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ABSTRACT: Metastasis to bone occurs in over 70% of patients with advanced breast cancer resulting in skeletal complications, including
pathological fractures, hypercalcaemia, and bone pain. Significant advances have been made in the treatment of bone metastases, including the
use of antiresorptive drugs, such as bisphosphonates, as well as antibody-based therapies targeting key signalling intermediates within the process
of cancer-mediated bone destruction. Despite these advances, treatment is not without side effects, including osteonecrosis of the jaw therefore
biomarkers predictive of which patients are at high risk of developing bone spread are required to enable personalized medicine initiatives within
this important disease area. We used proteomic analysis to compare the protein expression within (1) a parental triple negative human breast cancer
cell ling, (2) a fully bone homing cell line and (3) a lung homing cell line. The bone and lung homing cell-lines were derived by intra-cardiac injection
of fluorescently labelled cells within immune-compromised mice. Proteomics identified Dedicator of Cytokinesis 4 as a biomarker predictive of bone
spread, and this finding was further supported by the observation that high levels of Dedicator of Cytokinesis 4 within primary breast tumours were
predictive of breast cancer spread to bone. Here, we provide an overview of this study and put the findings into context.
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In our recent publication,! we have described the discovery
of the role of Dedicator of Cytokinesis 4 (DOCK4) as a poten-
tial biomarker protein predictive of bone metastasis within
breast cancer. Bone is a common site of metastasis within
advanced breast cancer, and over 70% of advanced breast cancer
patients develop bone metastases.? Patients present with symp-
toms of bone metastasis in many cases years after apparently
successful treatment, with disseminated tumour cells remain-
ing dormant within bone prior to their activation. The cellular
mechanisms leading to both breast cancer metastasis to bone,
and the eventual reactivation of dormant breast cancer cells, are
currently the subject of intensive research. Bone is the subject
of constant turnover with bone homeostasis being regulated by
the activity of bone-resorbing osteoclasts and bone-forming
osteoblasts.> Disseminated and reactivated breast cancer cells
secrete parathyroid hormone-related protein (PTHrP), which
triggers osteoblasts to increase their synthesis and secretion of
receptor activator of NF-«kB ligand (RANKL), as well as
reduce their secretion of osteoprotegerin (OPG) (an orphan
receptor for RANKL). This results in increased binding of
RANKL to the receptor for RANKL (RANK) resulting in
osteoclast activation and bone destruction. Degradation of
bone releases growth factors trapped in the bone matrix, which
in turn stimulate breast cancer cell proliferation and release of
PTHEIP, resulting in a ‘vicious cycle’ of bone destruction.*

Current treatments for bone metastasis within breast cancer
include bisphosphonate drugs (such as zoledronic acid)® and

antibody-based therapies, eg, denosumab.® These treatments
have greatly improved patient quality of life, with zoledronic
acid conferring a statistically significant improvement in inva-
sive disease—free survival within women who were >5 years
post-menopausal.” Despite these improvements in patient
treatment, these drugs are not without side effects, including
the case of bisphosphonate treatment of osteonecrosis of the
jaw.8 To date, there are no effective biomarkers available to pre-
dict which patients are at greatest risk of developing bone
spread, enabling a personalised medicine approach towards the
treatment of skeletal metastasis within breast cancer.

We are engaged in research aiming to elucidate the molecu-
lar basis of cancer spread to the skeleton. This work has bene-
fitted from access to unique patient sample banks, including
samples from the large, open-label, international, multicentre,
randomised, controlled, parallel-group phase 3 trial AZURE,
which asks the question ‘Does adjuvant zoledronic acid reduce
recurrence in patients with high risk localised breast cancer?’.
The AZURE trial has provided both tissue samples (tissue
microarrays) as well as patient serum and plasma samples from
patients receiving standard adjuvant therapy either with or
without addition of zoledronic acid. In addition, proteomic
methods have been used to characterise murine models of
breast cancer spread to bone, including intracardiac injection
models of bone metastasis.” Our proteomic analysis of bone-
homing and parental triple negative breast cancer cells derived
from intracardiac injection murine models has identified a
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panel of potential bone metastasis biomarker candidates
including macrophage actin-capping protein (CapG), the
PDZ-domain containing adaptor protein GIPC1,'° and the
cell motility regulator DOCK4.1

DOCK4 was identified as a potential biomarker predicting
bone metastasis risk via quantitative proteomic analysis of
bone-homing and parental MDA-MB-231 cells using stable
isotope labelling by amino acids in cell culture (SILAC).111:12
DOCK4 expression was elevated 2.5-fold within bone homing
cells and was not elevated within a lung-homing control cell
line, suggesting bone specificity. Immunohistochemical assess-
ment of DOCK4 expression levels within AZURE-patient
derived tissue microarrays (n = 689) demonstrated that
DOCK4 levels were significantly prognostic for first recur-
rence within bone in control arm standard chemotherapy)
patients (hazard ratio [HR]: 2.13, 95% confidence interval
[CI[: 1.06-4.30, P = .034), an effect not observed within the
zoledronate treatment arm (HR: 0.812, 95% CI: 0.176-3.76,
P = .790).1 There was no association of DOCK4 levels with
metastatic spread to nonbone sites suggesting that DOCK4
levels within primary breast tumours predict aggressive disease
and risk of metastasis specifically to bone. The absence of a
predictive effect within the zoledronate-treated arm suggests
that DOCK4 levels may also inform patient treatment deci-
sions.! There was no statistically significant difference in over-
all survival between patients with high and low DOCK4 levels
within this study.

Our study aimed primarily to look into the role of DOCK4
as a potential predictive marker for bone metastasis. Within
our study, high DOCK4 levels reduced the incidence of non-
skeletal metastases within patients in the control arm of the
AZURE trial.! This effect was not observed within the zole-
dronic acid treatment arm, suggesting that zoledronate may
remove an advantageous effect of high DOCK4 levels upon
the incidence of nonskeletal metastases. The mechanism of
action of zoledronate on nonbone metastases is currently
unknown; however, it has been previously described that zole-
dronic acid can inhibit the proliferation, survival, and migra-
tion of breast cancer cells.’®* DOCK4 levels may therefore have
prognostic potential for nonskeletal as well as skeletal
metastases.

The role of DOCK4 as a prognostic biomarker for meta-
static spread to bone was a unique finding within our published
study. DOCK4 is a known guanine nucleotide exchange factor
(GEF) responsible for activation of several GTPases inside the
cell, including the GTPase protein Racl, a pivotal regulator of
cell migration expressed at the leading edge of motile cells.!*
The mechanism of action of DOCK4 within the regulation of
cell migration is still the subject of active research. Previous
studies have demonstrated that the proangiogenic growth fac-
tor vascular endothelial growth factor (VEGF) promotes the
interaction of DOCK4 with DOCK9 (a GEF for the GTPase

Cdc42).”% In addition, VEGF-dependent Rac activation by
DOCK4 is required for the activation of the GTPase Cdc42,
and VEGF-dependent Rac activation is itself dependent on
the activation of a further GTPase RhoG." In this way, the
activity of a GTPase signalling cascade functions to both acti-
vate DOCK4 and transduce signals downstream of this impor-
tant GEF. DOCK4 activation leads to the formation of lateral
filopodia within epithelial cells within tumours, and the forma-
tion of blood vessel lumen within tumour angiogenesis.”
DOCK4 thus plays a pivotal role within tumour angiogenesis;
however, its precise role within bone-specific metastasis is still
to be elucidated.

While elucidating the role of DOCK4 within cancer spread
to bone, we must be aware that proteins often play pleiotropic
roles within the cell. Research within our group previously
identified actin capping protein (CapG) as a prognostic bio-
marker for risk of breast cancer spread to bone. Actin-capping
proteins do not appear to offer an obvious bone-specific func-
tion for metastatic spread; however, subsequent research
revealed that CapG can act as an epigenetic regulator responsi-
ble for the increased expression of a prometastatic gene stanni-
ocalcin-I (STC-I), required for metastasis to bone.1® Discovered
biomarker proteins may thus achieve their effects via functions
that differ from the primary gene annotation, and, thus, the
pro—bone-metastatic role of DOCK4 may involve additional
functions to the regulation of cell motility via GTPases.

The expression of DOCK4 is induced by the cytokine
transforming growth factor-B (T'GFB), a pivotal cytokine
within bone metastasis.”” TGFB acts via Smad phosphoryla-
tion to increase the expression of numerous gene products,
including c-MAF, a transcription factor responsible for pro-
moting bone metastasis within breast cancer.!® Previous
research within our group has also identified GIPC1 (a scaf-
folding protein and binding partner of the TGF receptor) as
a potential biomarker prognostic for increased risk of bone
metastasis within breast cancer.l® DOCK4 expression levels
may thus be positively correlated with the expression levels of
c-MAEY suggesting that, within bone metastasis of breast
cancer, TGFB increases expression of both ¢-MAF and
DOCK4. DOCK4 may thus act as a functional mediator of a
c-MATF response panel. The precise role of DOCK4 function
within metastasis to bone is still to be elucidated. Studies con-
ducted within our laboratory demonstrated that stable knock-
down of DOCK4 expression reduced breast cancer cell
motility; however, this effect was transient, being significant at
6 hours post knockdown, but not observed as significant levels
12 hours post knockdown.! Cell motility may be the only
aspect of DOCK#’s role that is altered in bone metastasis of
breast cancer.

Our research to date has clearly identified a series of pro-
teins with elevated expression specifically within bone metasta-
sis of breast cancer. Functional study of these proteins has
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identified that they are frequently downstream of key cytokines
and growth factors within skeletal metastasis, including TGFp.
We anticipate that DOCK4 will be just one protein within a
panel of proteins ultimately forming a prognostic test for clini-
cal application. Multiprotein tests have greater utility for
informing patient treatment than single-protein tests,? and
have a greater ability to deal with diseases with known molecu-
lar heterogeneity, such as breast cancer. Research efforts are
therefore currently underway to further supplement our pro-
tein panel with additional proteins, thus increasing the sensi-
tivity and specificity of this clinical test when eventually
applied. There are many aspects of DOCK4’s role within bone
metastasis of breast cancer, which remain to be elucidated,
including the possible role of DOCK4 within nonbone metas-
tasis, as well as the interaction of DOCK4 with bisphospho-
nate treatment and its potential role as an informative
biomarker for patient treatment decisions.

Author Contributions

SLW and JEB drafted and reviewed the manuscript. SLW,
JAW and JEB were involved in experimental design and data
analysis.

ORCID iD

Steven L. Wood https://orcid.org/0000-0002-4850-0341

REFERENCES

1. Westbrook JA, Wood SL, Cairns DA, etal. Identification and validation of
DOCK4 as a potential biomarker for risk of bone metastasis development in
patients with early breast cancer. J Pathol. 2019;247:381-391.

2. Macedo F, Ladeira K, Pinho F, et al. Bone metastases: an overview. Onco/ Rew.
2017;11:321.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Tanaka Y, Nakayamada S, Okada Y. Osteoblasts and osteoclasts in bone remod-
eling and inflammation. Curr Drug Targets Inflamm Allergy. 2005;4:325-328.
Clines GA, Guise TA. Molecular mechanisms and treatment of bone metastasis.
Expert Rev Mol Med. 2008;10:¢7.

Singh T, Kaur V, Kumar M, Kaur P, Murthy RS, Rawal RK. The critical role of
bisphosphonates to target bone cancer metastasis: an overview. J Drug Target.
2015;23:1-15.

Casas A, Llombart A, Martin M. Denosumab for the treatment of bone metas-
tases in advanced breast cancer. Breast. 2013;22:585-592.

Early Breast Cancer Trialists’” Collaborative Group. Adjuvant bisphosphonate
treatment in early breast cancer: meta-analyses of individual patient data from
randomised trials. Lancet. 2015;386:1353-1361.

Rathbone EJ, Brown JE, Marshall HC, et al. Osteonecrosis of the jaw and oral
health-related quality of life after adjuvant zoledronic acid: an adjuvant zole-
dronic acid to reduce recurrence trial subprotocol (BIG01/04). J Clin Oncol.
2013;31:2685-2691.

Kang Y, Siegel PM, Shu W, et al. A multigenic program mediating breast cancer
metastasis to bone. Cancer Cell. 2003;3:537-549.

Westbrook JA, Cairns DA, Peng J, et al. CAPG and GIPC1: breast cancer bio-
markers for bone metastasis development and treatment. J Natl Cancer Inst.
2016;108:djv360.

Ong SE, Mann M. Stable isotope labeling by amino acids in cell culture for
quantitative proteomics. Methods Mol Biol. 2007;359:37-52.

Ong SE, Mann M. A practical recipe for stable isotope labeling by amino acids
in cell culture (SILAC). Nat Protoc. 2006;1:2650-2660.

Muinelo-Romay L, Garcia D, Alonso-Alconada L, et al. Zoledronic acid as an
antimetastatic agent for different human tumor cell lines. Anticancer Res.
2013;33:5295-5300.

Hiramoto K, Negishi M, Katoh H. Dock4 is regulated by RhoG and promotes
Rac-dependent cell migration. Exp Cell Res. 2006;312:4205-4216.

Abraham S, Scarcia M, Bagshaw RD, et al. A Rac/Cdc42 exchange factor com-
plex promotes formation of lateral filopodia and blood vessel lumen morphogen-
esis. Nat Commun. 2015;6:7286.

Huang S, ChiY, Qin'Y, et al. CAPG enhances breast cancer metastasis by com-
peting with PRMTS5 to modulate STC-1 transcription. Zheranostics. 2018;8:
2549-2564.

Chiechi A, Waning DL, Stayrook KR, Buijs JT, Guise TA, Mohammad KS.
Role of TGF-B in breast cancer bone metastases. Adv Biosci Biotechnol. 2013;4:
15-30.

Pavlovic M, Arnal-Estape A, Rojo F, et al. Enhanced MAF oncogene expression
and breast cancer bone metastasis. / Nat/ Cancer Inst. 2015;107:djv256.

Gomis RR. Method for the diagnosis, prognosis and treatment of
metastatic cancer. https:/patents.google.com/patent/WO2014057357A3.
Updated 2018.

Robin X. PanelomiX for the combination of biomarkers. Methods Mol Biol.
2019;1959:261-273.


https://orcid.org/0000-0002-4850-0341
https://patents.google.com/patent/WO2014057357A3

