNA mini columns
(Sigma). DNase I treatment was performed to remove genomic
DNA contamination (Qiagen), and RNA integrity was assessed
on agarose gels. RNA was reverse transcribed using Superscript II
(Invitrogen) with anchored oligo(dT) (Promega) for priming. The
c¢DNAs were prepared for semiquantitative real-time PCR using
HotStart-IT SYBR Green PCR Kit (Affymetrix) and analyzed in a
CFX96 Real-Time PCR Detection System (BioRad) for 40 cycles
(95°C for 15 s, 58°C 30 s, and 72°C for 30°s) after an initial 2 min
incubation at 95°C. Target gene expression (Nox2 and Nox4),
FOXO3a, atrogin-1, MuRF1, and myostatin were normalized
against the housekeeping gene p2-microglobulin (B2M), and data
were analyzed using the AACt method. Primers: B2M forward:
5'-CTG ACC GGC CTG TAT GCT AT-3'; B2M reverse 5'-CAG
TCT CAG TGG GGG TGA AT-3'; Nox2 forward 5'-CCC TTT
GGT ACA GCC AGT GAA GAT-3'; Nox2 reverse 5'-CAA TCC
CGG CTC CCA CTA ACA TCA-3’; Nox4 forward 5'-GGA TCA
CAG AAG GTC CCT AGC AG-3’; Nox4 reverse 5'-GCG GCT
ACA TGC ACA CCT GAG AA-3'; FOXO3 forward 5'-CAG
GCT CCT CACTGT ATT CAG CTA-3'; FOXO3 reverse 5'-CAT
TGA ACA TGT CCA GGT CCA A-3', atrogin-1 forward 5'-GCA
GAG AGT CGG CAA GTC-3, atrogin-1 reverse 5'-CAG GTC
GGT GAT CGT GAG-3’, MuRF1 forward 5'- GCT GGT GGA
AAA CAT CAT TGA CAT-3’, and MuRF1 reverse 5'-ACT GGA
GCA CTC CTG CTT GTA GAT-3'.

Statistical Analysis

The data are presented as mean + SEM. Differences among
experimental groups were analyzed by f-tests or analysis of
variance (ANOVA) with appropriate post hoc and multiple
comparison tests. For single time point measures of any sample
size, a two-sided t-test was used (25). When more than two
groups were compared simultaneously ANOVA, followed by
Bonferroni post hoc tests, was used (e.g., force-frequency com-
parison between control and tumor bearing groups). p-Values
less than 0.05 were considered significant (*p < 0.05; **p < 0.01;
**p < 0.0005; and ****p < 0.0001). Statistical analyses were
performed with Prism 6.0 software (GraphPad Prism, La Jolla,
CA, USA). The number of mice required to assess muscle func-
tion in mice with OCIB was determined by power analysis using
previous data on improvement in muscle function in mice with
bone metastases. From the mean difference in specific force
production with OCIB vs vehicle was 42% (275 vs 390 kN/m?)
with SD = 64 kN/m?* Assuming a error rate = 0.05 and f error
rate = 0.20, and a more conservative 30% mean difference
(275-360), the minimum number of animals per group needed
is n = 8 for a two-sided Student’s t-test. Based on the experi-
ence of the Investigators, approximately 80% of mice injected
develop tumors; so 10 mice per group were used. Exclusion plan:
EDL-specific force data were excluded in cases where there was
evidence of damage to the muscle fibers. This exclusion plan
was pre-established. Female Balb/c mice received from Harlan
(Indianapolis, IN, USA) were randomized into groups upon
arrival.
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Bone metastases are a common and devastating feature of late-stage breast cancer.
Metastatic bone disease is a consequence of disturbed bone remodeling due to patho-
logical interactions between cancer cells and the bone microenvironment (BME). In the
BME, breast cancer cells severely alter the balanced bone formation and bone resorp-
tion driven by osteoblasts and osteoclasts. The complex cellular cross talk in the BME
is governed by secreted molecules, signaling pathways and epigenetic cues including
non-coding RNAs. MicroRNAs (miRNAs) are small non-coding RNAs that reduce protein
abundance and regulate several biological processes, including bone remodeling. Under
pathological conditions, abnormal miRNA signaling contributes to the progression of
diseases, such as bone metastasis. Recently miRNAs have been demonstrated to
regulate several key drivers of bone metastasis. Furthermore, miRNAs are implicated
as important regulators of cellular interactions within the metastatic BME. As a conse-
quence, targeting the BME by miRNA delivery or antagonism has been reported to limit
disease progression in experimental and preclinical conditions positioning MiBNAs as
emerging novel therapeutic tools in metastatic bone disease. This review will summarize
our current understanding on the composition and function of the metastatic BME and
discuss the recent advances how miRNAs can modulate pathological interactions in the
bone environment.

Keywords: breast cancer, bone metastases, microRNA, bone microenvironment, osteoclast, osteoblast

INTRODUCTION

Breast cancer is one of the most common malignancies in the world. Approximately 12% of women
are diagnosed with breast cancer during their lifetime (1). After successful treatment of the primary
tumor that often comprises surgery, adjuvant chemo- and radiation therapy, and the administration
of anti-hormonal drugs, patients frequently suffer from distant metastases even decades after a dis-
ease-free interval (2). Bone is the most common site for breast cancer metastases, and approximately
70% of patients with advanced breast cancer suffer from osteolytic bone metastases (3). Osteolytic
metastases are frequently associated with skeletal-related events (SREs), including fractures and
spinal cord compression, that are often accompanied by severe pain and hypercalcemia (4).

In a physiological context, bone mass is maintained by the balanced activities of matrix-producing
osteoblasts (OBs) that originate from mesenchymal cells and can become matrix-entrapped osteo-
cytes (OCYs), and bone-resorbing osteoclasts (OCs) that arise from the hematopoietic lineage (5).
OC function and bone resorption is stimulated by the receptor activator of NF«B ligand (RANKL)
that is expressed in membrane-bound and soluble forms by OBs and OCYs (Figure 1). The activ-
ity is restricted by osteoprotegerin, which is a soluble decoy receptor against RANKL (6). Under
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FIGURE 1 | Regulation of cellular interaction in breast cancer bone metastasis by microRNA (miRNAs). The bone microenvironment (BME) is composed of cellular
entities, including hematopoietic stem cells (HSC niche), osteoblasts (OBs), osteoclasts (OCs), and adipocytes (endosteal niche) as well as vascular endothelial cells
and pericytes (vascular niche). These niches are suggested to control survival, dormancy, and growth of disseminated tumor cells (DTCs) through production of
cytokines (i.e., leptin, G-CSF, VEGF, etc.) and intracellular signals in addition to cell-to-cell contact. In a physiological context, the highly coordinated cross talk
between bone-forming OBs and bone-resorbing OCs maintains bone mass. OC function is regulated via OB and osteocyte (OCYs) derived RANKL. In the context
of metastatic breast cancer disease, breast cancer cells severely disturb the balance between bone formation and resorption through secretion of various growth
factors and cytokines [i.e., interleukins (ILs), parathyroid hormone-related protein (PTHrP), matrix metalloproteinases (MMPs), RANKL]. Recently, it has also been
suggested that cells from the primary tumor themselves modify the distant microenvironment, for example through systemic factors (i.e., VEGF, TGF-p, G-CSF,
miRNAs), in order to make it more attractive for DTCs. Several components of the BME are negatively (red blocks) or positively (green arrows) regulated by miRNAs.

®e

pathological conditions, for instance in the context of metastatic
breast cancer disease, breast cancer cells colonize the bone mar-
row microenvironment and severely disturb the balance between
bone formation and bone resorption (7). This multi-directional
process termed “vicious cycle” perpetuates metastatic bone
destruction (8).

MicroRNAs (miRNAs) are small non-coding RNAs and key
regulators of various biological processes including bone remode-
ling and cancer progression (9, 10). miRNAs bind to the 3'UTR
of their target mRNAs, and depending on the degree of com-
plementarity interfere with the mRNA stability and/or by block
protein translation (9). Abnormal miRNA expression has been
implicated in the pathology of osteoporosis, primary bone tumors,
and bone metastases of various cancers (11-14). Furthermore,
in vivo delivery of miRNA mimics or miRNA antagonists has
been established as an attractive therapeutic approach to reverse
bone degeneration, or to prevent cancer-induced bone diseases
(15, 16). Thus, miRNAs can be used as therapeutic targets and
may provide a novel tool to treat breast cancer-induced osteolytic
disease.

Several miRNAs have been identified to regulate breast
cancer cell-intrinsic oncogenic properties, such as proliferation,

migration, and invasion (17-19). However, how miRNAs regu-
late non-cell autonomous interactions in the bone microenviron-
ment (BME) remains largely unknown. This review highlights
the recent understanding of the role of miRNAs in the metastatic
BME and their potential use as therapeutic targets to modulate
the pathological environment and limit disease progression.

METASTATIC BONE DISEASE

Bone is the most prevalent metastatic site for breast cancer cell
colonization and growth. Bone metastasis is a complex multistep
process starting from the dissemination of malignant cells into
bloodstream, survival of these circulating tumor cells (CTCs) in
the circulation, homing to distant organs and eventually metas-
tases formation in the distant site (2). Disseminated tumor cells
(DTCs) can be detected in the bone marrow of approximately
30% of breast cancer patients and predict for poor overall sur-
vival, breast cancer-specific survival, and disease-free survival
compared to patients without DTCs (20).

Once bone metastases occur, the disease is incurable, and
treatment remains palliative (21). The standard of care for patients
with bone metastases comprises anti-resorptive drugs that reduce
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the progression of bone destruction and increase survival (22).
For instance, bisphosphonates are well established in the treat-
ment of osteolytic disease. Bisphosphonates are incorporated into
the bone matrix and taken up by OCs during bone resorption,
leading to OC apoptosis and a consecutive reduction of bone
resorption (22). An alternative therapeutic approach is the use
of the human monoclonal antibody Denosumab (Xgeva®) that
inhibits RANKL and has been shown to delay the time to first
and subsequent SRE in breast cancer patients (23). Although
breast cancer patients greatly benefit from the use of bisphospho-
nates and Denosumab, a better understanding of the control of
the “vicious cycle” in the BME and the underlying cellular and
molecular mechanisms is needed as it is likely to help identifying
novel therapeutic concepts to restrict SREs.

TUMOR MICROENVIRONMENT
(TME)—THE BME IN BREAST
CANCER BONE METASTASIS

Over the last decade, a variety of preclinical studies have empha-
sized the contribution of the TME to disease progression (24-28).
The TME comprises the cellular environment in which the
tumor exists, the surrounding extracellular matrix, and signal-
ing molecules. Several aspects of how the TME impacts cancer
growth are well established such as the role of endothelial cells in
tumor angiogenesis (29, 30). However, others including the role
of the TME in mediating tumor cell invasion, dissemination, and
metastasis remain poorly defined (31).

Circulating tumor cells have a high affinity for bone, in
particular areas of active bone remodeling (32). The highly bal-
anced cross talk between OBs and OCs, the presence of various
other bone marrow-derived cell populations and soluble factors
including osteopontin (OPN) and matrix metalloproteinases
(MMPs) make bone an attractive site (“soil”) for DTCs (“seeds”).
Nearly almost a century ago Steven Pagets’ “seed and soil theory”
proposed that therapies to modify the TME might be of equal
importance as therapies targeted against the tumor cells them-
selves (33). Hence, cells of the BME are becoming increasingly
recognized as potential therapeutic targets for breast cancer bone
metastasis (24-27, 34, 35).

Upon their arrival in bone, DTCs encounter a heterogene-
ous BME, which is composed of various cells originating from
either hematopoietic or mesenchymal stem cells (HSCs, MSCs,
respectively) (Figure 1). These include lymphoid and myeloid
lineage cells (e.g., immune cells, megakaryocytes, erythrocytes,
and macrophages such as OCs) as well as adipocytes and bone
and connective tissue-forming cells (e.g., chondrocytes and OBs).
In addition, the BME contains a dense, interconnected vascular
system which maintains hematopoiesis and osteogenesis (36, 37).
Within bone, these various cellular entities form supporting
microenvironments, “niches,” which are thought to regulate tumor
cell homing, survival, and dormancy (28, 38-41) (Figure 1). The
most well-studied niches are the HSC-, endosteal- (OBs, OCs),
and vascular niche (vascular endothelial cells, pericytes). Both,
the endosteal and the vascular niche control self-renewal, differ-
entiation, and proliferation of HSCs through cell-to-cell contacts

as well as by producing a variety of cytokines and intracellular
signals (42-45). It is thought that tumor cells respond, similar like
HSCs, to these signals. Among the most well studied pathways
is the CXCL12/CXCR4 axis. CXCL12 or stromal cell-derived
factor-1 (SDF-1) is produced and secreted by bone marrow
stromal cells, primarily the OB, endothelial, and epithelial cells
(46) (Figure 1). Its cognate receptor CXCR4 is expressed in
high levels on various cancer cell lines, including MDA-MB-231
(47). Overexpression of CXCR4 in MDA-MB-231 cells increases
bone metastasis, and very recently, it has been demonstrated that
both newly and established metastases were anchored in the bone
marrow by CXCR4/CXCL12 interactions (48, 49). Further niche
signals are suggested to include OPN, vascular adhesion mol-
ecule-1, intercellular adhesion molecule-1, chemokines such as
Interleukins (ILs) and various growth factors, including bone mor-
phogenetic proteins, Transforming growth factor-pf1 (TGF-f),
and Vascular endothelial growth factor (VEGF) (50-52)
(Figure 1). Emerging data also implicate the importance of the
immune- and bone marrow adipocyte niche in bone metastasis
(28, 53, 54). Studies by Templeton et al. highlighted the role
of adipocytes, one of the most abundant stromal components
in the BME, in breast cancer cell osteotropism and early
colonization by demonstrating that adipokines, including leptin,
promote the migration of MDA-MB-231 breast cancer cells to
human bone tissue fragments in vitro (28). Nevertheless, exact
mechanisms that guide DTCs toward the metastatic site in
bone remain to be established. Recently, it was proposed that
cells from the primary tumor themselves modify the distant
(bone) microenvironment, for example through systemic factors
(i.e., VEGE TGF-p, LOX, G-CSE, miRNAs), in order to make it
more attractive for DTCs (27, 55, 56).

Given the heterogeneity of the BME, the fate of DTCs might
be determined by the nature of their arrival site within bone.
A recent review by Croucher et al. suggests that long-term dor-
mancy might be supported when tumor cells face quiescent/static
microenvironments (e.g., endosteal surfaces covered by bone
lining cells or stable vasculature), whereas active, dynamic BMEs
including areas of osteoclastic bone resorption and sprouting
vasculature foster proliferation and/or reactivation of dormant
tumor cells (26, 57).

Once activated, breast cancer cells secrete growth factors, such
as Parathyroid hormone-related protein (PTHrP), ILs, and MMPs,
which stimulate OBs to produce excessive amounts of RANKL
and other cytokines (58-60). RANKL increases OCs activity
and subsequent bone degradation. During bone resorption,
matrix-derived growth factors, e.g., TGF-P1 are released into the
metastatic microenvironment and further stimulate cancer cell
proliferation (7). This “vicious cycle” perpetuates metastatic bone
destruction leading to osteolytic disease (8). Therefore, targeting
the BME, for instance by miRNAs, to disable this cycle is not only
scientifically interesting but also clinically relevant approach.

TUMOR-DERIVED miRNAs INFLUENCING
THE BME

MicroRNAs have been recently recognized as key regulators of
various biological processes, including cancer progression and
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metastasis. miRNAs are small (20-22 nucleotides in length),
endogenous non-coding RNAs which posttranscriptionally
regulate mRNA stability and protein translation (9). More
than 1,800 miRNAs are expressed in humans and according to
prediction tools, each miRNA regulates numerous target genes
(61-63). An important feature of miRNAs is that miRNAs
can be encapsulated in extracellular vehicles and released to
bloodstream (64-66), which makes them attractive minimal or
non-invasive source of biomarkers of various diseases, including
bone disorders (67, 68).

MicroRNAs expressed by tumor cells can act as master regula-
tors of bone metastases formation by targeting metastasis-driving
factors and consequently altering cancer cell behavior (17-19).
In addition, tumor-derived miRNAs can exert their oncogenic or
tumor-suppressive action by altering the BME. A specific feature
of bone metastatic breast cancer cells is that they exhibit pathologi-
cally elevated expression of bone-related genes [e.g., Runt-related
transcription factor 2 (Runx2)] and signaling pathways, including
the Wnt pathway (69-71). Runx2 is necessary for normal bone
formation but often dysregulated in bone metastatic breast cancer
cells due to a downregulation of Runx2-targeting miRNAs, includ-
ing miR-135 and miR-203 (72). Runx2 promotes tumor growth
in bone and knocking down Runx2 in cancer cells protects from
breast cancer-induced osteolytic disease, positioning Runx2 as an
attractive target to reduce bone metastatic burden (73). Indeed,
pharmacological delivery of synthetic miR-135 and miR-203
mimics into metastatic breast cancer cells reduces Runx2 protein
abundance and consequently, diminishes tumor growth and
spontaneous metastasis to bone (72). Furthermore, reconstitution
of miR-135 and miR-203 greatly impairs tumor growth in the BME
and alleviates osteolytic disease. The bone protecting effect occurred
through downregulation of several metastasis-promoting Runx2
target genes, including IL-11, MMP-13, and PTHrP, and subsequent
inhibition of OC activity (72).

Similarly, Wnt signaling promotes OB differentiation and
function under physiological conditions but a hyper activation of
the signaling pathway is implicated in numerous cancers, inclu-
ding metastatic breast cancer (70, 74). In bone metastatic breast
cancer cells, Wnt signaling induces the expression of PTHrP thus
aggravating the vicious cycle (75). In OBs, Wnt signaling and
miR-218 create a positive feed-forward loop through targeting
of Wnt inhibitors, such as Dkkl and sFRP1 by miR-218 (76).
Similarly, miR-218 activates Wnt signaling in metastatic breast
cancer cells (76). Consequently, miR-218 enhances MDA-
MB-231 cell proliferation and increases the expression of Wnt
target genes in a Wnt-dependent manner (76, 77). Furthermore,
miR-218 promotes PTHrP secretion in cancer cells and sub-
sequent activation of RANKL in OBs, leading to an enhanced
OB-mediated OC differentiation. Importantly, antagonizing miR-
218 reversed these effects in vitro and prevented the formation
of cancer-induced osteolytic lesions in vivo (77). Tumor-derived
osteolytic cytokines are also regulated by miR-211 and miR-379
(78). Both miRNAs prevented TGF-p-induced upregulation of
IL-11 and downregulated several genes involved in TGF-p path-
way (78). Thus, miR-211 and miR-379 block the vicious cycle by
preventing breast cancer cells from receiving signals from the
metastatic BME.

Besides regulating the vicious cycle of bone metastasis, tumor-
derived miRNAs, including miR-126, have been established in
pathological angiogenesis in the BME (79). miR-126, which is
silenced in breast cancer cells with bone metastatic potential,
suppresses endothelial recruitment and metastatic angiogenesis
in a non-cell autonomous manner and, importantly, inhibits bone
metastatic colonization of breast cancer cells. The underlying
mechanism involves a coordinated targeting of two newly identi-
fied pro-metastatic genes; insulin-like growth factor binding pro-
tein 2 (IGFPB2) and c-Mer tyrosine kinase (MERTK). Metastatic
breast cancer cells secrete IGFPB2 that acts on insulin-like growth
factor (IGF1) type I receptor on endothelial cells and modulates
IGF1 activation and subsequently endothelial recruitment. In
addition, endothelial recruitment is promoted upon cleavage of
cMERTK receptor from the breast cancer cells, which antagonizes
the binding of GAS6 to endothelial MERTK receptors. A series of
elegant loss-of-function and replacement experiments revealed
individual components of the pro-angiogenic IGFPB2/IGF1/
IGF1R and GAS6-MERTK signaling pathways as direct targets
of miR-126 and establish miR-126 as a crucial factor regulating
endothelial interactions in the metastatic BME (79).

Recently, miRNAs released from cancer cells in microvesi-
cles or exosomes have been shown to directly control cell-cell
interactions in the BME. For instance, miR-192, which is highly
abundant in metastatic lung cancer, can be secreted from the
cancer cells in extracellular vesicles and transferred to endothelial
cells (80). Cancer cell-derived miR-192 is efficiently taken up by
endothelial cells in vitro and in vivo, and inhibits tumor-induced
angiogenesis leading to reduced metastatic burden and decreased
osteolytic disease in mice.

TARGETING THE BME BY miRNAs

Since OC activity is a hallmark of metastatic bone disease, the
current treatment as well as the majority of basic research is
focusing on restricting OC activity and attenuating patho-
logical bone resorption. Along these lines, several studies have
established miRNAs as crucial regulators of pathological OC
differentiation. Especially miRNAs that suppress bone resorp-
tion provide an attractive approach to limit disease progression
(81, 82). For instance, miR-34a was recently reported to inhibit
physiological and pathological OC differentiation and to block
osteoporosis and cancer-induced bone destruction (83). Using
several genetic mouse models, Krzezinski et al. demonstrated
that OC-targeted overexpression of miR-34a impairs bone
resorptionresultinginresistance ofbone metastases. Conversely,
deletion of miR-34a activated OCs leading to reduced bone
mass and exacerbated bone metastasis burden. Mechanistically,
miR-34a targets a homeodomain protein TG-interacting factor
2, a novel positive regulator of osteoclast differentiation and
function. In a therapeutically relevant setting, systemic delivery
of miR-34a mimic oligonucleotides via chitosan nanoparticles
diminished bone metastatic burden and osteolysis (83). Since
miR-34a had no direct effect of cancer cell proliferation these
effects are likely mediated by osteoclasts and possibly other cells
in the BME emphasizing the importance of the TME in disease
progression.
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In another comprehensive study, a group of miRNAs was
shown to regulate tumor-induced osteoclast differentiation. Five
miRNAs, miR-33a, miR-133a, miR-141, miR-190, and miR-219
were downregulated during osteoclast differentiation under
physiological and pathophysiological conditions (84). Among
them, miR-133a, miR-141, and miR-219 impaired osteoclast dif-
ferentiation in vitro by targeting important osteoclast-promoting
factors Mitf, Mmp14, Calcitonin receptor, and Traf5. In vivo
administration of synthetic miR-141 and miR-219 oligonucleo-
tides reduced physiological bone resorption, impaired tumor
growth in bone and prevented pathological bone destruction.
In this study, two miRNAs, miR-16 and miR-378 secreted in
exosomes by osteoclasts were found to be increased in patients
with bone metastases compared to healthy controls and the
expression correlated with bone metastasis burden (84). Inter-
estingly, miR-378 promotes tumor growth, angiogenesis, and
tumor cell survival through the repression of tumor suppressors
SuFu and Fus-1 (85). Although beyond this review, it is impor-
tant to emphasize that miRNA signatures are being pursued
as novel clinical diagnostic targets for predicting metastasis or
therapeutic resistance (1, 4).

miR-214 is strongly increased in bone specimen of breast
cancer patients with osteolytic bone metastases compared to
healthy controls and patients without bone involvement (86).
Consistently, osteoclasts isolated from mice with bone metas-
tases express significantly higher levels of miR-214 compared
to controls. In addition, miR-214 is elevated in bone tissue and
serum of aged patients with fractures and miR-214 expression
is accompanied with increased osteoclast activity and bone
resorption, indicating that miR-214 regulates bone remodeling
in health and disease (87, 88). Indeed, miR-214 is expressed
and has a functional role in both OBs and osteoclasts. In OBs,
miR-214 inhibits differentiation in vitro and bone formation
in vivo by targeting the activating transcription factor 4. As
a consequence, delivery of OB-targeted antagomiR-214 in
osteoporotic mice increased bone formation and restored bone
mass (87). In contrast, in osteoclasts, miR-214 promotes osteo-
clast function and bone resorption through inhibition of the
phosphatase and tensin homolog and Traf3, a negative regula-
tor of NFkB signaling and osteoclast differentiation (86, 89).
As a consequence, osteoclast-targeted deletion of miR-214
reduced bone resorption and prevented the development of
osteolytic lesions in mice (86). The number and size of non-
bone metastases was not changed in mice lacking miR-214 in
the osteoclast lineage indicating that the tumor-suppressive
effect of bone metastases is mediated by the BME. Importantly,
pharmacological delivery of osteoclast targeted (p-Asp8)-
liposome conjucated antimiR-214 oligonucleotides reduced
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It is becoming clear that myeloma cell-induced disruption of the highly organized bone
marrow components (both cellular and extracellular) results in destruction of the marrow
and support for multiple myeloma (MM) cell proliferation, survival, migration, and drug
resistance. Since the first phase | clinical trial on bortezomib was published 15 years ago,
proteasome inhibitors (Pls) have become increasingly common for treatment of MM and
are currently an essential part of any anti-myeloma combination therapy. Pls, either the
first generation (bortezomib), second generation (carfilzomib) or oral agent (ixazomib), all
take advantage of the heavy reliance of myeloma cells on the 26S proteasome for their
degradation of excessive or misfolded proteins. Inhibiting the proteasome can create a
crisis specifically for myeloma cells due to their rapid production of immunoglobulins.
Pls have relatively few side effects and can be very effective, especially in combination
therapy. If PI resistance can be overcome, these drugs may prove even more useful
to a greater range of patients. Both soluble and insoluble (contact mediated) signals
drive Pl-resistance via activation of various intracellular signaling pathways. This review
discusses the currently known mechanisms of non-autonomous (microenvironment
dependent) mechanisms of Pl resistance in myeloma cells. We also introduce briefly
cell-autonomous and stress-mediated mechanisms of Pl resistance. Our goal is to help
researchers design better ways to study and overcome Pl resistance, to ultimately design
better combination therapies.

Keywords: multiple myeloma, drug resistance, bone marrow MSCs, bortezomib, carfilzomib, ixazomib

MYELOMA AND PROTEASOME INHIBITORS (Pls)

In 2017, there were an estimated 30,280 new cases of multiple myeloma (MM) diagnosed and
~12,590 deaths due to MM, which comprised ~2% of all cancer deaths (1). Although myeloma is
typically considered an incurable cancer of the plasma cell, the overall survival for myeloma patients
has improved from a prior median of 2.75 years around 1998 (1), to 6 years in 2010 (2), and up to
7.7 years for patients under 65 years old diagnosed between 2008 and 2015 (3). Current advances in
the field aim to develop novel therapies using new targets in myeloma, determine better biomarkers
for response or progression from the precursor disease monoclonal gammopathy of undefined sig-
nificance, develop better combination treatments, and understand how to overcome drug resistance
that occurs due to mutations or effects of the microenvironment on myeloma cells.

The proteasome is a multi-enzyme complex of the ubiquitin—proteasome system, which governs
destruction of unwanted intracellular proteins and is needed to retain cellular health and homeosta-
sis (3). Inhibition of proteasomal degradation results in cell apoptosis and death. Clinically, PIs are
very useful in myeloma and other cancers. Bortezomib, a peptide boronic acid, is a slowly reversible
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inhibitor of the B5 catalytic subunit within the 20S catalytic
core complex. Carfilzomib irreversibly inhibits the same {5 site.
Ixazomib is similar to bortezomib, and oprozomib is similar to
carfilzomib, but both are, conveniently, orally administered. The
investigational agent marizomib has a B-lactone unit that results
in irreversible inhibition of both p2 and 5 catalytic sites (1).
Off-target effects of PIs are typically minimal and can potentially
be overcome with oral versions or tumor- or bone-targeted
nanomedicine delivery systems (4). Gastrointestinal and cardio-
vascular toxicities, and other toxicities such as rash, have been
observed with PIs (1).

Proteasome inhibitors inhibit key autocrine and paracrine
signaling intracellular pathways associated with myeloma cell
growth and survival, often signaled by extracellular matrix and
cells of the bone marrow (BM), such as mesenchymal stromal
cells (MSCs). PIs suppress the production of cytokines includ-
ing interleukin-6 (IL-6), insulin-like growth factor 1 (IGF-1),
and tumor necrosis factor a (TNF«), which can affect MSC
and myeloma cell interactions (5). Interestingly, PIs can also
suppress angiogenesis by decreasing VEGF secretion (5). PIs
allow for the accumulation of misfolded and unfolded proteins,
resulting in endoplasmic reticulum (ER) stress, reactive oxygen
species (ROS)-induced oxidative stress, and the unfolded
protein response in myeloma cells. PIs also inhibit NF-kB
signaling (3), a major growth and survival signaling pathway
in MM, which was the original reason for pursuing PIs in MM.

However, NF-kB inhibition alone cannot account for the overall
anti-MM activity of bortezomib, as demonstrated by studies
comparing bortezomib to the IKK-B-specific inhibitor PS1145
(3). PIs also upregulate p53, a tumor suppressor that upregulates
p21" to induce cell cycle arrest (5). PIs can induce apoptosis
through extrinsic caspase-8 cascade via activation of JNK, and
via caspase-9 cleavage, associated with the upregulation of Noxa
and inhibition of antiapoptotic Bcl-2 and XIAP family proteins
(5, 6). PIs also suppress adhesion molecule and growth factor
receptor expression (e.g., IL-6R) and inhibit cellular mechanisms
for repairing double-strand DNA breaks (7). Unfortunately,
many patients develop PI-refractory MM; the mechanisms of
this resistance is discussed here (Figure 1).

STRESS-MEDIATED RESPONSES

Bortezomib can inhibit chymotrypsin-like proteasome activity
in both bortezomib-sensitive and bortezomib-resistant cell
lines, demonstrating that certain forms of bortezomib resistance
are not dependent on the type or extent of proteasome inhibition
(8). This suggests that certain pathways, such as stress-related
pathways, are altered in PI-resistant cells, which may change
their dependency on proteasome activity. Hypoxia, a state of
low oxygen tension, can result from rapid tumor growth or
be induced by chemotherapy. Muz and colleagues found that
hypoxia drives PI resistance in MM1S, OPM1, and H929 myeloma

Genetic Mutations
IgH translocation
Myc overexpressioq
PSMB5
G322A Pathways

IJNK/SAPK
NF-kB

Wnt/TCF-4

Stress-
Mediated
Hypoxia
Chemotherapies
Endoplasmic reticulum stress

Heat shock proteins

Myeloma Cell

FIGURE 1 | Proteasome inhibition resistance mechanisms. This mini-review discusses the many factors that contribute to proteasome inhibitor (Pl) resistance in the
bone marrow (BM). For example, there are genetic mutations that can lead to drug resistance, as well as soluble factors and cell-cell contact-mediated signals from
an array of BM stromal cells that can cause Pl resistance. Cells that can cause drug resistance include mesenchymal stem cells (MSCs), osteoblasts, osteocytes,
cancer-associated fibroblasts (CAFs), and potentially BM adipocytes. Stress-mediated responses can also cause Pl resistance.
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cells (9). Raningaetal. also found thathypoxic conditionsinduced
bortezomib resistance; this resistance was linked to a decrease
in NF-xB regulated genes (10). Treatment with selinexor, the
first drug in a new class of agents known as Selective Inhibitor
of Nuclear Export (SINE™) compounds, overcame hypoxia-
induced bortezomib resistance by targeting the nuclear export
protein exportin 1 (XPO1) in MM cells (11). Selinexor combined
with bortezomib decreased tumor burden and extended survival
in mice inoculated with bortezomib-resistant MM1S (11). Thus,
selinexor and other inhibitors of XPO1, a protein found in the
nucleus of cancer cells, hold great promise for combination
therapy with PIs; currently, the STORM, STOMP, and BOSTON
clinical trials are exploring this avenue.

Heat shock proteins (HSPs) are chaperone proteins that play
a significant role in stressful conditions, such as chemotherapy
exposure, and especially upon ER stress, typically triggered by
accumulation of unfolded proteins. Many HSP-related genes
are overexpressed, including HSP70, in bortezomib-resistant
cells (8). Hamouda et al. demonstrated that HSPB8 gain or loss
of function was a key factor in bortezomib resistance in U266
myeloma cells (12). Hsp27 has also been linked to bortezomib
resistance, and Yasui et al. were able to overcome this by co-
treating with BIRB 796 (13). In the study, bortezomib triggered
upregulation of p38/MAPK and phosphorylation of Hsp27;
BIRB 796 blocked this from occurring and ultimately led to
cell death (13). Similarly, inhibiting Hsp90 with KW-2478, and
co-treating with bortezomib induced caspase activation in vitro,
and synergistic antitumor activity in vivo (14). Furthermore,
Shringarpure et al. demonstrated that HSPs (HSP27, HSP70,
and HSP90) and other chaperone proteins were more highly
expressed in bortezomib-resistant SUDHL-4 lymphoma cells
than in bortezomib-sensitive cells (8). HSP27 expression was
also elevated in bortezomib-resistant HT-29 adenocarcinoma
cells (15). Overall, the upregulation stress response genes and
proteins, which cause cell survival and induce antiapoptotic
pathways, induce PI resistance in many tumor types. For more
on ER stress roles in the development of MM and drug resistance,
we refer the reader to the recent review from Nikesitch et al. (16).

Environmental stresses, inflammatory cytokines, growth
factors, and GPCR agonists can all also activate the JNK/SAPK
pathway in myeloma cells. However, the role of this pathway
in bortezomib is controversial. Some groups have found that
bortezomib increases the stress kinase JNK pathway to induce
apoptosis in myeloma cells (17) or cell death by overproduc-
tion of mitochondrial ROS (18); others suggest that the JNK
signaling in myeloma cells induces their proliferation and
PI-resistance (19, 20). The complicated feedback and overlap
between the intercellular cellular signaling pathways further
complicates identifying the pathways through which MM cells
overcome Pls.

Recently, bortezomib has been shown to interfere with general
protein biosynthesis at the stage of nuclear ribosome biogenesis
(21). Galimberti et al. found that bortezomib-induced changes
in cytoplasm morphology and nucleolar ultrastructure. These
changes were associated with the accumulation of transcription
factor (TF) ATF4 at nucleolar sites in ovarian and cervical can-
cer cells (21). ATF4 is a stress-inducible TF and it accumulates

at specific rRNA-processing nucleolar regions. Thus, increased
expression of proteins in this family may allow cells to survive
under conditions of high proteotoxic cell stress and these proteins
may be used by Pl-resistant cells to handle stress induced by
bortezomib. In lymphoma cells, ATF3, ATF4, and ATF5 can be
induced by bortezomib treatment, but confusingly, their overex-
pression is associated with bortezomib sensitivity (8). Inhibiting
the AAA ATPase, p97 with CB-5083 has recently shown excellent
potential for overcoming PI resistance induced by p97-dependent
retro-translocation of the TE, Nrfl, which transcribes proteasome
subunit genes following exposure to a PI (22). More research into
these TFs and epigenetic modulators in myeloma PI resistance is
warranted.

Metabolic changes in MM cells have recently been discovered
to contribute to PI-resistance. Cellular bioenergetics is signi-
ficantly different between PI-resistant cells and their sensitive
counterparts. Recent work from Thompson et al. demonstrated
that targeting glutamine-induced respiration in PI resistant cells,
using the glutaminase-1 inhibitor CB-839, synergized with PIs to
induce cytotoxicity in MM cells (22). Targeting cellular metabolic
pathways, and understanding how BM components change MM
cell metabolic pathways, is likely an untapped resource in the
fight against drug resistance in MM.

GENETIC MUTATION-MEDIATED
DRUG RESISTANCE

In myeloma (23) and mesothelioma (24), high basal levels of
proteasome activity or upregulation of proteasome subunits can
overcome PI treatments. This finding suggests that an unfavora-
ble load-versus-capacity balance represents a critical determinant
of primary apoptotic sensitivity to bortezomib; understanding
what modulates proteasomal activity thus may help in overcom-
ing resistance. Genetic mutations, including mutations in the
proteasome subunit 5 (PSMB5), mutations causing overexpres-
sion of MYC, and translocations of IgH gene locus, can induce
very high basal levels of proteasome activity that overwhelm
effects of proteasome inhibition. Oerlemans and colleagues
observed that PI-resistant THP1 cells had a 60-fold increase
in protein levels for PSMB5 and a G322A point mutation in
the PSMB5 B-subunit of the bortezomib-binding pocket (25).
A similar discovery was made by Balsas et al. in RPMI8226
myeloma cells, where overexpression of PSMB5 at the mRNA
and protein level (although without a G322A mutation) was
linked to their bortezomib resistance. Co-treatment with the
histone deacetylase (HDAC) inhibitor trichostatin A induced
synergistic effects with bortezomib to induce apoptosis (26).
Indeed, HDAC inhibitors show efficacy in many combinatorial
therapies to kill PI-resistant cells (27). Others have confirmed
upregulation of PSMB5 gene and G332A mutations in other
PI-resistant MM cells, which have a mutation cluster region
in the binding pocket, particularly the S1 specificity pocket
(28, 29). PSMB5 mutations had not been identified in humans
until recently when Barrio et al. found certain subclones,
resulting from branching evolution, that had mutations within
PSMBS5 resulting in PI resistance (30).
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SOLUBLE FACTOR-MEDIATED
DRUG RESISTANCE

Many soluble factors, including IL-6, IL-8, and IGF-1, in the BM
microenvironment can also contribute to PI resistance. Voorhees
and colleagues specifically found that CNTO 328, a monoclonal
antibody against IL-6, enhanced cytotoxicity of bortezomib, acti-
vated caspase-3, -8, and -9, and induced HSP70 (31). Similarly,
BM cancer-associated fibroblasts (CAFs) have recently been
shown to protect against PI-induced apoptosis in myeloma cells,
and produce high levels of IL-6, IL-8, and TGFp (23). Bortezomib
was found to induce ROS and autophagy in bortezomib-resistant
CAFs by inhibiting mTOR and p62 and increasing light chain 3
protein-II (32). TGEp was found to mediate bortezomib-induced
autophagy, and a combination of bortezomib plus LY2109761, a
selective TGFPRI/II inhibitor, induced apoptosis of RPMI18226
myeloma cells co-cultured with bortezomib-resistant CAFs (32).
This study demonstrates how targeting stroma cells and stroma-
derived factors can be useful in overcoming drug resistance and
exemplifies how myeloma cells hijack their microenvironment to
make it more tumor-supportive.

Similarly, primary MM cells have been found to be resist-
ant to bortezomib partially from BM-MSC-derived cytokines.
Interestingly, bortezomib and IL-8 may be involved in a positive
feedback loop: in a study in which BM-MSCs were extracted
from myeloma patients, bortezomib-resistant tumor cells had
increased activity in the NF-xB pathway due to release of IL-8
from the MSCs (33). Myeloma patient MSCs secreted more IL-8
than healthy MSCs, and this was mimicked with cell co-cultures
in vitro. Bortezomib further increased IL-8 expression from osteo-
clasts, stromal cells, and myeloma cell lines (23). Bortezomib may
increase the expression of IL-8 through the p38 MAPK pathway
(34). Kuhn et al. found that blocking IGF-1 or IGF-1R increased
myeloma cell death synergistically when co-treating with bort-
ezomib in cell lines and patient samples (35). Zheng et al. also
found that mTOR and ERK1/2 signaling, via thioredoxin, can
induce Pl-resistance (36). The Azab lab also found that PI3K
signaling in myeloma cells, and the PI3K-a isoform specifically,
was induced by co-culturing myeloma cells with BM-MSCs and
induced bortezomib resistance (37). The Ghobrial lab similarly
found that a pan-class I PI3K inhibitor, buparlisib, could reduce
MSC-induced survival in myeloma cells (38). These data suggest
that PI3K and mTOR pathways contributed to PI resistance.

In addition to PI3K, NF-kB, activated via a range of stimuli,
including ROS, TNFa, and IL-1p, is another pathway through
which MSCs induce bortezomib resistance (33). MSC-derived
exosomes induced PI-resistance in myeloma cells and contained
contents that modulated JNK, p38, p53, and Akt pathways in
myeloma cells (39). The HS-5 cell line has also been shown to
induce bortezomib resistance in myeloma cells through CK2, a
pivotal pro-survival kinase that activates NF-kB and STAT3 (40).
The NF-kB signaling pathway has been shown to play a role in
PI-resistance through numerous downstream signals including
the upregulation of antiapoptotic BCL-XL (41). Moreover, hyalu-
ronan and proteoglycan link protein 1 is produced in BM stromal
cells from MM patients, is detected in patients’ BM plasma, and
has been shown to activate an atypical bortezomib-resistant

NF-«xB pathway in MM cells (16). Extensive new research has
confirmed NF-kB signaling as critical in bortezomib resistance in
MM cells (16). B-cell activating factor (BAFF), a cytokine in the
TNFligand family, is another important molecule shown to induce
PI-resistance in MM cells (42). BAFF can drive macrophage-
mediated PI-resistance and suppress caspase activation in MM
cells through activation of Src, Erk1/2, Akt, and NF-kB signaling
(42). Recent work from Qin et al. has shown that anti-BAFF-R
antibody therapies had remarkable single-agent antitumor effects
and induced potent antibody-dependent cellular cytotoxicity
(ADCC) against multiple subtypes of human lymphoma and
leukemia (16); we propose these may be useful in MM as well.

Macrophage inflammatory protein- 1o is another macrophage
(and myeloma) cell-derived cytokine that is able to induce bort-
ezomib resistance. It functions through activation of ERK1/2,
Akt, and mTOR pathways (43). Que et al. showed that the
receptor tyrosine kinase c-Met is overexpressed in human mye-
loma cell lines and also causes PI-resistance via increased Akt/
mTOR signaling (44). Akt can be activated by numerous agents
(cytokines, integrins, RTKs, BCR signaling, and GPCR ligands)
and can be downstream of the Jakl and PI3K pathways. Recent
studies in myeloma cells with N- and K-Ras mutations suggest
that aspirin can increase the efficacy of bortezomib treatment via
suppression of Akt phosphorylation, upregulation of survivin,
and in part through suppressing Bcl-2 levels (45). The allosteric
AKT inhibitor MK2206 was also found in myeloma cells to
overcome bortezomib resistance induced by IL-6 or MSCs (46).
Akt signaling has also been tied to autophagy, which is another
mechanism of bortezomib resistance. Autophagy can result from
signaling through CLCN5 (a member of the chloride channel
family), which functions through the AKT/mTOR pathway (47).
Blocking the mTOR/PI3K and Rad (Ras associated with diabetes)
pathways have also been shown to overcome PI-resistance in
lymphoma and hold potential in myeloma (48).

Soluble factors can also activate the Wnt signaling pathway, and
the Wnt/TCF-4 signaling pathway may also be involved in PI resist-
ance. In abortezomib-resistant lymphoma cell line, increased TCF4
expression and increased transcription by the TCF-4/f-catenin
complex was observed, accompanied by upregulation of their
downstream target genes (c-myc and cyclin D1) (8). In myeloma,
the B-catenin inhibitors BC2059 (46) and polyphyllin I (49) have
been shown to be efficacious in combination with bortezomib.

CELL-CELL CONTACT-MEDIATED
DRUG RESISTANCE

The BM niche contains many cells that directly interact with and
alter myeloma cells in a bidirectional manner, leading to changes
in both that support tumor progression, osteolysis, and disrupted
hematopoiesis (50-53). Cell-cell contact-mediated drug resistance
has become a widely recognized mechanism of drug resistance in the
BM. Specific adhesion molecules of interest for MM Pl-resistance
include very late antigen-4 (VLA-4), CXC chemokine 12 (CXCL12)
and its receptor CXC chemokine receptor 4 (CXCR4), and Jagged/
Notch. VLA-4 has been linked to cell adhesion-mediated drug
resistance (CAM-DR), and Noborio-Hatano et al. identified the
a4-integrin (a subunit of VLA-4) as responsible for multiple drug
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resistance in myeloma (54). BM-MSCs cause CAM-DR in part
through the CXCR4/CXCL12 axis. Waldschmidt et al. showed
that inhibiting CXCR4 with plerixafor or CXCL12 with NOX-A12
resensitized MM to PIs (55).

Jagged-1/Notch signaling has also been associated with PI
resistance in MM, and this has been shown to be overcome with
the use of PKC inhibitors (56). When notch ligand DII1 on BM
stromal cells binds to Notch2 receptor on myeloma cells, a cas-
cade results that upregulates a cytochrome P450 enzyme involved
in drug metabolism (CYP1A1), which ultimately leads to PI
resistance. Treatment of cells with a-Naphthoflavone or CYP1A1
siRNA reintroduced PI sensitivity in myeloma cells (57). In sum,
Jagged-1/Notch signaling has been a major pathway of focus for
drug resistance in MM cells.

DTX3L is an ubiquitin ligase that plays an essential role in cell
cycle and promotes adhesion to BM stromal cells or fibronectin.
In work by Liu et al.,, inhibiting DTX3L induced an apoptotic
response to bortezomib in myeloma cells (58). DTX3L was found
to be regulated by focal adhesion kinase and represents another
pathway through which CAM-DR is induced in myeloma cells.
Bustany et al. compared myeloma cells that continually express
cyclin D1 versus parental controls. Similarly with DTX3L, cyclin
D1 expression increased myeloma adhesion to stromal cells
and fibronectin. These cells also had stabilized F-actin fibers,
enhanced chemotaxis, and inflammatory chemokine secretion.
Both parental and cyclin Dl-expressing cells were resistant
to acute carfilzomib treatment when cultured on stromal cells,
but this could be overcome in cyclin D1-expressing cells after
pretreatment with lenalidomide. The team found changes in
myeloma cell metabolism (specifically, increases in ROS) in cyc-
lin-D expressing cells, and resulting increases in oxidative stress-
induced ERK1/2 signaling (59).

FUTURE DIRECTIONS

There remains a great need to overcome bortezomib resistance
in myeloma. As described here, AKT/PI3K and NF-«kB pathways
are heavily involved drug resistance in MM. Interestingly, there
may be crosstalk between these two major pathways that has yet
to be explored. Kloo et al. found that inhibiting PI3K in activated
B cell like diffuse large B cell lymphoma (ABC DLBCL) cells
decreased NF-kB target genes, which led to decreased survival
of the ABC DLBCL cells (60). Similarly, findings in a study using
an iMYC"™ B lymphoma line created by Han et al. suggested that
constitutive activation of NF-kB and STAT3 was dependent
on signaling through the PI3K pathway and was essential for
survival and proliferation (61). While these studies did not look
specifically at PI drug resistance, the crosstalk could be impli-
cated in the drug resistance in myeloma. As this is becoming a
growing focus in the lymphoma cancer field and because many
labs have shown the importance of these two pathways in the
progression of MM, this crosstalk should be investigated.

The future of PI-resistance, and drug resistance in general, will
be greatly aided by advances in high-throughput “-omics” tech-
niques that create an unprecedented opportunity for understand-
ing PI-resistance at the genomic, transcriptomic, and proteomic
level. Novel PIs are also being developed that can likely overcome

resistance by targeting two or more proteasome subunits, such as
the syringolin analog, syringolog-1, which inhibits the activity of
both the 5 and B2 subunits (22).

As stemness, dedifferentiation, and drug resistance often cor-
relate, a better characterization of the myeloma stem cell will likely
provide even more information about drug resistance and emer-
gence of a drug-resistant clone from a parental population (23, 62).
Interestingly, Gu et al. demonstrated that inducing differentiation
of MM cells made these more sensitive to bortezomib (23). For
example, the blockade of PAX5 (also known as B cell-specific
activator protein) (63) and changes in X-box-binding protein (62)
TF splicing induce differentiation and targeting these proteins has
been shown to reduce bortezomib resistance in MM (64). Finally,
one of the areas that hold great potential for overcoming drug
resistance is through therapeutically targeting BM stromal cells
that have not previously been targeted, such as the BM adipocytes.
As Falank et al. have recently shown, BM adipocytes may induce
drug resistance in MM cells through both soluble and cell-cell
contact-mediated mechanisms (65). More research into the roles
of BM adipocytes in MM drug resistance is warranted.

CONCLUSION

Proteasome inhibitor resistance occurs through a variety of
mechanisms, which evade different functions of PIs. PIs can also
synergize or have additive activity with other chemotherapies or
myeloma-targeted agents, and PI-based combination regimens
are ubiquitous in myeloma treatment algorithms for clinicians,
which often comprise immunomodulatory drugs, monoclonal
antibodies, and HDAC inhibitors. However, myeloma patients
may be resistance to PIs, based on a certain mutation, epigenetic
change, or microenvironmental influence on their tumor cells,
and patients often become refractory to PIs due to emergence
of a Pl-resistant clone. It is likely that more mechanisms of
PI-resistance exist and these should be further explored. Com-
bination therapies have proven essential for overcoming PI
resistance in myeloma and other cancers, and further research
in this arena, especially with consideration as to how to target
the stroma or overcome stroma-induced PI-resistance, will likely
further improve treatment options for myeloma patients. For
more reading on the 26S PI resistance in myeloma beyond this
mini-review, we refer the reader to the reviews by Gandolfi et al.
(1), Larocca et al. (66), and Ziogas et al. (67).
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Parathyroid hormone-related protein (PTHrP) expression in breast cancer is enriched
in bone metastases compared to primary tumors. Human MCF7 breast cancer cells
“home” to the bones of immune deficient mice following intracardiac inoculation, but do
not grow well and stain negatively for Ki67, thus serving as a model of breast cancer
dormancy in vivo. We have previously shown that PTHrP overexpression in MCF7 cells
overcomes this dormant phenotype, causing them to grow as osteolytic deposits, and
that PTHrP-overexpressing MCF7 cells showed significantly lower expression of genes
associated with dormancy compared to vector controls. Since early work showed
a lack of cyclic AMP (cCAMP) response to parathyroid hormone (PTH) in MCF7 cells,
and cAMP is activated by PTH/PTHrP receptor (PTHR1) signaling, we hypothesized
that the effects of PTHrP on dormancy in MCF7 cells occur through non-canonical
(i.e., PTHR1/cAMP-independent) signaling. The data presented here demonstrate
the lack of cCAMP response in MCF7 cells to full length PTHrP(1-141) and PTH(1-34)
in a wide range of doses, while maintaining a response to three known activators of
adenylyl cyclase: calcitonin, prostaglandin E,» (PGE;), and forskolin. PTHR1 mRNA
was detectable in MCF7 cells and was found in eight other human breast and murine
mammary carcinoma cell lines. Although PTHrP overexpression in MCF7 cells changed
expression levels of many genes, RNAseq analysis revealed that PTHR1 was unaltered,
and only 2/32 previous PTHR1/cAMP responsive genes were significantly upregulated.
Instead, PTHrP overexpression in MCF7 cells resulted in significant enrichment of the
calcium signaling pathway. We conclude that PTHR1 in MCF7 breast cancer cells is
not functionally linked to activation of the cAMP pathway. Gene expression responses
to PTHrP overexpression must, therefore, result from autocrine or intracrine actions of
PTHrP independent of PTHR1, through signals emanating from other domains within
the PTHrP molecule.
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Non-Canonical PTHrP Signaling Regulates Dormancy

INTRODUCTION

Parathyroid hormone-related protein (PTHrP, gene name
PTHLH/Pthlh) is a cytokine with functions in both pathology and
physiology (1, 2). Although it was identified as the circulating
factor responsible for humoral hypercalcemia of malignancy (3),
it more commonly acts in a paracrine manner: in breast cancer
cells it promotes their metastasis (4, 5), in bone (osteoblasts and
osteocytes) it stimulates bone formation (6, 7), and in cartilage
cells (chondrocytes) it controls proliferation and hypertrophy (8).

In breast cancer cells that lay dormant in bone (9) we have
previously shown that overexpression of PTHrP enables other-
wise dormant human MCEF7 breast cancer cells to aggressively
colonize the bone marrow and induce osteolysis (5). Consistent
with enhanced bone colonization, we recently reported that such
overexpression of PTHrP in MCEF?7 cells results in the downregu-
lation of several pro-dormancy genes (9).

The best understood actions of PTHrP are those that are
mediated by its binding to the G protein-coupled receptor that it
shares with parathyroid hormone (PTH) (PTHR1). Upon ligand
binding to the receptor, cyclic AMP (cAMP) is activated, followed
by protein kinase A (PKA) activation, cAMP responsive element
binding protein (CREB) phosphorylation, and transcription of
CREB target genes (10-13). This PTHRI1-dependent signaling
pathway is shared between PTH and PTHrP due to high sequence
homology in their amino-terminal domains; the portion of the
molecule that interacts with the receptor (14). Early work showed
that MCF7 cells failed to respond to PTH treatment with any
increase in cAMP or activation of cAMP-dependent protein
kinase, suggesting that PTHRI in those cells is not functionally
linked to adenylyl cyclase (15). In contrast, MCF7 cells possess
specific, high affinity receptors for calcitonin linked to adenylyl
cyclase activation, and activate cCAMP in response to prosta-
glandin E, (15, 16). These data suggest that the effect of PTHrP
overexpression on tumor dormancy in MCF7 cells may occur
through PTHR1-independent actions of the PTHrP molecule.

Using multiple assays, we report here that MCF7 cells, and
many other breast cancer cell lines, express PTHR1 mRNA but
do not bind PTH, nor do they activate cAMP formation or sub-
sequent cAMP signaling events in response to PTH or PTHrP.
Our RNAseq analyses identify many genes induced by PTHrP
overexpression in MCF7 cells, and several potential alternative
pathways, notably those related to calcium signaling.

MATERIALS AND METHODS

Cell Culture

Human MCF7 cells were obtained from ATCC and grown in
DMEM supplemented with 10% FBS and penicillin/streptomycin
(P/S). MCF7pcDNA and MCF7 PTHrP-overexpressing cells were
generated as described previously (5) and grown in the same
conditions as MCF7 cells; we utilized strains grown and main-
tained at two separate institutions to validate findings. All breast
cancer and mouse mammary carcinoma cell lines were obtained
and grown as previously described (9). The rat osteosarcoma
(UMR106-01) cell line was maintained in DMEM supplemented
with 10% FBS and P/S as described in Ref. (17). MC3T3-E1 cells

were maintained in o-MEM supplemented with 10% FBS as
described in Ref. (18).

cAMP Response Assay

Briefly, MCF?7 cells were cultured in 12-well plate in cell culture
media containing 1 mM isobutylmethylxanthine. Cells were
then treated for 12 min with either PTH (100 nM) (sourced from
Bachem, Bubendorf, Switzerland), PTHrP(1-141) (100 nM)
[expressed in Escherichia coli and purified in house (7)], or the
known agonists forskolin (10 pM) (sourced from Sigma), pros-
taglandin E; (1 uM) (sourced from Sigma), or salmon calcitonin
(sCT) (1 uM) (kindly gifted by the late Dr. M Azria, Novartis AG,
Basel, Switzerland). The cells were washed, acidified ethanol was
added, and after air drying was reconstituted in assay buffer and
cAMP formation assayed as previously (19).

CRE-Luciferase Assay

MCEF7 cells were transiently transfected with cAMP response ele-
ment (pCRE)-luciferase (Clontech), a vector containing multiple
copies of CRE binding sequences. Fugene (Promega) was used
to transfect cells. Four hours after agonist stimulation, cells were
lysed, substrate (Promega) was added, and signal was measured
using a Polarstar Optima.

Real-Time Quantitative PCR

Cell lines were harvested in TRIzol (Life Technologies) or
TriSure (Bioline) for phenol/chloroform extraction of RNA,
DNAse digested (TURBO DNA-free kit, Life Technologies), and
cDNA was synthesized from 200 ng-1 ug RNA (iScript cDNA
synthesis kit, Bio-Rad or Tetro cDNA synthesis kit, Bioline)
per the manufacturer’s instructions as previously described
(9). Real-time PCR was performed on either a Quantstudio5
384-well plate format (Thermo Fisher) or Stratagene MX3000P
(Agilent) with the following cycling conditions: 2 min at 50°C,
10 min at 95°C, (15 s at 95°C, 1 min at 60°C) X 40 cycles, and
dissociation curve (15 s at 95°C, 1 min at 60°C, 15 s at 95°C) or
10 min at 95°C, (30 s at 95°C, 1 min at 60°C) X 40 cycles, and
dissociation curve (1 min at 95°C, 30 s at 55°C, 30 s at 95°C).
Primers for mouse PTHRI were previously published (20) and
human PTHRI primer sequences were sourced from MGH
Primerbank (F: CTGGGCATGATTTACACCGTG, R: CAGTG
CAGCCGCCTAAAGTA). Human PTHLH primers were previ-
ously published (21) and human HPRT1, RGS2, CREB, PRKARI,
AREG, and NR4A 1 primerswere previously published (22). Primer
sequences for human BDKRBI and CALML3 were designed using
PrimerBLAST (BDKRBI F: AATGCTACGGCCTGTGACAA,
R: TCCCTAGGAGGCCGAAGAAA; CALML3 F: TGGTTGAT
TCAGCCCACCTC, R: TCCGTGTCATTCAGACGAGC). Gene
expression between samples was normalized to B2M expression
or B2M: HPRT1 geometric mean. Relative expression was quanti-
fied using the comparative CT method [27(Gene C-Normalizer CO]

Confocal Microscopy

Antibodies and Reagents

Tetramethylrhodamine (TMR)-labeled PTH(1-34) (PTH™F)
was synthesized as previously described (23). Anti-VPS35 mouse
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monoclonal was purchased from Santa Cruz Biotechnology
Inc., USA. Alexa Fluor 488 anti-mouse secondary antibody was
purchased from Molecular Probes®, Invitrogen, USA.

Imaging

MCF7 and UMR106-01 cells were cultured as described above,
and seeded on poly-L-lysine-coated glass coverslips at 1 x 10*
cells/well (96-well plate) for 24-48 h prior to agonist stimulation.
Cells were then serum starved for 1 h prior to the addition of
PTH ™R (100 nM) for 15 min at 37°C. Cells were then washed
in ice-cold 1x PBS and fixed in 4% PFA at room temperature,
permeabilized with 0.1% Triton X-100 for 5 min, washed in 0.2%
BSA-PBS, and blocked in 3% BSA-PBS for 30 min. Cells were then
incubated with anti-VPS35 antibody (Santa Cruz Biotechnology
Inc.) for 1 h at room temperature, and washed in 0.2% BSA-PBS
and 1X PBS prior to incubation with Alexa Fluor 488 anti-mouse
secondary antibody (Molecular Probes®, Invitrogen), for 45 min
at room temperature. Cells were then stained with DAPI stain and
mounted in ProLong® Diamond Antifade (Molecular Probes®,
Invitrogen). Detection of immunofluorescence was performed
using a Nikon A1Si confocal microscope running NIS-C Elements
Software (Nikon Corp., Japan). A 40X oil immersion objective
lens (Nikon, Japan) was used, where serial optical sections
(z-stack) of 0.5-1 um were used to reconstruct 2D projections in
FIJI (NIH, USA).

RNA Sequencing and Bioinformatics

RNA samples of MCF7pcDNA control and MCF7 PTHrP-
overexpressing cells (n = 3 independent replicates/group) were
submitted to the Stanford Functional Genomics Facility and
analyzed for RNA integrity using a Bioanalyzer (Eukaryote
Total RNA Nano, Agilent) and all samples had a RNA integrity
number of 9.50-10 (10 is highest quality possible). RNA sam-
ples were sequenced on an Illumina NextSeq with coverage of
approximately 40 million reads per sample. Sequence alignment
and RNAseq bioinformatics analysis was performed by the
Vanderbilt Technologies for Advanced Genomics Analysis and
Research Design (VANGARD) core at Vanderbilt University
Medical Center. RNAseq files are available in the GEO repository
(GEO accession number GSE110713).

Statistics

All data are presented as the mean of n = 3 biological replicates
obtained from three independent experiments (one biological
replicate, with three technical replicates per experiment). For
all graphs error bars indicate the SEM. Statistical tests used are
indicated in the figure legends, and p-values were considered
significant at p < 0.05.

RESULTS

PTHR1 mRNA Is Detected in Breast
Cancer Cells

PTHR1 mRNA levels varied but were detectable across all
human breast cancer and mouse mammary carcinoma cell lines
tested (Figure 1). The panel included cell lines termed “high
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FIGURE 1 | PTHR1 is expressed by breast cancer cells. PTHRT mRNA
levels in human breast cancer cell lines {(MCF7, SUM159, MDA-MB-231,
MDA-MB-231b [bone metastatic clone (25, 26)]}, mouse mammary
carcinoma cell lines {D2.0R, PyMT, 4T1, 4T1BM2 [bone metastatic clone
(27)], D2A1}, classified according to metastatic potential, and PTHR1/
cyclic AMP responsive MC3T3-E1 cells. mRNA levels were normalized to
B-2-microglobulin (B2M) housekeeping gene. Graphs = mean + SE.n =3
replicates from independent experiments.

metastatic potential” [that aggressively colonize the bone after
intracardiac inoculation or lung after tail vein inoculation (9)],
and cell lines termed “Low metastatic potential” (9) [that do not
colonize, or proliferate very slowly after inoculation (9)]. PTHR1
mRNA levels did not correspond to the metastatic potential of
the cell lines. 4T1 and D2A1 cells had the lowest expression of
PTHRI, which was nearly undetectable (4T1: Ct values = 33-39;
D2A1: Ctvalues = 33-34). All breast cancer cell lines had at least
10-fold lower PTHRI mRNA levels than MC3T3-E1 cells, which
have a robust cAMP response to exogenous PTH and PTHrP
treatment (24).

Neither PTH nor PTHrP Stimulates cAMP

in Breast Cancer Cells
MCEF7 cells robustly induced cAMP formation in response to for-
skolin, PGE,, and sCT, but treatment with high dose PTH(1-34)
or PTHrP(1-141) elicited no cAMP response (Figure 2A). This
confirmed the lack of a cCAMP response to PTH in MCF?7 cells
as reported at the time of discovery of the functional calcitonin
receptor (15). In order to investigate later cellular responses,
MCEF?7 cells were transiently transfected with a cAMP response
element (CRE)-luciferase construct (CRE-Luc). Treatment with
either sCT or PGE; resulted in substantial activation of the CRE-
Luc reporter, with no detectable effect of PTH(1-34). All were
used at multiple doses in repeated experiments, with no measure-
able effects detected (Figure 2B).
Tetramethylrhodamine-labeled PTH (PTH ™) has proven
useful for monitoring the surface binding and internalization of
amino-terminal PTH upon its target cells through the PTHR1
(23). Vacuolar protein sorting 35 (VPS35) is an essential subunit
of the mammalian retromer trafficking complex, where retromer
coordinates both retrograde (endosome-to-Golgi) and recycling
(endosome-to-plasma membrane) of many cell surface receptors
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FIGURE 2 | Neither parathyroid hormone (PTH) nor parathyroid hormone-related protein (PTHrP) bind to/activate cyclic AMP (CAMP) in MCF7 cells. (A) cAMP
production in MCF7 cells following 12 min stimulation with PTH(1-34) or PTHrP(1-141), or positive controls forskolin, prostaglandin E. (PGEz), or salmon
calcitonin (sCT). Graphs = mean + SE. n = 3 replicates from independent experiments. *p < 0.01, **p < 0.001 vs no treatment by one-way ANOVA with multiple
comparisons. (B) cAMP response element (CRE)-luciferase signal following 4 h stimulation with PTH or positive controls forskolin, prostaglandin E, (PGE>), or
sCT. Graphs = mean + SE. n = 3 replicates from independent experiments. “**o < 0.001 vs no treatment by one-way ANOVA with multiple comparisons.
(C) Confocal images of stable MCF7 and UMR106-01 cells cultured on poly-L-lysine-coated glass coverslips and serum starved for 1 h prior to the addition of
tetramethylrhodamine-labeled PTH(1-34) (PTH ™R, 100 nM) for 15 min at 37°C. Cells were fixed in 4% PFA and immunostained for the endogenous retromer
subunit, vacuolar protein sorting 35 (VPS35). Scale bar, 10 pm. Representative of n = 3 independent experiments.

(28), including PTHR1 (23, 29) along the endocytic pathway.
VPS35, therefore, serves as a marker of internalized PTH ™®-
PTHRI ligand-receptor complexes following their sequestration
into early endosomes (23). Accordingly, the addition of PTH™R®
at saturating conditions (100 nM) for 15 min to UMR106-01 cells,
was sufficient to visualize encapsulated ligand-receptor complexes
in early endosomes, as determined by its co-localization with
VPS35 (Figure 2C). This event coincides with the generation of
cAMP following stimulation with either PTH and PTHrP peptides
with identical dose responses (19). In contrast, neither PTH ™R
internalization nor co-localization with VPS35 was detected in
MCEF7 parental, vector-transfected, or PTHrP-transfected cells
(Figure 2C).

Lack of cAMP Gene Response in
MCF7 Cells

In order to identify novel dormancy genes regulated by PTHrP, we
used RNAseq to analyze which pathways are activated in response

to PTHrP overexpression in MCF7 cells. We identified >2,500
genes differentially regulated with a log, fold change >1 and
p < 0.05 in MCF7 PTHrP-overexpressing vs MCF7 control cells
(Figure 3A). Consistent with our finding that neither PTH nor
PTHrP induce cAMP formation or early post-receptor activation
events in MCF?7 cells, RNAseq analysis confirmed that only 2 of
a previously described panel of 32 CREB-responsive genes (22)
were significantly upregulated in MCF7 PTHrP-overexpressing
cells (Table 1). Three CREB-responsive genes were significantly
downregulated, and the remaining 27 were not altered by PTHrP
over-expression, confirming that even long term overexpression
of PTHrP does not induce genes that result from cAMP signaling
in MCF?7 cells.

Validation of several candidate CREB-responsive genes
in MCF7 PTHrP-overexpressing cell lines maintained at a
separate institution was consistent with our RNAseq findings
(Figures 3B-E). The one exception was NR4A I, which was found
to be unaltered by RNAseq, but was significantly upregulated in
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FIGURE 3 | Parathyroid hormone-related protein (PTHrP) overexpression does not induce cyclic AMP (CAMP) target genes. (A) Heat map of gene expression with
95% confidence intervals in MCF7pcDNA (empty vector control) or MCF7 PTHrP-overexpressing cells. BR1 = biological replicate 1, BR2 = biological replicate 2,
BR3 = biological replicate 3. (B-G) gPCR for cAMP target genes in MCF7pcDNA or MCF7 PTHrP-overexpressing cells. mMRNA levels were normalized to the
geometric mean of B2M and HPRT1 housekeeping genes. Graphs = mean + SE. **p < 0.01 by unpaired Student’s T-test. (H-J) gPCR for cAMP target genes

in MCF7 cells following stimulation with PTHrP(1-141) or positive controls prostaglandin E. (PGE,) or salmon calcitonin (sCT). Graphs = mean + SE. n =3
replicates from independent experiments. *p < 0.05, *p < 0.01, **p < 0.001 vs no treatment by one-way ANOVA with multiple comparisons.

PTHrP-overexpressing cells by real-time PCR (Figure 3F). We
also confirmed that PTHRI is not downregulated with PTHrP
overexpression (Figure 3G). In addition, treatment with positive
controls PGE, and sCT induced significantly greater mRNA
levels of CREB-responsive genes AREG, NR4AI, or RGS2, but
exogenous treatment with PTHrP(1-141) had no significant
effect (Figures 3H-J).

RNAseq Confirms PTHrP Overexpression

Reduces Pro-Dormancy Genes

We previously reported that PTHrP overexpression in MCF7
cells significantly reduced the pro-dormancy genes LIFR, SOCS3,
TPM1, AMOT, P4HA1, HISTIH2BK, SELENBPI, and QSOX1I
(9). RNAseq analysis confirmed that 6/8 of these genes were
downregulated in MCF7 PTHrP-overexpressing cells (Table 2).

Calcium-Related Pathways Are Activated
in Response to PTHrP Overexpression in

MCF7 Cells

We next performed STRING analysis on the RNAseq data to
identify significantly enriched pathways. We separately analyzed
the 250 upregulated and downregulated genes (all p < 0.05)
with the largest log, fold change, a total of 500 genes analyzed
(Figures 4A,B). STRING pathway analysis of this RNAseq data
revealed that the most significantly enriched pathways (false
discovery rate = 0.0081-0.0324) in MCF7 cells overexpressing
PTHrP in comparison to parental MCF7 cells and across all 500
genes, were the calcium signaling pathway, cytokine-cytokine
receptor interaction, chemokine signaling pathway, and inflam-
matory mediator regulation of transient receptor potential (TRP)
channels (Figure 4C).

Frontiers in Endocrinology | www.frontiersin.org

May 2018 | Volume 9 | Article 241


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive

Johnson et al.

Non-Canonical PTHrP Signaling Regulates Dormancy

TABLE 1 | Cyclic AMP (cAMP) signaling is not induced by parathyroid
hormone-related protein (PTHrP) in MCF7 cells.

Gene name Direction

Log. fold change

p-Value

RNAseq values for 32 known cAMP target genes (22) and PTHR1 (bottom of table) in
MCF7 PTHrP-overexpressing cells compared to MCF7 vector controls.

Red = significantly up-regulated, green = significantly down-regulated, gray = no
significant change.

TABLE 2 | Dormancy genes are downregulated by parathyroid hormone-related
protein (PTHrP) in MCF7 cells.

Gene name Log: fold change p-Value

RNAseq values for eight pro-dormancy genes (9) in MCF7 PTHrP-overexpressing cells
compared to MCF7 vector controls.

Green = significantly down-regulated, gray = no significant change.

*p < 0.05, “p < 0.01, ***p < 0.0001.

The calcium signaling pathway and TRP channels are ion
channels with high selectivity for Ca** (30), indicating calcium
signaling is dramatically altered with PTHrP overexpression.
There was overlap of 5/6 regulated genes in the “calcium signaling
pathway” and “regulation of TRP channel pathway” from STRING
analysis (P2RX6 was specific for the calcium signaling pathway)

(Figure 5A); there were no unique TRP channel pathway genes
that were regulated. mRNA levels for PTHLH (control), BDKRBI,
and CALML3 (Figures 5B-D) confirmed the RNAseq findings in
MCEF7 PTHrP-overexpressing cells.

DISCUSSION

This work provides extensive evidence that PTHrP, although it is
capable of inducing substantial changes in gene expression and
behavior in MCF7 cells, does not signal through the PTHR1 to
activate the cAMP pathway in these cells. Although PTHR1 is
detected by qPCR, no cAMP response was detected, and no activ-
ity was observed in a CREB reporter assay. Furthermore, out of all
the known cAMP responsive genes, only 2 of 32 were regulated
in a positive direction by RNAseq analysis. In contrast, PTHrP
overexpression in these cells upregulated genes associated with
the calcium signaling pathway.

When human breast cancer cells were found to express
functional receptors for calcitonin and PGE, linked to adenylyl
cyclase activation, no such activation could be detected in
response to PTH(1-34) (15). We confirm this observation in
the present experiments and show that PTHrP(1-141) also
lacks this activity. In addition, we report that PTH(1-34) has no
effect on activation of a CREB reporter construct that is readily
activated by either sCT or PGE,. The latter two agonists, unlike
PTH and PTHrP, also promoted expression of genes known to
be regulated by the PKA-CREB pathway. There were only two
cAMP responsive genes that were significantly upregulated with
PTHrP overexpression by RNAseq: AREG and NRPI. Both of
these genes have been implicated in cancer. AREG is essential for
estrogen receptor-targeted therapeutic response (31). NRPI has
been previously shown to promote tumorigenesis by enhancing
angiogenesis (32) and NRP1-positive cells have been reported
to have tumor-initiating properties (33). Thus the upregulation
of these genes may result from indirect effects independent of
cAMBP, a possibility we will investigate. It is also worth noting that
the PTHrP induction of AREG mRNA, and the CREB-responsive
gene NR4A1, in MCF7s is much lower than its induction with
the positive controls prostaglandin E, (PGE,) and sCT. In a
separate study, we have tested the same secreted form of PTHTrP,
and the same preparation of recombinant PTHrP(1-141) in
Ocy454 cells, an osteocyte cell line that expresses the PTHR1
(7). Overexpression and exogenous treatment both induced
a significant increase in cAMP in these cells, and overexpres-
sion increased the CREB responsive genes, Nr4al and Rgs2 (7)
confirming that these forms of PTHrP are capable of inducing a
CREB response, but not in MCF?7 cells.

Our data also indicate that PTH, which shares with PTHrP the
same ability to bind to the PTHR1, does not bind to MCF7 cells
in any detectable manner. This is illustrated by use of the PTH™R®
reagent, which requires functional PTHR1 for CREB activation
and internalization into early endosomes. This suggests that
the action of overexpressed PTHrP that suppresses dormancy
and results in major changes in gene expression and osteolytic
destruction of bone, is not only not cAMP-mediated, but is also
not elicited through the PTHR1. However, we have not excluded
the possibility that PTHrP binds to PTHR1 at levels below our
detection limits, and initiates cAMP-independent signaling.
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FIGURE 4 | Multiple signaling pathways are upregulated in MCF7 parathyroid hormone-related protein-overexpressing cells. (A) STRING network analysis of the top
250 upregulated genes (with logs fold change >1 and p < 0.05). Colors of each node correspond to the KEGG pathway indicated in (C). (B) STRING network
analysis of the top 250 downregulated genes (with log. fold change <—1 and p < 0.05). (C) KEGG biological pathways significantly enriched for in the STRING
analysis of the top 250 upregulated genes. There were no significantly enriched KEGG biological pathways for the top 250 downregulated genes. Colors
correspond to the nodes in (A).
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FIGURE 5 | The calcium signaling pathway is significantly enriched downstream of parathyroid hormone-related protein (PTHrP) in MCF7 cells. (A) Venn diagram
indicating the calcium signaling pathway and transient receptor potential (TRP) channel genes that were significantly upregulated in PTHrP-overexpressing cells (gray
circle). There was also one significantly enriched gene that was unique to the calcium signaling pathway, P2RX6 (green circle). (B) PTHLH mRNA levels, shown as a
control for PTHrP overexpression, in MCF7pcDNA control or MCF7 PTHrP-overexpressing cells (C,D). gPCR for mRNA levels of calcium signaling pathway genes

in MCF7pcDNA or MCF7 PTHrP-overexpressing cells. Graphs = mean + SE. n = 3 replicates from independent experiments. *p < 0.05, ***p < 0.001 by Unpaired
Student’s T-test.

Parathyroid hormone and PTHrP have identical amino acids molar basis with each other and with PTH(1-34) in their ability
in 8 of their first 13 residues, but other similarities within the  to promote cAMP activity (19). In exerting this function, PTHrP
sequences are no more than would be expected by chance (1, 3).  and PTH were shown to share actions upon a common receptor,
In PTHRI1-bearing target cells, recombinant PTHrP(1-141) and ~ PTHRI1 (14). These functions are absent in MCF7 cells. Instead,
synthetic shorter amino-terminal forms were equipotent on a  our findings suggest that the major changes in gene expression
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in MCF?7 cells in response to PTHrP must occur through PTHrP
actions mediated by domains of PTHrP distinct from the (1-34)
region known to act on the cAMP-PKA pathway through PTHRI.
A number of biological activities have been ascribed to domains
of PTHrP beyond the amino-terminal region, but although these
domains have been defined on the basis of the primary amino
acid sequence, no receptors for these responses have yet been
identified. For example, (i) the mid-molecule portion, between
residues 35 and 84, is responsible for placental calcium transport,
(ii) many pharmacologic studies have shown biological effects
of the C-terminal domain, beginning at residue 107, and (iii) a
nuclear localizing sequence mediates transport of PTHrP to the
nucleus in many cell types [reviewed in Ref. (1)]. These many
biological activities within the PTHrP molecule led to it being
regarded as a multifunctional cytokine (34, 35) but the specific
intracellular pathways that mediate these non-PTHR1-mediated
actions remain unknown. These possibilities have been raised
recently with respect to the role of PTHrP in bone remodeling (7),
since mice lacking PTHrP in osteocytes exhibit a bone phenotype
that is markedly different from mice lacking the PTHRI (36).
Thus in this work, where substantial effects of PTHrP overex-
pression on gene expression in MCF7 cells seem to be unrelated
to PTHR1-mediated actions though cAMP/PKA/CREB activa-
tion, these other domains of PTHrP need to be considered. This
question begins to be addressed with the findings from the
RNAseq data, which identified the calcium signaling pathway as
significantly upregulated by PTHrP overexpression. In cancer,
upregulation of Ca** channels and pumps promotes tumor
proliferation and drives tumorigenesis. Several of these signal-
ing pathway components have been reported as overexpressed
in breast, prostate, colon, pancreas, and lung tumors (37-39). It
has also been shown that PTHrP nuclear action downstream of
the calcium-sensing receptor (CaSR) promotes proliferation and
reduces p27%¥! levels in breast cancer cells, ultimately preventing
nuclear accumulation of apoptosis-inducing factor and the cell
death that normally occurs when Ca®* levels are in excess (40).
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Bone-metastatic prostate cancer is common in men with recurrent castrate-resistant
disease. To date, therapeutic focus has largely revolved around androgen deprivation
therapy (ADT) and chemotherapy. While second-generation ADTs and combination
ADT/chemotherapy approaches have been successful in extending overall survival,
the disease remains incurable. It is clear that molecular and cellular components of the
cancer-bone microenvironment contribute to the disease progression and potentially to
the emergence of therapy resistance. In bone, metastatic prostate cancer cells manip-
ulate bone-forming osteoblasts and bone-resorbing osteoclasts to produce growth and
survival factors. While osteoclast-targeted therapies such as bisphosphonates have
improved quality of life, emerging data have defined important roles for additional cells of
the bone microenvironment, including macrophages and T cells. Disappointingly, early
clinical trials with checkpoint blockade inhibitors geared at promoting cytotoxic T cell
response have not proved as promising for prostate cancer compared to other solid
malignancies. Macrophages, including bone-resident osteomacs, are a major compo-
nent of the bone marrow and play key roles in coordinating normal bone remodeling and
injury repair. The role for anti-inflammatory macrophages in the progression of primary
prostate cancer is well established yet relatively little is known about macrophages in
the context of bone-metastatic prostate cancer. The focus of the current review is to
summarize our knowledge of macrophage contribution to normal bone remodeling and
prostate-to-bone metastasis, while also considering the impact of standard of care and
targeted therapies on macrophage behavior in the tumor-bone microenvironment.

Keywords: bone, prostate cancer, metastasis, macrophage, polarization, therapy

INTRODUCTION

In 2018 alone, approximately 28,000 deaths from prostate cancer are predicted (1). While early stage
disease is often treated successfully with surgery, radiation, and/or androgen deprivation therapy
(ADT), advanced prostate cancer remains a moving target. Advanced disease typically manifests in
the skeleton where metastases are often sensitive to first- and second-generation ADT. However, in
a short period, the cancer becomes castrate resistant. In bone, prostate cancer causes extensive bone
remodeling and formation that result in intense pain and heightened risk of pathologic fracture (2).
These symptoms drastically reduce the patients’ quality of life and contribute substantially to disease
morbidity and mortality. Bone-metastatic castrate-resistant prostate cancer (mnCRPC) is currently
incurable and appears to be refractory to recent advances in immunotherapy, such as checkpoint
inhibitors (3-5). However, immune-based therapies such as Sipuleucel-T have been beneficial for
some patients indicating that there may be room for alternative strategies in targeting the immune
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microenvironment of bone mCRPC. Despite macrophages con-
stituting 8-15% of healthy adult male bone marrow, their role
in the context of the bone-metastatic CRPC remains relatively
underexplored.

MACROPHAGE FUNCTION IN TISSUE
HOMEOSTASIS

Macrophages are phagocytic cells of the innate immune system
responsible for maintenance of tissue homeostasis. Myeloid in
nature and originating from hematopoietic stem cells that mature
and differentiate into myeloblasts and monocytes, macrophages
are noted for their diverse morphology and function across
various tissues (6-8). For example, microglia are residential
macrophages of the brain and play an important role in regulat-
ing synapse behavior (9). These cells have further demonstrated
roles in immune modulation of inflammatory response to brain
trauma at the blood-brain barrier (10). Other organ-specific mac-
rophages include kupffer cells which turnover heme molecules
through phagocytosis and degradation of hemoglobin in the liver
(11, 12), and alveolar macrophages which engulf and eliminate
dust particulates and microbes from the air on the luminal side
of the mucosal epithelium lining in the lung (13, 14). Precursor
and mature macrophages derived from the bone marrow also
circulate the body, surveying and infiltrating sites of injury and
infection to regulate local responses. Macrophages are known for
their plasticity, and depending on signaling cues, can polarize into
pro- or anti-inflammatory phenotypes. Traditionally, these phe-
notypes have been referred to as M1 and M2, but more recently
it has been recognized that there are a spectrum of phenotypes
across the M1/M2 continuum. Inflammatory stimuli released by
necrotic or damaged tissue, such as interferon-gamma (IFNy),
interleukin-12 (IL-12), and reactive oxygen species (ROS) pro-
mote polarization into a pro-inflammatory phenotype (15-19),
leading to the secretion of pro-apoptotic cytokines such as tumor
necrosis factor (TNF) to induce apoptosis of neighboring cells.
Pro-inflammatory macrophages can remove apoptotic neutro-
phils and cellular debris through phagocytosis and efferocytosis
(20-24) and participate in the adaptive immune response by
presenting disease-associated antigens to T and B cells that
specifically target infectious agents or diseased cells (25-27).
Following injury/infection resolution, secretion of factors includ-
ing interleukin-10 (IL-10) and transforming growth factor beta
(TGFP) by fibroblasts and platelets promote the polarization
of anti-inflammatory macrophages (28). Anti-inflammatory
macrophages suppress further inflammation by secreting TGFp,
vascular endothelial growth factor (VEGF), and ROS that will
deactivate T cells and promote Tu2 response (29-32). These fac-
tors will also stimulate expansion of fibroblasts, endothelial cells,
and other cell types for tissue repair (33, 34).

MACROPHAGE ROLES IN BONE
REMODELING AND INJURY REPAIR

In the bone marrow, osteoclasts and osteoblasts are bone-specific
cell populations that serve to resorb and mineralize the bone,

respectively. The activities of these two populations are tightly
coupled to ensure balanced bone turnover as well as returning
the bone to homeostasis subsequent to injury. Osteoclasts are
found residing on osteal surfaces and are histologically charac-
terized as tartrate-resistant acid phosphatase (TRAP) positive
and multi-nucleated (35, 36). Osteoclasts migrate to sites of
active bone remodeling by chemotaxis, where they are involved
in demineralization and resorption of the bone matrix (37-39).
Upon apoptosis of the osteoclast, mesenchymal stem cell-derived
osteoblasts rebuild the bone matrix via the deposition of type I
collagen and hydroxyapatite (40). Traditionally, due to their
myeloid origins and bone-specific functions, osteoclasts are
considered the bone-resident macrophage population. However,
roles for pro- and anti-inflammatory macrophages in controlling
and coordinating osteoclast and osteoblast bone remodeling have
been described. For example, IFNy- and IL-12-stimulated NOS2
and TNF positive pro-inflammatory macrophages can promote
osteoclast formation and bone resorption (41, 42). Conversely,
anti-inflammatory macrophages are thought to contribute to
bone formation (43).

A distinct population of bone-resident macrophages,
osteomacs, has been described, and recent studies have shown
important roles for these cells in modulating osteoblast activity
in both bone homeostasis and injury repair (44). Osteomacs are
morphologically characterized as mononuclear cells that form
canopy-like structures around osteoblasts and can occupyas much
as 75% of both murine and human endosteal and trabecular bone
surfaces that are under active remodeling (45-48). Histologically,
osteomacs are distinct from osteoclasts and are F4/80 positive but
TRAP negative. Additionally, other groups have shown osteo-
macs to express common macrophage markers such as CD68,
and also more specific markers, such as Mac-3 and CD169 (45,
46, 49). While osteomacs can be stimulated by receptor activator
of nuclear kappa B ligand (RANKL) and colony stimulating fac-
tor-1 (CSF-1/M-CSF) to become osteoclasts in vitro, monocytes
and other myeloid precursors were found to be more efficient
osteoclast precursors (45). These data indicate that osteomacs are
a plastic, yet distinct cell type, with specific functions in the bone
marrow microenvironment. Indeed, further studies have revealed
that osteomacs have diverse roles in regulating osteogenesis and
osteolysis. Osteoblasts become inefficient as they age and need
to be replenished to ensure proper homeostatic bone turnover
(46). During normal bone turnover, osteomacs engulf apoptotic
osteoblasts in a process called efferocytosis, which induces the
secretion of TGFP, TNE, and oncostatin M that facilitate osteo-
blastogenesis and bone formation (45, 46, 48). This mechanism
has been confirmed in various in vitro and in vivo contexts. For
example, removal of osteomacs from bone marrow-derived
osteogenic co-cultures reduced osteoblast number and osteoblas-
tic mineralization (47). The MAcrophage Fas-Induced Apoptosis
(MAFIA) murine model is one in which administration of ligand
AP20187 can systemically suppresses macrophage differentiation.
Reduced osteoblast occupancy of the endosteal bone surfaces was
observed in maturing MAFIA mice following AP20187 admin-
istration (47, 50). Congruently, parathyroid hormone-induced
bone anabolism in the MAFIA model was suppressed upon mac-
rophage ablation (51). Interestingly, when murine macrophages
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were depleted by clodronate liposome-induced apoptosis,
osteoblast numbers remained stable (47, 50). Further compari-
son between two methods of macrophage depletion showed that
transient macrophage apoptosis induced osteomac expansion
and efferocytosis, which further enhanced osteoblast activity (46,
51, 52). Additionally, C57BL/6 mice bone marrow treated with
trabectedin, a chemotherapy antagonist of macrophages, showed
diminished phagocytic genetic signature, efferocytotic osteomac-
induced RUNX2 positive osteoblastogenesis, and associated BV/
TV status (53). During bone fracture repair, osteomacs can also
sense apoptotic damaged cells and in response, initiate inflam-
mation and immune recruitment through secretion of immune
attractant factors, such as chemokine (C-C motif) ligand 2
(CCL2) and M-CSF (48). Additionally, LPS-stimulated osteo-
macs express TNF and NOS2, and suppress osteoblast activity
in vitro (45). In vivo, bone fracture induced pro-inflammatory
polarization of immune macrophages and osteomacs to secrete
TNF and IFNB, driving osteoclastogenesis and osteolysis (45). In
fact, osteomacs have been shown to associate with osteoclasts at
catabolic sites, substantiating their distinction from osteoclasts,
and supporting their additional roles in regulating osteolysis (48).
These studies indicate that osteomacs can direct the transition
between osteolysis and osteogenesis by directly modulating the
expansion and activity of osteoclasts and osteoblasts for repair
in the event of bone injury (46). Taken together, these studies
demonstrate the complex roles of bone-resident macrophages in
bone remodeling (54, 55). How they contribute to the progres-
sion of bone-metastatic prostate cancer and respond to applied
therapies has not been fully elucidated at this juncture.

MACROPHAGES PROMOTE PRIMARY
PROSTATE CANCER PROGRESSION

Justasin other cancers, chronic inflammation in prostate cancer is
thought to serve as a prelude to tumorigenesis (56). In fact, in cases
of premalignant prostatic inflammatory atrophy, macrophages
were observed coalescing at sites where inflammation-driven
neoplasia caused disruptions in the epithelial lining of the pros-
tate (57). In primary prostate cancer, pro- and anti-inflammatory
tumor-associated macrophages (TAMs) have been found to
comprise a significant portion of the immune cells infiltrating the
tumor microenvironment with studies beginning to dissect roles
for each population with regards to progression of the disease (58,
59). The exact pro- and anti-inflammatory constitution of TAMs
vary across cancer types, but protective roles for TAMs have
been described in prostate cancer. For example, macrophages
located in the tumor-peripheral stroma correlated with increased
recurrence-free survival (60), while macrophages expressing
CD204, a marker associated with activation of antigen presenta-
tion in dendritic cells, correlate with better overall survival and
prognosis (60-62). However, for the most part, macrophages
have been found to contribute to, or directly promote, primary
prostate cancer progression with individual patient cohort and
meta-analysis studies identifying that macrophage infiltration
correlates with disease aggressiveness and poor prognosis in
prostate cancer (63-67). With respect to therapy, the density of

anti-inflammatory macrophages in the primary disease correlates
with extracapsular and biochemical recurrence following radical
prostatectomy and/or ADT (63, 65, 66, 68).

The tumor-promotingroles ofanti-inflammatory macrophages
are thought to revolve around their immune-suppressive and
angiogenic effects, both of which are important hallmarks of pros-
tate cancer progression (68-71). Prostate cancer cells have been
shown to secrete factors such as CSF-1 and CCL2 that lead to the
recruitment of monocytes and macrophages that facilitate these
processes (68, 72-78). Once recruited to the microenvironment,
macrophages are exposed to a milieu of environmental cues that
can drive their polarization into pro- or anti-inflammatory states
(58). For example, exposure to tumor-derived IL-10 and -13 pro-
motes macrophage polarization into an anti-inflammatory state.
Subsequently, macrophages secrete factors, such as epidermal
growth factor (EGF), platelet derived growth factors, and VEGF
that promote cancer cell proliferation and angiogenesis of the
tumor microenvironment (69, 79-83). Furthermore, ARGI1 and
TGEFp positive anti-inflammatory macrophages, along with mye-
loid-derived suppressor cells and regulatory T cells, collectively
suppress inflammation and immune response within the tumor
microenvironment (84-88). Both pro- and anti-inflammatory
macrophages can also modulate T cell expansion and cytotoxic-
ity by regulating the bioavailability of L-arginine, an important
amino acid for T cell activity and survival (89). In addition, NOS2
positive pro-inflammatory macrophages synthesize nitric oxide
that can promote T cell Tul expansion (90, 91). Conversely, anti-
inflammatory macrophages expand during Tu2 response and
additionally suppress T cell proliferation through expression of
co-inhibitory molecule PD-L2 (30). Importantly, macrophages
can also contribute to the activity of non-immune cells in the
tumor microenvironment, such as cancer-associated fibroblasts
(CAFs). Macrophage-secreted factors such as TGFf are known
potent regulators of CAFs that also promote tumor growth
and invasion into the peripheral tissue to facilitate metastasis
(68, 71, 92, 93).

MACROPHAGE ROLES IN ESTABLISHING
THE PRE-METASTATIC BONE MARROW
NICHE?

While much is known about the role of macrophages in primary
prostate cancer progression, less is known about how their polari-
zation states in the bone marrow contribute to, or protect against
prostate cancer metastasis to the bone and subsequent estab-
lishment. TNFE, TGFp, and VEGFA can be secreted by primary
prostate cancer cells into circulation (94), which can activate
marrow cell populations including bone-resident macrophages
and hematopoietic progenitor cells. Furthermore, these tumor-
derived factors have been shown to induce the recruitment of
immunosuppressive myeloid populations into the bone that sup-
port immune evasion and ease the establishment of circulating
tumor cells (95).

Emerging evidence has also defined important roles for
prostate cancer-derived exosomes in the genesis of receptive
pre-metastatic niches (96, 97). Exosomes are nanometer-sized
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vesicles that can be shed in large numbers by cancer cells. The
cargo contents of cancer cell-derived exosomes vary greatly, but
can contain cell-adhesion molecules, receptor tyrosine kinases,
proteases, miRNAs and miRNA processing machinery, mRNA,
and DNA (98, 99). Injection of mice with exosomes derived
from human prostate cancer peripheral blood or murine prostate
cancer cells lines (TRAMPcl) demonstrated impaired murine
osteoclast formation and enhanced osteoblast differentiation sug-
gesting that prostate cancer-derived exosomes play a role in tip-
ping the balance toward bone formation, a common hallmark of
bone-metastatic prostate cancer (100, 101). Milk fat globule-EGF
factor 8 protein (MFG-E8) was found in human prostate cancer
patient exosomes, and tissue biopsies. MFG-E8 has been shown
to mediate macrophage efferocytosis of apoptotic osteoblasts and
cancer cells; these macrophages then exhibitan anti-inflammatory
phenotype and in turn promote immune suppression through
expression of TGFp and ARG1 (102, 103). Characterization of
prostate cancer-derived exosomes has identified various proteins
and miRNA that can promote metastasis. Among the miRNA
identified, miRNA-21 is particularly interesting given that it is
upregulated in bone-metastatic prostate cancer and has known
roles in regulating osteoclasto- and osteoblastogenesis (23, 97,
104, 105). Additionally, miRNA-21 is known to regulate mac-
rophage phagocytosis of necrotic or diseased tissue in the context
of wounding (23). Other miRNA identified in prostate cancer-
derived exosomes that can influence osteoclast and osteoblast
differentiation include miRNA-128 and -183 (95, 97).

Collectively, these studies show thatbone marrow macrophages
contribute to bone-metastatic outgrowth of disseminated
prostate cancers, whereby cancer-derived signals or exosomes
significantly influence macrophage activity in the pre-metastatic
niche. In turn, these changes appear to be permissive for prostate
cancer cell colonization of bone.

TAMs IN METASTATIC CASCADE
OF PROSTATE CANCER

The role of TAM in the metastatic dissemination of primary pros-
tate cancer has been extensively studied and reviewed. Here, we
reference seminal review articles that outline the molecular and
cellular communication between TAMs and primary prostate
cancers resulting in tumor vascularization, epithelial-to-mes-
enchymal transition, intravasation, and eventual colonization of
distal sites, including, specifically, the skeletal bone marrow (58,
83, 106-109).

MACROPHAGES IN THE PROGRESSION
OF ESTABLISHED PROSTATE TO BONE
METASTASES

Once actively growing in the skeleton, prostate cancer cells
manipulate the cells of the bone microenvironment to promote
areas of extensive osteolysis and osteogenesis. Osteoclasts have
traditionally been regarded as a specialized bone-resident mac-
rophage population due to their myeloid lineage and phagocytic
nature in bone resorption, which leads to the release of bone

matrix-sequestered factors that feed the metastatic prostate can-
cer cells (110-112). While macrophages can fuse and form into
osteoclasts in response to RANKL (113, 114), the role of individual
macrophage populations in controlling prostate cancer bone inter-
action remains relatively underexplored. Recent observations in
patient biopsies have implicated the role of osteal macrophages in
established bone-metastatic prostate cancer (115). CD68 positive
macrophages were detectable at high density within the tumor,
whereas osteoclasts and osteomacs were found at the tumor-
bone interface, suggesting potentially differential functions for
each population in the growing lesions (115). Studies have also
defined causal roles for macrophage populations in the growth
of prostate cancer in bone. For example, intratibial inoculation of
RM1 prostate cancer cells into macrophage-depleted bone mar-
row of MAFIA mice resulted in decreased pathologic osteolysis
(107, 116). Additionally, depleting macrophages using clodronate
liposome prior to tumor inoculation significantly limited cancer
growth in bone (116). Further evidence supporting contributory
roles for macrophages in the progression of bone-metastatic
prostate cancer lesions has been provided using similar total
macrophage depletion approaches (107, 115). Additionally,
roles for osteomacs in the cancer-bone microenvironment have
also been described, where CD169 positive tumor-associated
osteomacs were found to facilitate tumor-induced pathologic
osteogenesis. Interestingly, CD169 negative macrophages have
been shown to promote tumor growth (115) and phenotypically
resemble CD206 positive anti-inflammatory macrophages found
in primary prostate cancer (109, 117). Taken together, these
studies suggest that macrophages contribute to prostate cancer
metastasis and growth in the bone microenvironment (Figure 1).
However, deeper investigations into the precise roles of pro- and
anti-inflammatory macrophages and osteomacs in the process
are warranted.

MACROPHAGE RESPONSE TO
STANDARD OF CARE TREATMENTS/
THERAPIES

As discussed, macrophage polarization can have protective
or contributory roles; however, the impact of standard of care
approaches on macrophage behavior has not been explored in
depth thus far. For men with bone-metastatic CRPC, treatment
options largely focus on radiation therapy to alleviate pain and
reduce tumor burden, or therapeutics that target the cancer cells,
such as chemotherapy and ADT. Although castrate-resistant,
CRPC prostate cancer cells remain dependent on androgen
signaling via the expression of constitutively active androgen
receptor splice variants, and/or autocrine expression of their
own androgen (118-120). Underscoring this dependency on
androgens or the AR receptor for survival, second-generation
ADTs (enzalutamide and abiraterone) have been shown to sig-
nificantly improve overall survival. In murine xenograft models,
enzalutamide treatment of C4-2B and TRAMPc1 prostate tumors
induced STAT3-mediated CCL2 expression and recruitment of
CCR?2 positive macrophages, enhancing angiogenesis and tumor
invasion (121-123). Other second-generation ADTs, such as
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FIGURE 1 | Macrophage roles in the context of the bone-metastatic prostate cancer. Upon recruitment to the site of metastasis by chemokine (C-C motif) ligand 2
and or colony stimulating factor-1, macrophages may polarize (blue arrows) into pro-
associated macrophages have protective (red arrow) or contributory effects (green arrow) directly on prostate cancer. Importantly, macrophages, including

bone-resident osteomacs, impact osteoclast and osteoblast function (green arrows) thereby also indirectly regulating prostate cancer progression in bone. Asterisks
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or anti-inflammatory states depending on environmental cues. Tumor-

abiraterone, have also been shown to upregulate cancer cell CSF1
expression to promote macrophage infiltration, wound healing
and, subsequently, tumor proliferation (75). Additionally, ADT
drives tumor secretion of IL-10 and -13 that contribute to the
polarization of macrophages into an anti-inflammatory pheno-
type (75). While in-depth studies have not examined the precise
effects of second-generation ADT on macrophage behavior in
bone-metastatic disease, it is plausible that the drugs may have
actions similar to those noted at the primary site by promoting
an anti-inflammatory phenotype. Critically, little work has been
done to explore the role of ADT on bone-resident macrophages.
As discussed, osteomacs appear to be key regulators of bone
formation, and androgen depletion may impact the ability of
osteomacs and osteoblasts to generate bone. This would be
beneficial in reducing the aberrant osteogenesis associated with
bone-metastatic prostate cancer, although it could promote
systemic osteoporosis, a phenomenon noted in men undergoing
chronic ADT treatment (124).

Taxane chemotherapies such as docetaxel and cabazitaxel are
also used for the treatment of advanced prostate cancer patients.
These drugs inhibit microtubule disassembly during mitotic
chromosome segregation and induce apoptosis in neoplastic
cells, and they are commonly given to patients with mCRPC who
have failed ADT (125-128). Interestingly, for chemotherapy-
sensitive CRPC, docetaxel has immune-stimulatory effects and
can inhibit myeloid-derived suppressor cells, while promoting a
switch in macrophages from an anti- to pro-inflammatory phe-
notype (129, 130). However, bone-metastatic CRPCs eventually
become resistant to docetaxel, at which point they progress. In the

case of chemotherapy-resistant cancer, the cancer cells can now
secrete inflammatory cytokines such as IL-6 and -8, to recruit and
differentiate monocytes and endothelial cells, for immune sup-
pression and angiogenesis, respectively (131-134). Specifically,
IL-6-induced mature macrophages are subsequently driven by
other secreted cytokines such as IL-4 to anti-inflammatory states
to induce immune suppression (131). IL-6 also induces prostate
cancer survival by inducing Bcl/Stat-mediated survival signaling
(131). Docetaxel can also induce CCL2 expression in cancer
cells, a potent factor that not only induces prostate cancer growth
and is correlated with disease progression but also recruits
anti-inflammatory macrophages that drive tumor progression
(74, 131, 135-139). Anti-inflammatory macrophages may also
promote bone formation, but studies have shown that docetaxel
impacts bone remodeling by suppressing osteoclast formation
and osteoblast expansion, therefore, potentially off-setting the
contribution of anti-inflammatory macrophages to cancer-
induced bone disease (140).

Newer therapies being employed in the clinic may also have
important effects on macrophage behavior in bone. For example,
radium-223 is an alpha-emitting radionuclide that binds to cal-
cium and promotes prostate cancer cell death in the neighboring
vicinity. The treatment has been successful in extending the over-
all survival of men with bone-metastatic CRPC. The apoptosis
induced by radium-223 may increase the bioavailability of tumor
antigen in a cytotoxic microenvironment. Since macrophages are
strong antigen presenting cells that mediate T cell antigenicity,
it will be interesting to explore whether peripheral macrophages
become pro-inflammatory and immune-stimulatory (141).
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However, the effects of radiation therapy can be double edged. In
humans, myelosuppression, leucopenia, and lymphopenia, were
noted in radium-223 patients (142, 143). Further, in multiple
cancer models, radiotherapy has been demonstrated to enhance
macrophage infiltration, and over time, the polarization of mac-
rophages into an anti-inflammatory phenotype may promote
angiogenesis and cancer cell survival/recurrence (144-146).
Taken together, these studies indicate that while applied thera-
pies are initially successful in limiting disease progression, the
emergence of resistant disease is often coupled/correlated with
changes in macrophage polarization. Whether chronic exposure
to standard of care therapies alters the microenvironment which
in turn facilitates the emergence of resistant cancer cells remains
to be determined. Conversely, little is known as to whether the
evolution of resistant cancer cells in response to therapy impacts
the behavior of the surrounding microenvironment.

CAN MACROPHAGE-BASED THERAPIES
BE IMPACTFUL FOR THE TREATMENT OF
BONE-METASTATIC PROSTATE CANCER?

The addition of therapies geared at blocking macrophage func-
tion, in particular anti-inflammatory function, in combination
with standard of care treatments may yield more effective and
durable responses in addition to preventing the recurrence of
resistant disease. The role of macrophages in promoting the
progression of numerous solid malignancies has been described,
and as a consequence, translational studies have been geared
toward the development of targeted therapies that can either
deplete myeloid populations and/or alter the polarization status
of macrophages. Numerous factors control macrophage infiltra-
tion and polarization but can have dual tumor-promoting and
-protective effects. For example, correlative and causal roles for
TNF in the progression and metastasis of prostate cancer have
been described (147-153). Given the roles of TNF in inflamma-
tory diseases, such as arthritis, it is unsurprising that biologicals
targeting either the ligand or the receptor have been an active
area of research. In the cancer setting, TNF can promote tumor
growth and angiogenesis with preclinical trials demonstrating
efficacy for TNF blocking reagents (154). Conversely, however,
tumor-protective roles have been described in addition to
potential risks for the development of cancers such as soft tissue
sarcoma. This, combined with the potential for adverse toxicity
associated with TNF inhibition, has diminished enthusiasm for
the application of TNF inhibitors in the cancer setting. However,
more encouraging results for other targets that impact mac-
rophage behavior have been noted including, CCL-2/CCR-2,
IL-4, and CSF1 receptor (CSF1R).

CCL-2

Chemokine (C-C motif) ligand 2 is expressed by prostate cancer
cells, and while it can promote cell growth and invasion in an
autocrine manner, it has also been shown to be a key driver of
CCR2-expressing (CCL2 receptor) macrophages and monocyte
recruitment (73, 155, 156). Moreover, the role of CCL2 seems
particularly relevant in the context of bone-metastatic disease,

where CCL2-expressing prostate cancers recruit endothelial cells
and osteoblasts to drive angiogenesis and osteogenesis, respec-
tively, both of which enhance the progression of the disease (73,
157). Underscoring the importance of CCL2 in the tumor-bone
microenvironment, studies demonstrated that neutralization
of CCL2 with a monoclonal antibody (C1142) was successful
in both attenuating tumor growth as well as bone pathology in
various preclinical models (156, 158). As a result, the humanized
version, CNTO 888 (Carlumab), was developed to neutralize
CCL2 signaling function in advanced prostate cancer. While the
drug was well-tolerated in clinical trials, no anti-tumor activity
was noted as a single agent for the treatment of metastatic CRPC
(158-161). Given that targeting CCL2, or the receptor CCR2,
in other diseases has been shown to be impactful in reducing
inflammatory responses, it is possible that combination with
standard of care treatments may result in more profound effects.
Interestingly, heightened levels of CCL2 were noted in patients
that developed resistance to docetaxel, and pre-clinical studies
in which docetaxel and C1142 were combined demonstrated
significant inhibition of bone-metastatic cancer growth and
associated bone disease (139, 162, 163). Surprisingly, a phase I
clinical trial combining docetaxel with CNTO 888 demonstrated
tolerability but not a suppression of serum CCL2 levels or tumor
response. This may indicate that higher dosing is required to
block the CCL2-CCR2 axis or a combination of CNTO 888 with
CCR2-specific antibodies such as MLN1202 is needed to achieve
effective responses in humans (164). In addition to potentially
depleting macrophages from the bone-tumor microenvironment,
CCL2/CCR2 therapies can also reduce osteoclast recruitment and
formation thereby protecting the patient from skeletal-related
events such as pathologic fracture (157, 165).

Interleukin 4 (IL-4)/IL-4R

Interleukin 4 is an anti-inflammatory cytokine found upregulated
in various solid malignancies that can promote tumor growth by
driving anti-inflammatory macrophage polarization which in
turn facilitates tumor proliferation, angiogenesis, and metastasis
(166-168). This effect may be concentration dependent as high
levels of IL-4 have an anti-tumor effect (169-171). In prostate
cancer, IL-4 trends with PSA expression and can stimulate IL-4
receptor (IL-4R) positive prostate cancer cells to grow and metas-
tasize via downstream activation of JAK/STAT6 pathway (172).
IL-4 can also promote anti-tumor immunity. While IL-4 supports
proliferation of T cells, it converts mature CD8 T cells from
Tyl to Tu2 response; this transition suppresses their cytolytic
potential and leads to immune evasion and tolerance (168). IL-4
expression is especially heightened in hormone-refractory versus
hormone-sensitive prostate cancer (169, 172). In the context of
ADT, studies have shown that IL-4 can induce AR signaling
reactivation, independent of androgen, suggesting IL-4 over
expression as a resistance mechanism to restore cancer growth
in androgen-depleted prostate cancer (172, 173). Combination
of anti-IL-4 agents with ADT may, therefore, extend tumor ADT
sensitivity. To this end, IL-4-targeted therapies are in development
for the treatment of asthma and allergic responses. However, the
anti-cancer effects of the therapy could be lessened due to the
potential impact of IL-4 blockade on the activity of cytotoxic
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immune cells. Adverse systemic effects may also be an issue, but
strategies that focus on cancer cell- or TAM-specific delivery may
be of use. Furthermore, IL-4 has been shown to limit osteoblast
proliferation and induce the expression of IL-6 while inhibiting
osteoclastogenesis (174, 175). Therefore, while inhibiting IL-4
may exacerbate the cancer-associated bone disease, it would also
inhibit IL-6 expression by osteoblasts which in turn may prevent
macrophage-mediated resistance to chemotherapy (176).

CSF1/CSF1R

Prostate cancer-derived colony stimulatory factor 1 (CSF1)
can lead to the recruitment of CSF1R positive macrophages.
In the tumor, CSF1 signaling promotes macrophage survival
and polarization into an ARGI, CD206, and IL-10 positive
anti-inflammatory phenotype, while simultaneously inhibiting a
NOS2 and IL-12 positive pro-inflammatory phenotype (75-77).
Additionally, tumor-derived CSF1 recruits MDSC, and these
immunosuppressive myeloid infiltratesare particularly important
in tumor survival and progression (76). Interestingly, standard of
care therapies such as radiation and ADT promote CSF1 expres-
sion by prostate cancer cells leading to increased infiltration of
macrophages (75, 77). The CSF1/CSF1R axis is known to play a
role in macrophage infiltration and anti-inflammatory polariza-
tion in other cancers and several anti-CSF1R agents have been
developed, including GW2580 and PLX3397. These agents have
demonstrated significant success in abrogating therapy-induced
CSF1R positive macrophage infiltration using animal models of
cancer progression, including prostate cancer (75, 77, 177-179).
Further, treatment with ADT and PLX3397 or GW2580 reduced
macrophage infiltration compared to either therapy as a single
agent (75). This indicates that combination of ADT and anti-
CSFIR therapy would be clinically beneficial. Currently, several
clinical trials are ongoing that will test the efficacy and impact
of CSF/CSFIR inhibitors. For prostate cancer, recent studies
have shown that PLX3397 delays the emergence of CRPC by
reducing the number of infiltrating TAM, and a phase II clinical
trial was performed in a small cohort of bone-metastatic CRPC
patients with results pending (NCT 01499043). Various other
combination therapy studies for prostate cancer using ADT with
PLX3397 and other anti-CSF1R agents are underway and it will
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Androgen Receptor-CaMKK2 Axis
in Prostate Cancer and Bone
Microenvironment

Ushashi C. Dadwal, Eric S. Chang and Uma Sankar*

Department of Anatomy and Cell Biology, Indiana University School of Medicine, Indianapolis, IN, United States

The skeletal system is of paramount importance in advanced stage prostate cancer (PCa)
as it is the preferred site of metastasis. Complex mechanisms are employed sequentially
by PCa cells to home to and colonize the bone. Bone-resident PCa cells then recruit
osteoblasts (OBs), osteoclasts (OCs), and macrophages within the niche into entities
that promote cancer cell growth and survival. Since PCa is heavily reliant on androgens
for growth and survival, androgen-deprivation therapy (ADT) is the standard of care for
advanced disease. Although it significantly improves survival rates, ADT detrimentally
affects bone health and significantly increases the risk of fractures. Moreover, whereas
the majority patients with advanced PCa respond favorably to androgen deprivation,
most experience a relapse of the disease to a hormone-refractory form within 1-2 years
of ADT. The tumor adapts to surviving under low testosterone conditions by selecting for
mutations in the androgen receptor (AR) that constitutively activate it. Thus, AR signaling
remains active in PCa cells and aids in its survival under low levels of circulating andro-
gens and additionally allows the cancer cells to manipulate the bone microenvironment
to fuel its growth. Hence, AR and its downstream effectors are attractive targets for
therapeutic interventions against PCa. Ca?*/calmodulin-dependent protein kinase kinase
2 (CaMKK2), was recently identified as a key downstream target of AR in coordinating
PCa cell growth, survival, and migration. Additionally, this multifunctional serine/thre-
onine protein kinase is a critical mediator of bone remodeling and macrophage function,
thus emerging as an attractive therapeutic target downstream of AR in controlling met-
astatic PCa and preventing ADT-induced bone loss. Here, we discuss the role played
by AR-CaMKK2 signaling axis in PCa survival, metabolism, cell growth, and migration
as well as the cell-intrinsic roles of CaMKK2 in OBs, OCs, and macrophages within the
bone microenvironment.

Keywords: castrate-resistant prostate cancer, androgen-deprivation therapy, CAMKK2, bone-tumor microenvironment,
treatment induced bone loss

INTRODUCTION

Prostate cancer (PCa) is the second leading cause of cancer-related deaths in American men and
accounts for 15% of all cancers diagnosed in men worldwide (1, 2). The American Cancer Society
estimates that in 2018 alone, 164,690 men will be newly diagnosed with PCa and 29,430 men will
die from it in the United States. Routine testing of prostate serum antigen (PSA) levels has resulted
in early diagnosis and treatment of PCa. Consequently, men with early-stage PCa have a high, near
100%, 10-year rate of survival. Among patients with non-localized disease, however, about 40%
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develop metastases to distant sites such as bone, lymph nodes,
lung, and brain and their 5-year survival rate drops dramatically
to 30% (3). PCa displays a preferential tropism toward bone which
is the primary site of metastasis in 80% of patients with advanced
disease (4). Metastatic PCa becomes lodged in the bone marrow
(BM)-rich axial skeleton, which provides the perfect “soil” for the
disease to develop to an advanced form often termed “castrate-
resistant PCa (CRPC)” as it is resistant to hormone-ablation.

Bone is an organ of utmost importance in PCa. Bone metas-
tasis is often a leading cause of patient mortality in PCa (4).
Once they “home” and colonize the bone, PCa cells disrupt the
homeostatic balance between bone-forming osteoblasts (OBs)
and bone-resorbing osteoclasts (OCs). Similar to breast cancer,
PCa stimulates osteolysis. However, a unique feature of bone-
lodged PCa cells is that they stimulate the OBs to produce weak
woven bone instead of the strong lamellar bone that is normally
synthesized. Such skeletal-related events (SREs) triggered by PCa
in the bone culminate in pathological fractures, spinal cord com-
pression, and sclerosis, detrimentally affecting the overall quality
of life and survival rate among patients (5-8).

Prostate cancer cells express the androgen receptor (AR) and
are heavily reliant on androgens for growth and survival. Hence,
most patients with locally advanced or metastatic PCa receive
androgen-deprivation therapy (ADT) as a gold standard treat-
ment (9). Although it significantly improves survival rates, ADT
detrimentally affects skeletal health, causing tremendous bone
loss and rendering the patients at risk for fragility fractures (10).
Therapies that inhibit bone resorption such as bisphosphonates
prevent ADT-induced bone loss and may additionally delay bone
colonization by the tumor by interfering with its ability to manip-
ulate the bone microenvironment (11). PCa patients initially
respond positively to ADT, though most experience a relapse of
the cancer to a hormone-refractory form called CRPC, which
occur when cancer cells adapt to growth under low androgen
conditions by constitutively upregulating AR (12). Consequently,
AR and its downstream effectors are attractive therapeutic targets
to combat tumor growth in androgen-resistant PCa. Indeed, clini-
cal studies indicate that AR inhibitors such as enzalutamide delay
SREs and improve survival rates in patients (13-15). Still, novel
therapies that preserve musculoskeletal heath while significantly
inhibiting tumor growth are acutely needed in the clinic.

In this review, we will briefly discuss the steps involved in bone
metastasis of PCa, the role of AR activation in the development of
CRPC and skeletal complications associated with ADT. We will
additionally discuss recent findings that identify Ca**/calmo-
dulin (CaM)-dependent protein kinase kinase 2 (CaMKK2), an
AR-regulated gene with additional roles in bone remodeling and
inflammation, as a novel therapeutic target to inhibit PCa growth
and prevention of ADT-associated bone loss.

BONE METASTASIS OF PCa

Prostate cancer cells show an almost exclusive tropism for bone.
Although the exact mechanisms that drive bone metastasis are
unknown, ithas been proposed that the BM microenvironment may
provide the ideal condition for the PCa cells to thrive. The “seed
and soil” hypothesis proposed by Steven Paget in 1889, wherein

the “seeds” or tumor cells develop a tropism and metastasize to
the “soil” or target organ that is well suited or “fertile ground” for
its growth (16) still remains a guiding principle in understanding
the role BM microenvironment plays in bone metastasis of PCa.

Metastasis of PCa to bone involves several steps including
decreased cell adhesion, epithelial to mesenchymal transition
(EMT), local migration, invasion, intravasation into the circula-
tion, homing, and colonization of bone (17, 18). Cell-cell adhe-
sion in normal prostate epithelium is maintained by integrins
and tight junctions composed of cell adhesion molecules, such as
selectins and cadherins. There are two main types of cadherins,
E-cadherin and N-cadherin, expressed by epithelial cells and
mesenchymal cells, respectively. During early transformation,
prostate epithelial cells exhibit alterations in cell adhesion factors,
including a downregulation of E-cadherin and an upregulation
of N-cadherin, a process termed cadherin switching and a main
feature in EMT. Decreased expression of integrins and Wnt-target
protein B-catenin also play important roles in EMT (17-19). The
next step is migration and it involves an upregulation of focal
adhesion. During normal cell migration, focal adhesions formed
on the leading edges of the cells are used as anchors by the cells
to pull themselves forward over the extracellular matrix (ECM).
Disassembly of focal adhesions on the rear edge of the cell enables
the cell to move forward (20). This process involves the binding
of focal adhesion kinases (FAKs) to integrins and their subse-
quent activation by the Src family of kinases, initiating signaling
events including those involving Rho that regulate focal adhesion
turnover and migration. Expression of FAK and Src as well as Rho
activities are elevated in bone metastases and CRPC, indicating
increased focal adhesion turnover and cell mobility.

Once the transformed prostate epithelial cells gain the ability
to migrate, they need to dissociate from the ECM, which is com-
posed of the basement membrane and connective tissue. Prostate
epithelial cells that have undergone mesenchymal transition have
the ability to secrete proteases such as matrix metalloproteases and
serine proteinases, such as urokinase-type plasminogen activator
and PSA, which partially degrade the ECM, allowing the cells to
disseminate, invade the surrounding tissue and intravasate into
blood vessels (17, 20, 21). Homing to the target organ is only pos-
sible if the PCa cells survive in the circulation, and they achieve
this by attaching to the vascular endothelium. PCa cells have been
shown to interact with BM endothelial cells (BMECs) with high
affinity through a mechanism involving E-selectin receptor on
PCa cells and E-selectin on BMECs and integrins such as aV 33,
aVP1, and a3p1 (18). Additionally, CD44 on PCa cells binds to
vascular cell adhesion molecule 1 on BMECs in a process that
is enhanced by IL-17 and IGF1 in circulation. The subsequent
homing of PCa cells to bone is facilitated by multiple chemokine-
mediated mechanisms. For instance, BM stromal cells and OBs
in the bone secrete C-X-C motif chemokine ligand 12 (CXCL12)
or stromal derived factor-1 (SDF1) whereas PCa cells express
its receptor CXCR4. CXCL12/SDF-CXCR4 interaction allows
PCa cells to home to the bone, adapting a similar mechanism as
the one utilized by hematopoietic stem cells (22). Additionally,
CXCL12/SDF1 from OBs activates the expression of the adhesion
molecule aVP3 integrin on PCa cells that further contribute to
their homing to the BM. Further, the expression of yet another
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chemokine ligand CXCL16 allows PCa cells to recruit and
convert CXCR6-expressing mesenchymal stem cells into cancer-
associated fibroblasts that also secrete high levels of CXCL12/
SDF1. Finally, recent reports provide evidence for microRNA
(miR)-containing exosomes from PCa cells arriving early in the
BM to enable the modification of the bone microenvironment to
favor cancer cell homing to the bone (23-25).

Colonization of the bone by PCa is aided by their ability to (a)
attach to the bone matrix and (b) manipulate the BM microen-
vironment into favoring their growth and survival. PCa express
two key integrins aVp3 and a2p1, which allow the cells to attach
to the bone matrix and migrate along the surface to identify suit-
able “niches” for their outgrowth. PCa cells preferentially home
to OB-rich niches within the bone, allowing physical contact
between these two cell types, facilitated in part by adhesion mol-
ecules such as cadherin-11 expressed on both OBs and malignant
PCa cells (26, 27). Interestingly, physical contact between PCa
and OBs appear to disrupt the normal order of matters within the
bone. Kimura et al. noted that in the presence of PCa cells, the
bone-resident OBs which usually line neatly along the collagen
matrix become disorganized and that this anisotropy requires
cell-cell contact (28). Unlike other solid tumor malignancies
which are mostly osteolytic, bone-metastatic PCa is primarily
an osteoblastic disease driven in part by the ability of PCa cells
to perform “osteomimicry” wherein they adopt the genetic and
phenotypic characteristics of OBs (29). OB growth and differ-
entiation are governed by complex signaling pathways, such as
Whts, bone morphogenic proteins (BMPs), insulin growth factor
(IGF), and transforming growth factor p (TGF-p) (30, 31). In
contrast, OC differentiation is regulated by receptor activator of
NF-xB ligand (RANKL), osteoprotegerin, parathyroid hormone,
and TGF-p. Differentiated OBs secrete these factors, but many
are also released from the bone matrix by OCs themselves during
bone resorption. Interestingly, bone-lodged PCa cells produce
many of the same factors that stimulate the proliferation and dif-
ferentiation of OBs and OCs (17, 30). In addition to producing
factors that favor bone cell differentiation, PCa cells also induce
other cell types to transdifferentiate into OBs (32). Recently, Lin
et al. reported an endothelial cell-to-OB conversion as one of the
mechanisms underlying osteoblastic bone disease in PCa (33).
These authors showed that PCa induces the overexpression of
BMP4 in BMECs driving their transdifferentiation to OBs (33).
Recent studies from multiple myeloma highlight the importance
of osteocytes, the most abundant bone cells, in tumor-bone
interactions (34). Although studies have indicated a role for
osteocytes in PCa (35), more research is needed to fully compre-
hend the contribution of these cells to bone metastasis by PCa.
Taken together, these studies suggest that cancer cells disrupt the
homeostatic mechanisms within the BM and hijack the normal
paracrine and autocrine mechanisms regulating normal bone
remodeling to create a “vicious cycle” that ultimately favors PCa
colonization and growth within the bone (Table 1).

ANDROGENS, AR, BONE, AND ADT

Since the original description by Charles Huggins in 1942 of
the heavy dependence of PCa on androgens and the benefits of

TABLE 1 | Growth factors involved in aiding skeletal metastasis of prostate
cancer.

Factor Role Function Source cells
CXcL12/ Homing Binding partner to CXCR4 Osteoblasts
SDF1 (OBs) (36)
CXCR4 Homing Binding partner to CXCL12 Tumor
Cells (36)
E-selectin Colonizing Critical for initial tethering Tumor
ligands and rolling on E-selectin Cells (37)
CXCR6 Progression  Recruits and converts MSCs (38)
mesenchymal stem cells (MSCs)
into Cancer-associated fibroblasts
BMP4 Progression  Drives endothelial cell conversion Tumor
into OBs cells (33)
IGF1 Progression  Stimulates proliferation of human Tumor
prostate epithelial cells cells (39)
Endothelin 1 Progression  Suppresses Dickkoph 1, increases  Tumor
OB mitogensis and osteoclast cells (40)
apoptosis
B7-Hligand  Progression Evading immune cell surveillance Tumor
cells (41)
Androgens Proliferation  Stimulate androgen receptor Tumor
signaling mediated bone formation  cells (42)

in OBs

orchiectomy in PCa patients, androgens, and AR have remained
the main therapeutic targets in PCa treatment (43-46). In men,
Leydig cells of the testis produce about 90% of the circulating
androgens or testosterone and the adrenal cortex produces the
remaining 10% (47). Testosterone diffuses into the prostate
epithelial cells where it is converted into dihydrotestosterone
(DHT) by the enzyme 5a-reductase (47, 48). DHT binds to AR, a
member of the nuclear hormone receptor family of transcription
factors. Upon ligand binding, AR translocates to the nucleus,
undergoes homodimerization and binds to androgen response
elements (ARE) within the promoters of AR-target genes such as
PSA. AR then recruits cofactors and initiates the transcription of
target genes that regulate proliferation, metabolism, and survival
of PCa cells (45, 49, 50).

The goal of ADT is to starve the tumor cells of androgens by
drastically diminishing their circulating amount (<5% of nor-
mal range). This is achieved by blocking testosterone produc-
tion surgically via castration or chemically by treating patients
with luteinizing hormone releasing hormone agonists or first
generation antiandrogen drugs, such as flutamide, nilutamide,
and bicalutamide, that competitively block DHT binding to AR
(51). Testosterone is converted into estradiol, the primary male
estrogen via aromatization and it binds to the estrogen recep-
tor « (ERa) present on both OBs and OCs. OBs express both
AR and ERa, whereas OCs express only ERa. These receptors
promote OB survival, numbers, and activity, while ERa inhibits
OC differentiation. Moreover, the combined action of these two
nuclear receptors stimulate periosteal apposition and lengthen-
ing of the epiphyseal growth plate in men while maintaining
their cortical and trabecular bone. The continued periosteal
growth during adult life in men partially offsets age-related
increase in endosteal bone loss (7, 10). All these processes are
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affected by ADT as it suppresses not only androgens but also
estradiol, resulting in the abrogation of the stimulatory effect
of androgens on OBs and the inhibitory effect of estradiol on
OCs. This triggers increased bone turnover in patients on ADT,
resulting in a significantly high rate of bone loss at 4.6% per
year, which exceeds the annual bone loss in aging men and
postmenopausal women (10). The maximum bone loss occurs
during the first year of therapy, ranging from 1.5 to 4%, depend-
ing on the skeletal location examined (10). Thus, ADT renders
these men, who are often older and possess lower bone mass
to begin with, four times more likely to develop osteoporosis.
This enhances their risk of fragility fractures and in turn, their
mortality risk (7).

Nitrogen-containing bisphosphonates, such as alendronate,
risedronate, and zoledronic acid, as well as denosumab, a
monoclonal antibody to RANKL are all FDA-approved to treat
osteoporosis in PCa patients on ADT. Selective ER modulators
such as raloxifene and Toremifene have also been shown to pre-
serve bone in clinical trials with PCa patients undergoing ADT
(7, 15, 52-56). Moreover, second-generation antiandrogens,
such as abiraterone and enzalutamide, as well as radiotherapies
such as Radium-223 have shown to suppress tumor growth
and delay SREs (13, 14, 57-60). Teriparatide, though FDA-
approved, is not recommended for PCa patients at risk for bone
metastasis. A list of current therapies and novel compounds
in clinical trials in the treatment of bone-metastatic PCa are
detailed in Tables 2 and 3.

AR ACTIVATION IN CRPC

Androgen-deprivation therapy results in diminished tumor bur-
den in about 90% of patients with advanced PCa. However, over
time, the cancer cells adapt undergo selection to proliferate and
survive under low levels of circulating androgens by upregulat-
ing AR and becoming unresponsive to ADT. The disease at this
stage is termed CRPC (17, 71). AR is the main driver of CPRC
development, while a minority of metastatic PCa are associated
with the loss of p53, PTEN, or Rb (13, 72). The main mechanisms
for AR reactivation in CRPC include amplification leading to
overexpression, activating mutations, structural gene alterations,
expression of constitutively active variants, mutations in the AR
that confer broader ligand specificity to the receptor, upregulation
of co-regulators, increased expression of steroidogenic enzymes,
as well as upregulation of cross-talk signal transduction pathways
such as interleukin 6, STAT3, Src, and IGF that can activate AR in
aligand-independent manner (71). These mechanisms have been
extensively reviewed elsewhere (21, 72-74). Gain-of-function
AR splicing variants (AR-Vs) often lack portions of the ligand-
binding domain (LBD) but possess constitutive transcriptional
activity even in the absence of androgens. The most well-charac-
terized among these is AR-V7 whose expression has been shown
to increase in response to ADT and has been shown to confer
resistance to drugs, such as abiraterone and enzalutamide that
either block androgen synthesis or antagonize AR (75). AR-V7
was identified as the most frequently occurring variant in patients

TABLE 2 | Androgen receptor (AR) targeted therapies —FDA-approved drugs in clinic.

Drug Target Mechanism of action Clinical use Reference
Abiraterone acetate ~ Cytochrome P450  Inhibits androgen biosynthesis Castration-resistant and high-risk castration (567)
c17 (CYP17) sensitive prostate cancer (PCa)
Enzalutamide (Xtandi) AR Inhibits nuclear translocation of the AR Metastasized castrate-resistant prostate cancer (14)
Leuprolide acetate Luteinizing hormone  Inhibits secretion of luteinizing hormone, androgen, and  Approved for palliative treatment of advanced PCa (61)
releasing hormone  estradiol
R-Bicalutamide Cytosolic AR Inhibits androgen activity by binding cytosolic ARs and  Approved for metastasized PCa (62)
(CASODEX) stimulating AR nuclear translocation
TABLE 3 | Novel therapies against castrate-resistant prostate cancer (CRPC) currently in trials.
Drug Target Mechanism of action Trial Status Reference
Novel androgen receptor (AR) therapeutics currently in clinical trial
ARN-509 (apalutamide) Androgen receptor (AR) Competitively inhibits transcription Phase Il (57, 63, 64)
EPI-506 AR Inhibits transcription Phase Il (53)
AZD3514 AR Inhibition of AR nuclear translocation and AR-regulating gene Phase | (65)
transcription
Ketoconazole Cytochrome P450 c17 (CYP17) Inhibits adrenal testosterone synthesis Phase Il (66)
MDV3100 AR Inhibits AR binding and nuclear translocation of the AR Phase | (35)
Other novel drug targets
Radium-223 (Xofigo) Bone mineral hydroxyapatite Induces double-strand DNA breaks FDA approved 67)
for CRPC, bone
metastasis
LGK974 Porcupine [PORCN] (WNT-specific Inhibits Wnt signaling Phase | (68)
acyltransferase)
Cytarabine (Cytosine DNA polymerase Inhibits DNA synthesis Phase Il (69)
Arabinoside)
Ipatasertib AKT (protein Kinase B) Inhibits three isoforms of AKT Phase I (65, 70)
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with CRPC and its expression correlates with increased disease
recurrence (76-78). AR-V7 expression is associated with the
upregulation of some AR-target genes relevant for proliferation
and survival, such as UBE2C, CCNA2, C-MYC, AKT1, EDN2, and
ETS2 (71,78).

Mechanisms that enable CRPCs to activate AR and continu-
ally acquire resistance to therapies underscore the importance of
gaining a comprehensive understanding of the downstream effec-
tors of AR signaling that play crucial roles in cancer progression,
as they could serve as druggable targets in the treatment of CRPC.
Several studies have attempted to identify AR-regulated genes
by focusing on genome-wide AR-binding sites on cell lines and
clinical samples, or by examining temporal regulation of androgen
stimulation in one or more PCa cell lines such as LNCaP (harbors
an LBD mutation of AR), VCaP (contains AR gene amplifica-
tion) or C4-2B (a CRPC cell line) (66, 79-85). These studies have
identified several AR-target genes with functions in gene tran-
scription (NKX3.1, FOX family), growth stimulation (IGFIR),
cell cycle regulation (CDK6, UBE2C), signaling (MEK5, FKBP5),
autophagy (ATG4B, ULKI, TFEB), non-coding RNA (miR-21,
miR141), glycolysis (GLUT1), and central metabolism [MTOR,
Ca**/CaM-dependent protein kinase kinase 2 (CaMKK2)].
Among these, CaMKK2 has emerged as an attractive therapeutic
candidate in PCa as it is a direct target of AR, containing AREs on
its promoter and is consistently overexpressed in clinical CRPC
samples as well as AR-positive PCa cell lines (86, 87).

CaMKK2: A MOLECULAR HUB DIRECTED
BY AR IN PCa CELLS

Intracellular Ca** is a universal second messenger that regulates
diverse cellular processes. Transient variations in intracellular
Ca** are immediately sensed by the ubiquitous high-affinity
intracellular Ca®* receptor, CaM. This initiates a cascade of Ca**/
CaM-mediated signaling events that culminate in changes to
key cellular events such as proliferation, differentiation, survival,
and metabolism (88). In particular, Ca**/CaM complexes bind
to and activate CaM kinases (CaMKs), which are a family of
multifunctional Ser/Thr protein kinases that includes CaMKK1,
CaMKK?2, CaMKI, CaMKII, and CaMKIV. The upstream kinases,
CaMKKs 1 and 2, are activated through Ca**/CaM binding and
intramolecular phosphorylation. Binding of Ca**/CaM allows the
activation loop in CaMKs to unravel and expose a critical threo-
nine residue that becomes phosphorylated by the two upstream
CaMKKs, resulting in their full activation, triggering the forma-
tion of a CaMK signaling cascade that is regulated by Ca**/CaM
at multiple levels (89-91). Interestingly, unlike CaMKK1, which
is solely dependent on Ca’*/CaM for activity, CaMKK2 pos-
sesses considerable autonomous activity in the absence of Ca®*/
CaM. This autonomous activity is regulated by phosphorylation
by Ca?*/CaM-independent kinases such as glycogen synthase
kinase 3p (GSK3B) and cyclin-dependent kinase 5 (CDK5)
(92, 93). As it is not dependent on rapid fluxes in intracellular
Ca?* for basal activity, CaMKK?2 is capable of responding to other
stimuli of longer duration and phosphorylating novel substrates
outside of the CaMK cascade. Indeed, CaMKK2 (not CaMKK1)

directly phosphorylates and activates adenosine monophosphate
activated protein kinase (AMPK), a heterotrimeric kinase that
co-ordinates cellular energy balance, autophagy, cell proliferation,
and cytoskeletal organization (94, 95). The CaMKK2-AMPK
pathway plays key roles in the regulation of hypothalamic feed-
ing behavior, hepatic gluconeogenesis, adipocyte differentiation,
and macroautophagy (94, 96-98). Recent studies indicate roles
for CaMKK?2 in hepatic cancer, macrophage-mediated inflam-
mation, and bone remodeling through non-AMPK-mediated
mechanisms (99-103).

CaMKK?2 is increasingly being considered a hub of signaling
mechanisms that regulate PCa cell metabolism, proliferation and
migration downstream of AR (104). Frigo et al. identified the
presence of an AR-binding region located 2.3-kb upstream of the
CaMKK2 transcriptional start site and reported the recruitment
of AR to this region in an androgen-dependent manner (87).
These authors also found that the knockdown of CaMKK?2 or its
pharmacological inhibition using a selective inhibitor STO-609
or inhibition of the CaMKK2-target protein AMPK abrogates
PCa cell migration and invasion (68, 87, 105). Overexpression
of CaMKK?2 alone was sufficient to induce AMPK phosphoryla-
tion and facilitate PCa cell migration, implying that androgens
promote PCa cell migration through an AR-CaMKK2-AMPK
signaling axis (87). Massie et al. integrated genome-wide
AR-binding transcript profiling with an analysis of androgen-
stimulated recruitment of the transcriptional machinery to a core
set of AR-binding sites and identified CaMKK2 to be consistently
enriched in PCa clinical cohorts, in a pattern similar to that of the
established PCa marker AMACR (86). Similar to previous reports
(87), these authors also observed AR recruitment to CaMKK2
promoter in both androgen-dependent and CRPC cell lines and
an early upregulation of the CaMKK?2 transcripts and protein
within 4 and 12 h of androgen stimulation, respectively, indicating
direct AR regulation (86). Subsequent functional studies identi-
fied CaMKK?2 as a key effector of AR in stimulating glycolysis
through its activation of AMPK and phosphofructokinase (PFK),
which in turn drives anabolism and PCa cell proliferation (86).
Of note, the AR-CaMKK2-AMPK-PFK axis does not affect cel-
lular biosynthesis through mTOR in PCa, indicating its primary
role in regulating glucose uptake and lactate production. In vivo
inhibition of CaMKK2 using STO-609 resulted in a significant
reduction in the growth of C4-2B xenografts in nude mice, and
this treatment was additive with AR inhibition achieved via cas-
tration (86). It should be noted that CaMKK?2 inhibition by itself
did not affect the size of the normal prostate or its epithelium in
nude mice, and the CaMKK2~~ mice do not possess any pros-
tate anomalies or fertility deficits (86, 87). Thus, the inhibition
of CaMKK2, rather than AR itself, may offer greater selective
advantage over PCa at all stages.

Karacosta et al. examined PCa in clinical samples and
found strong CaMKK2 immunoreactivity in the epithelium of
malignant glands, compared to extremely low expression in the
adjacent normal epithelium (106). Moreover, CaMKK2 staining
intensity increased with the Gleason score of the tumors, and
the staining pattern shifted from predominantly cytoplasmic to
perinuclear and nuclear (106). CaMKK2 intensity increased with
tumor progression in a transgenic adenocarcinoma of the mouse
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prostate (TRAMP) mouse model of PCa, and its expression was
higher in castration-resistant tumor xenografts than androgen-
responsive ones. These authors also observed upregulation of
CaMKK?2 as well as its nuclear translocation in LNCaP follow-
ing DHT treatment and a reversal with androgen withdrawal.
Further, silencing of CaMKK2 using small interfering RNA
elicited G1 arrest of LNCaP cells, reducing their proliferation,
along with lowering the levels of PSA as well as AR-regulated
cell cycle proteins such as cyclin D1 and hyperphosphorylated
RDb (106). Karacosta et al. proposed a novel positive feedback
loop in the PCa in which CaMKK?2 is induced by AR, and it
in turn stabilizes AR to promote its transcriptional activity and
cell cycle progression (106). In a recent follow-up study, these
authors confirmed the higher nuclear expression of CaMKK2 in
CRPC C4-2 cells, and showed that this occurs due to the associa-
tion of CaMKK?2 with nuclear pore complexes through its direct
interaction with nucleoporin 62 (NUP62) (107). These authors
showed that silencing NUP62 reduces the growth and viability
of C4-2 cells, and provided evidence for the recruitment of
NUP62, CaMKK2, and AR complexes to the AR-binding regions
in the promoters of target genes such as PSA, suggesting a novel
CaMKK2-NUP62 mechanism of AR transcriptional regulation
in advanced PCa (107).

Similar to the aforementioned studies, Shima et al. performed
genome-wide analysis of a small set of clinical samples and found
a sixfold higher CaMKK2 expression in PCa compared to normal
prostate (108). However, in contrast to previous studies (82, 87,
106, 107), these authors provide evidence for an inhibitory role for
CaMKK?2 to AR signaling and hypothesize that while CaMKK2
supports growth of tumors in early PCa, it inhibits excessive
proliferation in CRPC (108). Whereas additional studies are
warranted to validate these intriguing findings and hypotheses,
the consensus emerging from all of these studies is that CaMKK2
is a key effector of AR signaling in PCa cells, regulating cell cycle
by stabilizing AR, cell migration through AMPK signaling, and
glycolysis by activating the AMPK-PFK pathway. AR is essential
for PCa cell viability, proliferation, invasion, and bone metasta-
sis, and the tumor cells are under constant selective pressure to
maintain AR signaling, especially under the conditions of low
testosterone such as ADT (86). Therefore, targeting downstream
effectors such as CaMKK2 would be an effective approach to
abrogate AR signaling in metastatic PCa.

CaMKK2 IN BONE MICROENVIRONMENT
CaMKK2 and Bone Cells

Prostate cancer recruits OBs and OCs within the bone
microenvironment and transforms them into entities that
support tumor growth (30). Studies discussed above show that
CaMKK?2 is expressed in PCa cells where it acts as a molecu-
lar hub downstream of AR in regulating tumor cell growth.
CaMKK?2 is expressed by OBs and OCs and plays important
cell-intrinsic roles in these cells (99). During homeostatic
conditions, CaMKK2 stimulates OC differentiation by activat-
ing phosphorylated form of cyclic adenosine monophosphate
(cAMP) response element binding protein (pCREB) and its

transcriptional target, nuclear factor of activated T cells cl
in a CaMKIV-dependent manner. Hence, inhibition or dele-
tion of CaMKK2 inhibits OCs. On the other hand, CaMKK2
inhibits OB differentiation by inhibiting cAMP-protein kinase
A (PKA) signaling under normal conditions. Therefore, the
inhibition or absence of CaMKXK2 relieves this inhibition and
results in the stimulation of OB differentiation (99). Mice null
for CaMKK2 possess higher bone mass along with significantly
more OBs and fewer multinuclear OCs. Inhibition of CaMKK2
promotes bone fracture healing, and confers protection from
ovariectomy and age-related osteoporosis (99, 100, 102). Taken
together, these studies reveal profound roles for CaMKK2 in
the two main bone cell types that interact with PCa in the bone
microenvironment.

CaMKK2 and Macrophages

Immune cells, such as macrophages and lymphocytes, are also
part of the bone-tumor microenvironment and play important
roles in tumor growth and bone metastasis (109). For example,
chronic inflammation sustained by macrophage activation plays
a pivotal role in the regulation of tumor microenvironment in
many solid tumors (104). Chronic inflammatory conditions
existing within the tumor recruit myeloid cells and induce their
differentiation into tumor-associated macrophages, the infiltra-
tion of which negatively correlates with prognosis in advanced
PCa. Recently, Roca et al. reported that macrophage-driven effe-
rocytosis accelerates CXCL5-mediated inflammation and PCa
growth within the bone (110). Among immune cells, CaMKK2
is selectively expressed in macrophages and its ablation impairs
their ability to spread, phagocytose, and produce inflammatory
cytokines and chemokines in response to lipopolysaccharides
(101). CaMKK2 regulates metabolic responses and cytokine
release in response toll-like receptor/integrin stimulation in
macrophages. Indeed, Camkk2~~ mice are resistant to irritants
that lead to systemic inflammation (101). Thus, CaMKK2 plays
roles in multiple cell types, including OBs, OCs, and mac-
rophages, that form the PCa microenvironment in the bone. AR
is expressed in OBs and macrophages, and it plays an indirect
role in OCs through ERa.. However, whether CaMKK2 plays a
role downstream of AR in OBs and macrophages is unknown.
Nevertheless, we hypothesize that AR signaling in PCa cells uses
CaMKK?2 as a downstream hub regulating several molecular
mechanisms in OBs, OCs, and macrophages to manipulate the
BM niche to the benefit of the cancer cells (Figure 1).

PERSPECTIVES AND CONCLUDING
REMARKS

Complex mechanisms employed by PCa cells allow it to home
and thrive in bone, their preferred site of metastasis. Once lodged
in the bone, the cancer cells recruit OBs, OCs, and macrophages
within the skeletal niche to become entities that secrete growth
factors and chemokines that allow the PCa cells to proliferate
and survive even under low circulating testosterone conditions
such as following ADT. AR signaling remains critical for PCa cell
survival even under ADT and this creates selective pressure for
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FIGURE 1 | CAMKK2 as a molecular hub downstream in the bone—prostate cancer (PCa) microenvironment. In PCa cells, the androgen receptor (AR) binds to
androgen response element (ARE) on CaMKK2 promoter which is situated upstream of the transcriptional start site. Thus, CaMKK2 is a direct transcriptional target
of AR and its expression is highly elevated in metastatic PCa. Once transcribed and translated, CaMKK2 binds to AR initiating a positive feedback loop to stimulate
AR transcriptional activity in the activation of AR-dependent genes that regulate cell cycle progression such as cyclin D. Additionally, CaMKK2 through its activation
of AMPK regulates PCa cell migration. CaMKK2-AMPK signaling pathway also regulates cellular glycolysis via the activation of phosphofructokinase (PFK). This
drives PCa cell anabolism and in turn promotes cell proliferation and tumor growth. Furthermore, in CRPCs, CaMKK2 binds to nucleoporin 62 (NUP62) to enter the
nucleus, where it along with AR and NUP62 are recruited to the ARE in the promoters of downstream targets such as prostate serum antigen (PSA). PCa cells that
metastasize to the bone physically interacts with OBs to alter their organization and function. Although both AR and CaMKK2 are expressed in OBs, whether
CaMKK2 operates downstream of AR in these cells is not known. In OBs, CaMKK2 signaling inhibits cyclic adenosine monophosphate (cAMP) production and
protein kinase A (PKA) activation. PKA is an important regulator of OB differentiation. Thus, the inhibition of CaMKK2 would relieve this inhibition of PKA signaling
and OB differentiation. In osteoclasts (OCs), CaMKK2 signaling through CaMKIV-pCREB activates nuclear factor of activated T cells ¢1 (NFATc1), which is the
master regulator of OC differentiation. In macrophages, CaMKK2 regulates cytoskeletal rearrangement via its regulation of Pyk2. Moreover, CaMKK2-CaMK1

signaling regulates cytokine/chemokine production by macrophages. Thus, CaMKK2 is a key component of AR signaling in PCa cells and additionally regulates
multiple cell types that constitute the tumor microenvironment within the bone.

the generation of AR gene mutations that facilitate the consti-
tutive activation of the AR signaling cascade. Thus, AR and its

downstream effectors are attractive therapeutic targets against
bone-metastatic PCa.

The CaMKK2-AMPK signaling pathway operates downstream
of AR to mediate PCa cell cycle, metabolism, migration, and inva-
sion. CaMKK2 inhibition interferes with the growth and survival
of bone-lodged PCa, and will presumably interfere with its ability
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to secrete factors that modify OBs into cancer-promoting entities.
Similar to PCa, AR signaling plays an active pro-survival role in
OBs. However, whether it operates upstream of CaMKK2 in OBs
is unclear. Various signaling pathways, including cAMP-PKA,
CDK5, and GSK3, have been implicated as upstream regula-
tors of CaMKK2 in other cell types. In addition to AR-binding
elements, CaMKK2 promoter also contains consensus-binding
sites for several transcription factors including runt-related
transcription factor 2 (RUNX2), the master regulator of OB dif-
ferentiation. In macrophages, CaMKK2 is activated by toll-like
receptors, Gq-coupled receptors, and voltage-gated Ca** channels
on the plasma membrane (101). Although monocytes express
AR, its role in the regulation of CaMKK?2 in these cells is unclear.
Nevertheless, we can conclude from the studies discussed above
that the AR-CaMKK2 signaling axis acts as a molecular hub pro-
moting PCa survival and in turn its ability to manipulate the bone
microenvironment. Cell-intrinsic roles of CaMKK2 in OBs, OCs,
and macrophages may aid in this process, ultimately enhancing
the malignancy, SREs, and bone fragility.

In addition to the studies reviewed herein, CaMKK2 inhibi-
tion or genetic ablation has been shown to protect against
diet-induced glucose intolerance, insulin resistance, diabetes,
hepatocellular carcinoma, and non-alcoholic high fat liver dis-
ease [reviewed in Ref. (111)]. In case of PCa, CaMKK2 emerges as
an attractive and druggable target downstream of AR that when
inhibited, abrogates tumor growth, inhibits macrophage-mediated
inflammation, and improves bone health. Future studies will
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Semaphorin 4D (Sema4D; CD100) is a transmembrane homodimer 150-kDa glycopro-
tein member of the Semaphorin family. Semaphorins were first identified as chemorepel-
lants that guide neural axon growth. Sema4D also possesses immune regulatory activity.
Recent data suggest other Sema4D functions: inactivation of platelets, stimulation of
angiogenesis, and regulation of bone formation. Sema4D is a coupling factor expressed
on osteoclasts that inhibits osteoblast differentiation. Blocking Sema4D may, therefore,
be anabolic for bone. Sema4D and its receptor Plexin-B1 are commonly dysregulated
in cancers, suggesting roles in cancer progression, invasion, tumor angiogenesis, and
skeletal metastasis. This review focuses on Sema4D in bone and cancer biology and
the molecular pathways involved, particularly Sema4D-Plexin-B1 signaling crosstalk
between cancer cells and the bone marrow microenvironment— pertinent areas since a
humanized Sema4D-neutralizing antibody is now in early phase clinical trials in cancers
and neurological disorders.

Keywords: semaphorin 4D, Sema4D, Plexin-B1, plexin, osteoclasts, osteoblasts, cancer

INTRODUCTION

Semaphorin 4D (Sema4D; also known as CD100), is a member of class IV of the Semaphorin protein
family, with established functions as an immune regulator. This review focuses on additional, emerg-
ing roles of Sema4D in bone biology and cancer bone metastases. Recent pivotal findings support the
pertinence of Sema4D in bone and cancers: (1) Negishi-Koga et al. (1) identified Sema4D as a major
coupling factor expressed on osteoclasts that inhibits osteoblast differentiation. They found that mice
with a global knockout of Serna4d had increased bone volume. (2) Terpos et al. (2) reported increased
soluble Sema4D in serum and bone marrow plasma of patients with myeloma, a bone marrow cancer
with uncoupled osteoclast activation and osteoblast suppression, compared to controls. (3) Sema4D
and its primary receptor Plexin-B1 are commonly overexpressed in cancers. (4) Yang et al. (3) found
that sShRNA knockdown of Sema4D in MDA-MB-231 breast cancer cells decreased bone metastases
in a standard xenograft model. (5) A humanized antibody that neutralizes Sema4D has shown
antitumor activity in animal models and is under clinical testing in early phase clinical trials (4).

SEMA4D STRUCTURE AND ROLE IN HUMAN PHYSIOLOGY

Semaphorins form a highly conserved family of proteins that contain a signature amino-terminal
sema domain. The semaphorin family contains more than 20 genes divided into seven classes, of
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which classes III-VII are expressed in vertebrates. They have
diverse roles in human biology including regulation of tumor
growth and metastasis, angiogenesis, axonal guidance, bone
formation, tissue regeneration, and autoimmunity (5).

Sema4D belongs to class IV of the Semaphorin family. In addi-
tion to the signature sema domain, the C-terminal region of
Sema4D includes an IgG-like domain, a transmembrane domain,
and a short cytoplasmic tail that contains one tyrosine phospho-
rylation site and multiple sites for serine-threonine phosphoryla-
tion. Membrane-bound Sema4D forms a stable homodimer via
a disulfide bond between cysteines 679 within the sema domain.
Proteolytic shedding of Sema4D by membrane-type 1-matrix
metalloproteinase (MT1-MMP/MMP14) gives rise to soluble,
dimeric Sema4D (sSema4D) (6). Both membrane-bound and
soluble Sema4D can activate Plexin-B1 signaling.

Sema4D is expressed by many tissues including brain, kidney,
and heart. However, Sema4D knockout mice have immune defects
without other obvious organ dysfunctions, suggesting that its
major role is in immune regulation. Sema4D is expressed strongly
by resting T cells and weakly on B and antigen-presenting cells.
Expression is increased upon cellular activation (7). Engagement
of Sema4D enhances its association with the membrane protein
tyrosine phosphatase CD45, which is expressed broadly in
hematopoietic cells (8). The complex becomes active and recruits
further proteins to sustain Band T cell activation and aggregation.

Most work on Sema4D function has focused on its role as a
ligand in soluble form after proteolytic shedding. Several recep-
tors for Sema4D have been identified, including C-type lectin
protein CD72, and three members of the plexin family; Plexin-B1,
Plexin-B2, and Plexin-C1 (9-12). Target cells express different
receptors, leading to a broad variety of potential responses to
Sema4D in different tissues. CD72 is the main Sema4D receptor
on immune cells, although monocytes and immature dendritic
cells require Plexin-C1 and Plexin-B1, respectively. Plexins-B1
and -B2 mediate the Sema4D responses on non-immune cells.
CD?72 (also known as Lyb-2) is a 45-kDa type II transmembrane
protein of the C-type lectin family (13) which is expressed
throughout B-cell differentiation (14). The CD72 cytoplas-
mic domain contains two immune-receptor tyrosine-based
inhibition motifs that recruit the tyrosine phosphatase SHP-1,
resulting in inhibition of src family kinases and JNK and B cell
inhibition (15). Sema4D engagement of CD72 triggers tyrosine
dephosphorylation of CD72, leading to SHP-1 dissociation
(10), thereby relieving CD72-mediated B cell inhibition. Since
Sema4D and CD72 are expressed preferentially on T and B cell,
respectively, their interaction couples T and B cells to dial the
immune reaction up or down. Dendritic cells, macrophages, and
some subpopulations of T cells express CD72 (16). Sema4D may;,
therefore, play an additional role in T cell communication via
these other immune cells.

Plexins are transmembrane proteins with a sema ligand-
binding domain in their extracellular domain. Upon ligand
binding, Plexin-B1 and Plexin-B2 extracellular domains undergo
proteolysis by subtilisin-like proprotein convertases to further
increase their affinity for Sema4D (17). The highly conserved
cytoplasmic region of plexins is devoid of enzymatic activity, but
it can interact, directly or indirectly, with small G proteins for

various functions (18). Transduction cascades downstream of
the Sema4D/Plexin-B1 complex vary, dependent on the different
membrane proteins and G proteins recruited to the complex.

Figure 1 details downstream signaling of Sema4D/Plexin-B1.
Without engagement with Sema4D, the cytoplasmic tail of
Plexin-B1 isin an inactive conformation. R-Rasisina GTP-bound
state and activates membrane integrin to control cellular adhe-
sion to the extracellular matrix. Rac is not bound to Plexin-B1
and promotes activation of p21-activated kinase (PAK) to activate
LIMKI and cofilin to increase actin polymerization and micro-
tubule assembly (19). Binding of Sema4D to Plexin-B1 alters
Plexin-B1 conformation allowing recruitment of Racl, which
sequesters it from the PAK-LIMKI-cofilin signaling cascade,
causing disassembly of actin fibers (20). Initiation of PlexinB1-
GAP activity inhibits R-Ras-mediated integrin activation, which
blocks cell adhesion and increase cell motility and invasion (21).
Deactivation of R-Ras further decreases the PI3K-Akt-GSK3[3
pathway, which leads to deactivation of CRMP-2 and subsequent
microtubule disassembly (22).

Whether Sema4D/Plexin-B1 complexes activate or inhibit
downstream GTPases also depends on their interactions with
specific receptor tyrosine kinases: ErbB-2 or c-Met (23). In ErbB2
expressing cells, binding of Sema4D to Plexin-B1 activates the
intrinsic tyrosine kinase activity of ErbB-2, resulting in the phos-
phorylation of both Plexin-B1 and ErbB-2 (24), generating docking
sites on Plexin-B1 for the SH2 domains of 1-phosphatidylinositol-
4,5-bisphosphate phosphodiesterase gamma-1/2 (PLCy1/2) (25).
The SH3 domain of the recruited PLCy1/2 activates the guanine
nucleotide-exchange factors (GEFs) LARG (leukemia-associated
RhoGEF) and PRG (PDZ-RhoGEF) that constitutively bind
to the PDZ binding site of the carboxyl-terminal sequence of
Plexin-B1 (26). Activated RhoGEFs LARG and PRG mediate
activation of the small GTPase RhoA, which cooperates with Ras
to activate the serine/threonine kinases Raf and Rho-associated
kinases (e.g., ROCK1/2) to stimulate various pathways, including
mitogen-activated phosphokinases (MAPKs) ERK1/2 and p38,
protein kinases (P13/Akt—phosphatidylinositol 3’-kinase) (27).
Downstream activation of MAPKs and PI3K control dendritic
and axonal morphogenesis by differentially regulating branching
and extension (27). On the other hand, Sema4D/Plexin-B1 can
interact with Rnd1 to downregulate the GTPase activity of R-Ras,
inducing growth cone collapse in hippocampal neurons (28).
Plexin-B1 also binds and competes for activated Rho GTPase
Rac, thus preventing Rac from activating its downstream effec-
tor PAK to initiate actin polymerization. In endothelial cells,
Sema4D/Plexin-B1 signals stimulate PI3K-Akt to activate PYK2
and Src to control endothelial cell migration (29). c-Met (HGF
receptor tyrosine kinase) and macrophage stimulating protein
(MSP, encoded by the Ron gene) are members of the Scatter
Factor Receptors family. They share structural homology with
Plexin-B1 (30, 31). In cells with c-Met expression but absent
ErbB2, Sema4D/Plexin-B1 recruits and activates c-Met or Ron
kinases to regulate cell motility and invasiveness. In normal fibro-
blasts, phosphorylation of c-Met creates a docking site for growth
factor receptor bound-2 (Grb2), which then interacts with p190
RhoGAP and inactivates RhoA, causing inhibition of fibroblast
motility (32).
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FIGURE 1 | Schematics of Sema4D/Plexin-B1 signaling. (A) In the absence of Sema4D, the cytoplasmic tail of Plexin-B1 is in an inactive conformation. R-Ras is

in a GTP-bound state to collaborate with integrin and control cellular adhesion to the extracellular matrix (ECM). With Plexin-B1 in an inactive state, Rac activates
p21-activated kinase (PAK) to trigger LIMK1 signaling and downstream phosphorylation of cofilin, which results in increased actin polymerization and microtubule
assembly. (B) Sema4D binding to Plexin-B1 alters the Plexin-B1 conformation, recruits Rac1 to the complex, and inhibits activation of the PAK-LIMK1—cofilin
signaling cascade. In addition, R-Ras recruitment to the Sema4D/Plexin-B1 complex inhibits its ability to regulate integrin-mediated activation, resulting in increased
cell motility. Deactivation of R-Ras further decreases PISK-Akt GSK3p pathway, which leads to deactivation of CRMP-2 and subsequent microtubule disassembly.
In an ErbB2-dependent signaling step, PLCy1/2 is recruited to Plexin-B1 via its SH2 domain. Structural interaction of the PLCy1/2 SH3 domain triggers PDZ-
RhoGEF/LARG complex, resulting in RhoA activation. Active GTP-RhoA acts on Raf and Rho-associated kinases (ROCK1/2), which in turn stimulate PYK2 to
induce cell invasiveness and migration. (C) Sema4D-Plexin-B1 signaling inhibits osteoblast differentiation. Plexin-B1/ErbB2-dependent RhoA activation stimulates
activation of downstream kinase ROCK, which phosphorylates the insulin receptor substrate 1 (IRS1). This causes suppression of insulin like growth factor
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SEMA4D IN BONE PHYSIOLOGY

Successful crystallization of Sema4D and solution of its structure
led to a recognition of the homology between the Sema4D
homodimer and the aVP3 integrin heterodimer, the first clue
to a role for Sema4D in bone biology (33). aVf3 integrin is an
osteoclast regulator, and B3 integrin knockout mice become
progressively osteosclerotic with age due to dysfunctional osteo-
clasts that fail to polarize correctly and display abnormal ruffled
membranes (34).

Two groups reported an increased bone mass in Sema4D
knockout animals and the expression of Sema4D in osteoclasts
but not osteoblasts (1, 35). Negishi-Koga and coworkers com-
prehensively surveyed osteoclasts and osteoblasts for expression
of candidate molecules to couple bone formation to resorption,
including the members of the ephrin, netrin, semaphorin, and slit

gene families. They found that only Sema4D was highly expressed
in RANKL-activated osteoclasts. Utilizing a soluble Fc receptor-
Sema4D fusion protein, they evaluated directly the effects of
the Sema4D extracellular domain on osteoblasts. Fc-Sema4D
inhibited the osteoblast differentiation markers alkaline phos-
phatase and osteocalcin, as well as the formation of mineralized
nodules in culture, without a change in osteoblast proliferation.
Co-immunoprecipitation confirmed a complex of Fc-Sema4D
with Plexin-B1, which is highly expressed in osteoblasts. This
complex leads to ErbB2 phosphorylation and downstream activa-
tion of RhoA. Plexin™~ animals, as well as mice expressing an
osteoblast-targeted dominant negative RhoA, had a high bone
mass due to enhanced osteoblastic bone formation, recapitulating
the bone phenotype of the Serma4d~"- mice. A recent study used
optoPlexin (optogenetic activation of Plexin-B1) in osteoblasts to
show that Plexin-B1 activation results in retraction of the leading
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edge and induces distal membrane protrusions, causing the osteo-
blasts to migrate. Thus, osteoclast-produced Sema4D may cause
repulsion of osteoblasts via activation of both the RhoA and ras-
GTP pathways (36). Overall, these findings support the function
of the Sema4D/Plexin-B1/RhoA axis in osteoblast inhibition by
osteoclasts (1). However, Sema4D’s regulation of bone mass may
be more complicated. Dacquin et al (35) noted that the increased
bone mass phenotype in Sema4d~~ mice primarily occurred
in mature female mice. The increased bone mass phenotype in
Sema4d~'~ mice was not reversed after a transplantation of bone
marrow cells from wild-type mice, as a source of new osteoclasts.
Sema4d~'~ mice have impaired ovarian function, small litter size,
and decreased hypothalamic gonadotropin-hormone releasing
hormone. The authors propose an indirect mechanism by which
Sema4D regulates bone mass via the hypothalamic-pituitary-
ovarian axis (35).

Serum Sema4D has been explored as a biomarker in osteo-
porosis, with conflicting results to date, likely reflecting different
patient populations, the non-randomized nature of the trials and
different time points for Sema4D analysis. In postmenopausal
women, serum Sema4D was higher among those with osteo-
porosis (37). However, in an open label study of osteoporotic
women receiving the osteoclast-targeting agents zoledronic
acid or RANKL monoclonal antibody denosumab or the bone-
anabolic agent teriparatide (PTH1-34), serum Sema4D decreased
after 3 months of teriparatide treatment, while it increased with
denosumab and zoledronic acid (38). There was no attempt to
correlate the Sema4D levels with degree of osteoporosis, and
serum Sema4D was assayed at only one time point, not allowing
a determination of kinetics, which may differ among treatment
groups.

Congenital defects due to mutation or loss of Sema4D have
been little studied in humans. Segmental copy number loss in the
region of the Sema4D gene was seen in one third of patients with
acetabular dysplasia, which increases risk of osteoarthritis, but a
causal relationship was not explored (39).

Sema4D has been implicated in bone and joint inflammation.
Inrheumatoid arthritis (RA), Sema4D was elevated in both serum
and synovial fluid from RA patients, and disease activity markers
were correlated with serum Sema4D levels. Sema4D-expressing
cells also accumulated in RA synovium, and sSema4D-induced
tumor necrosis factor o (TNF«) and interleukin-6 (IL-6)
production from CD14+4 monocytes (40). Movila and group
explored treatment-related osteonecrosis of the jaw and showed
increased Sema4D-expressing y5-T cells in bone lesions, which
were decreased by anti-Sema4D antibody (41). In osteoarthritis,
bone tissue had low Plexin-B1 expression compared to age- and
gender-matched cadaveric control bones, indicating that the loss
of Sema4D/Plexin-B1 inhibition of osteoblast activity may lead
to an increased bone volume fraction and decreased bone matrix
mineralization, contributing to osteoarthritis (42).

Elevated Sema4D is observed in diseases unrelated to the
musculoskeletal systems, including hemorrhagic fever with renal
syndrome (43) and autoimmune diseases (44). Inflammation and
increased shedding from peripheral blood mononuclear cells
are possible sources. Serum Sema4D is also increased in non-
inflammatory condition such as atrial fibrillation (45). The value

of sSema4D as a biomarker in some of these diseases may warrant
further investigation.

SEMA4D IN CANCER

While other semaphorins such as Sema3B and 3F are tumor sup-
pressors, Sema4D promotes tumor growth (46, 47). Sema4D and
Plexin-B1 are abnormally expressed in various cancers and have
been associated with invasive phenotypes and poor prognosis.
The mechanisms by which Sema4D confers these features are
complex and involve both tumor cells and their microenviron-
ment. While not directly linked to malignant transformation,
Sema4D/Plexin-B1 signaling contributes to many critical aspects
of cancer progression, including proliferation, invasion, angio-
genesis, immune escape, and metastasis. We summarize the role
of Sema4D/Plexin-Bl in cancers based on overexpression of
Sema4D or Plexin-B1 by the cancer cells or by other cells in the
tumor microenvironment including immune cells, and the role of
Sema4D/Plexin-B1 in distant metastasis.

Because of its known role in lymphoid cells, Sema4D expres-
sion in cancer was first evaluated in lymphoma and lymphoblastic
leukemia. T cell lymphomas universally express Sema4D, while
only a minority of B cell lymphomas are Sema4D positive (48),
paralleling the expression of Sema4D by normal T and B cells.
In chronic lymphocytic leukemia (CLL), CD38 is a known negative
predictor of survival. CD38 binds to (49) stromal cells expressing
CD31, leading to relocalization of Sema4D, facilitating its binding
to Plexin-B1 on bone marrow cells. The increased expression of
Plexin-B1 in stromal cells, follicular dendritic cells, and activated
T-cells, enhances the complex interplay of CD38/CD31 and
Sema4D/Plexin-B1 to sustain CLL growth (50, 51).

Sema4D is highly expressed by many solid tumors includ-
ing prostate, glioma, lung, ovarian, sarcoma, and cutaneous
squamous cell carcinoma. Expression is correlated with tumor
aggressiveness and poor prognosis, but controversial data exist
for some tumors. In an array of 888 genes, Sema4D mRNA was
highest in early stage breast cancer compared to normal tissue
and downregulated in advanced disease (52). Jiang and coworkers
confirmed high Sema4D protein in breast cancer cell lines com-
pared to normal breast epithelial cells. In addition, knockdown of
Sema4D by shRNA inhibit breast cancer proliferation and tumor
growth in xenografts (49). Malik et al., however, showed an
opposite result of decreased Sema4D, Plexin-B1 and -B2 protein
in primary breast tumors of patients who subsequently devel-
oped local recurrence, compared to the patients who remained
disease-free (53). These studies used whole tumor tissues and
may be confounded by different cell types within the tissue, since
other cells in the microenvironment, including endothelial cells
and macrophages, also express Sema4D. In whole-blood RNA,
Sema4D was identified as one of six RNAs strongly predicting
shorter survival among patients with castrate-resistant prostate
cancer (54). Most data on Sema4D and clinical outcomes are
based on small sample sizes with subjects receiving different
treatments and not controlled for other prognostic markers.
Prognostic value of Sema4D requires further validation in larger
cohorts of patients, controlled for treatment types and other
variables.
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Overexpression of Plexin-B1 has been reported in skin, prostate
and pancreatic cancers, and sarcoma (55-57). It correlates with
lymph node metastasis, distant metastasis, and poor prognosis in
patients with pancreas cancer (56). Plexin-B1 activation increases
phosphorylation and translocation into the nucleus of the andro-
gen receptor (AR), leading to activation of AR-regulated genes,
which could play a role in castration resistance in prostate cancer
(58). However, Rody et al. showed a rather opposite finding in
breast cancer, in which loss of Plexin-B1 identifies a subgroup of
estrogen receptor expressing breast cancer with high proliferative
rate and hormone resistance (59). Cancer cell lines that express
higher levels of Plexin-B1 exhibit increased perineural invasion.
The mechanism is proposed to be the attraction of the cells due to
Sema4D production from the nerves. Interestingly, higher nerve
density in tumors expressing Sema4D (60) suggests that these
tumors may use nerve-secreted factors for growth, pointing to a
possible role of Sema4D in cancer pain.

While no Sema4D mutation has been reported in human can-
cers, Plexin-B1 mutations and copy number changes are noted
commonly in various cancers, including melanomas, pancreas,
breast, and prostate cancers (58, 61, 62). Thirteen somatic mis-
sense mutations in the cytoplasmic domain of Plexin-B1 were
found in 46% of prostate cancers. Mutational hotspots mapped to
the Rho GTPase binding domain in the cytoplasmic region of the
receptor, causing loss of Rac and R-Ras binding and R-RasGAP
activity. This resulted in an increase in cell motility, invasion,
and adhesion, and could explain the metastatic phenotype (61).
In some cancers, however, Plexin-B1 acts as a tumor suppressor.
For example, Plexin-Bl1 is lost in deep and metastatic melanomas.
Introducing Plexin-B1l into melanoma cells suppresses c-Met
and hence proliferative responses to HGE Increased Plexin-Bl
confers resistance to cisplatin (63). A similar finding was noted
in clear cell carcinoma (64). Sema4D/Plexin-B1 responses may
vary among different cell lines of the same tumor type. Sema4D/
Plexin-B1 increased the proliferative and invasive potential of
LNCaP prostate cancer cells through the activation of ErbB2 and
Akt, but decreased the motility and proliferation of PC3 prostate
cells (65).

Different phenotypes of Sema4D/Plexin-B1-expressing tumors
may depend on the expression of its partner proteins ErbB2 and
c-Met. Since c-Met is one of the most commonly deregulated onco-
gene in cancers, its collaboration with Sema4D/Plexin-B1 is an
alternative pathway to promote tumor invasion (66). Constitutive
activation of Met in tumor cells with high Plexin-B1 can occur in
the absence of Sema4D (66). T lymphoma invasion and metastasis
1 (Tiaml) is another Rac-specific guanine nucleotide-exchange
factor that is activated by Sema4D/Plexin-B1 to stimulate Rac and
promote proliferation, invasion, and metastasis in oral squamous
cell carcinoma (67). In cancer cells that express both Sema4D
and Plexin-B1, the pair could function in an autocrine/paracrine
manner, although this requires future study.

In addition to direct proliferative actions in cancer cells,
Sema4D/Plexin-B1 abnormalities within the tumor niche sup-
port cancer progression by promoting angiogenesis. Sema4D/
Plexin-B1 function in angiogenesis was first described by Basile
and coworkers (68), who showed that recombinant Sema4D-
induced chemotaxis of endothelial cells, in vitro tubulogenesis

and enhanced blood vessel formation in an in vivo mouse model.
Sema4D/Plexin-B1 phosphorylation of c-Met promotes angio-
genesis in a non-redundant manner from HGF (69). Sema4D
can also stimulate angiogenesis via a c-Met-independent pathway
through recruitment of PDZ-RhoGEF and LARG to the Sema4D/
Plexin-B1 complex leading to Rho pathway activation, followed
by downstream AKT and NF-kB activation and increased expres-
sion of proangiogenic IL-8 (70). Hypoxia induces Sema4D in a
HIF-1-dependent manner. Sema4D then cooperates with VEGF
to promote tumor growth and vascularity (71, 72). In addition,
tumor-secreted Sema4D increases endothelial expression of
platelet-derived growth factor-B and angiopoietin-like protein
4, which promote endothelial proliferation and vascular perme-
ability (73). Lentiviral overexpression of Sema4D in colorectal
cancer cell lines caused a proangiogenic response regardless of
VEGF status (74). Sema4D may also be a biomarker for tumor
angiogenesis, since its expression in ovarian cancer correlates
with HIF-1, VEGE and poor prognosis. Sema4D inhibition
causes dissociation of endothelial cells from pericytes, a crucial
step for successful antiangiogenic therapy (75). Both VEGF and
Sema4D may cooperate in a multi-step process to reorganize the
vasculature within the malignant niche. Tumor cells increase their
Sema4D expression as an escape mechanism from anti-VEGF
treatment (75). Concurrent targeting of VEGF and Sema4D
may have additive or synergistic antiangiogenic effects. Sema4D
may also support lymphangiogenesis, since Sema4D targeting
with neutralizing antibody or shRNA suppressed VEGF-C and
VEGE-D, key factors for lymphangiogenesis (76).

The role of Sema4D in immune regulation supports the impor-
tance of dysregulated Sema4D in immune escape of cancer cells.
In a head and neck cancer model, tumor-secreted Sema4D pro-
moted the expansion of myeloid-derived suppressor cells, which
inhibit T-cell functions (77). Sema4D affects both the activities
of immune cells and their recruitment to the tumor microenvi-
ronment. Delaire and coworkers noted that Sema4D inhibited
both spontaneous and chemokine-induced migration of human
monocytes (78). Strong expression of Sema4D at the invasive
margins of actively growing tumors changed the infiltration and
distribution of leukocytes within the tumor microenvironment.
Neutralization of Sema4D by blocking antibodies disrupted this
gradient of expression and enhanced recruitment of activated
monocytes and lymphocytes into the tumor. This shifted the bal-
ance of cells and cytokines in a pro-inflammatory and antitumo-
rigenic direction and was associated with durable tumor rejection
in murine Colon26 and ERBB2 * mammary carcinoma models
(4). These functions are at odds with the known roles of Sema4D
in T and B cell activation. The dual nature of Sema4D between
pro and antitumor action may depend on subsets of immune cells
in the tumor niche, which in turn may depend on the plasticity
of macrophages and T cells within the tumor. Classical activation
of macrophages with interferon y (M1) promotes the differentia-
tion of cytotoxic T cells, which can improve antigen phagocytosis.
However, alternative pathway of macrophage activation by IL-4,
IL-14, or LPS gives rise to M2 macrophages. Tumor-associated
monocytes are M2 and communicate effectively with regulatory
T cells (Treg) to suppress antigen recognition and promote an
inflammatory tumor microenvironment, angiogenesis, and
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tumor progression (79). In tumors with high M2 macrophages
and Tregs, Sema4D may contribute to immune suppression, even
though in normal physiology, Sema4D is required for T and B cell
function.

Sema4D may promote metastasis at distant sites. Many cancer
cells, including head and neck squamous cell carcinoma lines,
express the membrane-tethered collagenase, MT1-MMP which
cleaves Sema4D. sSema4D could thus promote angiogenesis and
cell migration both locally and at distant sites, thereby promoting
metastasis (80).

SEMA4D IN THE BONE MARROW
METASTATIC NICHE

The involvement of Sema4D in bone biology and cancer progres-
sion suggests a role in bone metastasis. Bone is the most com-
mon site of distant metastases for prostate and breast cancers.
Bone metastases are driven by complex interactions between
cancer cells, bone marrow cells, and bone cells, often leading to
increased osteoclast and suppressed osteoblast activities. Even
in osteosclerotic metastasis, occurring in prostate and some
breast cancers, the newly formed bone is poorly organized, and
osteoclasts remain activated, leading to loss of bone quality.
Osteolysis with osteoblast suppression is a hallmark of multiple
myeloma, an incurable blood cancer that originates within bone
(81, 82). Current treatments are limited to osteoclast-targeting
agents, which provide palliative benefit with marginal effect
on tumor control. Zoledronic acid modestly prevents bone
metastases in breast and prostate cancer xenograft models,
but its benefit as a bone metastasis prevention is limited to
postmenopausal women (83). No survival advantage was seen
in premenopausal women or men with prostate cancers. This
evidence suggests that osteoclast targeting alone is inadequate
for tumor control.

Sema4D is a coupling molecule of osteoclasts and osteoblasts
(1). In the tumor niche, Sema4D from the tumor cells and
activated osteoclasts inhibits osteoblast differentiation, while
inducing IL-8 secretion to further promote osteoclast prolifera-
tion and activity (70). Because soluble Sema4D can reach distant
bone sites, it could hypothetically prime the bone niche to
support future metastasis. Since tumor cells with high Sema4D
also have high motility and invasiveness and Sema4D promotes
angiogenesis, Sema4D could contribute to metastasis at both
at the primary tumor site and distant sites. This notion is sup-
ported by a decrease in skeletal metastasis when Sema4D was
knocked down using shRNA in the MDA-MB-231 breast cancer
model (3).

Terpos and coworkers (2) showed increased Sema4D in peri-
pheral blood and bone marrow plasma from myeloma patients
compared to controls. We have shown that myeloma cell lines
and primary myeloma cells express Sema4D at higher levels
than MDA-MB-131 cells. In addition, we found that coculture of
myeloma cells with bone increased expression of Sema4D by both
tumor cells and bone (84). Myeloma cells, as well as breast cancers,
express MMP14 (MT1-MMP), which releases membrane-bound
Sema4D by proteolytic cleavage (85). Sema4D can promote angi-
ogenesis, which is required for myeloma progression. Sema4D is,

therefore, a potential target in myeloma, as well as in cancers that
metastasize to the skeleton.

STRATEGY FOR SEMA4D/PLEXIN-B1
TARGETING

VX15/2503 is the first and only currently available humanized
Sema4D blocking antibody in clinical testing. The antibody was
generated in Sema4D~'~ mice by using a panel of SEMA4D-
specific hybridomas that react with murine, primate, and human
SEMA4D (86). VX15/2503 bound with high affinity (1-5nmol/L)
to Sema4D and achieved complete Sema4D blockade in animal
models, and its activity was subsequently confirmed in humans.
No dose-limiting toxicity or maximal tolerated dose was observed
at the dose required for complete Sema4D blockade in phase I
clinical trials of multiple sclerosis and refractory solid malignan-
cies (87, 88).

In the phase I study of 42 patients with refractory cancers
receiving dose escalation of VX15/2503, one patient (2.4%)
achieved partial response and 27 patients (64.3%) achieved
long duration stable disease. Subjects with elevated baseline B
and T lymphocytes exhibited longer progression-free survival,
suggesting involvement of immune-mediated antitumor activity.
Bone parameters and development of metastases were not end-
points. Tumor response was based on reduction in tumor size;
therefore, patients with isolated bone metastases without other
measurable tumor masses were not included.

The large, planar binding interface of the Sema4D/Plexin-B1
interaction makes it challenging to target with small molecules.
Matsunaga and coworkers discovered a macrocyclic peptide,
PB1m6, which binds Plexin-B1 with high affinity and specifically
inhibits binding of the physiological ligand Sema4D and com-
pletely suppressed Sema4D-induced cell collapse in vitro (89).
No data for this peptide in vivo or in cancer models are currently
available.

Because of the central role of Sema4D in osteoblast inhibi-
tion, Zhang and group developed bone-specific drug delivery
of Sema4D siRNA using N-(2-hydroxypropyl) methacrylamide
copolymers with p-aspartic acid octapeptide (90). They showed
that in an osteoporotic animal model induced by ovariectomy,
weekly intravenous injections of this compound decreased osteo-
clast Sema4D expression and increased osteoblast differentiation.
Treated animals showed higher femoral bone volume both in
prevention and treatment models. Similar reduction of bone loss
was seen in alveolar bone of the mandibles (91). Clinical testing
of this molecule in patients has not been reported, but the study
provides a proof of benefit for Sema4D targeting in bone.

While blocking the Sema4D/Plexin-B1 complex is of potential
benefit in cancers and neuroinflammatory diseases, some cancers
are growth inhibited by Sema4D signaling. In an acute myeloid
leukemia cell line Kasumi-1, Sema4D binding of CD72, its pre-
ferred receptor in immune cells, leads to inhibition of growth and
cell death, as a result of phosphorylation of CD72, the formation
of the CD72-SHP-1 complex and dephosphorylation of src fam-
ily kinases and JNK (15). Future development of Sema4D target-
ing should take into account the cellular context where Sema4D
exerts its function.
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DISCUSSION

We highlight Sema4D as a novel regulator of bone homeostasis.
Sema4D also supports crucial steps in tumor progression, ranging
from invasion, migration, angiogenesis, and immune suppres-
sion, to the pathological alteration of the tumor niche to support
metastasis. Targeting Sema4D in the clinic has become practical
with the development of a specific neutralizing antibody, which
has low toxicity and an impressive response rate in early clinical
trials of patients with refractory cancers. Because of the potential
role of Sema4D in bone metastasis, this molecule should be
further explored in these specific disease groups, and bone metas-
tases should be included in clinical endpoints. Our preliminary
data also support the potential of Sema4D blockade in multiple
myeloma. Baseline B and T cell profiles have been correlated
to response in a preliminary cancer clinical trial and should be
further developed as a screening tool to identify patients likely
to respond, or as a biomarker of response. In addition, Sema4D
targeting may have synergistic antitumor effects when combined
with immunomodulatory agents, warranting further study.

A major open question is whether Sema4D from non-
osteoclast sources plays a significant role to inhibit osteoblast
activity in cancer/bone diseases. Sema4D is expressed on tumor
cells that colonize bone, while cells of the microenvironment
other than osteoclasts may also express Sema4D. Although the
extracellular domain can be proteolytically shed, it seems unlikely
that local sSema4D concentrations are sufficient to activate

osteoblast Plexin-B1. Both Negishi-Koga et al. (1) and Yang et al.

REFERENCES

1. Negishi-Koga T, Shinohara M, Komatsu N, Bito H, Kodama T, Friedel RH,
et al. Suppression of bone formation by osteoclastic expression of semaphorin
4D. Nat Med (2011) 17(11):1473-80. doi:10.1038/nm.2489

2. TerposE,Kastritis E, Bagratuni T, Christoulas D, Papatheodorou A, Kanellias N,
et al. Semaphorin-4D and plexin-B1 are elevated in multiple myeloma micro-
environment and possibly contribute in the development of lytic bone disease.
Blood (2012) 120:1819.

3. Yang YH, Buhamrah A, Schneider A, Lin YL, Zhou H, Bugshan A, et al.
Semaphorin 4D promotes skeletal metastasis in breast cancer. PLoS One
(2016) 11(2):e0150151. doi:10.1371/journal.pone.0150151

4. Evans EE, Jonason AS Jr, Bussler H, Torno S, Veeraraghavan J, Reilly C, et al.
Antibody blockade of semaphorin 4D promotes immune infiltration into
tumor and enhances response to other immunomodulatory therapies. Cancer
Immunol Res (2015) 3(6):689-701. doi:10.1158/2326-6066.CIR-14-0171

5. Worzfeld T, Offermanns S. Semaphorins and plexins as therapeutic targets.
Nat Rev Drug Discov (2014) 13(8):603-21. doi:10.1038/nrd4337

6. Elhabazi A, Delaire S, Bensussan A, Boumsell L, Bismuth G. Biological
activity of soluble CD100. I. The extracellular region of CD100 is released
from the surface of T lymphocytes by regulated proteolysis. ] Immunol (2001)
166(7):4341-7. doi:10.4049/jimmunol.166.7.4341

7. Bougeret C, Mansur IG, Dastot H, Schmid M, Mahouy G, Bensussan A, et al.
Increased surface expression of a newly identified 150-kDa dimer early after
human T lymphocyte activation. ] Immunol (1992) 148(2):318-23.

8. Delaire S, Elhabazi A, Bensussan A, Boumsell L. CD100 is a leukocyte sema-
phorin. Cell Mol Life Sci (1998) 54(11):1265-76. doi:10.1007/s000180050252

9. Tamagnone L, Artigiani S, Chen H, He Z, Ming GI, Song H, et al. Plexins are

a large family of receptors for transmembrane, secreted, and GPI-anchored

semaphorins in vertebrates. Cell (1999) 99(1):71-80. doi:10.1016/S0092-8674

(00)80063-X

Kumanogoh A, Watanabe C, Lee I, Wang X, Shi W, Araki H, et al. Identification

of CD72 as a lymphocyte receptor for the class IV semaphorin CD100: a novel

10.

(3) showed osteoblast suppression with micrograms per milliliter
amounts of sSema4D:Fc fusions, orders of magnitude higher than
those found in bone marrow plasma from multiple myeloma by
Terpos et al. (2). Non-osteoblast and tumor sources of Sema4D
could still inhibit osteoblast activity by direct cell:cell contact.
Direct evidence for such actions is lacking; they may occur only
in the context of co-receptors specific to the osteoclast. Patient
data from clinical trials with Sema4D-neutralizing antibody
could provide answers to these questions. Patients receiving
antibody treatment should have increased bone mineral density.
If the osteoclast Sema4D axis is the only significant contributor
to osteoblast suppression, then there may be little bone effect of
treatment in patients also receiving anti-osteoclast drugs (bis-
phosphonates or denosumab), which are the standard of care for
cancer bone diseases.

AUTHOR CONTRIBUTIONS

All authors contributed to the writing of the manuscript.

FUNDING

Work was supported by the VA merit award CX000977 and pilot
research funding of the Indiana University Simon Cancer Center
(AS and JC), NIH/NIAMS R01 AR059679 and Funding from
the Hematology-Oncology Division, Department of Medicine,
University of Pittsburgh (DG) and the American Society of
Hematology HONORS award (KL).

mechanism for regulating B cell signaling. Immunity (2000) 13(5):621-31.
doi:10.1016/S1074-7613(00)00062-5

Chabbert-de Ponnat I, Marie-Cardine A, Pasterkamp R], Schiavon V,
Tamagnone L, Thomasset N, et al. Soluble CD100 functions on human
monocytes and immature dendritic cells require plexin C1 and plexin B1,
respectively. Int Immunol (2005) 17(4):439-47. do0i:10.1093/intimm/dxh224
Luque MC, Gutierrez PS, Debbas V; Kalil J, Stolf BS. CD100 and plexins B2 and
B1 mediate monocyte-endothelial cell adhesion and might take part in atherogen-
esis. Mol Immunol (2015) 67(2 Pt B):559-67. doi:10.1016/j.molimm.2015.07.028
Biancone L, Bowen MA, Lim A, Aruffo A, Andres G, Stamenkovic I.
Identification of a novel inducible cell-surface ligand of CD5 on activated
lymphocytes. ] Exp Med (1996) 184(3):811-9. d0i:10.1084/jem.184.3.811
Gordon J. B-cell signalling via the C-type lectins CD23 and CD72. Immunol
Today (1994) 15(9):411-7. doi:10.1016/0167-5699(94)90270-4

Kataoka TR, Kumanogoh A, Hirata M, Moriyoshi K, Ueshima C, Kawahara M,
et al. CD72 regulates the growth of KIT-mutated leukemia cell line Kasumi-1.
Sci Rep (2013) 3:2861. doi:10.1038/srep02861

Kumanogoh A, Kikutani H. Biological functions and signaling of a transmem-
brane semaphorin, CD100/Sema4D. Cell Mol Life Sci (2004) 61(3):292-300.
doi:10.1007/s00018-003-3257-7

Artigiani S, Barberis D, Fazzari P, Longati P, Angelini P, van de Loo JW, et al.
Functional regulation of semaphorin receptors by proprotein convertases.
] Biol Chem (2003) 278(12):10094-101. doi:10.1074/jbc.M210156200
Gherardi E, Love CA, Esnouf RM, Jones EY. The sema domain. Curr Opin
Struct Biol (2004) 14(6):669-78. doi:10.1016/.sbi.2004.10.010

Wells CM, Jones GE. The emerging importance of group II PAKs. Biochem |
(2010) 425(3):465-73. doi:10.1042/BJ20091173

Vikis HG, Li W, Guan KL. The plexin-B1/Rac interaction inhibits PAK acti-
vation and enhances Sema4D ligand binding. Genes Dev (2002) 16(7):836-45.
doi:10.1101/gad.966402

Oinuma I, Katoh H, Negishi M. Semaphorin 4D/Plexin-B1-mediated R-Ras
GAP activity inhibits cell migration by regulating beta(1) integrin activity.
J Cell Biol (2006) 173(4):601-13. doi:10.1083/jcb.200508204

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Frontiers in Endocrinology | www.frontiersin.org

67

June 2018 | Volume 9 | Article 322


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1038/nm.2489
https://doi.org/10.1371/journal.pone.0150151
https://doi.org/10.1158/2326-6066.CIR-14-0171
https://doi.org/10.1038/nrd4337
https://doi.org/10.4049/jimmunol.166.7.4341
https://doi.org/10.1007/s000180050252
https://doi.org/10.1016/S0092-8674
(00)80063-X
https://doi.org/10.1016/S0092-8674
(00)80063-X
https://doi.org/10.1016/S1074-7613(00)00062-5
https://doi.org/10.1093/intimm/dxh224
https://doi.org/10.1016/j.molimm.2015.07.028
https://doi.org/10.1084/jem.184.3.811
https://doi.org/10.1016/0167-5699(94)90270-4
https://doi.org/10.1038/srep02861
https://doi.org/10.1007/s00018-003-3257-7
https://doi.org/10.1074/jbc.M210156200
https://doi.org/10.1016/j.sbi.2004.10.010
https://doi.org/10.1042/BJ20091173
https://doi.org/10.1101/gad.966402
https://doi.org/10.1083/jcb.200508204

Lontos et al.

Semaphorin 4D in Bone and Cancer

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ito Y, Oinuma I, Katoh H, Kaibuchi K, Negishi M. Sema4D/plexin-B1 activates
GSK-3beta through R-Ras GAP activity, inducing growth cone collapse.
EMBO Rep (2006) 7(7):704-9. doi:10.1038/sj.embor.7400737

Swiercz JM, Worzfeld T, Offermanns S. ErbB-2 and met reciprocally regu-
late cellular signaling via plexin-Bl1. ] Biol Chem (2008) 283(4):1893-901.
doi:10.1074/jbc.M706822200

Swiercz JM, Kuner R, Offermanns S. Plexin-B1/RhoGEF-mediated RhoA
activation involves the receptor tyrosine kinase ErbB-2. J Cell Biol (2004)
165(6):869-80. doi:10.1083/jcb.200312094

Swiercz JM, Worzfeld T, Offermanns S. Semaphorin 4D signaling requires the
recruitment of phospholipase C gamma into the plexin-B1 receptor complex.
Mol Cell Biol (2009) 29(23):6321-34. doi:10.1128/MCB.00103-09

Aurandt ], Vikis HG, Gutkind JS, Ahn N, Guan KL. The semaphorin receptor
plexin-B1 signals through a direct interaction with the Rho-specific nucleo-
tide exchange factor, LARG. Proc Natl Acad Sci U S A (2002) 99(19):12085-90.
doi:10.1073/pnas.142433199

Aurandt ], Li W, Guan KL. Semaphorin 4D activates the MAPK pathway
downstream of plexin-B1. Biochem ] (2006) 394(Pt 2):459-64. doi:10.1042/
BJ20051123

Oinuma I, Ishikawa Y, Katoh H, Negishi M. The semaphorin 4D receptor plexin-
B1 is a GTPase activating protein for R-Ras. Science (2004) 305(5685):862-5.
doi:10.1126/science.1097545

Basile JR, Afkhami T, Gutkind JS. Semaphorin 4D/plexin-B1 induces
endothelial cell migration through the activation of PYK2, Src, and the phos-
phatidylinositol 3-kinase-Akt pathway. Mol Cell Biol (2005) 25(16):6889-98.
doi:10.1128/MCB.25.16.6889-6898.2005

Bottaro DP, Rubin JS, Faletto DL, Chan AM, Kmiecik TE, Vande Woude GE
et al. Identification of the hepatocyte growth factor receptor as the c-met
proto-oncogene product. Science (1991) 251(4995):802-4. doi:10.1126/
science.1846706

Gaudino G, Follenzi A, Naldini L, Collesi C, Santoro M, Gallo KA, et al. RON
is a heterodimeric tyrosine kinase receptor activated by the HGF homologue
MSP. EMBO J (1994) 13(15):3524-32.

Sun T, Krishnan R, Swiercz JM. Grb2 mediates semaphorin-4D-dependent
RhoA inactivation. JCell Sci (2012) 125(Pt 15):3557-67. doi:10.1242/
jcs.101063

Love CA, Harlos K, Mavaddat N, Davis SJ, Stuart DI, Jones EY, et al. The
ligand-binding face of the semaphorins revealed by the high-resolution crys-
tal structure of SEMA4D. Nat Struct Biol (2003) 10(10):843-8. doi:10.1038/
nsb977

McHugh KP, Hodivala-Dilke K, Zheng MH, Namba N, Lam ], Novack D,
et al. Mice lacking beta3 integrins are osteosclerotic because of dysfunctional
osteoclasts. J Clin Invest (2000) 105(4):433-40. doi:10.1172/JCI8905

Dacquin R, Domenget C, Kumanogoh A, Kikutani H, Jurdic P, Machuca-Gayet I.
Control of bone resorption by semaphorin 4D is dependent on ovarian
function. PLoS One (2011) 6(10):e26627. doi:10.1371/journal.pone.0026627
Deb Roy A, Yin T, Choudhary S, Rodionov V, Pilbeam CC, Wu YI. Optogenetic
activation of Plexin-B1 reveals contact repulsion between osteoclasts and
osteoblasts. Nat Commun (2017) 8:15831. doi:10.1038/ncomms15831

Zhang Y, Feng E, Xu Y, Wang W, Zhang T, Xiao L, et al. Serum Sema4D levels
are associated with lumbar spine bone mineral density and bone turnover
markers in patients with postmenopausal osteoporosis. Int ] Clin Exp Med
(2015) 8(9):16352-7.

Anastasilakis AD, Polyzos SA, Makras P, Gkiomisi A, Sakellariou G, Savvidis M,
et al. Circulating semaphorin-4D and plexin-B1 levels in postmenopausal
women with low bone mass: the 3-month effect of zoledronic acid, denosumab
or teriparatide treatment. Expert Opin Ther Targets (2015) 19(3):299-306.
doi:10.1517/14728222.2014.983078

Sekimoto T, Ishii M, Emi M, Kurogi S, Funamoto T, Hamada H, et al. Segmental
copy number loss in the region of semaphorin 4D gene in patients with aceta-
bular dysplasia. ] Orthop Res (2013) 31(6):957-61. doi:10.1002/jor.22310
Yoshida Y, Ogata A, Kang S, Ebina K, Shi K, Nojima S, et al. Semaphorin
4D contributes to rheumatoid arthritis by inducing inflammatory cytokine
production: pathogenic and therapeutic implications. Arthritis Rheumatol
(2015) 67(6):1481-90. doi:10.1002/art.39086

Movila A, Mawardi H, Nishimura K, Kiyama T, Egashira K, Kim J Y, etal. Possible
pathogenic engagement of soluble semaphorin 4D produced by gammadelta
T cells in medication-related osteonecrosis of the jaw (MRONYJ). Biochem
Biophys Res Commun (2016) 480(1):42-7. doi:10.1016/j.bbrc.2016.10.012

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hopwood B, Gronthos S, Kuliwaba JS, Robey PG, Findlay DM, Fazzalari NL.
Identification of differentially expressed genes between osteoarthritic and nor-
mal trabecular bone from the intertrochanteric region of the proximal femur
using cDNA microarray analysis. Bone (2005) 36(4):635-44. doi:10.1016/j.
bone.2005.02.003

Liu B, Ma Y, Yi ], Xu Z, Zhang YS, Zhang C, et al. Elevated plasma soluble
Sema4D/CD100 levels are associated with disease severity in patients of hem-
orrhagic fever with renal syndrome. PLoS One (2013) 8(9):¢73958. doi:10.1371/
journal.pone.0073958

Wang X, Kumanogoh A, Watanabe C, Shi W, Yoshida K, Kikutani H. Functional
soluble CD100/Sema4D released from activated lymphocytes: possible role
in normal and pathologic immune responses. Blood (2001) 97(11):3498-504.
doi:10.1182/blood.V97.11.3498

Xiang L, You T, Chen J, Xu W, Jiao Y. Serum soluble semaphorin 4D is associ-
ated with left atrial diameter in patients with atrial fibrillation. Med Sci Monit
(2015) 21:2912-7. doi:10.12659/MSM.895441

Huang C, Wang Y, Huang JH, Liu W. Sema3A drastically suppresses tumor
growth in oral cancer Xenograft model of mice. BMC Pharmacol Toxicol
(2017) 18(1):55. doi:10.1186/540360-017-0163-4

Liu MH, Fu WJ, Cui YH, Guo QN, Zhou Y. Downregulation of semaphorin-3F
is associated with poor prognostic significance in osteosarcoma patients.
Am ] Cancer Res (2016) 6(10):2252-62.

Dorfman DM, Shahsafaei A, Nadler LM, Freeman GJ. The leukocyte sema-
phorin CD100 is expressed in most T-cell, but few B-cell, non-Hodgkin’s
lymphomas. Am ] Pathol (1998) 153(1):255-62. doi:10.1016/S0002-9440(10)
65566-6

Jiang H, Chen C, Sun Q, Wu ], Qiu L, Gao C, et al. The role of semaphorin 4D
in tumor development and angiogenesis in human breast cancer. Onco Targets
Ther (2016) 9:5737-50. doi:10.2147/OTT.S114708

Deaglio S, Vaisitti T, Bergui L, Bonello L, Horenstein AL, Tamagnone L, et al.
CD38 and CD100 lead a network of surface receptors relaying positive signals
for B-CLL growth and survival. Blood (2005) 105(8):3042-50. doi:10.1182/
blood-2004-10-3873

Granziero L, Circosta P, Scielzo C, Frisaldi E, Stella S, Geuna M, et al. CD100/
Plexin-B1 interactions sustain proliferation and survival of normal and
leukemic CD5+ B lymphocytes. Blood (2003) 101(5):1962-9. doi:10.1182/
blood-2002-05-1339

Gabrovska PN, Smith RA, Tiang T, Weinstein SR, Haupt LM, Griffiths LR.
Semaphorin-plexin signalling genes associated with human breast tumouri-
genesis. Gene (2011) 489(2):63-9. doi:10.1016/j.gene.2011.08.024

Malik ME, Ye L, Jiang WG. Reduced expression of semaphorin 4D and plex-
in-B in breast cancer is associated with poorer prognosis and the potential
linkage with oestrogen receptor. Oncol Rep (2015) 34(2):1049-57. doi:10.3892/
0r.2015.4015

Ross RW, Galsky MD, Scher HI, Magidson J, Wassmann K, Lee GS, et al. A
whole-blood RNA transcript-based prognostic model in men with castration-
resistant prostate cancer: a prospective study. Lancet Oncol (2012) 13(11):
1105-13. doi:10.1016/S1470-2045(12)70263-2

Cao J, Zhang C, Chen T, Tian R, Sun S, Yu X, et al. Plexin-B1 and sema-
phorin 4D cooperate to promote cutaneous squamous cell carcinoma cell
proliferation, migration and invasion. J Dermatol Sci (2015) 79(2):127-36.
doi:10.1016/j.jdermsci.2015.05.002

Kato S, Kubota K, Shimamura T, Shinohara Y, Kobayashi N, Watanabe S, et al.
Semaphorin 4D, a lymphocyte semaphorin, enhances tumor cell motility
through binding its receptor, plexinB1, in pancreatic cancer. Cancer Sci (2011)
102(11):2029-37. doi:10.1111/j.1349-7006.2011.02053.x

Moriarity BS, Otto GM, Rahrmann EP, Rathe SK, Wolf NK, Weg MT, et al.
A Sleeping Beauty forward genetic screen identifies new genes and path-
ways driving osteosarcoma development and metastasis. Nat Genet (2015)
47(6):615-24. doi:10.1038/ng.3293

Williamson M, de Winter P, Masters JR. Plexin-B1 signalling promotes andro-
gen receptor translocation to the nucleus. Oncogene (2016) 35(8):1066-72.
d0i:10.1038/0nc.2015.160

Rody A, Holtrich U, Gaetje R, Gehrmann M, Engels K, von Minckwitz G, et al.
Poor outcome in estrogen receptor-positive breast cancers predicted by loss
of plexin B1. Clin Cancer Res (2007) 13(4):1115-22. doi:10.1158/1078-0432.
CCR-06-2433

Binmadi NO, Yang YH, Zhou H, Proia P, Lin YL, De Paula AM, et al. Plexin-B1
and semaphorin 4D cooperate to promote perineural invasion in a RhoA/

Frontiers in Endocrinology | www.frontiersin.org

June 2018 | Volume 9 | Article 322


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1038/sj.embor.7400737
https://doi.org/10.1074/jbc.M706822200
https://doi.org/10.1083/jcb.200312094
https://doi.org/10.1128/MCB.00103-09
https://doi.org/10.1073/pnas.142433199
https://doi.org/10.1042/BJ20051123
https://doi.org/10.1042/BJ20051123
https://doi.org/10.1126/science.1097545
https://doi.org/10.1128/MCB.25.16.6889-6898.2005
https://doi.org/10.1126/science.1846706
https://doi.org/10.1126/science.1846706
https://doi.org/10.1242/jcs.101063
https://doi.org/10.1242/jcs.101063
https://doi.org/10.1038/nsb977
https://doi.org/10.1038/nsb977
https://doi.org/10.1172/JCI8905
https://doi.org/10.1371/journal.pone.0026627
https://doi.org/10.1038/ncomms15831
https://doi.org/10.1517/14728222.2014.983078
https://doi.org/10.1002/jor.22310
https://doi.org/10.1002/art.39086
https://doi.org/10.1016/j.bbrc.2016.
10.012
https://doi.org/10.1016/j.bone.2005.02.003
https://doi.org/10.1016/j.bone.2005.02.003
https://doi.org/10.1371/
journal.pone.0073958
https://doi.org/10.1371/
journal.pone.0073958
https://doi.org/10.1182/blood.V97.11.3498
https://doi.org/10.12659/MSM.895441
https://doi.org/10.1186/s40360-017-0163-4
https://doi.org/10.1016/S0002-
9440(10)65566-6
https://doi.org/10.1016/S0002-
9440(10)65566-6
https://doi.org/10.2147/OTT.S114708
https://doi.org/10.1182/blood-2004-10-3873
https://doi.org/10.1182/blood-2004-10-3873
https://doi.org/10.1182/blood-2002-05-1339
https://doi.org/10.1182/blood-2002-05-1339
https://doi.org/10.1016/j.gene.2011.08.024
https://doi.org/10.3892/or.2015.4015
https://doi.org/10.3892/or.2015.4015
https://doi.org/10.1016/S1470-2045(12)70263-2
https://doi.org/10.1016/j.jdermsci.2015.05.002
https://doi.org/10.1111/j.1349-7006.2011.02053.x
https://doi.org/10.1038/ng.3293
https://doi.org/10.1038/onc.2015.160
https://doi.org/10.1158/1078-0432.CCR-06-2433
https://doi.org/10.1158/1078-0432.CCR-06-2433

Lontos et al.

Semaphorin 4D in Bone and Cancer

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

ROK-dependent manner. Am ] Pathol (2012) 180(3):1232-42. doi:10.1016/j.
ajpath.2011.12.009

Wong OG, Nitkunan T, Oinuma I, Zhou C, Blanc V, Brown RS, et al. Plexin-B1
mutations in prostate cancer. Proc Natl Acad Sci U S A (2007) 104(48):19040-5.
doi:10.1073/pnas.0702544104

Balakrishnan A, Penachioni JY, Lamba S, Bleeker FE, Zanon C, Rodolfo M,
et al. Molecular profiling of the “plexinome” in melanoma and pancreatic
cancer. Hum Mutat (2009) 30(8):1167-74. doi:10.1002/humu.21017

Stevens L, McClelland L, Fricke A, Williamson M, Kuo I, Scott G. Plexin B1
suppresses c-Met in melanoma: a role for plexin Bl as a tumor-suppressor
protein through regulation of c-Met. ] Invest Dermatol (2010) 130(6):1636-45.
doi:10.1038/jid.2010.13

Gomez Roman JJ, Garay GO, Saenz P, Escuredo K, Sanz Ibayondo C, Gutkind S,
et al. Plexin B1 is downregulated in renal cell carcinomas and modulates cell
growth. Transl Res (2008) 151(3):134-40. doi:10.1016/j.trs1.2007.12.003
Damola A, Legendre A, Ball S, Masters JR, Williamson M. Function of
mutant and wild-type plexinbl in prostate cancer cells. Prostate (2013)
73(12):1326-35. doi:10.1002/pros.22678

Conrotto P, Corso S, Gamberini S, Comoglio PM, Giordano S. Interplay
between scatter factor receptors and B plexins controls invasive growth.
Oncogene (2004) 23(30):5131-7. doi:10.1038/sj.onc.1207650

Zhou H, Kann MG, Mallory EK, Yang YH, Bugshan A, Binmadi NO, et al.
Recruitment of Tiam1 to semaphorin 4D activates Rac and enhances prolif-
eration, invasion, and metastasis in oral squamous cell carcinoma. Neoplasia
(2017) 19(2):65-74. d0i:10.1016/j.ne0.2016.12.004

Basile JR, Barac A, Zhu T, Guan KL, Gutkind JS. Class IV semaphorins pro-
mote angiogenesis by stimulating Rho-initiated pathways through plexin-B.
Cancer Res (2004) 64(15):5212-24. doi:10.1158/0008-5472.CAN-04-0126
Conrotto P, Valdembri D, Corso S, Serini G, Tamagnone L, Comoglio PM,
et al. Sema4D induces angiogenesis through Met recruitment by Plexin B1.
Blood (2005) 105(11):4321-9. doi:10.1182/blood-2004-07-2885

Yang YH, Zhou H, Binmadi NO, Proia P, Basile JR. Plexin-B1 activates
NF-kappaB and IL-8 to promote a pro-angiogenic response in endothelial
cells. PLoS One (2011) 6(10):e25826. doi:10.1371/journal.pone.0025826
Zhou H, Yang YH, Binmadi NO, Proia P, Basile JR. The hypoxia-inducible
factor-responsive proteins semaphorin 4D and vascular endothelial growth
factor promote tumor growth and angiogenesis in oral squamous cell carci-
noma. Exp Cell Res (2012) 318(14):1685-98. d0i:10.1016/j.yexcr.2012.04.019
Sun Q, Zhou H, Binmadi NO, Basile JR. Hypoxia-inducible factor-1-mediated
regulation of semaphorin 4D affects tumor growth and vascularity. J Biol
Chem (2009) 284(46):32066-74. doi:10.1074/jbc.M109.057166

Zhou H, Yang YH, Basile JR. The semaphorin 4D-plexin-B1-RhoA signaling
axis recruits pericytes and regulates vascular permeability through endothelial
production of PDGF-B and ANGPTL4. Angiogenesis (2014) 17(1):261-74.
doi:10.1007/s10456-013-9395-0

Ding X, Qiu L, Zhang L, Xi ], Li D, Huang X, et al. The role of semaphorin 4D
as a potential biomarker for antiangiogenic therapy in colorectal cancer. Onco
Targets Ther (2016) 9:1189-204. doi:10.2147/OTT.S98906

Zhou H, Binmadi NO, Yang YH, Proia P, Basile JR. Semaphorin 4D cooperates
with VEGF to promote angiogenesis and tumor progression. Angiogenesis
(2012) 15(3):391-407. d0i:10.1007/510456-012-9268-y

LiuH, Yang Y, Xiao J, Yang S, Liu Y, Kang W, et al. Semaphorin 4D expression is
associated with a poor clinical outcome in cervical cancer patients. Microvasc
Res (2014) 93:1-8. d0i:10.1016/j.mvr.2014.02.007

Younis RH, Han KL, Webb TJ. Human head and neck squamous cell carcinoma-
associated semaphorin 4D induces expansion of myeloid-derived suppressor
cells. J Immunol (2016) 196(3):1419-29. doi:10.4049/jimmunol.1501293

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Delaire S, Billard C, Tordjman R, Chedotal A, Elhabazi A, Bensussan A,
et al. Biological activity of soluble CD100. II. Soluble CD100, similarly to
H-Semalll, inhibits immune cell migration. J Immunol (2001) 166(7):4348-54.
doi:10.4049/jimmunol.166.7.4348

Hao NB, Lu MH, Fan YH, Cao YL, Zhang ZR, Yang SM. Macrophages in
tumor microenvironments and the progression of tumors. Clin Dev Immunol
(2012) 2012:948098. doi:10.1155/2012/948098

Basile JR, Holmbeck K, Bugge TH, Gutkind JS. MT1-MMP controls tumor-
induced angiogenesis through the release of semaphorin 4D. J Biol Chem
(2007) 282(9):6899-905. doi:10.1074/jbc.M609570200

Silbermann R, Roodman GD. Current controversies in the management of
myeloma bone disease. J Cell Physiol (2016) 231(11):2374-9. doi:10.1002/
jcp.25351

Galson DL, Silbermann R, Roodman GD. Mechanisms of multiple myeloma
bone disease. Bonekey Rep (2012) 1:135. doi:10.1038/bonekey.2012.135
Beuzeboc P, Scholl S. Prevention of bone metastases in breast cancer patients.
Therapeutic perspectives. J Clin Med (2014) 3(2):521-36. doi:10.3390/
jcm3020521

Suvannasankha A, Crean CD, Tompkins DR, Delgado-Calle ], Bellido TM,
David Roodman G, et al. Regulation of osteoblast function in myeloma bone
disease by semaphorin 4D. Blood (2016) 128:4439.

Parmo-Cabanas M, Molina-Ortiz I, Matias-Roman S, Garcia-Bernal D,
Carvajal-Vergara X, Valle I, et al. Role of metalloproteinases MMP-9 and
MT1-MMP in CXCLI12-promoted myeloma cell invasion across basement
membranes. ] Pathol (2006) 208(1):108-18. doi:10.1002/path.1876

Fisher TL, Reilly CA, Winter LA, Pandina T, Jonason A, Scrivens M, et al.
Generation and preclinical characterization of an antibody specific for
SEMA4D. MAbs (2016) 8(1):150-62. doi:10.1080/19420862.2015.1102813
LaGanke C, Samkoff L, Edwards K, Jung Henson L, Repovic P, Lynch S, et al.
Safety/tolerability of the anti-semaphorin 4D Antibody VX15/2503 in a ran-
domized phase 1 trial. Neurol Neuroimmunol Neuroinflamm (2017) 4(4):€367.
doi:10.1212/NXI1.0000000000000367

Patnaik A, Weiss GJ, Leonard JE, Rasco DW, Sachdev JC, Fisher TL, et al. Safety,
pharmacokinetics, and pharmacodynamics of a humanized anti-semaphorin
4D antibody, in a first-in-human study of patients with advanced solid tumors.
Clin Cancer Res (2016) 22(4):827-36. doi:10.1158/1078-0432.CCR-15-0431
Matsunaga Y, Bashiruddin NK, Kitago Y, Takagi J, Suga H. Allosteric inhibition
of a semaphorin 4D receptor plexin B1 by a high-affinity macrocyclic peptide.
Cell Chem Biol (2016) 23(11):1341-50. doi:10.1016/j.chembiol.2016.09.015
Zhang Y, Wei L, Miron RJ, Shi B, Bian Z. Anabolic bone formation via a
site-specific bone-targeting delivery system by interfering with semaphorin
4D expression. ] Bone Miner Res (2015) 30(2):286-96. doi:10.1002/jbmr.2322
Zhang Y, Wei L, Miron RJ, Zhang Q, Bian Z. Prevention of alveolar bone loss
in an osteoporotic animal model via interference of semaphorin 4D. ] Dent Res
(2014) 93(11):1095-100. doi:10.1177/0022034514552676

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Lontos, Adamik, Tsagianni, Galson, Chirgwin and Suvannasankha.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

69

June 2018 | Volume 9 | Article 322


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1016/j.ajpath.2011.12.009
https://doi.org/10.1016/j.ajpath.2011.12.009
https://doi.org/10.1073/pnas.0702544104
https://doi.org/10.1002/humu.21017
https://doi.org/10.1038/jid.2010.13
https://doi.org/10.1016/j.trsl.2007.12.003
https://doi.org/10.1002/pros.22678
https://doi.org/10.1038/sj.onc.1207650
https://doi.org/10.1016/j.neo.2016.12.004
https://doi.org/10.1158/0008-5472.CAN-04-0126
https://doi.org/10.1182/blood-2004-07-2885
https://doi.org/10.1371/journal.pone.0025826
https://doi.org/10.1016/j.yexcr.2012.04.019
https://doi.org/10.1074/jbc.M109.057166
https://doi.org/10.1007/s10456-013-9395-0
https://doi.org/10.2147/OTT.S98906
https://doi.org/10.1007/s10456-012-9268-y
https://doi.org/10.1016/j.mvr.2014.02.007
https://doi.org/10.4049/jimmunol.1501293
https://doi.org/10.4049/jimmunol.166.7.4348
https://doi.org/10.1155/2012/948098
https://doi.org/10.1074/jbc.M609570200
https://doi.org/10.1002/jcp.25351
https://doi.org/10.1002/jcp.25351
https://doi.org/10.1038/bonekey.2012.135
https://doi.org/10.3390/jcm3020521
https://doi.org/10.3390/jcm3020521
https://doi.org/10.1002/path.1876
https://doi.org/10.1080/19420862.2015.1102813
https://doi.org/10.1212/NXI.0000000000000367
https://doi.org/10.1158/1078-0432.CCR-15-0431
https://doi.org/10.1016/j.chembiol.2016.09.015
https://doi.org/10.1002/jbmr.2322
https://doi.org/10.1177/0022034514552676
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

1' frontiers

in Endocrinology

ORIGINAL RESEARCH
published: 29 June 2018
doi: 10.3389/fendo.2018.00344

OPEN ACCESS

Edited by:
Julie A. Sterling,
Vanderbilt University, United States

Reviewed by:

Sanja Stifter,

Faculty of Medicine, University of
Rijeka, Croatia

Michelle Anne Lawson,
University of Sheffield,

United Kingdom

*Correspondence:
Deborah L. Galson
galson@pitt.edu;
dlgalson@gmail.com

T These authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Bone Research,

a section of the journal
Frontiers in Endocrinology

Received: 09 March 2018
Accepted: 07 June 2018
Published: 29 June 2018

Citation:

Adamik J, Silbermann R, Marino S,
Sun Q, Anderson JL, Zhou D, Xie X-Q,
Roodman GD and Galson DL (2018)
XRK3F2 Inhibition of p62-ZZ Domain
Signaling Rescues Myeloma-Induced
GFI1-Driven Epigenetic Repression of
the Runx2 Gene in Pre-osteoblasts to
Overcome Differentiation Suppression.
Front. Endocrinol. 9:344.

doi: 10.3389/fendo.2018.00344

Check for
updates

XRKS3F2 Inhibition of p62-ZZ Domain
Signaling Rescues Myeloma-Induced
GFI1-Driven Epigenetic Repression
of the Runx2 Gene in Pre-osteoblasts
to Overcome Differentiation
Suppression

Juraj Adamik', Rebecca Silbermann?°t, Silvia Marino?, Quanhong Sun’,
Judith L. Anderson?, Dan Zhou?, Xiang-Qun Xie*, G. David Roodman?°® and
Deborah L. Galson™

" Division of Hematology/Oncology, Department of Medicine, UPMC Hillman Cancer Center, The McGowan Institute for
Regenerative Medicine, University of Pittsburgh, Pittsburgh, PA, United States,  Division of Hematology-Oncology,
Department of Medicine, Indiana University, Indianapolis, IN, United States, * Hematology and Medical Oncology, Knight
Cancer Institute, Oregon Health & Science University, Portland, OR, United States, * Department of Pharmaceutical
Sciences, School of Pharmacy, University of Pittsburgh, Pittsburgh, PA, United States, ° Richard L. Roudebush VA Medical
Center, Indianapolis, IN, United States

Multiple myeloma bone disease (MMBD) is characterized by non-healing lytic bone
lesions that persist even after a patient has achieved a hematologic remission.
We previously reported that p62 (sequestosome-1) in bone marrow stromal cells
(BMSQC) is critical for the formation of MM-induced signaling complexes that mediate
OB suppression. Importantly, XRK3F2, an inhibitor of the p62-ZZ domain, blunted
MM-induced Runx2 suppression in vitro, and induced new bone formation and
remodeling in the presence of tumor in vivo. Additionally, we reported that MM
cells induce the formation of repressive chromatin on the Runx2 gene in BMSC
via direct binding of the transcriptional repressor GFI1, which recruits the histone
modifiers, histone deacetylase 1 (HDAC1) and Enhancer of zeste homolog 2
(EZH2). In this study we investigated the mechanism by which blocking p62-Z2Z
domain-dependent signaling prevents MM-induced suppression of Runx2 in BMSC.
XRK3F2 prevented MM-induced upregulation of Gfi7 and repression of the Runx2
gene when present in MM-preOB co-cultures. We also show that p62-ZZ-domain
blocking by XRK3F2 also prevented MM conditioned media and TNF plus IL7-mediated
Gfit mRNA upregulation and the concomitant Runx2 repression, indicating that
XRKBF2’s prevention of p62-ZZ domain signaling within preOB is involved in the
response. Chromatin immunoprecipitation (ChIP) analyses revealed that XRK3F2
decreased MM-induced GFI1 occupancy at the Runx2-P1 promoter and prevented
recruitment of HDACT, thus preserving the transcriptionally permissive chromatin mark
H3K9ac on Runx2 and allowing osteogenic differentiation. Furthermore, treatment
of MM-exposed preOB with XRK3F2 after MM removal decreased GFI1 enrichment
at Runx2-P1 and rescued MM-induced suppression of Runx2 mRNA and its
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downstream osteogenic gene targets together with increased osteogenic differentiation.
Further, primary BMSC (hBMSC) from MM patients (MM-hBMSC) had little ability to
increase H3K9ac on the Runx2 promoter in osteogenic conditions when compared to
hBMSC from healthy donors (HD). XRK3F2 treatment enriched Runx2 gene H3K9ac
levels in MM-hBMSC to the level observed in HD-hBMSC, but did not alter HD-hBMSC
H3K9ac. Importantly, XRK3F2 treatment of long-term MM-hBMSC cultures rescued
osteogenic differentiation and mineralization. Our data show that blocking p62-ZZ
domain-dependent signaling with XRK3F2 can reverse epigenetic-based mechanisms
of MM-induced Runx2 suppression and promote osteogenic differentiation.

Keywords: myeloma bone disease, p62-ZZ domain inhibitor, XRK3F2, GFI1, HDAC1, epigenetic, osteoblast
suppression, chromatin immunoprecipitation

INTRODUCTION

Multiple myeloma (MM) is the second most common
hematologic malignancy and the most frequent cancer to
involve bone (1, 2). Over 80% of patients develop osteolytic
bone lesions that can result in severe bone pain, frequent
pathological fractures and hasten mortality (3-5). MM patients
with fractures have a 20% increased risk of death as compared to
MM patients without fractures (4). Therefore, the clinical and
economic impact of bone disease in patients with MM can be
catastrophic. MM cells in the bone marrow microenvironment
increase osteoclast (OCL) differentiation, which generates the
bone lesions (6). Unfortunately, MM bone lesions rarely heal
due to MM-induced alteration of osteoblast precursors (preOB)
within the bone marrow stromal cell (BMSC) population that
prevents their differentiation into bone-forming osteoblasts
(OB) (7). In addition, the MM altered bone microenvironment
enhances support of MM growth, survival, and drug-resistance
(8). Importantly, the MM-induced OB suppression persists
after eradication of MM cells, suggesting that MM cells induce
repressive, heritable, epigenetic changes at the Runx2 gene, the
key transcription factor required for OB differentiation (9).
Thus, new bone formation at the site of MM lytic lesions is
suppressed or absent, resulting in lesions that persist after MM
cells are eradicated (7). Although new therapies for MM that
target both MM cells and the bone compartment have greatly
improved progression-free survival and overall survival, most
patients eventually develop resistance to the available treatments
and MM remains an incurable disease (10). Further, although
proteasome inhibitors have been reported to transiently increase
bone formation in MM patients (11), a lack of anabolic bone
agents that can reliably repair bone lesions in MM patients
remains a major clinical challenge. Thus, studies that address
the underlying pathophysiology of MM effects on the bone
environment are critical to develop new approaches to improve
the quality of life and enhance the survival of MM patients.
Increasing evidence demonstrates that BMSCs from MM
patients display distinctive tumor-promoting features and
impaired osteogenic differentiation as compared to normal
donors (12). Several deregulated signaling molecules and
receptor pathways, including the Wnt signaling inhibitor DKK1

(13), sclerostin (14), the cytokines IL3, IL7, TNFa (15, 16), and
the chemokine cytokine ligand 3 (CCL3) (17), are associated
with anti-osteogenic, pro-osteolytic and growth-supporting
properties of the myeloma tumor-microenvironment. However,
the mechanisms responsible for the prolonged propagation of
osteogenic-inhibition of MM-BMSCs in the absence of persistent
myeloma signals are still largely unresolved.

The autophagic cargo receptor and signaling platform protein
p62 (sequestosome-1) is an important modulator of bone
turnover, and mutations associated with its impaired function
result in skeletal disorders such as Paget’s disease of bone (18).
As a scaffold protein, p62 is a multi-domain adaptor protein
modulates and integrates signaling by interacting directly with
signaling proteins from multiple cell surface receptors (e.g.,
TNFa-TNEFR signaling mediated via the RIP1 binding domain
of p62 (ZZ domain) and RANKL-RANK, IL1B-ILIR, NGF-TrkA
mediated via the TRAF6 binding domain of p62), connecting
them to multiple downstream pathways (e.g., NFkB, p38 MAPK,
PKCt, JNK) [for a review see (19)]. This multifunctional protein
also serves as a scaffold molecule connecting proteasomal and
autophagic protein degradation (20). Its elevated expression is
also associated with increased resistance to proteasome inhibitors
in MM (21, 22).

TNFa induces RIP1 interaction with the ZZ domain of
p62. A study by Hiruma et al. (23) demonstrated that p62
is required for stromal cell support of MM growth and OCL
formation (23). Both MM cell and TNFa required the presence
of p62 in BMSC (23) for their induction of the protein levels
of vascular cell adhesion molecule-1 (VCAM1), which mediates
BMSC-MM cell interactions (24), IL6, a pro-inflammatory and
myeloma pro-survival factor (25), and RANKL, important for
osteoclastogenesis (26, 27). Importantly, the p62-ZZ domain was
found through deletion analyses to be specifically required for
these activities (28). We recently reported the identification of a
novel small molecule inhibitor the p62-ZZ domain of signaling,
XRK3F2, that blocks TNFa and MM activation of downstream
signaling from the p62-signaling hub (29). In addition, XRK3F2
also directly decreased OCL formation. Further, XRK3F2 directly
inhibited cell growth of primary CD138+ MM cells and human
MM cell lines in vitro, without negatively affecting the growth
of BMSC. However, XRK3F2 did not reduce MM growth in a
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5TGM1-MM mouse model. Surprisingly, a periosteal reaction
was observed in the tibiae directly injected with MM and treated
with XRK3F2, but not in the contralateral non-MM-injected limb
or saline-injected controls, indicating that XRK3F2 induced new
cortical bone formation in the 5TGM1-murine model of Multiple
myeloma bone disease (MMBD) in vivo (29).

We reported that BMSC from MM patients expressed elevated
levels of the transcriptional repressor GFI1 at both the RNA and
protein level (30). Similarly, GFI1 was elevated in murine BMSC
exposed to MM in vitro or in vivo. Knock-down of GFI1 was
found to decrease the ability of MM to induce OB suppression
and could reverse established Runx2 repression (30). GFI1 is a
transcriptional repressor of Runx2 in BMSC that directly binds
and recruits the chromatin corepressor complex consisting of
HDACI and EZH2 to the Runx2-PI promoter (31). Enrichment
of these histone modifiers inhibits transcriptional activity of
Runx2 by reducing the active chromatin mark acetylated histone
H3 at lysine 9 (H3K9ac) and enhancing the repressive chromatin
mark trimethylated H3 at lysine 27 (H3K27me3) at the Runx2
promoter (31). This epigenetic-based mechanism maintains
inhibition of the Runx2-P1 promoter even in the absence of
MM exposure, which results in a prolonged suppression of
BMSC differentiation into OB. In a study by Wang et al. (32),
downregulation of GFI1 in response to AMPK activation in MC4
preOB upregulated gene expression of the osteogenic mediator
Osteopontin (Opn), which promoted osteogenesis. The molecular
function of GFI1 has been primarily investigated during the
differentiation of lymphoid and myeloid cells (33, 34), and there
are only a few reports of its activity in osteogenic cells and very
little is known about its transcriptional and post-translational
regulation (35, 36). We tested the hypothesis that XRK3F2 might
be generating new bone growth in MM-bearing bone by blocking
GFI1 epigenetic repression of Runx2.

MATERIALS AND METHODS

Reagents

Cell culture media, penicillin and streptomycin (pen/strep),
DTT, and all DNA primers were from Invitrogen. FCS was
from Atlanta Biologicals (S12450). Ascorbic acid (A4403) was
from Sigma-Aldrich. Histone 3 (H3) (9715) Ab was from
Cell Signaling. Chromatin immunoprecipitation (ChIP) Abs
for H3K9ac (61251) and HDACI1 (40967) were from Active
Motif. GFI1 (ab21061) Ab was from Abcam. GoTaq Flexi DNA
polymerase was from Promega. TRIzol reagent (10296028) was
from Life Technologies. Mouse recombinant TNFa (410-MT)
was from R&D Systems.

Cell Lines, Primary Murine BMSC, and

Co-cultures

All cultures described below contained 10% FCS-1% pen/strep.
The pre-OB murine cell line MC3T3-El subclone-4 (MC4)
was obtained from Dr. Guozhi Xiao (37, 38) in 2009 and
subclone-14 (MC14) was obtained from ATCC (CRL-2594) in
2014. MC3T3-E1 subclone-4 (MC4) was used in experiment
1A and MC3T3-E1 subclone-14 (MC4) was used for the rest

of the experiments. Both were maintained in ascorbic acid-
free «MEM proliferation media. MM cell lines were generously
provided by Dr. Steven Rosen (MM1.S) and Babtunde O Oyajobi
(5TGM1) were maintained in RPMI1640. The stably transduced
murine 5TGMI1-GFP-TK (5TGM1) MM cells (30) and human
MM1.S-GFP cells (23) were previously described. Cell lines
were authenticated by morphology, gene expression profile,
and tumorigenic capacity (MM cells). MC4 cells were grown
to 90% confluency prior to co-culture. MM1.S Conditioned
media was generated by growing MMIL.S cells for 24h at
confluence of 1 x 10° cells/ml. Harvested media was filtered
using a 0.22-pm filter prior to its use in experiments. Direct
5TGM1-MC4 (10:1) co-cultures and indirect co-cultures of
MML.S cells in transwells (10:1) with MC4(14) cells were carried
out in 50:50 RPMI1640/aMEM proliferation media. MM1.S in
transwells (Corning Inc., 3450) or 5TGM1 cells were carefully
removed (FACS analysis demonstrated that <1% 5TGMI cells
remained). The MC4 (14) cells were isolated immediately or
subjected to OB differentiation first. BM cells were isolated
from C57BL/6 mice femurs and tibia. Animal studies were
approved by the IACUC at the VA Pittsburgh Healthcare
System. BM cells were harvested from tibiae and femurs as
previously described (30). After overnight incubation, the non-
adherent cells were removed and the remaining stromal cell
population was washed with PBS and maintained in ascorbic
acid-free aMEM-10% FCS, 1% pen/strep proliferation media.
BMSC were expanded for 2.5 weeks to reach optimal confluence.
Co-cultures with MM cells or cytokine treatments and RNA
preparation analyses were conducted as described for MC4
cells.

Human Samples and Primary hBMSC

Cultures

BM aspirates were collected in heparin from 5 healthy donors and
7 MM patients. This study was carried out in accordance with
the recommendations and protocol approvals by the University
of Pittsburgh and Indiana University Institutional Review Boards
(IRBs). All subjects gave written informed consent in accordance
with the Declaration of Helsinki. BM mononuclear cells were
separated by Ficoll-Hypaque density sedimentation and the
nonadherent cells removed after overnight incubation in Iscove’s
Modified Dulbecco’s Medium (IMDM)-10%FCS. The adherent
cultures were then continued for 21 d with media changes every
4 d to obtain BMSC. Subconfluent cells were detached with
trypsin and replated (10° cells/10-cm dish) for use at passage
2and 3.

OB Differentiation, and Alkaline

Phosphatase and Alizarin Red Assays

OB differentiation media («MEM supplemented with 50 pg/ml
ascorbic acid and 10 mM B-glycerophosphate, and 10 nM Dex)
was added to primary hBMSC; media was changed every 3 days.
Alkaline phosphatase staining was performed using SIGMAFAST
BCIP/NBT (Sigma, B5655-5TAB) protocol. Mineralization at 20
days was assessed using alizarin red staining (30). The staining
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density quantitation was carried out using a ProteinSimple
FluorChem™ M imaging system.

Real-Time Quantitative PCR (gPCR) RNA

Expression Analyses

RNA was isolated using TRIzol reagent and converted to cDNA
using First-Strand cDNA Synthesis System (Life Technologies,
11904-018). qPCR was carried out using 2x Maxima SYBR
Green/ROX gPCR Master Mix (K0223, Thermo Fisher) in
Fast 96-Well Reaction Plates (Applied Biosystems) using
a StepOnePlus (Applied Biosystems). Relative mRNA levels
were calculated using the AACt method using 18SrRNA for
normalization. The gPCR primers are listed in Table 1.

Chip Assays

Chromatin from MC4 cells, MM-BMSC, and HD-BMSC was
analyzed using a modification of the ChIP Millipore/Upstate
protocol (MCPROTO407) as described (31, 39) using Magna
ChIP Protein A+G Beads (16-663, Millipore). In brief, a total of
2 x 107 cells were fixed in 1% formaldehyde (F79-500, Fisher) for
10 min at room temperature. Samples were sonicated (to generate
DNA fragments of 250 base pairs (bp) average length) on ice
using a Fisher Scientific Sonic Dismembrator (Model 100) and
centrifuged at 12,000 RPM for 10 min. Chromatin from 4 x 10°
cells was diluted 7-fold in ChIP Dilution Buffer (0.01% SDS,
1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCI, pHS8.1,
167 mM NaCl) and incubated at 4°C overnight with respective
antibodies. Aliquots for input and non-specific IgG control
samples were included with each experiment. IgG ChIP was run
on untreated MC4 samples. ChIP-gPCR primers are listed in
Table 2. Fold enrichment was calculated based on Ct as 2(ACY,
where ACt = (Ctrpput — Ctip). The IgG ACt was subtracted
from the specific Ab ACt to generate AACt = (ACtgpecificAb ~
ACtIgG).

Statistical Analysis

All experiments were repeated at least two independent times.
Most data is presented as biological triplicates and results
reported as meanstSD unless otherwise stated. Statistical
significance was evaluated by either the Student’s t-test using
Graphpad Prism 6 as indicated. Degree of significance is

represented using p values: *p < 0.05, **p < 0.01, **p < 0.001,
% < 0.0001 (Different symbols may be used to reflect multiple
two-way comparisons).

RESULTS

XRK3F2 Prevents and Reverses
MM-Induced Gfi1 Upregulation and
Rescues OB Gene Expression in MM

Suppressed preOB

While little is known about how MM cells upregulate GFI1
in preOB, we have previously reported and demonstrate in
this study that both TNFa and IL-7 can upregulate Gfil
mRNA and induce its nuclear translocation in MC4 preOB
(30, 31). We investigated if p62 signaling plays a role in
MM cell upregulation of GFI1 expression and induces GFI1-
mediated epigenetic repression of Runx2. Direct co-culture
(48 h) of murine 5TGM1 MM with murine preOB MC4 cells in
proliferation media suppressed Runx2 mRNA (Figure 1A, d0).
The Runx2 mRNA inhibition persisted for 4 days after removal of
MM cells and addition of osteogenic media (Figure 1A, d4). The
presence of XRK3F2 during MM-preOB co-cultures prevented
Runx2 suppression at both d0 and d4 (Figure 1). Furthermore,
XRK3F2 blocked MM-induced upregulation of GfiI (Figure 1B).
To determine if XRK3F2 directly affects the preOB response
to MM signals in MM-preOB co-cultures, we determined if
XRK3F2 could block the ability of MM1.S conditioned media or
a combination of TNFa plus IL7 to induce Gfil expression in
primary mouse BMSC. XRK3F2 blocked the induction of Gfil
mRNA in BMSC in both treatment conditions (Figure 1C). In
contrast, XRK3F2 prevented both MM1.S CM and TNFa plus
IL7-mediated Runx2 suppression. Further, the pro-inflammatory
and myeloma pro-survival factor IL6 mRNA was also reduced
by XRK3F2 treatment (Figure 1C). In addition, XRK3F2 also
prevented TNFa-mediated upregulation of Gfil and rescued
inhibition of Runx2 in MC4 preOB (Figure 1D). The prevention
of TNFa-induced suppression of preOB by XRK3F2 was further
confirmed by increased levels of alkaline phosphatase staining in
preOB (Figure 1E). This suggests that a direct XRK3F2-mediated
inhibition of p62 signaling within preOB prevents Gfil induction

TABLE 1 | gPCR primers for Mouse (m) and Human (h) mRNA analysis.

Gene Forward primer (5'->3') Reverse primer (5’'->3')

mARunx2 CCTCTGACTTCTGCCTCTGG ATGAAATGCTTGGGAACTGC
mGfi1 GGCTCCTACAAATGCATCAAATG TGCCACAGATCTTACAGTCAAAG
m78srRNA GAGCGACCAAAGGAACCATA CGCTTCCTTACCTGGTTGAT
mOCN TAGTGAACAGACTCCGGCGCTA TGTAGGCGGTCTTCAAGCCAT
mBSP AAGAAGAGGAAGAGGAAGAAAATGA GCTTCTTCTCCGTTGTCTCC
mOsx (Sp7) AGAGGTTCACTCGCTCTGACGA TTGCTCAAGTGGTCGCTTCTG
miL6 CAAAGCCAGAGTCCTTCAGA GCCACTCCTTCTGTGACTCC
mVeam1 TGCCGAGCTAAATTACACATTG CCTTGTGGAGGGATGTACAGA
hRUNX2 CATTTCAGATGATGACACTGCC GTGAGGGATGAAATGCTTGG
hGFI1 GAGCCTGGAGCAGCACAAAG GTGGATGACCTTTTGAAGCTCTTC
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TABLE 2 | Murine and human ChIP-gPCR Runx2-P1 primers.

ChIP amplicons* Forward (5'->3')

Reverse (5'->3')

Murine —670 AAGGCAAACAGAAGGAAGCA TGCTGCTTTGCAGTAATTCG
Murine —36 (3) TGAGGTCACAAACCACATGA TGAAGCATTCACACAATCCAA
Murine +150 (5) CGTTTTGTTTTGTTTCCTTGC CCCAGTCCCTGTTTTAGTTG
Murine +363 (6) CAGGGACTGGGTATGGTTTG ACGCCATAGTCCCTCCTTTT
Murine +33130 AGGTAGCCCAGCAAAAACCT CCCCTCTGTGAGCCAAAATA
Human +185 CACCGAGACCAACAGAGTCA TGGTAACATGTGAAAAGCAAAGA
Human 66065 AAGGCCCCACCTCTAACACT AGACAACAGGCGAGGCTAAA

*Numbers represent midpoints of amplicons relative to the Runx2-P1 transcription start site. Numbers in parentheses were used to designate the amplicons in our previous publication

(37).

TABLE 3 | Multiple myeloma patient characterization.

ID Age Gender Race Newly ISS stage  Skeletal
diagnosed disease

MM1 60 M White Yes | No

MM2 55 M Unknown  No Il Yes

MM3 76 M White No Unknown Yes

MM4 80 M White No | No

MM5 58 F White No Il Yes

MM6 50 M White No Il Yes

MM7 44 F White No | Unknown

by MM signaling, which prevents GFI1 suppression of Runx2 in
BMSC.

XRK3F2 Prevents and Reverses Epigenetic
Suppression of Runx2 by Blocking the
Recruitment of GFI1 and Its Co-repressor
HDAC1 to the Runx2-P1 Promoter

We previously reported that MM cells induce the transcriptional
repressor Gfil to directly bind to the Runx2-P1 promoter in
preOB cells and recruit the chromatin corepressor HDACI to
Runx2, reducing euchromatin marks such as H3K9ac (30, 31).
Importantly, this reduction persists in the absence of MM cells,
suggesting that these epigenetic changes result in long term OB
suppression. Therefore, we tested if XRK3F2 prevents the GFI1-
mediated epigenetic suppression of Runx2 observed following
MM exposure using ChIP-qPCR analysis of the murine Runx2-
P1 promoter using the amplicons depicted (Figure 2A). In MC4
preOB, XRK3F2 prevented MM-induced GFI1 occupancy at
the Runx2-P1 promoter (Figure2B) and recruitment of the
chromatin co-repressor HDAC1 (Figure 2C). Consistent with
the lack of HDACI1 recruitment, histone acetylation levels of
H3K9 at Runx2-P1 were not reduced in XRK3F2-treated MM-
exposed preOB (Figure 2D). As a control, we also evaluated the
H3KYac status at the center of the long intron between the two
Runx2 promoters where GFI1 does not bind, and observed that
HDACI1 is not recruited there, and MM exposure did not modify
the H3K9ac status. This data argues that XRK3F2 can prevent

the MM induced recruitment of the GFII-HDACI complex
to the Runx2-P1 promoter, thus blocking establishment of the
repressive chromatin architecture at the Runx2 gene and, thereby,
protecting the capacity for OB differentiation.

XRK3F2 Rescues Transcriptional
Suppression of Runx2 by Reversing the
Recruitment of the GFI1-HDAC1 Complex

to the Runx2-P1 promoter

We reported that maintenance of the MM-induced Runx2
suppression in the absence of MM cells requires the continued
presence of GFI1 and HDACI activity (30, 31). Therefore, we
performed a set of “rescue” experiments to test whether XRK3F2
can be used to reverse the epigenetic suppression of preOB
following MM exposure. In this model, MC4 preOB were co-
cultured in direct contact with 5TGM1 MM cells in proliferation
media. After 48h, the MM cells were removed and the MM-
exposed MC4 cells were subjected to osteogenic differentiation
in the presence or absence of 2 doses of XRK3F2 (Figure 3A).
Addition of either dose of XRK3F2 to differentiating MM-
exposed preOBs significantly elevated Runx2 mRNA together
with downstream RUNX2 target genes Osteocalcin (Ocn), Bone
sialoprotein (Bsp) and Osterix (Osx) (40), which are critical
for osteogenic differentiation (Figures 3B-E). However, genes
induced by MM, including Gfil, Il6, and VcamI, which we have
shown are sensitive to XRK3F2 inhibition during preOB MM
or TNFa exposure [Figure 1C and (23, 29)], did not respond
to XRK3F2 after the MM cells were removed (Figures 3F-H).
The MM-induced expression of Gfil mRNA after 48 h (d0) was
reduced after MM cell removal, but was persistently expressed
at a low level in MM-exposed MC4 during 4 days of osteogenic
differentiation as compared to preOB not exposed to MM. We
did not observe a significant difference in Gfil mRNA with
XRK3F2 treatment in day 4 differentiated preOBs (Figure 3F).
ChIP analyses demonstrated that enhanced binding of GFI1 at
the Runx2-PI promoter persists 4 days following MM removal
(Figure 4A). In the XRK3F2 “rescue treatment” paradigm, in
which XRK3F2 was added to MC4 preOB osteogenic cultures
after 5TGM1 MM cells (direct contact) were removed, the
amount of GFI1 binding at the Runx2-PI1 promoter in MM-
exposed MC4 preOB was significantly reduced while the
levels of H3K9ac increased (Figure 4B). This XRK3F2 rescue
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FIGURE 1 | Upregulation of GFI1 in myeloma pre-OB is blocked by XRK3F2. (A) As depicted in the schematic, MC4 cells were cultured in with or without 5TGM1 MM
cells (in direct contact) for 48 h under proliferation conditions +/- XRK3F2 (5 uM). MM cells were then removed by washing and media was changed to osteogenic
differentiation conditions +/- XRK3F2. MC4 cells were collected at the time of MM cell removal (day 0), and after 4 days of differentiation culture in the absence of MM
cells (day 4). (B) MM cells were co-cultured with MC4 cells for 48 h under proliferation conditions +/- XRK3F2 (5 wM). (C) Primary murine BMSC were treated with
MM1.S conditioned media (described in Materials and Methods) or TNF plus IL7 (5 ng each) for 48 h. (A-C) Expression levels of Gfi1, Runx2 and /l6 were measured
using gPCR as indicated. SEM for 3 biological replicates is indicated. (D) MC4 cells were cultured with vehicle or TNFa (10 ng/ml) +/— XRK3F2 (3 uM) for 48 h under
proliferation conditions. Expression levels of GfiT and Runx2 were measured using gPCR as indicated. SD for 3 biological replicates are indicated. (E) MC4 cells were
cultured with or without TNFa (2.5 ng/ml) 4+/— XRK3F2 (3 wM) for 7 days under differentiation conditions. Results present alkaline phosphatase staining representative
of 3 biological replicates. *p < 0.05; **p < 0.01; ***p < 0.001.

treatment also restored OB differentiation as reflected in alkaline =~ XRK3F2 Rescues Acetylation Levels at the

phosphatase staining (Figure 4C). In a similar experiment, RUNX2 Promoter in MM Patient hBMSC

XRK3F2 was used in both prevention (present during co- e tested the ability of XRK3F2 to reverse the MM-induced
cultures) and rescue (added after MM cell removal) models long-term repressive chromatin architecture on the Runx2
in a transwell experiment using MMLS and MC4 preOB. gene after MM exposure in vivo. We compared the effects
Alkaline phosphatase activity was quantified after 5 days of  of XRK3F2 on the Runx2 promoter acetylation levels during
differentiation in osteogenic media. Consistent with the previous  differentiation of healthy normal donor (HD-hBMSC) and MM
results, alkaline phosphatase staining showed that XRK3F2 patient hBMSC (MM-hBMSC). As Figure 5A demonstrates, the
rescued osteogenesis of preOB exposed to MM cells indirectly =~ H3K9 acetylation levels at Runx2 increased when the HD-
in trans-wells (Figure 4D). These results are consistent with the ~ hBMSC were cultured for 4 days in osteogenic media as a
observations that even after MM-exposure, XRK3F2 decreased  result of activation of osteoblast differentiation pathways (31, 41).
GFI1 binding and rescued chromatin acetylation at the Runx2-P1 ~ XRK3F2 did not affect the increase in Runx2 promoter H3K9ac
promoter, resulting in elevated Runx2 expression. levels during normal differentiation. In contrast, the H3K9ac
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FIGURE 2 | XRK3F2 prevents MM-induced decrease of H3K9ac at the Runx2
promoter by blocking the recruitment of GFI1 and histone deacetylase

HDACT. (A) Schematic representation of the murine Runx2 gene and positions
of amplicons used for ChIP-gPCR analysis. Shown are ChIP data for (B) GFI1,
(C) HDAC1 binding and (D) H3K9ac levels at the Runx2-P1 promoter in MC4
preOB after 48 h in proliferation media control (d0), control treated with 5 WM
XRK3BF2 (d0+XRK3F2), 5TGM1-MM-treated (dO+MM), and
5TGM1-MM-treated in the presence of XRK3F2 (dO+MM+XRK3F2). IgG
non-specific control was subtracted in the H3K9ac data set. SEM represents
2 (for GFI1 and HDAC1) and 3 (for H3K9ac) biological replicates. *p < 0.05;
**p <0.01.

levels at Runx2 remained unresponsive to osteogenic signals in
MM patient hBMSC (Figure 5B). However, XRK3F2 treatment
significantly rescued the H3K9ac levels at Runx2 in MM patient
hBMSC, which suggested that XRK3F2 would enhance their
response to osteogenic differentiation. Therefore, we set up co-
cultures of primary HD-hBMSC with the MM1.S MM cell line
in hBMSC proliferation media (Figures 5C,D). After removal of
the MM cells, we subjected the MM-exposed hBMSC cells to
osteogenic differentiation for 5 days in the presence of vehicle
or XRK3F2. As Figure 5C demonstrates, MM1.S cell exposure
prevented the Runx2 increase after osteogenic stimuli, which is
consistent with chromatin repression of the Runx2 promoter.
Addition of XRK3F2 following MML.S cell removal and addition
of osteogenic media rescued the Runx2 mRNA levels, consistent
with the results obtained with mouse cells in Figure 3B. Further,
MM cell co-culture increased Gfil expression in the HD-
hBMSC, which persisted for 5 days after MM cell removal
(Figure 5D). XRK3F2 addition after MM removal decreased Gfil
mRNA, although the difference did not reach significance. These
observations are consistent with the observation that the GFI1-
HDACI1 complex is required to both establish repression and
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FIGURE 3 | XRK3F2 rescues expression of osteogenic genes in MM-exposed
preOB. (A) As depicted in the experimental design schematic, MC4 cells were
cultured with or without 5TGM1 MM cells (in a direct contact) for 48 h under
proliferation conditions. MM cells were then removed by washing (d0) and
media was changed to osteogenic conditions +/- XRK3F2 (2.5, 5 uM) for 4
days (d4). MC4 cells were harvested at both dO and d4 for mRNA analyses.
gPCR mRNA profiles for (B) Runx2, (C) Ocn, (D) Bsp, (E) Osx, (F) Gfi1, (G) /I6,
and (H) Vcam1 are shown. SEM for 3 experimental wells and a representative
of 2 biological replicates are shown. “p < 0.05; **p < 0.01.

to persistently repress Runx2 in BMSCs in the absence of MM
cells. Further, these data reveal that signaling through the p62-
77 domain is required in the absence of MM cells, suggesting the
induction of feed-forward suppressive autocrine signaling.

XRK3F2 Rescues the OB Mineralization

Potential of MM Patient hBMSC

Since BMSCs obtained from MM patients exhibit an impaired
ability to differentiate into mineralizing OB, and XRK3F2
can rescue early steps in osteogenesis, we asked whether
XRK3F2 could rescue the complete osteogenesis pathway as
demonstrated by the ability to mineralize. We cultured MM-
hBMSC for 20 days in the presence of vehicle or XRK3F2
(through day 14) in osteogenic media and assessed their mineral
deposition using Alizarin Red staining. Addition of XRK3F2
significantly increased mineralization by the MM-hBMSC from 3
patient samples (Figure 6A) as compared to the vehicle control.
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MM1.S (direct contact) for 72 h in proliferation media, MM cells were removed and remaining preOB were subjected to osteogenic differentiation for 5 days +/-
XRK3F2 (2.5, 5 uM). (D) MC4 preOB were co-cultured with MM1.S (in transwells) for 72 h in proliferation media +/— 5 wM XRK3F2 (during), then the MM cells were
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Figure 6B shows that 5 uM XRK3F2 did not affect differentiation ~ patients and MM-injected mice (30). Blocking p62 signaling

of HD-BMSC. using XRK3F2, the p62-ZZ domain inhibitor, prevented GFI1
upregulation and subsequent binding of GFI1 to epigenetically
DISCUSSION repress Runx2 in MM-exposed MC4 pre-OB following either

direct contact (5TGMI1) or indirect (trans-wells, MMIL.S) co-
In this paper, we address the mechanisms associated with culture. As neither of these allow separation of the effects of the
XRK3F2-mediated Runx2 derepression in myeloma-exposed  inhibitor on each cell type, we showed that XRK3F2 prevents
preOB. The involvement of MM-induced GFIl-mediated  Gfil upregulation in MC4 preOB and primary human BM-
epigenetic suppression of Runx2 expression in BMSC prompted =~ MSCs treated with MML.S conditioned media, or TNFa alone
us to examine whether p62 signaling is associated with the  and in combination with IL7. Using blocking antibodies, we
GFI1-Runx2 inhibition axis (30, 31). First, we recapitulated  previously reported that MM cell down-regulation of Runx2
our previous findings in which MM exposure upregulated ~mRNA in MC4 preOB cells required both TNFa and IL7
Gfil mRNA and protein expression in BMSC from MM  (30). While p62 can transmit signaling from multiple receptor
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FIGURE 5 | XRK3F2 rescues H3K9ac levels and subsequent osteogenic
differentiation of MM hBMSCs. Human BMSC samples were expanded in
proliferation media and harvested for ChIP-gPCR at either: (Day 0) the day of
the switch into osteogenic media +/- XRK3F4 (5 uM) or (Day 4) after four days
of differentiation. In the control healthy donor (HD)-BMSC, the dO+XRK3F2
sample was kept in proliferation media from dO through d4 in the presence of
XRK3F2. Anti-H3K9Ac ChIP-gPCR analysis of (A) HD-hBMSC (n = 2) and (B)
MM-hBMSC (MM) (n = 4, MM patient samples MM1-4, Table 3) using
amplicons +185 and +66065 relative to the hRunx2 P1 TSS. Day 0 (d0)
anti-H3K9Ac ChlP amplicon +185 N sample result was used as the reference
sample for other samples on graphs and A ACt shown. (C) Healthy donor
BMSC were co-cultured with MM1.S for 72 h in proliferation media, MM cells
were removed and the remaining hBMSC were subjected to osteogenic
differentiation for 5 days +/- XRK3F2 (5 wM). gPCR profiles for Runx2 (C) and
Gfi1 (D) mRNA are shown. SEM for 3 experimental wells and representative of
2 biological replicates is indicated. *p < 0.05; **p < 0.01.

pathways, TNFa signals through the p62-ZZ domain via the
TNFa signaling adaptor RIP1 (19). RIP1 binding with the
p62-ZZ domain transduces downstream activation of NFkB
via the atypical protein kinase Cg; (aPKCt) (42), as well as
transcription factor C/EBPp via the p38 MAPK pathway (43),
which each have binding sites on p62. PKCg interacts with the
N-terminal PB1 domain of p62 and p38 MAPK interacts with
the p38 interaction domain, which overlaps the LIM-domain
protein binding (LB) region (44, 45). We hypothesize that NFkB
and/or C/EBPB may be involved in transcriptional regulation
of Gfil downstream of TNFa receptor (Figure 7). Though Gfil
promoter regulation has not yet been well characterized in any
cell type, a study by Lidonnici et al. (46) implicated C/EBPa
in activation of Gfil in BCR/ABL-expressing cells. Future
experiments will delineate the p62-mediated transcription factor
regulatory networks regulating Gifl activation downstream
of cytokine receptor signaling and direct-MM contact in
BMSCs.

Together with inhibition of MM-induced Gfil expression, we
observed that XRK3F2 increased Runx2 mRNA in MM-exposed
cells and restored osteogenic differentiation, as evidenced by

rescued alkaline phosphatase activity and mineralization. This
suggested that XRK3F2 treatment enhanced OB differentiation
of MM-preOB. We found that XRK3F2 also prevented MM-
induced recruitment of GFI1 to the Runx2 gene, and alleviated
its inhibitory chromatin effects (Figure?7). GFIl interacts
with various chromatin remodeling enzymes such as histone
deacetylase HDACI, and histone demethylases G9a and LSD1
to form repressive complexes and target gene promoters (47,
48). Further, we have reported that GFI1 also recruits the
transmethylase EZH2, which catalyzes the repressive methylation
of H3K27 (31). Our data indicate that XRK3F2 blocked MM-
induced GFI1 binding and HDACI recruitment to the Runx2-
PI promoter, thereby preventing MM-induced loss of the
transcriptionally permissive chromatin acetylation, H3K%ac at
the Runx2 gene in preOB (Figure 7). It is interesting to note
that in the ChIP experiments detecting acetylation levels at
Runx2 (Figure 5B), patients with pre-existing skeletal disease
(MM2, 3) responded better to XRK2F2 treatment than the
ones without a skeletal disease diagnosis (MM1, 4). Of the
mineralization assays in Figure 6A, although they represent
a wide variation in their intrinsic differentiation capacity, all
three patient BMSC responded to XRK3F2 with increased
mineralization; two samples were from MM patients with bone
disease and the bone disease status of the third was unknown.
Since we demonstrated the importance of targeting the p62-
ZZ7-GFI1 signaling axis within BMSCs to decrease (or rescue
from) their response to MM cells, altogether our patient data
suggests that patients with bone involvement may benefit more
from XRK3F2 treatment than those without bone disease.
Future experiments using additional samples from patients with
variety of MM disease stages and skeletal involvement may
provide valuable information about the importance of blocking
the p62-ZZ-GFI1 signaling axis in MM-BMSC interactions in
the clinical setting. Since GFI1 is also subjected to regulation
at the level of cytoplasmic vs. nuclear localization (30), we
speculate that in addition to transcriptional inhibition, XRK3F2
may also act at the level of post-translational modifications
that regulate GFI1 nuclear translocation induced by MM-
exposure, TNE and IL7 signaling in MC4 preOB (Figure 7)
(30). In addition, the cytoplasmic shuttling factor LIM domain-
containing protein Ajuba has been reported to bind and function
as a co-repressor for GFI1, in an Ajuba-GFI1-HDAC protein
complex, on select target genes including Runx2 (49, 50).
Interestingly, Ajuba has also been implicated in aPKC/p62
activation of NFkB in response to either TNFa or IL1f in
MEFs via binding to the LIM-binding (LB) domain between the
77 domain and the TRAF6 binding domains (51). Therefore,
we hypothesize that XRK3F2 selective blocking of the p62-
77 domain-signaling module, may also influence cytoplasmic-
nuclear shuttling and/or Ajuba-dependent binding of GFI1 to the
Runx2 promoter.

In rescue experiments, in which the myeloma-induced
repressive chromatin structure was already established on the
Runx2 gene in preOB before addition of XRK3F2, we found
that XRK3F2 can reverse the established epigenetic Runx2
suppression and alleviate this block to osteogenic differentiation.
This is consistent with the results found using XRK3F2 to
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FIGURE 6 | XRK3F2 rescues MM-BM-MSC OB mineralization. (A) Myeloma (MM)-BMSC from three different patients (MM patient samples MM5-7, Table 3) were
cultured for 20 days in osteogenic media. Vehicle control (DMSO) or XRK3F2 (5 wM) was supplemented only for the first 14 days of the differentiation experiment. The
presence of calcium deposition/mineralization was assessed using Alizarin red staining. Three independent wells from each treatment group per patient are shown,
with 5X magnification images next to entire wells. However, 6 wells from each patient sample group were used for quantitation of Alizarin red staining density using the
ProteinSimple AlphaView software, with SEM indicated. (B) Alizarin red images of undifferentiated HD-BMSC (negative control) and HD-hBMSC treated with vehicle
(DMSO) or XRK3F2 (5 wM) during incubation in osteogenic media for 20 days. **p < 0.01; **p < 0.001; ***p < 0.0001.
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treat an in vivo MM-mouse model in which the tumor was
first allowed to grow for 2 weeks before drug administration
(29). The clinical implications of this finding are also intriguing
as they suggest that MM-induced bone destruction could be
reversed, which is particularly important since patients often
present with myeloma-induced bone osteolysis at diagnosis (52).
In addition to reversing epigenetic suppression of Runx2 and
transcription of several downstream osteogenic genes, XRK3F2

treatment of ex vivo expanded primary MM patient BMSCs
rescued both epigenetic repression at Runx2 and osteogenic
differentiation reflected in mineralization potential. Since the
goal of this study was to understand the mechanism underlying
our previously reported work that revealed that XRK3F2 could
rescue the bone underlying MM cells in a MM in vivo model
using 5TGM1 MM cells, we have primarily focused on the
use of 5TGM1 and MMIL.S myeloma cells in our co-culture
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FIGURE 7 | Proposed mechanism of XRK3F2 drug action on p62 signaling in MMBD. MM cell co-culture or TNFa plus IL7 stimulation of preOB activate p62-2Z
domain signaling, which results in activation of downstream pathways involving NFkB and p38 MAPK. Further, p62-ZZ domain activation increases GFI1 levels, which
subsequently translocates into the nucleus, binds the Runx2 gene and recruits the chromatin modifier HDAC1 to deacetylate and repress the Runx2-P1 promoter.
Inhibition of the p62-2Z domain by XRK3F2 may act in different ways to prevent transcriptional repression of Runx2 by GFI1. First, by suppressing activation of
transcription factors such as NFkB and/or C/EBPS, thus preventing Gfi transcription. Second, by inhibiting nuclear translocation of GFI1, thereby preventing its ability
to target the Runx2 promoter. In both scenarios XRK3F2 prevents GFI1 from instigating epigenetic suppression of Runx2, which allows for subsequent progression of
osteoblastogenesis. Further, XRK3F2 blocks GFI1 maintenance of the epigenetic repression in the absence of MM, thereby allowing its reversal and rescuing the
osteoblastogenesis potential.
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Advanced breast cancer predominantly metastasizes to the skeleton, at which point
patient prognosis significantly declines concomitant with bone loss, pain, and heightened
fracture risk. Given the skeleton’s sensitivity to mechanical signals, increased mechanical
loading is well-documented to increase bone mass, and it also inhibited bone metastatic
tumor formation and progression in vivo, though the underlying mechanisms remain
under investigation. Here, we focus on the role of the osteocyte because it is the primary
skeletal mechanosensor and in turn directs the remodeling balance between formation
and resoprtion. In particular, osteocytic dendrites are important for mechanosensing,
but how this function is altered during bone metastatic breast cancer is unknown. To
examine how breast cancer cells modulate dendrite formation and function, we exposed
osteocytes (MLO-Y4) to medium conditioned by breast cancer cells (MDA-MB231) and
to applied fluid flow (2h per day for 3 days, shear stress 1.1 Pa). When loading was
applied to MLOs, dendrite formation increased despite the presence of tumor-derived
factors while overall MLO cell number was reduced. We then exposed MLOs to
fluid flow as well as media conditioned by MDAs that had been similarly loaded.
When nonloaded MLOs were treated with conditioned media from loaded MDAs, their
dendrite formation increased in a manner similar to that observed due to loading
alone. When MLOs simultaneously underwent loading and treatment with loaded
conditioned media, dendrite formation was greatest. To understand potential molecular
mechanisms, we then investigated expression of genes related to osteocyte maturation
and dendrite formation (E11) and remodeling (RANKL, OPG) as well as osteocyte
apoptosis. E11 expression increased with loading, consistent with increased dendrite
formation. Though loaded conditioned media decreased MLO cell number, apoptosis
was not detected via TUNEL staining, suggesting an inhibition of growth instead. OPG
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Mechanically-Loaded Cancer Modifies Osteocyte Mechanosensitivity

expression was inhibited while RANKL expression was unaffected, leading to an overall
increase in the RANKL/OPG ratio with conditioned media from loaded breast cancer
cells. Taken together, our results suggest that skeletal mechanical loading stimulates
breast cancer cells to alter osteocyte mechanosensing by increasing dendrite formation
and downstream resorption.

Keywords: osteocyte, mechanical loading, fluid flow, bone, breast cancer, mechanobiology

INTRODUCTION

The skeleton is the most common site for breast cancer
metastasis, where roughly 3 in 4 patients with advanced breast
cancer develop incurable bone metastases (1). Once bone
metastasis occurs, the lesions are overwhelmingly osteolytic,
causing significant declines in prognosis (2) and severe skeletal
complications such as bone pain and fracture (3). Once in
bone, metastatic tumor cells dysregulate the normal bone
remodeling process and initiate bone destruction to release
vital growth factors from the bone matrix that literally “feed”
the tumor cells (4). Thus, tumor growth and osteolysis
are closely correlated. Currently, therapeutic strategies that
target this relationship include both anti-osteoclastic and anti-
tumorigenic effects [e.g., bisphosphonates (5, 6), denosumab
(7)], and many new, more targeted approaches are being
developed [e.g., nanomedicine that combines bisphosphonates
with chemotherapies (8, 9)]. Despite these advances, most
treatment options do not recover bone that has been lost
with osteolysis, and improving the ability of these strategies
to inhibit tumorigenesis and osteolysis long-term remains a
goal.

Dynamic mechanical loading has recently been established
as an important microenvironmental factor in bone metastatic
cancer. In healthy bone, increased loading is well-documented
to shift the remodeling balance toward bone formation by
upregulating bone-forming osteoblasts and inhibiting bone-
resorbing osteoclasts (10). Because this effect is the opposite of
how bone metastatic tumors cells shift remodeling, loading is
under investigation as a potential method of opposing cancer-
induced bone disease. Supporting this hypothesis, increased
mechanical loading in mouse models protected against bone
metastatic breast cancer-induced osteolysis while increasing
bone formation (11) and it inhibited multiple myeloma bone
metastasis (12). In a 3D model of bone metastasis, applied
mechanical loading inhibited breast cancer cell expression
of genes interfering with remodeling (11). Furthermore,
mechanical loading modulated interactions between breast
cancer cells and mesenchymal stem cells (13), which are
the progenitor cells that give rise to osteoblasts as well as
to osteocytes, a specialized mechanosensory bone cell whose
role in cancer-induced bone disease has only recently been
recognized.

Osteocytes are the most abundant cell type in the skeleton,
forming a complex, interconnected network throughout the
skeleton. They are critical for sensing mechanical and chemical
signals from all over the skeleton, and they integrate these

signals to appropriately coordinate the downstream activities of
osteoblasts and osteoclasts (14, 15). Despite this, little is known
about their role in bone metastasis. In bone metastatic multiple
myeloma patients, increased osteocyte apoptosis and circulating
levels of pro-resorption osteocyte-specific proteins were found to
correlate with increased osteolytic lesions, osteoclast formation,
and bone loss (16). In preclinical models, physical connections
between multiple myeloma cells and osteocytes occurred through
dendrites, extensive processes used to connect osteocytes to
themselves and other cells, and these connections facilitated
osteolytic lesions and tumor cell growth (17). In the context of
breast cancer, osteocytes secreted ATP through their dendrites
in response to applied fluid flow, which inhibited breast
cancer migration, proliferation, and metastasis to bone (18, 19).
Based on these collective data, we speculate that osteocytes
are the cellular link between mechanical loading and its
inhibitory effects on bone metastatic cancer. However, whether
osteocytes’ mechanosensing ability is affected by bone metastasis
is unknown.

We hypothesized that (i) soluble factors secreted by breast
cancer cells alter the mechanoresponse of osteocytes to
mechanical loading and (ii) mechanical loading of breast cancer
cells modulates their effect on osteocyte mechanosensing. To
this end, we first characterized the response of osteocytes to
mechanical loading and to culture with tumor-conditioned
media to determine the isolated effects of each of these two
tumor microenvironmental factors. As dendrites are the most
mechanosensitive part of the osteocyte (20, 21), and they
increase in length (22) and number (23) in response to anabolic
loading, particularly fluid flow (24), they are useful indicators
of overall osteocyte mechanosensitivity. Next, to determine
whether tumor-derived soluble factors modulated the osteocyte
dendritic response to loading, osteocytes underwent mechanical
loading in the presence of tumor-conditioned media. Finally,
to model the more physiological situation in which both cell
populations undergo loading, we exposed osteocytes to loading
as well as media conditioned by breast cancer cells that had
been similarly loaded. We evaluated dendrite formation and
gene expression of E11/gp38, a marker of early osteocyte
maturation that regulates dendrite formation during osteocyte
differentiation (25). We also evaluated indicators that would
point to changes to downstream remodeling, including osteocyte
apoptosis, a trigger for downstream resorption (26), and gene
expression of NF-kB ligand (RANKL) and its endogenous
soluble inhibitor osteoprotegerin (OPG), the ratio of which
is the critical factor controlling osteoclast differentiation and
function (27).
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MATERIALS AND METHODS

Cell Culture

MLO-Y4 cells (MLOs), a gift from Dr. Lynda Bonewald, were
selected as our osteocyte model when investigating the role of
mechanical loading because their mechano-response to applied
fluid shear stress is very robust and well-characterized (22,
28-31). MLOs were cultured on collagen-coated tissue culture
plastic [rat-tail collagen I (Fisher #CB-40236) diluted to 0.15
mg/ml in sterile 0.02N acetic acid]. MLOs were maintained
in Minimum Essential Medium Eagle—Alpha Modification
(aMEM) supplemented with 2.5% fetal bovine serum (FBS), 1%
Penicillin/Streptomycin (P/S) and 2.5% calf serum (CS) under
standard cell culture conditions (37°C, 5% CO,) (32). After cells
reached ~70% confluency, they were subsequently seeded onto
collagen-coated coverslips (2,000 cells/cm?) for experimentation.

Mechanical Loading

Osteocytes are particularly sensitive to fluid flow-induced shear
stresses (24, 33), which changed expression of osteocyte-
generated signals in favor of net bone formation, such as RANKL
(34), OPG (35), and sclerostin (36). MLOs were exposed to
oscillatory fluid shear stresses via a rocking see-saw platform, a
simple, high-throughput system in which many standard culture
dishes can be placed on a platform that rocks up and down in
the vertical plane (37). This type of applied fluid flow set-up has
elicited a strong anabolic response in osteocytes, including MLOs
(29, 38, 39). The rocking parameters were adjusted to achieve a
maximum characteristic shear stress of ~1.1 Pa [calculated using
equations from Zhou et. al. (40)], a stress level shown to increase
dendrite formation and length in MLOs (22) and, when applied
using steady flow, alter breast cancer migration dynamics in
models of primary tumors (41, 42). Rocking was performed for
2h per day at ~1 Hz in the incubator for 3 days, after which cells
were harvested for analysis.

Generation of Tumor-Conditioned Media

MDA-MB231 human breast cancer cells (MDA, ATCC) were
maintained in complete Dulbecco’s modified Eagle medium
[DMEM (Invitrogen) supplemented with 10% FBS (Life
Technologies) and 1% P/S (Invitrogen)] under standard
cell culture conditions (37°C, 5% CO;). To generate tumor
conditioned media (TCM), MDAs were plated in T150 flasks and
when they reached 90% confluency, their media was replaced
with low serum DMEM (1% FBS, 1% P/S) for 24h. TCM was
collected, concentrated 10-fold in an Amicon centrifugal filter
unit (MWCO 3kDa, EMD Millipore), and diluted to 2-fold
final concentration in fresh MLO media, a level that previously
affected other bone cells, including osteogenic differentiation in
mesenchymal stem cells (13) and osteoclastogenesis in RAW
264.7 monocytes (43). Low serum DMEM with no cells was
subjected to the same processing conditions and used for control.
To generate loaded conditioned media, MDA cells were plated in
T150 flasks, which were randomized into Loaded and Nonloaded
TCM groups. Loaded TCM flasks received rocking for 6h to
match total loading exposure in MLOs, after which media was

replaced with low serum DMEM and processed as previously

described.

Fluorescent Staining

To quantify MLO dendrite number and cell number, we
utilized phalloidin staining (Invitrogen, A34055) and DAPI
(Sigma-Aldrich, D9542), respectively. To explore whether
apoptosis contributed to loading-induced changes to the
dendrite/osteocyte ratio, we utilized terminal deoxynucleotidyl
transferase dUTP Nick-End Labeling (TUNEL) staining
(DeadEnd Fluorometric TUNEL System, Promega, G3250)
to assess MLO apoptosis. Briefly, for dendrite imaging, cells
were fixed using 4% paraformaldehyde, washed with PBS,
and permeabilized with 0.05% Triton-X. Cells were incubated
with 1:5000 of DAPI and 1:200 of phalloidin for 1h. For
TUNEL staining, cells were incubated with 1:5000 of DAPI
and 1:200 of phalloidin combined with recombinant terminal
deoxynucleotidyl transferase enzyme per manufacturer’s
instructions. Cells were then imaged using spinning disk
confocal microscopy (Zeiss Spinning Disk Cell Observer SD,
Carl Zeiss). Seven fields of view were randomly selected for
each coverslip, from which cell number, dendrite number, and
TUNEL-positive cells were quantified using ImageJ (NIH). Data
from all fields of view per sample were averaged for reporting.

Gene Expression

To explore additional potential mechanisms underlying loading-
induced changes to physical dendrite formation, gene expression
of E11/gp38, RANKL, and OPG were determined using
quantitative real-time polymerase chain reaction (qPCR) and
the comparative ACT method (44). Briefly, mRNA was isolated
using the TRIzol extraction method in RNase-free conditions.
RNA purity and quantity were tested using a spectrophotometer
(NanoDrop 1000; Thermo Scientific). qPCR was performed
using 25-50 ng of cDNA in a final volume of 20 pL containing
2X QuantiNova Probe PCR Master Mix (QuantiNova
Probe PCR Kit, 208256, Qiagen). Predesigned qPCR probe
assays were purchased for each of the genes of interest
(E11, Mm.PT.58.42823717, Integrated DNA Technologies)
(RANKL, Mm00441906_m1, ThermoFisher Scientific) (OPG,
MmO00435454_m1, ThermoFisher Scientific). Results were
normalized to the reference gene TATA-binding protein (TBP,
Mm.PT.58.10867035, Integrated DNA Technologies) and
presented as fold change.

Statistical Analysis

The effects of treating MLOs with mechanical loading
(NonLoaded MLOs versus Loaded MLOs), tumor-conditioned
media (TCM versus Control), and whether TCM was also loaded
(NonLoaded TCM versus Loaded TCM) were all assessed using
full factorial ANOVAs (JMP v8.0, SAS Institute Inc.). When
the interaction factor was significant, a post-hoc Tukey-Kramer
means comparisons test with a Bonferroni correction was
conducted; otherwise, experimental groups were pooled for
analysis as appropriate to evaluate main effects. Statistical
significance was set at p < 0.05. All experiments were replicated
2-4 times. All data is represented as mean + standard deviation.
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RESULTS

Mechanical Loading, but Not Breast
Cancer-Conditioned Media, Increased

Osteocyte Dendrite Formation

We first investigated the isolated effects of applied fluid
flow and of tumor-conditioned media (TCM) treatment on
MLO dendrite formation to provide a baseline response
to these microenvironmental factors in our rocking system.
Mechanical loading alone increased the number of dendrites
per MLO primarily by boosting overall dendrite quantity
(Figures 1A,B). MLO cell number was unaffected by applied
fluid flow. In contrast, upon exposure to TCM, no change in
dendrite/cell, cell number, or dendrite number was observed
(Figures 1C,D).

Breast Cancer-Conditioned Media
Increased Dendrite Formation in

Osteocytes via a Decrease in Cell Growth

To determine how breast cancer cell-derived factors affected
osteocytes’ response to mechanical loading, we exposed MLOs
to fluid shear stress in the presence and absence of TCM. In
the TCM and Control treatment groups, loading increased the
number of dendrites per osteocyte independent of TCM status

(Figures 2A,B). Specifically, in the Control group, the loading-
induced increase in dendrite/cell was driven by a rise in total
number of dendrites and no loading-induced changes in MLO
cell number (Figure 2B). In contrast, in the TCM group, the
increase in dendrite/cell resulted from a reduction in MLO cell
number and no loading-induced changes in total number of
dendrites.

Mechanical Loading Applied to Breast
Cancer Cells Modulated Their Effects on
Loading-Induced Osteocyte Dendrite

Formation

In vivo, both bone cells and cancer cells are exposed
to the prevailing mechanical environment in the skeleton.
To recapitulate this, we collected conditioned media from
breast cancer cells that had been exposed to fluid flow,
and then supplied it to MLOs during applied fluid flow.
Loading increased dendrite number per MLO for both
Loaded and NonLoaded TCM groups (Figures 3A,B), and this
response was greatest with conditioned media from mechanically
loaded MDAs, suggesting that loading applied to both MLOs
and MDAs synergistically increases the number of dendrites
formed in MLOs. Loading-induced increases to dendrite per
cell occurred primarily through reduced MLO cell number
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FIGURE 1 | Mechanical loading, but not breast cancer cell-derived soluble factors, increased MLO-Y4 dendrite formation. (A,C) Fluorescent images of MLOs
suggested that fluid shear stress alone increased dendrite formation, but treatment with tumor-conditioned media (TCM) alone did not. (Scale bars = 100 wm; blue =
DAPI, red = phalloidin) (B) Image analysis revealed that mechanical loading increased the number of dendrites per MLO, which was achieved via a similar increase in
overall dendrite quantity. MLO cell number was not affected by loading. (D) In contrast, no detectable changes in dendrites per MLO, dendrite number, or MLO cell
number were observed due to TCM treatment alone. Data are represented as mean + SD. “p < 0.05 relative to respective NonLoaded MLO group.
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FIGURE 2 | Breast cancer-derived factors modulated MLO-Y4 cell growth during mechanical loading. (A) Fluorescent images of MLOs revealed that mechanical
loading promoted dendrite formation independent of the presence of tumor-conditioned media (TCM). (Scale bars = 100 um; blue = DAPI, red = phalloidin) (B)
Mechanical loading increased the number of dendrites per MLO similarly in the absence (upper) and presence (lower) of TCM. In the Control group, loading-induced
changes in dendrite/cell occurred due to an increase in overall dendrite quantity whereas in the TCM treatment group, changes occurred due to a decrease in MLO
growth with loading. Data are represented as mean + SD. *p < 0.05 relative to respective NonLoaded MLO group.

(Figure 3B) as previously observed (Figure2B), and these
decreases in MLO cell number were maximal in the Loaded TCM

group.

Applied Mechanical Loading Breast
Cancer Cells Increased the RANKL/OPG

Ratio in Osteocytes

To explore potential mechanisms underlying loading-induced
changes to physical dendrite formation, we next quantified
loading-induced changes in expression of E11, a gene related
to osteocyte differentiation and dendrite formation. To further
investigate osteocyte mechanosensitivity, we also quantified key
genes that regulate downstream bone remodeling (RANKL,
OPG). Corresponding to observed increases in dendrites per
MLO, expression of E11 increased with applied fluid shear stress
only in the Loaded TCM group, though a trend for loading-
induced increases in the NonLoaded TCM group was present
(Figure 4A). This result also suggests increased differentiation
in MLOs with applied loading. No changes in RANKL gene
expression occurred in response to any treatment (Figure 4B).
However, treatment with Loaded TCM, though not applied
loading, decreased OPG gene expression in MLOs (main effect
of TCM treatment: pooled NonLoaded TCM vs. pooled Loaded
TCM) (Figure 4C). This resulted in an overall increase in the
RANKL/OPG ratio in MLOs (Figure 4D). Additionally, because
we suspected the observed decreases in MLO cell number with
TCM treatment could be due to apoptosis (17, 45), a known
stimulant of resorption (26), we assessed osteocyte apoptosis via
TUNEL staining, though we did not detect MLO apoptosis in any
treatment group (Supplementary Figure 1).

DISCUSSION

To determine whether soluble signaling factors from breast
cancer cells modulated osteocyte mechanosensing, we
subjected osteocytes to applied fluid flow in combination
with media conditioned by breast cancer cells that also
underwent applied fluid flow. We found that breast cancer-
derived soluble factors modulated fluid flow-induced
dendrite formation in osteocytes, though they did not
affect osteocytes in the absence of mechanical loading.
Furthermore, when breast cancer cells underwent similar
mechanical loading, their secretions impacted MLO cell
growth and loading enhanced dendrite formation in the
remaining osteocyte population. Soluble factors from
mechanically-loading breast cancer cells increased the
RANKL/OPG ratio and may also be stimulating osteocyte
differentiation, as indicated by increased E11 expression.
However, they do not stimulate resorption by inducing osteocyte
apoptosis.

Based on our results, breast cancer cell-derived factors
alone did not alter dendrite formation in MLO-Y4 cells. In
a mouse model of bone metastatic multiple myeloma (MM),
osteocytes and tumor cells physically interacted via dendrites,
and this physical interaction was required for tumor cells to
induce osteocyte apoptosis and increase levels of pro-resorption
proteins RANKL and sclerostin (17). Here, we focused on
paracrine signaling between breast cancer cells and osteocytes
as the majority of osteocytes are deeply embedded in the bone
matrix (46), although lack of physical contact could account
for no observed changes to dendrite formation due to soluble
factors alone and should be investigated in the future. In
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FIGURE 3 | Mechanically-loaded breast cancer cells altered loading-induced MLO-Y4 dendrite formation. (A) Fluorescent images of MLO cultured with conditioned
media collected from NonlLoaded MDAs (NonLoaded TCM, upper) and loaded MDAs (Loaded TCM, lower) suggested that mechanically-loaded tumor cells
stimulated MLO to form more dendrites. (Scale bars = 100 um; blue = DAPI, red = phalloidin) (B) Loading increased the number of dendrites per MLO for both N
NonLoaded L and Loaded TCM groups. Furthermore, in the N NonLoaded L MLO groups, dendrite per cell was greater when MLOs were treated with Loaded TCM,
suggesting that loading both cell types synergistically increased the number of dendrites per MLO. Loading-induced changes to dendrite per cell was achieved
primarily via reductions in cell number irrespective of whether TCM came from Loaded or NonLoaded MDAs. Additionally, in NonLoaded MLO groups, MLO quantity
was further reduced when treated with Loaded TCM relative to NonLoaded TCM, suggesting that loading applied to both cell types maximizes changes to cell
quantity. Data are represented as mean + SD. *p < 0.05 relative to respective NonLoaded (NL) MLO control group, #p < 0.05 relative to NonLoaded MLOs treated
with NonLoaded TCM.
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FIGURE 4 | Mechanically-loaded breast cancer cells enhanced E11 gene expression and increased the RANKL/OPG ratio in MLO-Y4s. (A) Mechanical loading in
MLOs increased their expression of E11, which regulates dendrite formation, which parallels the increased dendrite formation observed histologically and suggests
heightened MLO mechanosensivity. (a trend for changes with loading is noted for the NonLoaded TCM group). (B-D) RANKL gene expression was unaffected by
loading in both NonLoaded TCM and Loaded TCM groups while OPG expression overall was lower in the Loaded TCM group relative to the NonLoaded TCM group
(main effect of TCM treatment; NonLoaded and Loaded MLOs pooled for each TCM treatment), resulting in an overall higher RANKL:OPG ratio in the Loaded TCM
group. This results suggests that downstream resorption is heightened when breast cancer cells experience mechanical loading in the skeleton. Data are represented
as mean + SD. *p < 0.05 relative to respective NonLoaded MLO control group, “p < 0.05 relative to the pooled NonLoaded TCM group (main effect of TCM
treatment).

the context of breast cancer, when MDA-MB231 cells were  tumor cells on osteocyte function was not investigated in that
treated with conditioned media collected from MLO-Y4 cells  study.

exposed to fluid shear stress (at a similar shear stress utilized When mechanical loading was applied to osteocytes in
in our study), the signaling molecular ATP that was secreted  conjunction to treatment with conditioned media, loading-
from dendritic hemichannels inhibited tumor cell migration, induced changes in dendrite formation were altered. In the
invasion, and growth (19). However, the reciprocal effects of  control group, total dendrite number increased with loading,
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as expected (23). As dendrites are the most mechanoresponsive
part of the osteocyte (relative to the cell body) (20, 21),
increased dendrite formation is expected to confer increased
osteocyte mechanosensitivity overall. Similarly, as mechanical
loading is well-documented to result in net bone formation via
osteocyte signaling (10), we further expect that the observed
increased dendrite formation would result in downstream net
bone formation, which should be verified in future studies.
Our results also suggest that osteocytes are able to respond
to mechanical signals despite the presence of tumor-derived
factors. Similarly, when mechanical loading was applied to
a mouse model of breast cancer bone metastasis, significant
increases in bone mass still occurred (11). Interestingly,
increases in dendrite number per osteocyte occurred in a
reduced osteocyte cell population whether tumor cell-secreted
factors were collected from loaded or nonloaded breast cancer
cells, and reductions were maximal with conditioned media
from mechanically-loaded breast cancer cells. When bone
marrow-derived mesenchymal stem cells (which are osteocyte
progenitors) simultaneously underwent mechanical compression
and exposure to conditioned media collected from loaded breast
cancer cells, their growth profile did not change, though their
osteogenic differentiation did (13). Similarly, we saw evidence
for enhanced osteocyte differentiation via E11 gene expression.
This may indicate that effects on cell growth depend on the
stage of differentiation, at least in the osteoblastic lineage.
Future work is needed to identify which tumor-secreted factors
are modulating osteocyte cell growth. Taken together, our
data show that despite tumor-mediated reduction in osteocyte
cell number, dendrite formation due to loading increased in
the existing population of osteocytes, indicative of heightened
mechanosensitivity.

Changes in OPG, but not RANKL, were observed in response
to mechanically-loading breast cancer cell secretions and applied
fluid flow. The ratio of these two factors control downstream
remodeling, rather than changes in one or the other (27).
Based on gene expression, we observed an overall higher
RANKL/OPG ratio when loading was applied to both tumor
cells and osteocytes. This is expected to correlate with either
the initiation of a remodeling cycle (as osteoclast formation
and resorption occurs prior to formation) or result in net-
resorption bone remodeling. Moreover, previous work applying
fluid shear stress to MLOs demonstrated that changes to
RANK/OPG at the gene level did not correlate with changes
at the protein level (35). Two hours of fluid flow at similar
levels of shear stress immediately increased RANKL and
OPG gene expression in MLO-Y4 cells, but RANKL protein
decreased while OPG protein increased. These changes to gene
expression were detected immediately following a single bout
of loading, but they returned to normal within 24 h. Here, we
subjected osteocytes to mechanical loading for 3 consecutive
days. In the future, how changes to osteocyte gene expression
correlate to changes in downstream remodeling should be
investigated.

We also determined that breast cancer-mediated changes
in osteocyte cell growth was not due to osteocyte apoptosis.
In contrast, bone metastatic MM has been associated with

increased osteocyte apoptosis (17, 45), but this effect may
require cell-cell contact as mentioned previously. It is
possible that reducing osteocyte growth may constitute a
mechanism by which breast cancer cells avoid osteocyte-
mediated inhibition of their migration and proliferation,
and that mechanical loading may augment the “intrinsic
self-defense mechanism” of osteocytes against this
(19).

In our current work, we utilized the MLO-Y4 osteocyte
cell line to perform initial experiments investigating the role
of loading on modulating breast cancer-mediated changes to
osteocyte function because of its well-documented response
to mechanical loading, especially to fluid flow (22, 28-31).
However, it is likely that osteocyte interactions with cancer
cells differ depending on their stage of differentiation. For
example, expression of osteocytic proteins that are associated
with multiple myeloma bone metastasis, such as sclerostin,
are associated with mature osteocytes (47). Here, MLO-Y4s
model early osteocytes and do not secrete such proteins
(32). Future work should include osteocytes at varying stages
of differentiation. For example, osteocyte cell lines such as
IDG-SW3s (22, 28-31) and OCY454s (48) represent mature
osteocytes that secrete sclerostin, while MLO-A5s represent
mineralizing osteoid-osteocytes (49), all of which are useful
models to utilize in future studies. Additionally, we combined
human breast cancer cells with mouse osteocyte cells. However,
both of these cells lines are extensively used and studied.
In particular, the MDA-MB231 cell line is widely used in
mouse models of breast cancer and bone metastasis. Previously,
such a mouse model of bone metastatic breast cancer was
combined with mechanical loading and demonstrated that
increased mechanical loading interfered with the establishment
of secondary tumors and bone osteolysis (11). In vitro models,
such as the one utilized here, can be used to help elucidate the
underlying cellular mechanisms of mechanical loading on bone
metastasis.

Our current experiments with MLO-Y4s were performed
using a 2D system. Even though osteocytes naturally reside
in a 3D lacunar-canalicular network, our approach permitted
comparison of our results with that from other MLO-Y4
flow studies, which are most commonly conducted in 2D.
Furthermore, by applying fluid flow in the 2D rocking set-
up, the resulting shear stress profile was more controllable
and better characterized in terms of estimating the shear
stresses applied to the cells (whereas comparing across
3D systems, which requires computational modeling to
characterize the flow field, is usually unfeasible). Thus, we
were able to reliably apply a shear stress (~1Pa) known
to affect osteocyte mechano-sensing ability (22) and breast
cancer cell migration (under steady flow) (41, 42). To better

represent the physiological environment of osteocytes,
however, future studies should be conducted in 3D
systems.

In summary, we have shown that mechanically-loaded
breast cancer cells modify osteocyte mechanosensing and bone
remodeling by increasing dendrite formation and inhibiting
OPG expression. These results highlight that osteocytes serve
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as the cellular link between mechanical loading and breast
cancer-induced bone disease.
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Multiple myeloma (MM), a malignancy of mature plasma cells, is the second most
common hematologic malignancy and the most frequent cancer to involve the skeleton
(1, 2). Bone disease in MM patients is characterized by lytic bone lesions that can result
in pathologic fractures and severe pain. While recent advances in MM therapy have
significantly increased the median survival of newly diagnosed patients (3), skeletal lesions
and their sequelae continue to be a major source of patient morbidity and mortality
and bone pain is the most frequent presenting symptom of MM patients (4). Rapid
improvements in imaging technology now allow physicians to identify ever smaller skeletal
and bone marrow abnormalities, however the clinical value of subtle radiographic findings
is not always clear. This review summarizes currently available technologies for assessing
MM bone disease and provides guidance for how to choose between imaging modalities.

Keywords: myeloma bone disease, MRI imaging, PET imaging, CT imaging, lytic bone disease

INTRODUCTION

Multiple myeloma (MM) bone disease continues to be one of the most devastating complications
of MM and is characterized by an uncoupling of the normal bone remodeling process. In contrast
to physiologic bone remodeling, where bone formation occurs at sites of bone resorption, MM
bone disease (MMBD) is marked by local areas of increased osteolysis in areas adjacent to MM
cells and highly suppressed or absent osteoblast function. This combination leads to Iytic bone
lesions that do not heal and generalized bone loss. Pain related to bone destruction occurs in
more than two-thirds of patients and is the most frequent symptom at disease presentation. In
addition, MMBD results in enhanced tumor growth and fractures, all of which impact survival.
Approximately 70% of MM patients have skeletal disease at diagnosis and up to 85% develop bone
lesions after diagnosis. Importantly, it is estimated that 60% of patients develop pathologic fractures
over their disease course (5, 6), and MM patients with pathologic fractures have a 20% increased
risk of death compared to other patients (7). Despite this high prevalence, not all MM patients
develop MMBD. For those that do, management of MM bone disease remains a crucial part of
their long-term care as MM bone lesions persist in the absence of active disease in the majority of
patients.

Skeletal imaging is a critical component of both the initial diagnostic evaluation and the long-
term management of patients with plasma cell disorders. MM is preceded by the well-defined
conditions monoclonal gammopathy of undetermined significance (MGUS) and smoldering MM
(SMM), both of which are currently managed with surveillance. Active (symptomatic) MM is
treated with antineoplastic therapy and has historically been diagnosed based on the presence of
>10% clonal bone marrow plasma cells or biopsy-proven plasmacytoma in combination with one
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or more myeloma-defining events: hypercalcemia, renal
dysfunction, anemia, and lytic bone disease (referred to as CRAB
criteria). The definition of active MM was broadened by the
International Myeloma Working Group in 2014 to include
patients with a high disease burden based on percentage of
monoclonal plasma cell infiltration in the bone marrow or a
high serum involved to uninvolved free light chain ratio (>100),
as patients with these laboratory biomarkers have a high risk
of progression to active disease (8). Importantly, the definition
of MM bone disease was clarified to exclude osteoporosis or
vertebral compression fractures identified in the absence of other
lytic lesions (8). Updated MM diagnostic criteria also included
allowance of advanced imaging technology including CT, PET,
and MRI for the identification of focal bone lesions, however
the decision of which imaging modality to use for which patient
remains at the discretion of the provider.

MGUS is an asymptomatic condition defined by the presence
of a low concentration (<3 g/dL) serum monoclonal protein,
a bone marrow with <10% monoclonal plasma cells, and the
absence of CRAB criteria. SMM is defined by the presence of a
serum monoclonal protein >3 g/dL and/or 10-60% monoclonal
bone marrow plasma cells in addition to the absence of CRAB
criteria and an involved to uninvolved serum free light chain
ratio <100. MGUS and SMM are premalignant conditions
with variable courses. Patients with MGUS and SMM have an
overall risk of progression to MM of 1 and 10% per year,
respectively (9), however individuals within each group have
variable risks of disease progression. Validated multivariate risk
models allow prognostic stratification of MGUS and SMM
patients into risk categories with 5 year probabilities of MM
progression of 2, 10, and 46% for MGUS and 4, 46, and 72% for
SMM (10). Interestingly, MGUS and SMM are both associated
with osteopenia, altered bone microstructure, and an increased
fracture risk (11, 12).

PATHOPHYSIOLOGY OF MYELOMA BONE
DISEASE

The tightly regulated osteoclast—osteoblast activity of normal
physiologic bone remodeling is uncoupled in MM bone disease.
MM cells physically disrupt the bone-remodeling compartment,
allowing cell-cell contact between MM cells and bone cells and
the exchange of soluble factors that mediate the enhanced bone
destruction and absent bone formation characteristic of MM
bone disease (13). Cellular components of the bone marrow
microenvironment, such as osteoclasts, osteocytes, immune cells,
and bone marrow stromal cells stimulate the growth and
chemoresistance of MM cells in the marrow space through the
production of both membrane-bound and soluble growth factors
that enhance MM cell growth and increase marrow angiogenesis
(14, 15). MM-cell derived cytokines in turn increase osteoclast
formation and bone resorption both systemically and in areas
of tumor infiltration (16), creating a “vicious cycle” of increased
bone resorption leading to increased tumor burden. The bone
resorption process itself also results in the release and activation
of bone matrix-derived growth factors that further enhance

MM cell growth (17). Osteoblast function, in contrast, is highly
suppressed or absent, resulting in purely lytic bone lesions.

Skeletal remodeling is abnormal in patients with MGUS and
SMM. In retrospective studies, MGUS is associated with a 6
times greater risk of vertebral fracture and 1.4-2.5 times greater
risk of any fracture when compared to control populations (11,
18). Limited prospective evaluations of skeletal abnormalities
in MGUS have been completed to date, but those that have
confirm the high prevalence of vertebral fractures in MGUS
and suggest an association between non-traumatic vertebral
fractures and a clonal lambda light chain predominance (19).
MGUS and SMM are associated with osteopenia, altered bone
microstructure, and an increased rate of bone resorption and
overall fracture risk (11, 12, 20). Biochemical markers of bone
resorption such as serum carboxy-terminal telopeptide of type-I
collagen (CTX-1) and urine deoxypyridinoline (DPD) correlate
with disease burden in patients with MGUS as compared with
MM (21, 22), and MGUS patients have reduced levels of
bone-specific alkaline phosphatase, a cell membrane-associated
enzyme produced by osteoblasts, as compared to patients with
non-malignant osteoporosis (23).

IMAGING TECHNIQUES FOR MULTIPLE
MYELOMA

Currently available imaging modalities allow characterization of
Iytic bone disease, bone marrow infiltration, bone mineral density
(BMD), and extra-medullary disease involvement in MM. The
primary purpose of skeletal imaging in MM has historically been
identification of lytic bone disease, which allows classification of
a patient as having smoldering or active disease, identification of
bone lesions at risk of fracture and requiring acute management,
and surveillance for new skeletal lesions based on patient
symptoms and as evidence of disease progression. Recently
however, the prognostic value of early identification of focal bone
marrow involvement in MM, both at diagnosis and in response
to antimyeloma therapy, has been evaluated.

Identification of Lytic Bone Lesions

Lytic bone disease is classically identified in MM using whole
body radiography (skeletal survey, SS), which consists of
conventional x-rays of the skull, spine, pelvis, chest, femora,
and humeri, and was a component of the Durie-Salmon
MM staging system (24, 25). SS remains the traditional gold
standard for identification of lytic bone lesions, however standard
radiography cannot detect early lytic bone lesions and therefore
underestimates bone marrow involvement. Identification of
lytic bone lesions using standard radiography requires loss of
a minimum of 30% of trabecular bone volume (26), and a
systematic review comparing imaging modalities for detection
of lytic bone lesions concluded that low-dose, whole-body
computed tomography, magnetic resonance imaging (MRI), and
positron emission tomography (PET)-CT are all superior to SS
for the detection of myeloma bone disease, except for in the ribs
and skull (27). The updated International Myeloma Working
Group (IMWG) criteria for the diagnosis of active multiple
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myeloma (8) reflect this data, and acknowledge that newer and
highly sensitive imaging modalities, including low-dose whole-
body CT and PET-CT may be used to satisfy CRAB criteria if
lesions are >5 mm in size and even if lesions cannot be visualized
by standard x-rays. At this time, the primary advantages of SSas a
screening tool in MM are its low cost and widespread availability.

Dedicated low-dose, whole-body computed tomography
(WBCT) is an increasingly common imaging modality to screen
for lytic bone disease in MM. Several studies have confirmed that
WBCT is more sensitive than SS for the detection of lytic bone
lesions, particularly in the axial skeleton, with some reporting
that bone lesions were detected by WBCT in 20-25% of patients
with negative SS, as well as fractures (28, 29). (Figures 1A,B
provide examples of skeletal lesions identified on WBCT that
are not visible on standard radiographs). In addition, WBCT
can detect osteopenia and extraosseous disease. Based on these
findings and the short scan time as compared to SS, many centers
have moved to WBCT for initial screening for lytic disease.
WBCT is less useful for monitoring response to therapy, as bone
marrow lesions are poorly visualized with CT and lytic reactions
persist after therapy. WBCT radiation doses vary according to
individual institutions’ WBCT protocols and are generally higher
for WBCT than SS. However with the increasingly common
adoption of low dose WBCT techniques the dose difference
as compared to SS may be negligible. Additionally, the time
required for radiologic review of WBCT images is greater than
that required for SS, and clinically significant and insignificant
incidental findings can be identified which may unnecessarily
raise patient anxieties and lead to increased healthcare
costs (30).

Identification of Focal Bone Marrow

Infiltration

MRI allows assessment of bone marrow involvement in MM and
can reveal both diffuse bone marrow abnormalities and focal
lesions. MRI has historically been coupled with SS to assess the
spine and pelvis when determining if a patient has smoldering
or active disease, for staging and response evaluation in patients
with non-secretory MM, and in evaluation of suspected solitary
plasmacytoma (24, 31). However, it has been reported that nearly
50% of patients with MGUS and MM have skeletal lesions
detectable on MRI outside of the axial skeleton (32). In contrast
to SS and CT, which are primarily used to identify cortical
bone lesions in MM, MRI allows detailed evaluation of the bone
marrow space and identification of varying patterns of bone
marrow heterogeneity. Five patterns of marrow involvement in
MM have been described and associated with tumor burden:
normal marrow appearance, focal involvement (a focal lesion is
defined by a diameter >5 mm), homogeneous diffuse infiltration,
combined diffuse and focal infiltration, and a variegated pattern
with inhomogenous marrow (Figures 1C,D compare CT and
MRI imaging of bone marrow infiltration) (33, 34). High tumor
burden is suspected in cases with diffuse hypointensity on T1-
weighted images and diffuse hyperintensity on T2-weighted
images, such as in Figures 1E,F. Cases with low tumor burden
are usually associated with a normal MRI pattern (34).

Conventional MRI protocols are now increasingly used for
whole body imaging (WBMRI), and revised IMWG diagnostic
criteria for MM include the presence of more than one
focal lesion (>5mm) on MRI studies as a biomarker of
malignancy (8, 34). MM lesions typically demonstrate low
signal intensity on T1-weighted images, due to absence of
intralesional fat and high signal intensity on fat-suppressed T2-
weighted images, due to high cellularity and water content.
Functional MRI techniques, such as dynamic contrast-enhanced
MRI and diffusion weighted imaging provide further diagnostic
sensitivity that can improve the detection of bone marrow
infiltration. Dynamic contrast-enhanced MRI, which is not
yet widely available in the clinic, assesses the distribution of
contrast within and outside of blood vessels, providing data
on vessel permeability that can be correlated with marrow
angiogenesis, including the angiogenic response to therapy
(35). Diffusion weighted imaging (DWI) measures the random
motion of water molecules in tissue, providing information
on tissue cellularity, cellular membrane integrity, and the
extracellular space (36), and allows qualitative assessment of the
bone marrow space in MM. Normal yellow marrow appears
hypointense on DWI. As marrow cellularity increases, due to
malignant infiltration or red bone marrow hypertrophy, signal
hyperintensity increases corresponding to greater restricted
diffusion (33).

The combination of WBCT with '¥F-fluoro-deoxyglucose
(FDG) positron emission tomography (PET-CT) provides an
alternative method of visualizing bone marrow infiltration while
also allowing visualization of total body tumor burden. Metabolic
activity of lesions of interest is calculated based on FDG uptake in
cells with high glucose demand and compared with standardized
uptake values. CT images are then combined with PET images
to provide anatomic localization. Importantly, hypermetabolic
bone lesions can be identified in the absence of underlying lytic
lesions. Active MM is FDG-PET-CT positive in the marrow
space, although FDG-PET-CT is less sensitive than MRI for
evaluation of diffuse marrow infiltration (36, 37). FDG-PET-CT
is negative in patients with MGUS and SMM with low disease
burden (38). Therapeutic response to treatment is characterized
by a reduction or elimination of FDG accumulation in involved
bone structures.

Multiple studies comparing whole body (WB)MRI or SS with
MRI of the spine and pelvis to FDG-PET-CT in patients with
active MM have demonstrated that MRI is superior to CT for
detection of skeletal lesions (39). Results of studies comparing
WBMRI to FDG-PET-CT, however, are mixed, and it is likely
that the imaging modalities are of equal sensitivity (40), except
for when evaluating the spine, where MRI is preferred (34).
PET-MRI is a promising new hybrid technology, which in initial
investigations appears to be at least as sensitive as PET-CT
(41, 42).

An important caveat to these findings, however, is that
standardized rubrics for interpreting MRI and PET-CT in
MM continue to evolve (43, 44). In some cases the adoption
of the imaging technology itself precedes the standardization
of image interpretation, creating a challenging situation for
treating clinicians. In addition, false positive bone marrow
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FIGURE 1 | Paired images from patients illustrating different imaging modalities. Image pairs (A,B) and (E,F) are patients with active multiple myeloma. Image pair
(C,D) is a patient with smoldering multiple myeloma. (A) Frontal pelvis radiograph demonstrates diffuse osteopenia with a dominant destructive osteolytic myelomatous
deposit at the left supra-acetabular region as well as multiple smaller subtle lucent foci of disease. (B) Coronal reformat CT of the pelvis from a whole-body CT multiple
myeloma protocol again demonstrates the dominant destructive left supra-acetabular lesion as well as multiple additional foci of smaller osteolytic myelomatous
disease throughout the imaged osseous structures. Many of the smaller lesions identified on CT were occult on the comparison radiographs. (C) Coronal reformat CT
of the pelvis from a whole-body CT multiple myeloma protocol demonstrates diffuse heterogeneity of the bone marrow including regions of mixed lucency and slightly
increased density with a representative lucent focus at the superior aspect of the right iliac bone. (D) Coronal T1-weighted non-fat saturated image from a whole-body
MRI multiple myeloma protocol demonstrates a diffusely heterogeneous appearance of the bone marrow without evidence for macroscopic myelomatous disease. (E)
Coronal T1-weighted non-fat saturated image from a whole-body MRI multiple myeloma protocol demonstrates a diffuse micronodular pattern of myelomatous
disease, also commonly referred to as a variegated or salt-and-pepper appearance. (F) Coronal STIR image from a whole-body MRI multiple myeloma protocol
demonstrates diffuse heterogeneity of the bone marrow with a dominant hyperintense right hemisacral lesion compatible with macroscopic myelomatous disease.
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TABLE 1 | Summary of advanced imaging modalities commonly used in the management of multiple myeloma.

Radiation dose Examination time Sensitivity for Key references Key references
detection of evaluating evaluating the
focal bone the efficacy of cross-  prognostic utility of
lesions sectional imaging cross-sectional

modalities imaging modalities

Digital Skeletal Survey 1.5-2.5 mSv 10min. (Patients are Low, compared to
(SS) (Chest; antero-posterior repositioned during the cross-sectional imaging
(AP) and laterval views of examination) techniques.
the spine, humera, femora;
lateral views of the skull; AP
view of the pelvis)
Whole body low dose CT 4-7 mSv 5min. Superior to SS, (28, 29)
(Vertex to mid- thighs), particularly in the axial
without iv contrast skeleton. Less sensitive
FDG-PET-CT (Vertex to Variable, based on 60-90 min. wait time Similar to MRI (36, 38—-40) (46, 50, 53, 54, 63)
mid-thighs) institutional practice* following tracer

injection, then 20 min.

scan time
Axial MRI (Spine and pelvis)  None 90 min. Similar to PET-CT, (32, 34) (52)

limited by imaging field.

Whole body MRI (Vertexto ~ None 90 min. Similar to PET-CT. (84-36, 39, 40) (51, 54, 64, 65)

knees)

“Some institutional protocols obtain the CT portion of a PET-CT scan for the purpose of attenuation correction only.

infiltrative findings are observed in both MRI and PET-CT
studies. It is also difficult to distinguish red bone marrow
from bone marrow infiltrated with MM on MRI with DWI,
complicating interpretation of MRI bone marrow findings in
younger patients (45), and PET-CT images can be falsely
positive in the setting of trauma (including recent fracture),
recent chemotherapy, radiotherapy and growth factors, and
falsely negative following administration of high-dose steroids
(46).

18F_sodium fluoride (NaF), a PET radiotracer which
accumulates in both osteoblastic and osteolytic lesions, reflecting
bone remodeling, has been investigated to a limited extent in
MMBD (47). A recent small study prospectively compared
SS, whole body MRI, FDG-PET-CT, and NaF-PET-CT in
patients with newly diagnosed MM (48). MRI was superior
to SS, FDG-PET-CT, and NaF-PET-CT. Detection of skeletal
abnormalities by NaF-PET-CT was equivalent to SS, a finding
consistent with other evaluations of NaF-PET-CT in MM
patients (49).

Imaging to Assess Disease Response

Improvement in imaging technology has accelerated interest
in the use of imaging to monitor disease response in MM.
Historically, skeletal imaging with SS was performed at suspected
disease relapse or in the setting of new skeletal symptoms with
the goal of identification of progressive disease as evidenced
by new lytic bone lesions. The utility of FDG-PET-CT for
evaluation of disease response in MM has been extensively
studied in both a prospective and retrospective fashion (46).
Suppression of FDG-PET-CT focal lesions correlates well
with disease response to therapy, and precedes resolution

of lesions observed on MRI (50). Interestingly, it has been
suggested that MRI-assessment of bone marrow infiltration,
perhaps in combination with functional MRI techniques,
may have utility as a measure of minimal residual disease

(51).

Imaging as a Prognostic Tool

The prognostic value of both MRI and PET-CT has been
evaluated in MM patients. While the clinical significance of
focal bone lesions that do not meet IMWG criteria for MM
bone disease is not yet clear, serial WBMRI or FDG-PET-CT
imaging can be used to follow the progression of these lesions.
Focal bone lesions identified on axial MRI and not identified
on SS correlated with overall survival in a large study of MM
patients who received tandem autologous stem cell transplants.
Sixty percent of patients studied had resolution of these lesions
following treatment and superior survival (52). The presence of
three or more FDG-avid focal lesions has been shown to be an
independent predictor of overall survival (50, 53). Additionally,
the persistence of three FDG-avid lesions after induction therapy
for MM is associated with decreased overall survival (53). This
data is supported by the IMAJEM study, a subgroup analysis of
the Intergroupe Francophone du Myélome (IFM)/Dana Farber
Cancer Institute (DFCI) 2009 trial (54). PET-CT and MRI
were performed at diagnosis, following induction therapy and
prior to maintenance therapy. Bone lesion identification at
diagnosis did not differ significantly between imaging modalities.
Normalization of PET-CT prior to initiation of maintenance
therapy was associated with an improved 2-year progression free
and overall survival. Interestingly, normalization of MRI before
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maintenance was not predictive of progression free or overall
survival.

Evaluation of Bone Mineral Density
Age-related bone loss is traditionally characterized using dual-
energy x-ray absorptiometry (DXA). While areal BMD is an
established predictor of fracture risk (55), sequential measures of
BMD are not routinely performed in MM and are challenging to
interpret due to the heterogeneous BMD changes in MM (56).
In addition, the revised IMWG criteria for the diagnosis of MM
excludes osteoporosis in the absence of lytic lesions as sufficient
to fulfill CRAB requirements of bone disease because many
myeloma patients are elderly and have pre-existing osteoporosis
and clarifies that bone densitometry studies are not sufficient
to determine the presence of multiple myeloma (8). Despite
this, it is important to recognize that the majority of systemic
therapies for MM include glucocorticoids, which are themselves
associated with increased fracture risk, and are included in
the World Health Organization Fracture Risk Assessment Tool
(FRAX) (55). Therefore DXA screening should be considered in
patients undergoing active MM therapy who are not treated with
bisphosphonates (due to intolerance or patient preference), or
those requiring reinitiation of therapy who previously completed
their bisphosphonate treatment.

Interestingly, MGUS is associated with skeletal fragility
and MGUS patients have an increased risk of fracture,
particularly axial fracture, as compared to age-matched
controls (11, 18, 57). Recent studies employing quantitative
computerized tomography (QCT) and high-resolution
peripheral QCT (HRpQCT), imaging technology primarily
used in osteoporosis research, have reported an overall increase
in bone size with an increased endocortical area of the distal
radius and diminished cortical thickness and bone strength
in MGUS patients (12, 57, 58). The natural history of these
findings in MGUS is not known, and it is not known if these
abnormalities persist or change during progression to active
myeloma.
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Over the past decades there has been an increase in the incidence of cancer worldwide.
With the advancement in treatment, patient survival has improved in tandem with the
increasing incidence. This, together with the availability of advanced modern diagnostic
modalities, has resulted in more cases of metastatic bone disease being identified.
Bone metastasis is an ongoing problem and has significant morbidity implications for
patients affected. Multimodal treatment strategies are required in dealing with metastatic
bone disease, which include both surgical and non-surgical treatment options. In the
multidisciplinary team, orthopedic surgeons play an important role in improving the
quality of life of cancer patients. Surgical intervention in this setting is aimed at pain
relief, restoration of function and improvement in functional independence. In selected
cases with resectable solitary metastasis, surgical treatment may be curative. With the
advancement of surgical technique and improvement in implant design and manufacture,
a vast array of surgical options are available in the modern orthopedic arena. In the
majority of cases, limb salvage procedures have become the standard of care in the
treatment of metastatic bone disease. Non-surgical adjuvant treatment also contributes
significantly to the improvement of cancer patient care. A multidisciplinary approach in
this setting is of paramount importance.

Keywords: bone metastasis, metastases, metastatic, prophylactic surgery, multimodal, metastatic bone disease

INTRODUCTION

The Scandinavian Skeletal Metastasis registry reported an 18% increase in the incidence of cancer
over the past decade (1). This is thought to be the result of an increase in the incidence of cancer as
well as the improvement in diagnosis. Bone metastasis carries significant morbidity for afflicted
patients and negatively impacts their quality of life. Following the lung and liver, bone is the
third most likely affected site in metastatic cancer (2). Breast and prostate carcinomas have the
greatest tendency to metastasize to bone (65-75%), followed by thyroid (60%), lung (30-40%),
and renal (20-25%) carcinomas (3-5). The spine and the pelvis are the sites most frequently
affected by metastasis (6). Long bones, such as the humerus and femur are also common sites for
metastases (4).

Through the advances of modern cancer treatment options, we see a general improvement in
the longevity of cancer patients, and hence an increase in the risk of bone metastasis (7). The
management of patients with metastatic bone disease requires a multidisciplinary approach to
ensure thorough diagnostic workup and treatment planning. A multi-modal treatment strategy,
which includes medical therapy, radiotherapy and surgery, is encouraged in order to optimize
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treatment outcomes. In the setting of metastatic disease, surgical
treatment is aimed at alleviating pain, restoring functional
independence, and improving the overall quality of life of
patients (8).

In the current modern orthopedic surgery arena, complex
reconstructive surgery is made possible with the availability of
advanced implant technology. Through better understanding
of biomechanics and tribology, as well as better implant
manufacturing processes, orthopedic surgeons now have a wide
array of reliable implant options. Extensive bony defects can be
resected and reconstructed with modern modular endoprosthesis
(9). Advanced implant technologies, including modern locking
plates and intramedullary nails have provided treating surgeons
with a more robust reconstructive option (10). In the setting
of metastatic bone disease construct fixation should be stable
and strong enough to allow patients to immediately weight
bear. In this regard, the modern implant repertoire allows
individualization of treatment and a more predictable outcome.

PRINCIPLES OF MANAGEMENT AND
INDICATION FOR SURGERY

Diagnosis

Bone metastases can be asymptomatic and often present as
an incidental finding during initial staging investigations. In
some cases, they may be detected later during follow up in
the setting of adjuvant treatment. It is important to note that
about 75% of patients with bone metastases present with pain,
which warrants further workup (11). Pain in bone metastases is
unfortunately nonspecific; although certain characteristics such
as rest pain, night pain or activity-related pain may raise the index
of suspicion and indicate the need for further workup.

Metastatic bone disease typically involves multiple sites, which
makes diagnosis relatively straightforward. A solitary bone lesion
in the setting of a known primary carcinoma, on the other hand,
can present a significant diagnostic dilemma. In these cases it is
safe to assume the possibility of a malignant primary bone tumor,
unless proven otherwise.

Adams et al. (12) reported on the consequences and
prevention of inadvertent internal fixation of primary osseous
sarcomas. In their study, 8 patients assumed to have metastatic
disease underwent internal fixation and were later found to have
primary bone sarcoma. As a consequence, 6 out of the 8 patients
underwent an amputation. They concluded that inadequate
history taking, incomplete staging imaging studies and improper
biopsy resulted in these unfortunate incidences. Catastrophic
inadvertent intramedullary nailing of a malignant primary bone
tumor carries with it significant morbidity, since the majority of
patients in such cases will require a high amputation for local
disease control (12).

Investigations

Plain Radiography (X-ray)

Orthogonal plain radiographs of the entire bone in question
should be obtained, including the joint above and below.
The radiographic appearances of metastatic lesions are usually
described as osteolytic (Figure 1), osteoblastic, or mixed lytic-
sclerotic (13). Prostate cancer classically gives rise to osteoblastic

FIGURE 1 | AP radiograph of a left humerus demonstrating a lytic metastatic
lesion (arrow) in the proximal diaphysis. Note the extensive cortical
involvement, predisposing it to a pathological fracture.

lesions, whereas renal carcinoma, lung carcinoma and multiple
myeloma are osteolytic in appearance (13). Breast cancer often
has a mixture of both lytic and sclerotic disease (13, 14). It is
estimated that by the time a lesion becomes radiographically
detectable, around 25-75% loss of bone mineral has occurred
(15). For this reason, by the time a lesion is detectable on
radiographs, the bone involved has weakened significantly
(15, 16).

Computed Tomography (CT Scan)

CT scan is the most sensitive imaging modality available for
evaluating the extent of cortical bone destruction (Figure 2) (17).
It is also useful in image guidance during percutaneous biopsy of
metastatic lesions. CT scan has a sensitivity of 74% and specificity
of 56% in the detection of skeletal metastasis (18).

Magnetic Resonance Imaging (MRI)

MRI has a high sensitivity in detecting small metastatic lesions
that are otherwise undetectable by other modalities such as
CT scan and bone scan. Yang et al, in their meta-analysis
comparing four imaging modalities (CT, MRI, FDG-PET, and
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metastatic lesion (arrow). (B) Note the extensive extraosseous involvement (arrow).

FIGURE 2 | Pelvic CT Scan showing a left sided periacetabular renal cell carcinoma metastasis. (A) Involvement of the left supraacetabular region by a large lytic

FIGURE 3 | MRI scan demonstrating a right proximal humerus metastatic
lesion. (A) T2 weighted MRI sequence showing the extent of intramedullary
involvement (arrow). (B) T1 weighted MRI sequence showing complete
involvement of the proximal humerus with cortical breach at the medial calcar
region (arrow).

bone scintigraphy) in the detection of bone metastases, found
MRI to have a sensitivity of 91% and specificity of 95% (19).

MRI is considered to be the most sensitive imaging modality
for assessing the extent of intramedullary and extraosseous soft
tissue involvement (Figure 3) (20). In the spine, the use of MRI
allows the differentiation between osteoporotic and pathological
fractures, since edema in osteoporotic compression fractures
usually subsides by around 10-12 weeks (18).

Bone Scan (99mTc Bone Scintigraphy)

Bone scan is a radionuclide-based imaging modality that
measures osteoblastic activity and skeletal vascularity, hence
its ability to detect osteoblastic metastases. It is also useful in
determining whether a metastatic lesion is solitary or widespread,
since the whole skeleton is captured during imaging (Figure 4).

In rapidly growing lytic tumors, such as multiple myeloma, the
bone scan may appear “cold” since minimal osteoblastic activity
is present. In contrast false positive readings are common in
areas with high bone turnover, such as seen in trauma and
infection (21). The sensitivity and specificity of bone scan in
detecting bone metastases has been reported as 78 and 48%,
respectively (20).

Positron Emission Tomography (PET)
Fluorodeoxyglucose-positron emission tomography (FDG-PET)
is a nuclear imaging modality that detects the metabolic activity
of tumors. It relies on the glucose uptake by tumor cells, hence
its ability to detect early metastasis prior to any detectable
bony destruction (20). Although highly sensitive (98%), FDG-
PET on its own has low specificity (56%) since it is a
functional rather than anatomic imaging modality (19). The
combination of FDG-PET with anatomic imaging modality, such
as CT scan, increases its specificity significantly (up to 97%)
(Figure 5) (22).

Tumor Markers

Apart from routine blood testing, such as full blood count,
renal and liver panels, tumor markers are used as part of the
systemic staging process in cancer patients. Tumor markers are
proteins that represent unique genetic signatures of a particular
tumor histotype (Table 1), hence their role as diagnostic adjuncts.
Tumor markers are also used in monitoring treatment response
and in disease surveillance.

Biopsy

Adequate tumor tissue is the key to diagnosis. Biopsies should
only be undertaken after all other staging studies are completed.
Biopsy may be taken intra-operatively during fracture fixation
of a pathological fracture or as a staged procedure during the
staging process. Core needle biopsy has been shown to be reliable
and adequate for diagnosis in over 90% of cases (23-25). Image-
guided core needle biopsy is usually utilized in order to accurately
target the lesion and minimize the risk of a false negative reading
(26). In areas that are difficult to access, such as the periacetabular
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FIGURE 4 | Bone scan demonstrating increase uptake at the right humerus
diaphysis and right femoral head (arrows), highlighting the sites of bone
metastasis.

area, percutaneous image-guided core needle biopsy has largely
replaced the need for open biopsies. Since most impending or
pathological fractures are non-emergency cases, surgical fixation
should not be performed until a definitive diagnosis has been
confirmed (12, 27).

Prognosis and Surgical Decision-Making
The aim of surgical intervention in the setting of metastatic
bone disease is to improve the quality of life of patients.
Surgery allows pain control by achieving local control of the
tumor, and at the same time, restoring the patient’s functional
independence. Following a thorough staging process to delineate
the local and systemic extent of disease, a decision needs
to be made as to whether treatment is aimed at palliative
or curative intent. In the majority of metastatic conditions,
surgical treatment is aimed at palliation, however, in selected
cases such as resectable renal cell carcinoma with solitary
metastasis, curative wide resection and reconstruction may be
considered (Figure 6). Fottner et al. (28) in their retrospective
review of 101 patients, who were treated surgically for skeletal
metastasis of renal cell carcinoma, reported significantly better
survival in patients with solitary metastatic lesions who
underwent surgical wide resection. They also concluded that
other factors contributing to higher survival include, age <65
years, absence of pathologic fractures and tumor-free resection
margins.

Les et al. (29) in their retrospective review on 78 patients
treated surgically for bone metastasis of renal cell carcinoma
compared the rate of local progression between patients treated
with local resection versus those who received intralesional
procedures. Forty-one percent of patients in the intralesional
procedure group required further procedures due to local
progression. In contrast, only 1 out of the 37 patients who
were treated with marginal or wide resection, required additional
surgical intervention for local progression. They concluded that
patients who receive intralesional procedures are at a much
higher risk of local progression and therefore recommend
surgical resection in order to minimize the risk of local
progression.

The prognosis associated with a known primary cancer is a
major deciding factor in determining the appropriate type of
surgical treatment in metastatic bone disease. Longer survival
is associated with an increased risk of disease progression or
recurrence, hence more aggressive surgical treatment is often
warranted. Kirkinis et al. (30) in their review on survival,
prognostic factors, and outcomes after surgical treatment of
appendicular skeleton bone metastases found several factors
to be important predictors of prognosis. These include
the primary tumor histoptype and the presence of visceral
metastasis, pathological fractures, and multiple metastases.
Patients with metastatic disease from renal cell and breast
carcinoma were found to have the longest survival, whereas lung
carcinoma and myeloma patients were shown to have the worse
prognosis.

Given the numerous factors that contribute to the overall
survival of patients, making a prognostic prediction is a major
challenge. Over the years, several predictive tools have been
designed to aid in the treatment decision-making process.
Forsberg et al. (31) reviewed the Bayesian Belief Network
(BBN) as a model for predicting patient survival. The model
is designed to calculate the predicted survival at 3 and 12
months and subsequently guide surgical treatment options. They
suggested that an estimated survival of <3 months does not
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uptake at the left femoral head, neck and intertrochanteric region.

FIGURE 5 | PET-CT scan demonstrating a left proximal femur metastatic lesion. (A) Coronal and (B) axial cuts of the PET-CT images demonstrating intense FDG

TABLE 1 | Examples of commonly used tumor markers.

Tumor marker Disease

CEA Colorectal cancer
PSA Prostate cancer
CA 15-3 Breast cancer

CA 125 Ovarian cancer
CA 19-9 Pancreatic cancer

Beta 2 microglobulin Multiple myeloma

support surgical treatment of impending pathological fractures.
Patients with an estimated survival between 3 and 12 months
were recommended for less invasive surgical management not
associated with prolonged rehabilitation. When the predicted
survival was more than 12 months, a more robust surgical option,
such as tumor resection with endoprosthetic reconstruction was
recommended.

Predictive models such as the BBN are invaluable in deciding
the most appropriate surgical options, however the ultimate
surgical treatment modality should be individualized for each
patient. The general rule still applies, that any surgical fixation
in metastatic bone disease should be sufficiently robust to
allow early weight bearing while minimizing any potential
complications. The type of fixation needs to have adequate
durability to last patients for their remaining lifespan.

Pre-operative Planning

Careful pre-operative planning and the use of appropriate
implants are fundamental in oncology surgery. Patients with
malignancy should be managed by a multidisciplinary team,
as these patients tend to be physiologically compromised and
have elevated surgical risk. Meticulous coordination between
multidisciplinary team members (medical oncologist, radiation
oncologist, orthopedic surgeons, physiotherapist, nursing staff)
is paramount in ensuring high quality care.

The role of surgery for bone metastasis can be divided
into (i) prophylactic fixation to prevent impending pathological
fractures, (ii) stabilization of a pathological fractures, (iii)
segmental resection of tumors, and (iv) arthroplasty for replacing
joints that have been destroyed by tumor. To this end, orthopedic
surgeons have a vast array of surgical devices and implants in
their surgical armamentarium at their disposal. These include
plates and screws, intramedullary fixation devices, and tumor
endoprostheses. The use of percutaneous intralesional injection
of polymethylmethacrylate acid (PMMA) in osteoplasty, offers
a minimally invasive management option for some contained
tumors, e.g., vertebral metastases (4).

Assessing Risk of Fracture

The definition of an impending pathological fracture remains
ambiguous and it is the role of treating orthopedic surgeons
to recognize them in a timely manner so that appropriate
intervention can be administered. When a metastatic lesion
has destroyed 30-50% of bone, usually it is deemed that a
fracture is impending (32). Treatment strategies are strongly
based on the risk of fracture and expected survival of the
patient.

Several radiographic-based guidelines have been proposed
in the past to aid in the decision-making regarding the need
for prophylactic fixation. Fidler (33) proposed prophylactic
fixation of long bones with more than 50% destruction by
metastasis. Harrington (34) amended Fidler’s guide, adding the
criteria of: length of lesion of more than 2.5cm, fractures
around the femoral lesser trochanter region and persistent pain
post radiation therapy. These guidelines, although useful, were
somewhat oversimplified for actual clinical practice application.

In 1989, Mirels (35) developed a scoring system to predict
the risk of impending fractures. This system offers a general
guideline regarding when to intervene and remains one of the
most widely system used. The Mirels scoring system (Table 2) is
based on a point system that incorporates four criteria (nature
of lesion, location, size of cortical involvement and pain), with
each criteria carrying a score from 1 to 3 with increasing
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locking plate fixation.

FIGURE 6 | A 54-year-old patient with a left proximal humeral diaphyseal renal cell solitary metastasis treated with wide resection and reconstruction using a fibular
allograft and locking plate internal fixation. (A) MRI of left humerus showing a metastatic lesion (arrow). (B,C) Intraoperative fluoroscopic images after intercalary
resection of the proximal humerus diaphysis and reconstruction using a fibular strut graft (arrows). (D) Note the preservation of the native humeral head and the

TABLE 2 | Mirels score.

Score Site Pain Lesion Size

1 Upper limb Mild Blastic <1/3
Lower limb Moderate Mixed 1/3-2/3
Peritrochanteric Functional Lytic >2/3

Mirels score > 9 High risk, 8 Intermediate, <7 Low risk for fracture.

severity. Non-surgical treatment is recommended for scores of
<7 and radiation therapy is usually considered as a means
of local control. Scores >9 carry a strong recommendation
for prophylactic fixation. Scores between 7 and 9 are open
to debate as to whether surgery is indicated, and this is
where institutional experience prevails. Despite being more
comprehensive, the Mirels scoring system has some limitations.
The amount of cortical destruction is determined based on
two-dimensional orthogonal radiographs, which limits accuracy
in the estimation of cortical involvement. The Mirels scoring
system has low sensitivity and specificity, moreover, there
is uncertainty regarding treatment for patients with a score
of 8 (35).

Nazarian et al. (36) developed and validated a CT-based
rigidity analysis (CTRA) utilizing the quantification of changes in
bone geometry and density. The system allowed for calculation of
bone resistance to uniaxial loads, bending moment and torsional
moment. In their multicenter prospective study, orthopedic
tumor surgeons selected treatment plans for 124 patients with
metastatic bone disease based on the Mirels scoring system.
In the study, 36 patients had their treatment plan changed
by their treating surgeon after CTRA results were provided.

Their study concluded that CTRA had a sensitivity of 100%
and specificity of 90% in predicting pathological fractures
in comparison to the Mirels score (71% sensitive and 50%
specific) (36).

The biology of pathological bone differs from that of normal
bone. In pathological bone, the inherent ability to heal is
impaired, hence most of these fractures require surgical fixation
for stabilization (37). Standard fracture fixation techniques are
often inadequate in dealing with pathological bone, hence rigid
fixation techniques and strategies that account for the abnormal
healing response and progressive nature of metastatic disease
(locally and systemically) are required (38, 39).

In suitable cases, curettage of large lesions followed by
cementing and supplementary plate fixation can provide a
sufficiently robust construct to allow for early weight bearing.
The ability to perform curettage on lesions prior to filling with
bone cement allows for reduction in disease burden, which has
been shown to reduce pain significantly (39). Leggon et al. (40)
examined the torsional strength of canine femur bone that had
simulated tumor defects treated with either bone cement and/or
compression plating. Their result showed that the combination of
bone cement and plating resulted in a construct that was 2.6 times
stronger in torsional strength when compared to those with plate
fixation alone (40).

Bone Metastasis by Region and Technical
Consideration

Long bones

Only around 10% of all skeletal metastasis affects the long bones
as opposed to the axial skeleton, which accounts for up to 70%
(41, 42). In long bone metastasis, the two most common sites
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are the proximal femur and proximal humerus (2). With the
exception of lung carcinoma, metastatic carcinoma rarely affects
areas distal to the elbows and knees (42). Due to its tendency to
metastasize via the systemic arterial blood supply, lung cancer
metastasis tends to be more widespread and may affect distant
sites such as the hands and feet (43). Although the majority of
bone metastases occur in the axial skeleton, most pathological
fractures occur in the long bones (42).

Pathological fractures of the lower limb have a significant
impact on a patient’s mobility, whereas upper limb pathological
fractures will greatly affect a patient’s functional independence.
Surgical management of lower limb long bone impending
and pathological fractures is recommended as non-surgical
management has been shown to have inferior results in
controlling pain and restoring limb function (44).

Various surgical options are available, such as internal
fixation with extra or intramedullary devices to endoprosthetic
arthroplasty options. Bone cement (PMMA) is frequently used
to fill large bone defects in order to augment fixation constructs
(45). It has the advantage of immediate stability due to its high
compressive strength (Figure 7). The use of bone graft for void
filling in metastatic disease is not usually recommended, since
graft incorporation is less likely in post-irradiated bone (46,
47). Moreover, the effect of adjuvant chemotherapy delays graft
healing and the shortened survival of patients with metastatic
disease would make prolonged immobility of the limb, while
waiting for the graft to heal, untenable (42).

The choice of fixation technique is largely guided by the
location of the lesion, amount of bony involvement and disease
response to systemic treatment (39). It is important to choose

a fixation construct with the assumption that pathological bone
will not heal and that a second revision surgery may not be
tolerated by patients with metastatic bone disease. The construct
of choice should be robust enough to allow immediate weight
bearing for the likely survival time of the patient (48).

Femur
The proximal femur is one of the most common areas for
pathological fractures to occur. One third of such fractures occur
at the femoral neck. Internal fixation of pathological fractures
at the femoral neck generally results in an unfavorable outcome
with high fixation failure rates due to poor healing potential of
pathological bone (49).

Arthroplasty/endoprosthetic replacement procedures have
a more reliable outcome in dealing with proximal femur
pathological fractures, as it does not rely on bone healing
which is necessary following treatment with internal fixation
Steensma et al. compared failure rates between endoprosthetic
reconstruction, intramedullary nailing and open reduction-
internal fixation, in their retrospective study of 298 patients
with proximal femur pathological fractures. They found that
the endoprosthetic replacement group had a significantly lower
failure rate (3.1%) when compared to the intramedullary nailing
(6.1%) and open reduction-internal fixation (42.1%) groups (50).

In pathologic bone, the innate healing ability is impaired,
which renders implant bony on-growth or in-growth
unreliable. This healing impairment is even more significant
in post-irradiated bone, hence cemented stem implants are
recommended in this scenario (50). Cemented stems offer
immediate stability while minimizing the risk of subsequent

lateral post-operative X-rays after curettage and cement-plate surgical fixation.

FIGURE 7 | Left femoral diaphyseal metastatic lesion from breast carcinoma treated with curettage followed by cement-plate surgical fixation. (A) MRI showing a left
femur diaphyseal intramedullary metastatic lesion. (B) The same lesion seen on plain X-ray. Note the mixed Iytic sclerotic appearance of the lesion. (C,D) AP and
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FIGURE 8 | Right proximal femur metastatic melanoma treated with a calcar replacing hemiarthroplasty. (A) Large destructive lytic metastatic lesion involving the head
and neck of the right femur. (B) X-ray post reconstruction with a calcar replacing hemiarthroplasty implant.

loosening. An important consideration is the use long-stem
prosthesis in order to protect the remaining femoral shaft that
may be affected by future metastatic deposits due to disease
progression (51).

The options of hemiarthroplasty and total hip replacement
are both available, the choice of which depends on the presence
of acetabular involvement. In cases where the acetabulum is
spared, a hemiarthroplasty is adequate (50, 51). Involvement of
the calcar femorale will necessitate the use of a femoral stem
with a calcar replacing option (Figure 8). When there is extensive
bony involvement, a proximal femur endoprosthesis is usually
required (Figure 9). As a general rule, the femoral stem of the
arthroplasty implant of choice should bypass the most distal
aspect of the metastatic lesion by at least two cortical widths.
This is to minimize the risk of subsequent periprosthetic fractures
(52).

Peritrochanteric fractures or lesions may be addressed using
plates and screws construct, such as a sliding hip screw, or a
cephalomedullary device (Figure 10); the later has the advantage
of being a load sharing device with superior biomechanical
properties (53). Tanaka et al. in their retrospective study of
80 intramedullary nailing procedures for femoral metastases,
reported implant survival rate of 94% at both 2 and 3 years.
Three intramedullary nail implant failures occurred in those
with subtrochanteric metastases (3 of 46 patients), which were
subsequently revised with endoprosthetic reconstruction. They
concluded that intramedullary nailing for femoral metastases
is an adequate fixation method and allows for a less invasive
method of fixation at a lower cost. They also emphasized that
in the event of implant failure, endoprosthetic replacement is a
viable salvage option (54).

Adjuncts such as PMMA (bone cement) may be used to
augment the construct following tumor debulking via curettage.
Since internal fixation in this region relies on bony purchase at
the femoral head and neck region, it is important to rule out
metastatic involvement in these areas preoperatively. In cases
where there is involvement of the femoral head or neck, the

use of proximal femur replacement endoprosthesis offers a more
reliable solution (55).

Subtrochanteric and diaphyseal femoral involvement are
most commonly addressed using locked intramedullary nails.
Prophylactic fixation of impending pathological fractures is
preferred, as fixation of an actual pathological fracture has
been shown to result in inferior functional outcome and longer
hospital stay. Arvinius et al. (56) in their retrospective study
of 65 patients with metastasis to the femur, compared those
who received surgical treatment prophylactically for impending
fractures (21 patients) versus those who required treatment
for pathological fractures (44 patients). All patients underwent
fixation using a cephalomedullary device. In their study, 100%
of patients who underwent prophylactic fixation for impending
fracture were able to ambulate postoperatively, as compared to
only 75.9% in the pathological fracture group. They concluded
that patients who underwent prophylactic nailing required less
postoperative blood transfusion, were able to ambulate earlier
(day 4 vs. 9.7) and required shorter hospital stay (8 vs. 16
days) (56). Intramedullary nailing allows for a minimally invasive
surgical approach, which minimizes intraoperative blood loss
and surgical time significantly. This is particularly favorable in
cases where patients are physiologically unfit to undergo lengthy
surgical procedures.

The femoral subtrochanteric region undergoes tremendous
amounts of stress during weight bearing, with loads up to
4-6 times body weight. Locked intramedullary nail spanning
the whole femur with proximal fixation to the femoral
head and neck is recommended (57). Careful perioperative
workup and intraoperative monitoring is required to minimize
the risk of pulmonary embolic phenomena, which may be
life-threatening. Large subtrochanteric metastatic lesions may
render intramedullary fixation inadequate since the implant
are subjected to tremendous load-bearing stresses in such
cases. This predisposes the implant to early failure and in
these circumstances, proximal femoral replacement with a
tumor endoprosthesis offers a more reliable solution (52, 57).
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FIGURE 9 | Reconstruction using a left proximal femur replacement
endoprosthesis following resection. The modularity of these implants allow for
accurate restoration of limb length.

Postoperative adjuvant radiotherapy should be given to the entire
bone following fixation with a locked intramedullary nail, as soon
as surgical wound healing has occurred (57).

Distal femur involvement by metastatic disease may pose a
challenge in deciding the most appropriate implant choice due
to its periarticular location. In cases where there is joint sparring
with adequate bone stock, the use of curettage and PMMA
augmented plate fixation or retrograde intramedullary nailing
may provide adequate fixation (2). Ahmadi et al. (58) performed
biomechanical testing on 15 synthetic femurs, comparing the
mechanical stiffness and strength of retrograde nail, lateral
locking plate and lateral non-locking plate. In their testing, a
tumor-like defect was created at the lateral metaphyseal region,
which was then filled with bone cement prior to fixation. Their
results show that all three fixation types were similar in terms of

axial stiffness, however retrograde nail was found to be superior
to non-locking plates in terms of torsional and sagittal bending
stiffness. They concluded that having the advantage of less soft
tissue dissection, retrograde intramedullary nailing may be a
sound option in dealing with distal femoral metastatic disease
(58). It is important to note that their study was conducted using
synthetic femur models which lacks the anisotropic property
of biological bone. The other limitation of their study is that
no comparison was made with retrograde nailing without bone
cement augmentation. The addition of curettage and bone
cement filling would somewhat negate the less invasive advantage
that retrograde nail has over other open fixation methods.

In cases where lesions involve a large part of the distal
femur, resection, and reconstruction using a distal femoral
replacement endoprosthesis is preferred (Figure 11). Guzik et al.
reported their findings on 67 patients with metastatic bone
disease who underwent radical resection and modular prosthesis
replacement. They concluded that radical resection of the area
affected by tumor followed by reconstruction using modular
prosthesis provided patients with significant improvement in
pain and function. They also concluded that radical resection
of the tumor prevents local recurrence and future implant
loosening (9).

Humerus

Following the femur, the humerus is the second most common
site for bony metastasis. As with the femur, the proximal
region of the humerus is the most frequently affected area,
followed by the diaphysis (44). Being a non-weight bearing
bone, majority of traumatic humeral fractures are amenable to
conservative treatment with acceptable outcome. This is not
the case in the setting of metastatic bone disease, as healing
without surgical intervention is less likely. A painful, non-united
humeral pathological fracture has a significant negative impact
on a patient’s functional independence and quality of life (44).

For lesions involving the humeral head and metaphysis,
replacement with an endoprosthesis using a long cemented stem
has shown reliable results. Kumar et al. in their retrospective
review of 100 patients who underwent proximal humerus
endoprosthesis replacement, showed reasonable functional
outcome with good implant survivorship (86.5% at 20 years).
They found that the length of the resected bone segment
affected the functional outcome (59). Of note, their study
included patients who underwent proximal humerus resection
and reconstruction for primary bone sarcoma rather than
metastasis.

In selected cases where the lesion is still contained within
reasonable bone stock, locking plate fixation with bone cement
augmentation may be sufficient (10).

Intramedullary nails are frequently used for diaphyseal lesions
or pathological fractures. The ability to insert intramedullary
nails via a minimally invasive approach, minimizes intraoperative
blood loss and operative time significantly. The other advantage
of intramedullary nail over plate fixation is the ability to span
the whole bone, which minimizes the risk of future periprosthetic
fractures due to disease progression.
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locking bolt fixation to ensure axial and rotational stability.

FIGURE 10 | Right proximal femur bone metastasis treated with a locked intramedullary nail. (A). Destructive lytic lesion involving the proximal femur greater
trochanter area (arrow). (B) Postoperative X-ray after fixation with a cephalomedullary nail. Note the proximal fixation spanning the femoral head and neck. (C) Distal

Bone metastasis in the distal humerus can be challenging
to manage. Distal periarticular lesions may require an elbow
joint sacrificing procedure, such as local resection followed by
reconstruction using a total elbow endoprosthesis (Figure 12)
(60).

Tibia

Although rare, involvement of the tibia in metastatic bone
disease can have a major impact on patient’s mobility and
quality of life. Resection of extensive proximal tibial metastasis
with endoprosthesis reconstruction is a viable option, however
careful planning is required, as resection around this region
is associated with high rates of wound complications, often
requiring additional soft tissue coverage procedures. In smaller
lesions where there is no joint involvement, the option of locking
plate fixation with bone cement augmentation may suffice (2).
As with the femur and the humerus, diaphyseal lesions are best
treated with locked intramedullary nails. This usually provides
significant pain relief and allows early weight bearing (61).

The options for addressing lesions involving the distal tibia
or ankle joint are more limited. Fixation using locking plates
with cement augmentation may be suitable for extraarticular
involvement, however involvement of the ankle joint usually
requires a below knee amputation (62).

Pelvis

The pelvis and spine are the most common sites affected
by metastases (6, 63-65). The pelvic region undergoes
significant amounts of mechanical stress, which predisposes it to
pathological fractures in the setting of bone metastasis. Surgical
treatment of pelvic metastases can be challenging because of
its complex bony anatomy and neighboring vital structures.
Enneking et al. devised a classification system to divide the
pelvis into four anatomic regions (Figure 13). This classification
system was developed to provide a commonality of language
when describing pelvic tumors and location of surgery (63).

FIGURE 11 | (A) AP and (B) lateral radiographs of a right distal femur modular
endoprosthesis. The modularity of these implants allow for reconstruction of
long segments of bone defects.

Zone 1 and 3 are non-weight-bearing zones, whereas zone
2 is the articular zone through which weight bearing occurs,
and zone 4 is where stress transfer occurs between the spine
and the pelvis. Of note, although Zone 1 is not directly
involved in weight bearing, it is an important part of the
stress transfer zone in the pelvis. Fractures may occur anywhere
in the pelvis but the periacetabular region (zone 2) is the
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FIGURE 12 | Modular total eloow endoprosthesis implant. These implants
allow for reconstruction of a large segment of bone defect while preserving
some elbow function.

most vulnerable due to high mechanical stresses during weight
bearing.

Harrington specifically classified metastases in relation to
the acetabulum because of the importance of this anatomical
structure. He described 4 types: Type 1 is where the subchondral
bone of the acetabulum is still intact. Type 2 has medial wall
involvement but an intact superior part (acetabular roof) and
lateral wall. Type 3 has medial wall, lateral rim and acetabular
roof involvement and Type 4 is when the acetabulum is collapsed
completely (64).

Capanna et al. introduced an algorithm that divided patients
into 4 classes (Table 3) based on the nature of the metastatic
disease and its location (6).

Muller and Capanna published a guideline for the surgical
treatment of metastatic pelvic lesions, taking into consideration
the Enneking and Harrington classification for acetabular
defects (65).

All patients in Capanna class 1, 2, and 3 should be considered
for surgical treatment. Patients in class 1 may be treated
aggressively with curative intent. If the lesion is in zone 1 or 3,
reconstruction may not always be necessary. For lesions in zone
2, reconstruction with prosthetic or biologic construct is required
(64).

The option of treatment for patients in class 2 and 3 is
to provide a durable construct, although surgery may not
be performed with curative intent. The aim is to achieve a
marginal or intralesional resection followed by reconstruction
options according to the amount of the periacetabular bone
loss. Harrington Type 1 defects are usually addressed by
curettage and cementation or conventional arthroplasty. In Type

FIGURE 13 | Enneking classification system of the pelvis (Zone 1-4).

TABLE 3 | Capanna classification.

Capanna class  Pelvis

Class 1 Solitary metastatic lesion

Primary with good prognosis

Interval over 3 years since detection of primary tumor
Class 2 Pathological fracture in the periacetabular region
Class 3 Supra-acetabular osteolytic lesion
Class 4 Multiple osteoblastic lesions at all sites

Osteolytic or mixed lesions in iliac wing and anterior pelvis
Small periacetabular osteolytic lesions

2 defects, where there is medial acetabular wall involvement, joint
replacement with the use of reinforcement ring is necessary. In
Type 3 defects, total hip replacement with cementation of bone
defects reinforced with transosseous pins is the recommended
surgical option. In Type 4 defects, the options include pelvic
megaprosthesis, saddle femoral prosthesis or massive allograft
with joint replacement.

Patients in Capanna class 4 should be treated conservatively
(chemotherapy, radiotherapy or hormonal therapy). The aim of
treatment in this class is to palliate pain in order to improve
quality of life (65).

In dealing with highly vascular metastatic lesions, such as
that from renal and thyroid carcinoma, it is recommended
that preoperative angiographic selective arterial embolization
be performed in order to minimize intraoperative blood
loss (Figure 14) (66-68). Chatziioannou et al. conducted
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showing complete devascularization of the metastatic lesion.

FIGURE 14 | (A) Pre-embolization angiography demonstrating the rich blood supply to the left pelvic metastatic lesion. (B) Post-embolization fluoroscopic image

a retrospective study on the effectiveness of preoperative
embolization in bone metastasis from renal cell carcinoma.
Their study included 28 preoperative embolization procedures,
which were divided into those with complete and incomplete
revascularization of lesions post-embolization. Their findings
show that complete devascularization of metastatic lesions
resulted in significantly less intraoperative mean blood loss (535
=+ 390 vs. 1.247 + 1.047 ml) and transfusion requirements (1.3
£ 1 vs. 24 £ 1.2 units). They highlighted the importance
of embolizing every feeder vessel to the metastatic lesion to
achieve complete devascularization, since an incomplete result
significantly increased intraoperative blood loss and transfusion
requirements (67).

ADJUNCTIVE MANAGEMENT
Radiation Therapy

Radiation therapy plays an important role in the treatment of
skeletal metastasis, both as an adjunct to other treatments and
as monotherapy (69). Its uses have been shown to be effective in
reducing pain, preventing pathological fractures and minimizing
the need for further surgery (70).

Radiation therapy is commonly administered as a single or
multiple fraction therapy. The type of tumor and the general
condition of the patient usually dictates which method of
radiation therapy is to be administered (69, 70). De Felice
et al. suggested that in uncomplicated painful bone metastases, a
single fraction of 8 Gy for three-dimensional conformal radiation
therapy (3D-CRT) or 15-24 Gy stereotactic body radiation
should be given; in cases of pathological fractures, the same
authors suggested 5 fractions of 20 Gy or 10 fractions of 30 Gy
for 3D-CRT to be administered (69). Lutz et al. (71) in their
ASTRO Evidence-Base Guideline in 2011, update in 2016,
recommended a single dose of 8 Gy fraction for targeted bone

lesion. Should radiation therapy be deemed necessary as a post-
operative adjunct, they suggested the use of multifractionated
radiation therapy over single-fraction therapy. They concluded
that the need for re-irradiation in those undergoing single-
fraction therapy is up to 20% in contrast to only 8% in those who
received multi-fraction therapy (72).

Despite its effectiveness as a treatment modality in the
treatment of metastatic bone disease, it is important to consider
the dose-dependent toxicity associated with radiation therapy.
Both systemic and local side effects have been reported (2-
40%), which may include nausea, vomiting and local soft tissue
generated pain (69, 70). The presence of multiple symptomatic
metastases and the proximity of the metastases to critical
structures may render radiation therapy unsuitable in certain
cases (73).

Antiresorptives

Antiresorptive therapies are commonly used for the treatment
of osteoporosis. The five main classes of antiresorptives used
clinically include: Bisphosphonates, estrogens, calcitonin,
selective estrogen receptor modulators (SERMs), and
monoclonal antibodies such as Denosumab.

Bisphosphonates are potent inhibitors of osteoclast-mediated
bone resorption (74, 75). In recent years it has become
standard of treatment for lytic lesions, such as found in
multiple myeloma and breast cancer (75). Bisphosphonate use
in the setting of metastatic bone disease has been shown
to cause recalcification of lytic metastasis (74, 75), which in
turn reduces pain and minimizes the development of further
lesions (76). Some of the most common Bisphosphonates
used include Zolendronic acid, Clodronate, and Pamidronate
(77, 78).

Bisphosphonates, in particular Zolendronic acid has been
shown to have anti-tumor effects through the inhibition of
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tumor cell proliferation, induction of apoptosis, inhibition
of angiogenesis and other important effects (79-81). Terpos
et al. in their recent analysis comparing Bisphosphonates vs.
either placebo or no treatment, demonstrated that the use of
Bisphosphonates in the treatment of patients with multiple
myeloma had reduced the rate of pathological fractures. They also
concluded that Zolendronic acid appeared to be superior when
compared to other Bisphosphonates (76).

O’Carrigan et al. reviewed 44 randomized controlled trials
which included 37.302 patients with breast cancer. Included were
patients with early breast cancer, advanced breast cancer without
metastasis and those with metastatic disease. They compared the
effects of Bisphosphonates to placebo, other Bisphosphonates,
other antiresorptive agents, and also examined the effect of early
versus delayed treatment with Bisphosphonates. They concluded
that in patients with early breast cancer, Bisphosphonates
reduced the risk of bone metastasis and improved overall survival
when compared to placebo or no treatment. In patients who have
metastatic disease, Bisphosphonates were found to reduce the
risk of skeletal related events (SRE) and appeared to reduce bone
pain when compared to placebo or no Bisphosphonates (82).

In breast cancer, the role of Bisphosphonates has been well
established, however there is a lack of consensus regarding the
duration of treatment and whether all metastatic breast cancer
patients should receive Bisphosphonates. Hillner et al. in their
American Society of Clinical Oncology guideline on the role
of Bisphosphonates in breast cancer, acknowledged that the
duration of treatment is not well defined, however reported that
the majority of patients tolerated treatment beyond 2 years. They
recommended that once treatment is commenced, it should be
continued until there is a decline in patient’s performance status.
They also concluded that patients who have multiple painful
metastasis and metastases to weight-bearing bones, should be
commenced on Bisphosphonates (83).

Denosumab is a fully human IgG2 monoclonal antibody that
blocks RANKL with subsequent reduction in osteoclastic bone
resorption, giving a Bisphosphonate-like action. Numerous
studies have demonstrated that the use of Denosumab
in metastatic bone disease have significantly reduced the
development of skeletal-related events associated with bone
metastases (84-86). Recent studies have also shown that blocking
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RANKL action on tumor cells had an inhibitory effect on
tumor cells in in vitro and animal models, although the exact
mechanism is not fully understood (87, 88). Gonzalez-Suarez
et al. published their study on the role of RANKL on RANK
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CONCLUSION

Despite advances in medical treatment in cancer and the
steady improvement in overall survival of cancer patients, the
management of metastatic bone disease remains challenging. The
treatment of metastatic bone disease is multi-modal and often
includes a combination of medical therapy, radiation therapy, or
surgery.

Advances in modern medical diagnostic imaging have allowed
earlier detection of bone metastasis in the course of disease,
enabling treating surgeons to intervene before pathological
fractures occur. A vast array of implants and treatment options
are available in our current modern orthopedic surgery arena,
and these enhance the role of orthopedic surgeons in decision
making when considering the best surgical treatment strategy.
The goal of surgical treatment is to alleviate pain, restore
function, and ultimately improve the quality of life of patients.
The complexity of the management of patients with metastatic
bone disease mandates a multidisciplinary approach with careful
planning, in order to achieve the best and safest outcome for
patients.
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