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SUMMARY

1

Angiogenesis, the formation of new capillaries from existing vasculature, is a critical
process in normal physiology as well as several physiopathologies. A desire to curb the
supportive role angiogenesis plays in the development and metastasis of cancers has
driven exploration into anti-angiogenic strategies as cancer therapeutics. Key to this,
angiogenesis additionally displays an exquisite sensitivity to bioavailable copper.
Depletion of copper has been shown to inhibit angiogenesis in a wide variety of cancer
cell and xenograft systems. Several clinical trials using copper chelation as either an
adjuvant or primary therapy have been conducted. Yet, the biological basis for the
sensitivity of angiogenesis remains unclear. Numerous molecules important to
angiogenesis regulation have been shown to be either directly or indirectly influenced by
copper, yet a clear probative answer to the connection remains elusive.

Measurements of copper in biological systems have historically relied on techniques that,
although demonstrably powerful, provide little or no information as to the spatial
distribution of metals in a cellular context. Therefore, several new approaches have been
developed to image copper in a biological context. One such approach relies on
synchrotron-derived X-rays from third-generation synchrotrons and the technique of high
resolution X-ray fluorescence microprobe (XFM) analysis.

Recent applications of XFM approaches to the role of copper in regulating angiogenesis
have provided unique insight into the connection between copper and cellular behaviour.
Using XFM, copper has been shown to be highly spatially regulated, as it is translocated
from perinuclear areas of the cell towards the tips of extending filopodia and across the
cell membrane into the extracellular space during angiogenic processes. Such findings
may explain the heightened sensitivity of this cellular process to this transition metal and
set a new paradigm for the kinds of regulatory roles that the spatial dynamics of cellular
transition metals may play.
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INTRODUCTION: IMPORTANCE OF ANGIOGENESIS IN CANCER

Blood vessels are formed and remodelled by three separate processes: vasculogenesis,
arteriogenesis and angiogenesis.? Vasculogenesis refers to the embryological formation of
new blood vessels, in which progenitor cells migrate to sites of vascularization and
differentiate into endothelial cells, forming the vascular plexus.2:3 Arteriogenesis refers to
the remodelling of an existing artery to increase its cross-section in response to increased
blood flow.# Finally, angiogenesis refers to the budding of new capillary branches from
existing blood vessels.! Capillaries are formed by endothelial cells creating primitive
tubules, which are then further supported and augmented by interactions with vascular
pericytes. Angiogenesis is intimately involved not only with normal and developmental
physiological processes, but also in the development of a number of pathological conditions,
including rheumatoid arthritis, psoriasis, retinopathies and cancer. Angiogenesis is a
complex multistep process comprised of endothelial cell proliferation, migration,
differentiation and remodelling of the extracellular matrix.3 Several lines of evidence have
indicated that the growth, persistence and metastasis of solid tumours is dependent upon
angiogenesis.® Furthermore, recent studies have indicated that angiogenesis is also involved
in the pathogenesis of haematopoietic malignancies.®’ Because of this association of
angiogenesis with multiple and diverse tumour types, it has long been a goal of clinicians to
disrupt angiogenesis as a novel strategy for cancer therapy. Anti-angiogenic therapy relies
on stopping the formation of new capillary vessels around a tumour and breaking up the
existing network of abnormal capillaries that feed the growing cancerous mass, thereby both
starving it of nutrients and cutting off a pathway for primary metastasis through the
endogenous circulatory system.8 The promise of such an approach has provided the impetus
for a full understanding of angiogenesis and led to the discovery of a wide variety of anti-
angiogenic endogenous cytokines, such as interferon (IFN)-a/p, angiostatin, endostatin,
vasostatin, tumostatin, platelet factor-4, interleukin (IL)-10, IL-12 and thrombospondin-1.
Such molecules are thought to exist in a delicate balance with pro-angiogenic molecules,
such as vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2),
platelet-derived endothelial cell growth factor (PD-ECGF), transforming growth factor
(TGF)-a/p and tumour necrosis factor (TNF)-a, in order to maintain vascular homeostasis in
normal tissues. As tumours progress, tumour cells acquire an angiogenic phenotype
characterized by the expression of a large number of pro-angiogenic molecules, which
upsets the balance to endogenous anti-angiogenic molecules, and tumour angiogenesis is
initiated.8 In addition, endothelial cells in nascent solid tumour capillary vessels express
surface proteins that are absent or significantly underexpressed in normal vascular
endothelium, further exacerbating the growth of these new vessels.1? Therefore,
angiogenesis plays an important role in both tumour growth and metastasis.
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Copper within adult differentiated tissue has been shown to have a unique role in both the
neurological and endothelial cell systems.1 This is not entirely surprising because both
neural and endothelial cells have been shown to share many similarities in the signal
transduction pathways used for neural and endothelial cell morphogenesis.12 Within neural
systems, copper has been shown to be involved in neural post-synaptic transmission and
involved in the aetiology of several neurodegenerative diseases, such as amyotrophic lateral
sclerosis (ALS), prion-related encephalopathies and Parkinson’s and Alzheimer’s disease.13
Angiogenesis has long been associated with a heightened sensitivity to copper. Some of the
first clues of this association arose from examining levels of serum ceruloplasmin, the major
binder of copper in serum, in rabbits during tumour xenograft development and regression.
Ceruloplasmin levels were shown to be increased four- to eightfold of normal during the
progression of the malignant process. With tumour regression, ceruloplasmin levels returned
to normal; when metastasis developed, the ceruloplasmin levels remained high.1* This
association was further strengthened when it was found that copper complexes, and even
copper salts themselves, stimulated angiogenesis and endothelial cell migration.1® Later
studies then determined that copper levels were increased in rabbit corneas as
neovascularization was induced.1® Furthermore, in this model the addition of copper salts
themselves was found to be sufficient to induce vascularization.1” When such rabbits were
made deficient in copper, the rabbits the induction of neovascularization was consequently
inhibited.16:17 These findings were extended to other systems, because it was determined
that copper induced the migration of bovine aortic endothelial cells,18 and in vivo.1 In
human systems, copper metabolism appears to be altered in tumors2® and serum copper
levels themselves have been shown to be elevated in a number of tumour types.2! In breast
cancer, increasing serum copper levels have been shown to scale to the severity of disease.??

Because these studies established an association between copper levels and angiogenesis,
many researchers explored whether the converse is true; namely, that depletion of copper
would inhibit vascular formation. Numerous agents are available for the physiological
depletion of copper, several arising from the development of treatments for copper storage
diseases, such as Wilson’s and Menke’s diseases. Among those agents that have proven
most useful clinically are tetrathiomolybdate, penicillamine and trientine. The first study
examining in vivo suppression of angiogenesis by copper chelation was performed using a
rat glioblastoma xenograft system.23 Here, penicillamine was shown to be effective in
limiting the growth of a significant percecntage of xenograft tumours; those that did grow
were characterized by a decreased tumour volume and decreased microvessel density.
Similar results were obtained in a second xenograft system.24 Animal studies have since
been performed in a wide variety of xenograft and tumour model systems, including head
and neck cancer,2® hepatocellular carcinoma,?8 breast cancer?” and lung cancer,28
suggesting that the effects of copper chelation on the suppression of angiogenesis are not
cell type specific.

Taken together, such findings have led many to believe that systemic removal of copper may
be promising in the treatment of human tumours as an anti-angiogenic strategy. Indeed, a
number of clinical trials for the treatment of solid tumours by copper chelation therapy have
already been initiated. The first such studies to be reported used tetrathiomolybdate in
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patients with a variety of solid tumours (prostate, colon, lung and breast), with some finding
of disease stabilization in a subset of patients able to achieve decreased serum ceruloplasmin
levels.2® A second phase Il trial against IL-2-unresponsive metastatic renal cancer showed
some efficacy as well, finding disease stabilization in 31% of those treated.3°
Tetrathiomolybdate is also being used in a trial against mesothelioma3! and new chelators
are undergoing phase I trials against both solid and haematopoietic malignancies. The major
findings of these studies to date have been disease stabilization rather than eradication, but
such results are promising for the translation of copper chelation to the clinic, perhaps
adjuvantly in combination with a second chemotherapeutic.

All these in vitro and in vivo experiments have established that angiogenesis displays, either
directly or indirectly, a heightened sensitivity towards modulation by copper. But what is the
precise molecular context of this copper? Copper is a critical cofactor or activator of a
growing number of proteins; however, copper homeostasis must be quite carefully
controlled.32 Excess or mismanaged copper can be threatening in a cellular context owing to
the adventitious redox reactions catalysed by ‘free’ copper. Copper uptake is largely
accomplished through the Ctr1 transporter33 and, once inside the cell, closely guarded by a
number of metallochaperones and metal trafficking proteins such as Menkes protein, Wilson
disease protein, the Copper Chaperone for Superoxide Dismutase and Antioxidant-1, which
control the distribution and delivery of copper to nuclear, mitochondrial and vesicular
targets, where, in some cases, further proteins yet escort it to enzymatic sites.34 In the
context of copper-binding proteins that may impact angiogenesis, several findings are
salient. The activity of VEGF, a primary pro-angiogenic cytokine, is induced by the
treatment of cells with copper salts.3> Another cytokine involved in angiogenesis, namely
FGF1, has been shown to bind copper in affinity purification assays3® and the cellular
secretion of FGF1 is induced by the Cu-dependent formation of a complex consisting of
FGF1, S100A13 and p40Syt1.37 Another copper-sensitive pro-angiogenic protein is
angiogenin.3® Angiogenin binds copper3? and it has been suggested that copper-activated
angiogenin may more effectively interact with endothelial cells, increasing its stimulatory
capacity for new vessel formation. In addition to these specific angiogenic targets of copper
with strong evidence of direct modulation, there are a number of other targets and pathways
that are influenced by the variation of copper levels.#0 However, no clear consensus as to the
molecular basis, nor any direct causative connection, for the exquisite sensitivity of
angiogenesis to copper has been reached. Can an approach that measures levels of copper in
situ within a cell provide any new insight into the sensitivity of angiogenesis to modulation
by copper?

PERSPECTIVE ON COPPER IN CARDIOVASCULAR BIOLOGY: INSIGHTS
WITH X-RAY FLUORESCENCE MICROSCOPY

Our ability to quantify and determine the cellular localization of metals has lagged behind
our ability to measure other cellular components. Optical microscopy and immunochemical
techniques have long allowed for the visualization and localization of proteins and
organelles within the cell, with spatial resolution enhanced by the development of electron
microscopy and other high-resolution imaging techniques. In contrast, metal ions present a
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unique challenge to imaging and measurement, because cellular metals, such as copper, are
themselves embedded within macromolecules, making their detection challenging, even
with sensitive new fluorescent indicating dyes.*142 Most of what we know about the cell
biology of metals has arisen from amplification and purification of their natural ligands.
Indeed, metallobiology began in the isolation, purification and spectroscopic analysis of
metal-ligand species from biological sources.*3 Colourimetric assays*4-46 with relatively
poor sensitivity formed the basis of metal quantification techniques prior to the advent of
analytical atomic spectroscopy.*’ The incorporation of both atomic emission spectroscopy
(AES) and mass spectrometry (MS) with inductively coupled plasma (ICP) ionization (as in
ICP-AES and ICP-MS) has enabled rapid detection of many metals in liquid samples at
p.p.m.—p.p.b. concentrations. For example, it has allowed us to measure copper levels in
samples of plaques from brains of Alzheimer’s patients,*8 liver sections from those suffering
from Wilson’s disease?® and in urine samples of cancer patients undergoing chelation
therapy.>0 Yet, what is lacking in these approaches is information on the spatial distribution
of these metals. Elegant experiments using subcellular fractionation in combination with
these techniques have worked around this obstacle by separately measuring copper in
fractionated components of the cell.51:52 Alternatively, others have cleverly captured the
spatial redistribution of copper export through careful experiments using radioactive copper
isotopes;>3 yet, such approaches rely on indirect evidence rather than direct visualization.

Many approaches have been developed for the visualization and quantitative measurement
of cellular metals in situ. Fluorescent dyes (e.g. Fura-2 for Ca?*, Zinquin for Zn2*) that
display enhanced emission when bound to metals have been used. Visible light microscopy
allows for the visualization of ions, but the selectivity of the dyes and accurate quantification
is difficult, detection of tightly bound ions is problematic and the achievable spatial
resolution is ultimately limited by the wavelength of the illumination (typically to > 200
nm). A number of probe-based methodologies have proven useful for in situ detection as
well. Electron-probe X-ray microanalysis,>* electron energy loss spectroscopy®®:6 and
proton induced X-ray emission®’ can be used to quantify the elemental content of biological
specimens. Cryo methods must commonly be used to preserve ionic integrity; specimen
sectioning is typically needed and its sensitivity is limited due to the presence of
bremsstrahlung background.58 NanoSIMS combines ion bombardment with mass
spectrometry detection and, although initially limited in spatial resolution, upgrades in
instrumentation have allowed for < 100 nm resolution, making such an approach promising
for biological element mapping.>%:60 Synchrotron-based approaches, the focus of this issue
of Clinical and Experimental Pharmacology and Physiology, have shown great promise in
transition-metal detection and quantification. Hard X-ray fluorescence microscopy (XFM)
allows for determining and visualizing the distributions of essential cellular metals, such as
copper, in situ at high sensitivity and high spatial resolution. Incident hard X-rays excite
inner shell electrons and their relaxation emits X-ray fluorescence photons at a characteristic
energy for each excited element. The amount of X-ray fluorescence emitted correlates
directly with the amount of element present, making the technique quantitative in a linear
fashion.®1 Single cells are raster scanned through the microprobe (Fig. 1), generating image
data pixel by pixel. Detection and acquisition of full X-ray fluorescence spectra at each scan
position enables least squares fitting of modified Gaussians to elemental peaks or,
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alternatively, multivariate statistical analysis®2 to determine elemental content with high
precision, further reducing the influence of background, such as multiple inelastic scattering
of the incident beam or incomplete charge collection of the X-ray fluorescence (XRF)
detector. Comparison of XRF intensities to a standard calibration curve using specialized
software83 converts total fluorescence to mass per unit area for each element. Fast fly
scanning approaches, in which dwell times at each pixel are reduced to 10-50 msec,
facilitate sample orientation and minimize setup time, using a combination of differential
phase contrast with measurements of total fluorescence yield®4 that allows overview scans
several hundreds of microns in size in a matter of minutes. Although other methods exist for
imaging at the submicron scale, XFM-based techniques have the unique advantage of
combining great elemental sensitivity (due to the absence of a bremsstrahlung background)
with the ability to image whole, unsectioned cells, as well as comparatively thick tissue
sections, at very high spatial resolution. Only a third-generation synchrotron source for hard
X-rays (such as exist in the US (Advanced Photon Source), France (European Synchrotron
Radiation Facility) and Japan (Super Photon Ring 8GeV)) provides the high brilliance at the
high photon energies required to image biologically relevant (trace) metals at high spatial
resolution. This becomes even more critical in imaging copper, which is present, like many
other biologically important elements, at very low intracellular concentrations.

ROLE OF COPPER IN ANGIOGENESIS

Imaging by X-ray fluorescence microscopy has given us a completely new view of cellular
copper.8566 For example, quantitative and spatial mapping has shown that copper and zinc
are specifically colocalized with the p-amyloid plagues in Alzheimer’s disease.6” At the
cellular level, pioneering studies on the cellular distribution of copper in fibroblast cells,
correlating optical copper probe images with XFM scans, have identified a kinetically labile
copper pool localized in the Golgi and the mitochondria.*2 We have approached the issue of
copper’s role in angiogenesis by using XFM approaches in the well-characterized model
system of angiogenesis in which primary human microvascular endothelial cells (HMVEC)
are induced to form vascular networks on basement membrane substrates.®8 In HMVEC
cells plated on gelatin substrates and uninduced, XFM scanning showed copper to be
localized to a perinuclear area. As cells were induced to undergo angiogenesis, we found a
remarkable redistribution of cellular copper. As cells begin to extend filopodia towards each
other (0.5-2 h), copper redistributed from the perinuclear area to the tips of filopodia and
across the cell membrane (2 h).88 When quantified across several cells at each time-point
examined this relocalization was shown to be statistically significant, with some 80-90% of
cellular copper being redistributed from perinuclear areas to growing filopodia away from
the centre of the cell.58 By examining the leading edge of filopodia at the resolution limit of
our current optics, it became clear that some of this copper was being transported across the
cell membrane and into the extracellular space (Fig. 2).58 Such translocations were seen
only in endothelial cells during tubulogenesis and not in neural process extensions. To
extend these findings to an in vivo setting, we also examined highly vascularized ductal
breast carcinoma samples. In these samples, copper was distributed roughly perinuclearly in
mature capillary cross-sections, as in control cells.88 However, cells in areas of nascent
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lymphatic invasion displayed markedly altered distributions, with copper localized in a
punctuate pattern at the leading edge of the cells.58

Such observations have provided new insight into the sensitivity of angiogenesis to copper
chelation. One mechanism that has been proposed for the action of these chelators has been
that they are reducing cellular copper levels in endothelial cells by reducing circulating
serum copper content and that this is affecting some copper-sensitive aspect of these
cells.8%.70 By using XFM imaging, we were able to show that cellular copper is actually
being translocated across the cell membrane, leading us to believe that this exposure of
copper to the extracellular milieu may impart the sensitivity of this process to chelation.58 In
fact, in this same work we examined the effect of a variety of copper chelators on
angiogenesis, some of which are known to be highly membrane impermeant, and found that
all chelators acted similarly in inhibiting not process formation, but, instead, its
directionality in the formation of a mature network.%8 The timing of this cellular event is
coincidental to the time at which copper is being seen by XFM to translocate across the
cellular membrane.88 We believe these observations support a mechanism in which cellular
copper activates an extracellular target, perhaps a known pro-angiogenic cytokine or,
alternatively, an unknown target and copper chelation interferes with this interaction,
inhibiting the pro-angiogenic stimulus required for endothelial cell communication. As X-
ray imaging resolution continues to improve and complementary techniques at the interface
of X-ray science and biochemistry develop, new activators of angiogenesis will emerge and
the nature of this target of copper will be identified. The power of imaging techniques like
XFM at third-generation synchrotrons has only just begun to shed light onto long-standing
biological questions. There is no doubt they will continue to provide novel insights into the
emerging study of cellular metals as we move into the future.
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Fig. 1.
A schematic depicting the layout of a typical hard X-ray microprobe at Sector 2 of the

Advanced Photon Source at Argonne National Laboratory in Argonne (IL, USA). An
undulator (depicted at left) generates hard X-rays, which are then mono-chromatized to the
desired energy. X-Rays are focused using zone plate optics; in combination with a central
stop on the zone plate, an order sorting aperture removes any X-rays not going into first-
order focus. The sample is scanned through the focused beam in x and y directions, X-rays
excite inner shell electrons and subsequently emitted X-ray fluorescence is captured with an
energy dispersive detector. Full fluorescence spectra are stored at each scan position for later
detailed analysis. Transmitted X-rays are also detected using a multi-element downstream
detector, allowing for differential phase contrast imaging.
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Fig. 2.
X-Ray fluorescence microscopy imaging depicting copper being translocated across the cell

membrane. Human microvascular endothelial cells (HMVEC) were induced to undergo
angiogenesis and X-ray fluorescence microprobe imaging of areas of the cells at the tips of
nascent filopodia was performed. Elemental maps for phosphorous (P), zinc (Zn) and copper
(Cu) were generated, overlaid and compared with an image obtained by differential
interference contrast light microscopy. Overlay of copper maps with the optical image
(inset, lower right) demonstrate copper to be concentrated at the tip of HMVEC filopodia,
with transfer to the extracellular space evident.
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