
The issue of time: 
tumor metastasis growth speed

Prof. Adriana Albini

Professor of General Pathology

Department of Medicine and Surgery - University of Milan Bicocca

Head Vascular Biology and Angiogenesis Laboratory

PST – IRCCS MultiMedica – Milano (I)

29° Residential Course
Modern Radiotherapy,
time issues and new drugsRoma, 21 ottobre 2019



Tumor Progression and Metastases normal Cell
Tumor Cell
apoptotic Cell

Vascular
Metastatic

Dissemination

Cell
Proliferation

Quiescent Tumor
(proliferation=death)

Invasion
of Matrix

and Vessels

Transformation

Metastatic 
Lymphatic 

Colonization

Evasion of 
Immune 

Surveillance
Extravasation

Metastasis

Inflammation

Angiogenesis



Events in metastasis



Exponential neoplastic growth (carcinoma in situ)

Increase in size
(solid tumors)
Need for O2

No higher nutrient intake

Growth slowdown because there is no 
vascularization

SELECTION OF NEW VARIANTS

-"NEW GENES" ARE ACTIVATEDà es. Angiogenic factor à NEOVASCULARIZATION

- CAPACITY TO ESCAPE THE IMMUNE SYSTEM (ES. MHC)

- LESS NEED FOR NUTRIENTS

- LESS O2 NEED

- METASTIC CAPACITY



Evolution of Premalignant Breast Cancer



Tumors are multi-phase processes, we speak of

successive series of mutations that accumulate in 
the progeny of one or a few cells

that's why the incidence is
related to age
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Tumors are diseases due to GENETIC ALTERATIONS

50-70% of cancers are due to environmental carcinogens

Cancer cells do not respond to factors that normally control the

CELL PROLIFERATION

Nt= N0 
. ekt

EXPONENTIAL GROWTH Nt= Number of cells at any given time

N0= Number of initial cells

e = logarithm constant

k = cell duplication time

t = tumor growth time

GROWTH OF METASTASES DEPENDS ON TYPES OF TISSUE, 
BESIDES CANCER PROLIFERATIVE CAPACITIES:



Tumor Growth and Angiogenesis
• Tumor growth is limited by the capacity of the nutrients to spread in the tumor, and the tumor

cells will cease to grow

Angiogenesis in tumors is induced by factors such as vascular endothelial growth factor
(VEGF), the basic fibroblast growth factor (bFGF) and the growth factor of alpha growth (TGFa)

New vessels originate from adjacent venules and capillaries

.



Tumor growth also depends on tumor microenvironment

Joannah Joyce



Immune infiltrates in tumors
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Tumor progression and changes in 
the microenvironment

Hallmarks of Cancer: The Next Generation
Douglas Hanahan and Robert A. Weinberg
Cell 144, March 4, 2011

Metastasis is resulting
from the colonization
by a primary tumor to 
another orga:n:
Similar cancer cells; 
different
microenvironment



Chiang AC et al, N Engl J of Med 359:2814-23, 2008

“HOMING” OF METASTASIS



Organ Distribution of Metastasis: different 
for each primary tumor



Organ recipients of metastases



The organ pattern of metastasis is characteristic of the tumor type and tissue of origin. 
50-70% of the metastatic pattern can be predicted by the venous drainage blood 
flow. The remaining 30-50 % may be caused by specific molecular homing 
mechanisms.

Potential molecular mechanisms: 
a) Preferential adhesion in the vessels of the target organ
b) Selective extravasation
c) Organ attractants
d) Organ specific survival and growth 

What determines the pattern of organ 
metastasis?

Anatomy does not always explain the distribution of metastases in 
certain organs. Growth in certain organs seems to be regulated by the 
complex interaction between the intrinsic properties of tumor cells (seeds
= seeds) and the characteristics of the target organ (soil = soil)



The Hallmarks of Cancer: the 
microenvironment

Hallmarks of Cancer: The Next Generation
Douglas Hanahan and Robert A. Weinberg
Cell 144, March 4, 2011



Heterogeneity after multiple divisions and mutations

The neoplasm is a cells population
which almost always originates from a single cell
altered. This altered cell, progenitor of the tumor,
has experienced more DNA-level damage than is
transmissible to the descending cells.



Multiple Steps in Metastatic Progression

For a model to be consistent with the similarity in overall gene expression profiles
between metastases and tumors with poor prognosis, the metastatic variant cells
(purple) should not differ greatly from the cells in the primary tumor (dark blue). The 
number of genes with altered expression required to generate a highly metastatic
variant should be small. One to a few overexpressed genes can convert cells from 
poorly to highly metastatic

Hynes RO.   

Multiple Steps and clonality
in Metastatic Progression



Searching for metastatic signatures and “metastasis genes”



Hunter Nature Reviews Cancer 6, 141–146 (February 2006) | doi:10.1038/nrc1803

Searching for metastatic signatures and “metastasis genes”
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erties. Accordingly, it has been suggested 

that RNA-based regulation of antibiotic resis-

tance genes would be important. The authors 

identify a wide range of genes that are con-

ditionally terminated by various antibiotics 

targeting translation. From the perspective 

of the bacterium, it is important to rapidly 

activate the expression of an antibiotic resis-

tance gene in response to that particular an-

tibiotic. Having such regulation occur at the 

RNA level enables exactly this kind of rapid 

response to antibiotic exposure.

The discovery of such new regulatory 

mechanisms controlling antibiotic resistance 

genes provides an improved understanding 

of antibiotic resistance and also suggests that 

these ribo-regulators might be potential drug 

targets. Furthermore, integration of such reg-

ulatory elements into reporter systems could 

create biosensors that enable characteriza-

tion of drug exposures at the single-cell level. 

These tools are likely to aid in the study of the 

mode of action of antibiotics as well as the 

evolution of antibiotic resistance. 

Because the approach developed by Dar et 

al. is dependent only on access to RNA sam-

ples, the approach can be deployed to study 

metagenomic RNA samples. As a proof of 

concept, the authors sampled the human oral 

microbiome and exposed samples to various 

antibiotics. In this way, the authors identifi ed 

several genes ribo-regulated by antibiotics, 

highlighting the generality of the approach.

In addition to improving our under-

standing of bacterial gene regulation and 

response to antibiotic treatment, the study 

also opens new avenues for building syn-

thetic biology tools. The versatility and mod-

ularity of RNA-based regulation has spurred 

the development of RNA regulatory devices 

for building genetic circuits and even creat-

ing regulatory elements de novo (5). These 

e� orts have led to the construction of com-

plex genetic circuits, yet their applicability 

remains limited by several factors, including 

the spectrum of ligands for which RNA reg-

ulators exist. Given the immense diversity of 

the biological world, it is very likely that we 

have only scratched the surface of this di-

versity in terms of mining biological systems 

for regulatory devices that can be deployed 

in synthetic biology. Approaches such as the 

one described by Dar et al. will allow re-

searchers to expand the repertoire of such 

elements available to synthetic biologists. j
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How neutrophils 

promote metastasis
Neutrophils may be cellular targets for cancer therapy

By Thomas Tüting1 and Karin E. de Visser2

M
etastatic disease is the main cause 

of death in cancer patients. De-

spite its devastating e� ects, the 

complex processes that lead to 

metastasis are poorly understood. 

During their journey to distant or-

gans, cancer cells encounter various types 

of normal cells, including immune cells. 

Neutrophils are the most abundant im-

mune cells in our blood, and they protect 

us from infections and facilitate wound 

healing. Intriguingly, neutrophils fre-

quently accumulate in cancer patients. Re-

cent studies have addressed the causal link 

between neutrophils and cancer in mouse 

tumor models, and point to a key role of 

neutrophils in promoting the most deadly 

aspect of cancer—its dissemination to dis-

tant organs (1 –4). 

Observations in cancer patients have 

linked elevated neutrophil counts in blood 

with increased risk for metastasis (5). Fur-

thermore, ulceration of melanomas and 

subsequent neutrophilic infl ammation are 

associated with invasiveness and a high 

probability for metastatic dissemination 

(1). Notably, a gene expression meta-anal-

ysis of ~18,000 human tumors across 39 

cancer types linked an intratumoral neu-

trophil-related gene signature with poor 

prognosis (6). Are tumor-associated neu-

trophils just innocent bystanders that ac-

cumulate in aggressive tumors, or do they 

actually infl uence cancer behavior?

In two independent transgenic mouse 

models that mimic human breast cancer, 

primary breast tumors induce neutrophil 

accumulation in distant organs before the 

arrival of cancer cells, where they enhance 

the early steps of metastasis formation (2, 

4). In one model, neutrophils localize to the 

lung where they produce leukotrienes that 

facilitate colonization by selectively propa-

gating cancer cells with higher tumorigenic 

potential (4). In the other breast cancer 

mouse model, neutrophils promote lung 

metastasis by dampening antitumor T cell 

immunity (2). In both studies, neutrophil 

accumulation in the (pre)metastatic niche 

was initiated by signals emanating from 

the primary tumor. 

Environmental stimuli can also trigger 

the prometastatic functions of neutro-

phils (1, 3). In a transgenic mouse model of 

melanoma, ultraviolet irradiation induced 

neutrophil activation in the skin, which 

promoted invasive and migratory behavior 

of melanoma cells, resulting in their expan-

sion along blood vessel endothelial sur-

faces and distant metastasis formation (1). 

Additionally, bacterial lipopolysaccharide-

induced acute lung infl ammation initiated 

recruitment of neutrophils, which release 

proteases that can degrade thrombospon-

din-1, a matrix glycoprotein. Thrombo-

spondin-1 inhibits tumorigenesis; thus, its 

destruction enhances metastatic outgrowth 

(3). Taken together, neutrophils can exert 

prometastatic functions in response to an 

infl ammatory trigger from either the pri-

mary tumor or an environmental stimulus.

These experimental and clinical fi ndings 

provide a scientifi c basis for therapeutically 

targeting the prometastatic role of neutro-

phils in cancer (see the fi gure). Importantly, 

such approaches must be developed with 

caution because neutrophils also exert anti-

metastatic activity in other experimental 

mouse models (7, 8). The ability to inhibit 

or promote tumor growth and metastatic 

spread of cancer cells in di� erent experi-

mental systems illustrates the context de-

pendency and plasticity of the neutrophil 

phenotype. It is generally believed that 

progressively growing tumors perturb the 

process of granulopoiesis in the bone mar-

row, and switch neutrophils from tumor-

protective to disease-promoting, more-

immature phenotypes (9). The molecular 

and cellular mechanisms orchestrating this 

“Are tumor-associated 

neutrophils just innocent 

bystanders…or do they 

actually infl uence cancer 

behavior?”
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metastasis-exclusive in two cases (34). Last, there
was evidence of two separate waves of meta-
static spread from the primary tumor to the
metastasis, suggesting repeated or continuous
metastatic seeding. This observation has impor-
tant clinical implications. If the primary tumor
has the capacity to repeatedly seed metastases,
then its removal, even if metastatic disease is
already established, could halt further metastatic
progression. It is this removal of the reservoir of
diverse metastatic clones that is postulated to
contribute to the survival benefit associated with
palliative resection of the primary tumor in some
advanced cancer, as observed in RCC (35).
Gundem et al. (36) characterized the sub-

clonal architecture of ten cases of prostate cancer
in which primary tumors had multiple paired
metastases. In cases where the origin of the
metastases was identifiable in the primary tu-
mor, it was always a minor subclone, and both
the primary and metastatic tumors continued
to evolve after dissemination. In some cases,
multiple subclones with different degrees of
divergence from the primary tumor gave rise
to the metastases, indicating independent and

temporally separate seeding, as was observed
by Hong and colleagues (34). AR gene am-
plifications were subclonal in 16 of 17 primary
tumors, which is consistent with the develop-
ment of secondary resistance to androgen de-
privation therapy (ADT) (37); the sequential
gains of the AR gene that were observed in
some cases imply continuous pressure exerted
by therapy that selects for alterations in this
gene and/or pathway. A similar phenomenon has
been observed in breast cancer. Treatment of a
patient exhibiting PIK3CA (phosphatidylinositol-
4,5-bisphosphate 3-kinase, catalytic subunit alpha)–
mutant metastatic breast cancer with a drug
that inhibits the PI3Ka signaling pathway re-
sulted in parallel evolution of six distinct PTEN
mutations in the metastatic sites, which had
progressed through therapy and which were sam-
pled at autopsy (38). Thus, selective pressure
from therapy can also play a role in shaping
metastatic progression.
In a recent report, Zhao et al. presented 40 P-M

WES analyses across 13 different tumor types, in-
cluding 13 cases of lung cancer (39). A varying
degree of P-M divergence was observed. Early

divergence of metastases, consistent with the
parallel progression model, was detected in 11
cases. However, no clear correlation was ob-
served between the degree of P-M divergence
and tumor type.
Several conclusions can be drawn from these

analyses. First, evidence from these studies indi-
cates elements of both linear and parallel meta-
static progression within specific tumor types
and even within individual cancers (Fig. 1, middle
column). Although it may not be important to
assign the model of progression correctly, an
estimate of the timing of metastatic spread from
the primary tumor has important clinical impli-
cations. If metastatic dissemination occurs be-
fore the primary tumor is clinically detectable,
then early surgical resection may fail to reduce
the risk of metastatic disease in the future.
Second, notwithstanding the small number

of cases included, the studies reviewed here
offer support for the idea that a macroevolu-
tionary shift (defined as large-scale genomic al-
terations, such as copy number changes and
structural chromosomal rearrangements mani-
fested as CIN) is often evident at metastatic
sites. Increases in CIN have been observed in
parallel to metastatic progression in cases of pros-
tate cancer (31, 32), pancreatic cancer (26), breast
cancer (20, 21), CRC, and RCC (27). CIN is linked
to poor outcomes in cancer treatment (40) and
to metastatic progression in mouse models of
skin carcinogenesis (41) and pancreatic adeno-
carcinoma (42). Evidence of parallel evolution
was observed for TP53, as well as for other
genes that play a role in maintaining genome
stability: SETD2 through nucleosome stabili-
zation, suppression of replication stress, and
the coordination of DNA repair (43, 44) and
PBRM1 through promoting cohesion of chro-
matin at centromeres (45). In RCC, SETD2 and
PBRM1 loss-of-function mutations were fre-
quently subclonal, suggesting that they are pref-
erentially inactivated later in the evolution
of the primary tumor, triggering CIN. The ob-
served relationship between CIN and/or GIN
and metastatic progression is reminiscent of
the progression from pre-invasive to invasive
disease, which is linked to the onset of CIN;
two examples are the progression of Barrett’s
esophagus to esophageal carcinoma (46) and
the progression of melanoma in situ to inva-
sive melanoma (47). Karyotypic abnormalities
such as genome doubling and chromothripsis
were observed as a late event in some lung adeno-
carcinomas (11) and a metastasis-specific event
in CRC (19), respectively. MSI and a BRCA2 de-
ficiency were detected exclusively in the metas-
tasis of two prostate cancer cases (34), suggesting
that distinct forms of GIN can be associated
with metastatic progression.

Genetic divergence between
metastases: The route and destination
of metastatic cells

Genetic approaches have also been used to de-
termine the relationship between two or more
metastases arising from the same primary tumor.
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Monoclonal seeding

Monophyletic seeding

Polyphyletic seeding

Primary 
tumor

LN1
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Parallel evolution

Self seeding

Polyclonal 
seeding

Ongoing evolution in
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Fig. 2. Metastatic spread can take place through multiple routes and in different directions.
The primary tumor (P) is shown in the center of the diagram, with different colored circles representing
distinct subclones. Lymph nodes can be seeded by single clones (LN1) or multiple clones (LN2). Lymph
nodes can seed systemic metastases directly (M1), or the same primary subclone can seed a systemic
metastasis (M2) in parallel to seeding the lymph node. A subclone other than the one that seeded the
lymph node can seed individual systemic metastases in parallel (M3, M4, and M5; monophyletic
metastases). Alternatively, it can seed just one metastatic site (M3), which in turn can seed other
metastases (metastatic cascades; M6 and M7). Metastases can also be polyphyletic, with distinct
subclones seeding different metastases (for example, M1, M3, and M8). Metastases can undergo parallel
evolution, indicated by the double circles (M8 and M9). Metastases can continue to evolve after they
have disseminated from the primary tumor, represented by the dual colors in M10. These metastases
can then potentially re-infiltrate the primary tumor or surgical bed, a process called self-seeding. Cross-
metastatic seeding can also occur, resulting in complex subclonal mixtures in the metastases them-
selves (M10!M9).

METASTASIS 

of clusters relative to single cells and molecular
insights into how cell clusters coordinate their
migration and differentiation through the many
steps of metastatic spread. It will also be im-
portant to understand how clusters interface
with stromal populations in the primary tumor,
in the circulation, and in distant organs (1). Sec-
ond, are the cellular and molecular properties of
the metastatic seed the same across different
tumor types and metastatic sites, or do they vary?
Addressing this question will require lineage
analysis techniques to quantify the fraction of
single-cell versus multicellular seeds and exten-
sive CTC and CTC cluster analyses in order to
determine their molecular properties. Single-cell
sequencing and proteomics will also be necessary
to characterize the genotypic and phenotypic
heterogeneity of the cancer cells within these
clusters, both in the circulation and as they ex-
pand in different organ sites (12). Last, what are
the therapeutic implications of tumor cell clusters?
Clusters present a potential challenge because
they could contain tumor cellswith different drug-
resistance properties. Cluster organization itself
may also influence therapeutic response.Onamore
positive note, tumor cell clusters also present po-
tential opportunities for novel therapeutic strategies
that target either theirmulticellular organization
or the changes in epithelial differentiation that
enable their spread through the body.
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Metastasis as an evolutionary process
Samra Turajlic1,2 and Charles Swanton1,3*

Therapeutic advances in oncology have not fully translated to the treatment of
metastatic disease, which remains largely incurable. Metastatic subclones can emerge
both early and late in the life of the primary tumor. A better understanding of the
genetic evolution of metastatic disease has the potential to reveal differences in the
therapeutic vulnerabilities of primary and metastatic tumors, shed light on the
temporal patterns of and routes to metastatic colonization, and provide insight into the
biology of the metastatic process. Here we review recent comparative studies of
primary and metastatic tumors, including data suggesting that macroevolutionary shifts
(the onset of chromosomal instability) contribute to the evolution of metastatic
disease. We also discuss the practical challenges associated with these studies and how
they might be overcome.

D
espite recent advances in the treatment
of cancer, metastatic disease remains large-
ly incurable and the main cause of cancer-
related deaths. Metastases are the end
result of a multistage process that in-

cludes local invasion by the primary tumor
cells, intravasation into the blood or lymphatic
system, survival in circulation (hematogenous
and/or lymphatic), arrest at a distant organ,
extravasation, survival in a new environment,
and metastatic colonization. Each of these
steps relies on specific phenotypic features of
the tumor cell, as well as interactions with the
host microenvironment and the immune sys-
tem (1, 2).
Genetic and epigenetic alterations acquired

by primary tumor cells and metastases prob-
ably contribute to these phenotypes and host
interactions. Studying the genetic similarities
and differences between primary tumors and
metastases has the potential to provide new
insights into the biology of metastasis. It may
also reveal differences in the therapeutic vul-
nerabilities of local and systemic disease and
shed light on the temporal patterns of and routes
to metastatic colonization—information that could
ultimately improve treatment and suggest strat-
egies for preventing metastasis. Here we review
recent studies examining the genetic evolution
of metastases. We first describe some of the
methodological challenges associated with de-
termining the clonal relationship between the
primary tumor and its metastases. We focus
particularly on the challenge posed by intra-
tumor heterogeneity (the occurrence of mul-
tiple genetically and geographically distinct
tumor cell subpopulations within a single tu-
mor), which has been documented in most
solid primary tumors (3). We then synthesize

and interpret the results acquired to date in
this burgeoning research area.

Current models of the evolution of
metastatic disease and challenges in
distinguishing between them

There are two general models of metastatic dis-
semination: the linear progression model and
the parallel progression model. Both models as-
sume that the primary tumor and its metastases
are clonally related, in that they derive from a
common ancestral cell. The two models are dis-
tinguished principally on the basis of (i) the rel-
ative timing of the emergence of the metastatic
precursor population in the primary tumor and
(ii) the expected genetic divergence between
the primary tumor and its metastasis. The latter
(termed P-M genetic divergence) is the number
of independent single nucleotide variants (SNVs)
accumulated by the primary tumor and the me-
tastasis after the appearance of the most recent
common ancestor (Fig. 1).
In the linear progression model (4), the

metastasis-competent clone arises late in tumor-
igenesis and disseminates just before clinical de-
tection of the primary lesion (5). The degree of
P-M genetic divergence is expected to be small,
because the metastasis is seeded by the most
advanced primary clone or subclone (Fig. 1, top
right panel). In the parallel progression model,
the metastatic clone or subclone disseminates
from the primary tumor early, and both the pri-
mary tumor and the metastasis continue to
evolve in parallel, resulting in substantial ge-
netic divergence between the primary and meta-
static lesions (Fig. 1, top left panel). The parallel
progression model assumes that multiple waves
of dissemination of metastasis-establishing clones
occur long before the primary tumor is clinically
detectable, and that genetic alterations that are
required for metastatic colonization evolve out-
side the primary tumor (5).
Interpreting genomic data within these frame-

works is problematic, given that neither model
accommodates the subclonal complexity (intra-
tumor heterogeneity) of the primary tumor or
the inevitable P-M divergence that arises through
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erties. Accordingly, it has been suggested 

that RNA-based regulation of antibiotic resis-

tance genes would be important. The authors 

identify a wide range of genes that are con-

ditionally terminated by various antibiotics 

targeting translation. From the perspective 

of the bacterium, it is important to rapidly 

activate the expression of an antibiotic resis-

tance gene in response to that particular an-

tibiotic. Having such regulation occur at the 

RNA level enables exactly this kind of rapid 

response to antibiotic exposure.

The discovery of such new regulatory 

mechanisms controlling antibiotic resistance 

genes provides an improved understanding 

of antibiotic resistance and also suggests that 

these ribo-regulators might be potential drug 

targets. Furthermore, integration of such reg-

ulatory elements into reporter systems could 

create biosensors that enable characteriza-

tion of drug exposures at the single-cell level. 

These tools are likely to aid in the study of the 

mode of action of antibiotics as well as the 

evolution of antibiotic resistance. 

Because the approach developed by Dar et 

al. is dependent only on access to RNA sam-

ples, the approach can be deployed to study 

metagenomic RNA samples. As a proof of 

concept, the authors sampled the human oral 

microbiome and exposed samples to various 

antibiotics. In this way, the authors identifi ed 

several genes ribo-regulated by antibiotics, 

highlighting the generality of the approach.

In addition to improving our under-

standing of bacterial gene regulation and 

response to antibiotic treatment, the study 

also opens new avenues for building syn-

thetic biology tools. The versatility and mod-

ularity of RNA-based regulation has spurred 

the development of RNA regulatory devices 

for building genetic circuits and even creat-

ing regulatory elements de novo (5). These 

e� orts have led to the construction of com-

plex genetic circuits, yet their applicability 

remains limited by several factors, including 

the spectrum of ligands for which RNA reg-

ulators exist. Given the immense diversity of 

the biological world, it is very likely that we 

have only scratched the surface of this di-

versity in terms of mining biological systems 

for regulatory devices that can be deployed 

in synthetic biology. Approaches such as the 

one described by Dar et al. will allow re-

searchers to expand the repertoire of such 

elements available to synthetic biologists. j
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How neutrophils 

promote metastasis
Neutrophils may be cellular targets for cancer therapy

By Thomas Tüting1 and Karin E. de Visser2

M
etastatic disease is the main cause 

of death in cancer patients. De-

spite its devastating e� ects, the 

complex processes that lead to 

metastasis are poorly understood. 

During their journey to distant or-

gans, cancer cells encounter various types 

of normal cells, including immune cells. 

Neutrophils are the most abundant im-

mune cells in our blood, and they protect 

us from infections and facilitate wound 

healing. Intriguingly, neutrophils fre-

quently accumulate in cancer patients. Re-

cent studies have addressed the causal link 

between neutrophils and cancer in mouse 

tumor models, and point to a key role of 

neutrophils in promoting the most deadly 

aspect of cancer—its dissemination to dis-

tant organs (1 –4). 

Observations in cancer patients have 

linked elevated neutrophil counts in blood 

with increased risk for metastasis (5). Fur-

thermore, ulceration of melanomas and 

subsequent neutrophilic infl ammation are 

associated with invasiveness and a high 

probability for metastatic dissemination 

(1). Notably, a gene expression meta-anal-

ysis of ~18,000 human tumors across 39 

cancer types linked an intratumoral neu-

trophil-related gene signature with poor 

prognosis (6). Are tumor-associated neu-

trophils just innocent bystanders that ac-

cumulate in aggressive tumors, or do they 

actually infl uence cancer behavior?

In two independent transgenic mouse 

models that mimic human breast cancer, 

primary breast tumors induce neutrophil 

accumulation in distant organs before the 

arrival of cancer cells, where they enhance 

the early steps of metastasis formation (2, 

4). In one model, neutrophils localize to the 

lung where they produce leukotrienes that 

facilitate colonization by selectively propa-

gating cancer cells with higher tumorigenic 

potential (4). In the other breast cancer 

mouse model, neutrophils promote lung 

metastasis by dampening antitumor T cell 

immunity (2). In both studies, neutrophil 

accumulation in the (pre)metastatic niche 

was initiated by signals emanating from 

the primary tumor. 

Environmental stimuli can also trigger 

the prometastatic functions of neutro-

phils (1, 3). In a transgenic mouse model of 

melanoma, ultraviolet irradiation induced 

neutrophil activation in the skin, which 

promoted invasive and migratory behavior 

of melanoma cells, resulting in their expan-

sion along blood vessel endothelial sur-

faces and distant metastasis formation (1). 

Additionally, bacterial lipopolysaccharide-

induced acute lung infl ammation initiated 

recruitment of neutrophils, which release 

proteases that can degrade thrombospon-

din-1, a matrix glycoprotein. Thrombo-

spondin-1 inhibits tumorigenesis; thus, its 

destruction enhances metastatic outgrowth 

(3). Taken together, neutrophils can exert 

prometastatic functions in response to an 

infl ammatory trigger from either the pri-

mary tumor or an environmental stimulus.

These experimental and clinical fi ndings 

provide a scientifi c basis for therapeutically 

targeting the prometastatic role of neutro-

phils in cancer (see the fi gure). Importantly, 

such approaches must be developed with 

caution because neutrophils also exert anti-

metastatic activity in other experimental 

mouse models (7, 8). The ability to inhibit 

or promote tumor growth and metastatic 

spread of cancer cells in di� erent experi-

mental systems illustrates the context de-

pendency and plasticity of the neutrophil 

phenotype. It is generally believed that 

progressively growing tumors perturb the 

process of granulopoiesis in the bone mar-

row, and switch neutrophils from tumor-

protective to disease-promoting, more-

immature phenotypes (9). The molecular 

and cellular mechanisms orchestrating this 

“Are tumor-associated 

neutrophils just innocent 

bystanders…or do they 

actually infl uence cancer 

behavior?”
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these ribo-regulators might be potential drug 
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plex genetic circuits, yet their applicability 
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the biological world, it is very likely that we 
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Hypoxic control of metastasis
Erinn B. Rankin1,2 and Amato J. Giaccia1*

Metastatic disease is the leading cause of cancer-related deaths and involves critical
interactions between tumor cells and the microenvironment. Hypoxia is a potent
microenvironmental factor promoting metastatic progression. Clinically, hypoxia and
the expression of the hypoxia-inducible transcription factors HIF-1 and HIF-2 are associated
with increased distant metastasis and poor survival in a variety of tumor types. Moreover,
HIF signaling in malignant cells influences multiple steps within the metastatic cascade.
Here we review research focused on elucidating the mechanisms by which the hypoxic
tumor microenvironment promotes metastatic progression. These studies have identified
potential biomarkers and therapeutic targets regulated by hypoxia that could be
incorporated into strategies aimed at preventing and treating metastatic disease.

T
umor metastasis is a major challenge in the
clinical management of cancer. Metastatic
disease is responsible for more than 90%
of all cancer-related deaths and is often
associated with high patient mortality be-

cause it is difficult to treat surgically or with con-
ventional chemotherapy and radiation therapy.
Metastasis is a complex and dynamic process
that selects for highly aggressive tumor cells that
acquire the ability to disseminate from their tis-
sue of origin, survive within foreign tissue micro-
environments, and grow at distant sites. Recent
studies have demonstrated
that cellular and molec-
ular constituents regulated
by themicroenvironment
in both the primary tu-
mor and distant tissue
profoundly influence the
propensity of tumors to
metastasize.
Oxygen is a micro-

environmental factor that
controls developmental
processes, as well as nor-
mal tissue homeostasis.
At the cellular level, oxy-
gen is required for oxidative metabolism, the
generation of adenosine 5!-triphosphate (ATP),
and cell survival. To maintain oxygen homeosta-
sis, metazoan organisms use the hypoxic signal-
ing pathway to facilitate oxygen delivery and
cellular adaptation to oxygen deprivation (1). Hy-
poxia is emerging as a key microenvironmental
factor in the regulation of metastasis. Here we
review our current knowledge of the roles that
hypoxia and hypoxic signaling play in metastasis
and highlight recent advances within this field.

Hypoxic signaling

The hypoxia-inducible transcription factors HIF-1
and HIF-2 coordinate the adaptive cellular re-

sponse to low oxygen tensions by activating gene
expression programs controlling glucose uptake,
metabolism, angiogenesis, erythropoiesis, cell pro-
liferation, differentiation, and apoptosis (1). Both
initiation and progression of tumorigenesis are
promoted by HIF signaling, and tumors use
multiple strategies to activate this pathway.
Hypoxia, or low oxygen tensions, is a hall-

mark feature of the tumor microenvironment. It
has been estimated that 50 to 60% of solid tu-
mors contain regions of hypoxia and/or anoxia
that arise as a result of an imbalance between

oxygendelivery and oxy-
gen consumption (2).
Within the tumor mi-
croenvironment, oxygen
delivery is impaired be-
cause of abnormalities
in the tumor vascula-
ture, including distended
capillaries characterized
by leaky and sluggish
blood flow (3). At the
same time, oxygen con-
sumption rates are high
because of the demands
of proliferating tumor

cells and infiltrating immune cells. Clinically, hy-
poxia is associated with HIF activation, metastasis,
and resistance to chemotherapy and radiother-
apy, as well as poor patient survival, indicating
that hypoxia may contribute to tumor progres-
sion and resistance to therapy (4–6).
Hypoxia activates HIF signaling by promoting

the protein stability of HIF-a subunits. Under
normoxic conditions, prolyl hydroxylase en-
zymes (EGLN 1–3, also known as PHD 1–3) use
oxygen as a substrate to hydroxylate key pro-
line residues within the HIF-1 and HIF-2 a sub-
units (7–9). This hydroxylation event allows the
von Hippel–Lindau tumor suppressor protein
(VHL), the substrate recognition component
of an E3 ubiquitin ligase complex, to bind to
HIF-a and target it for proteasomal degrada-
tion (10–14). Under hypoxic conditions, PHD
activity is inhibited, resulting in HIF-a stabi-
lization and translocation to the nucleus. In
the nucleus, HIF-a subunits dimerize with aryl
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“Clinically, [tumor]
hypoxia is associated
with HIF activation,
metastasis, and resistance
to chemotherapy and
radiotherapy, as well as
poor patient survival…”
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in tumor cells leads to HIF stabilization un-
der normoxic and hypoxic conditions and cor-
relates with metastasis in cancer patients (Fig.
1) (27 ).
Finally, hypoxic signaling can be activated by

factors that promote HIF-a production or pre-
vent its degradation. Both HIF-a mRNA tran-
scription and translation are regulated by TORC1
activity [reviewed in (22)]. Inactivating muta-
tions in phosphatase and tensin homolog (PTEN)
or the tuberosis sclerosis complex (TSC) com-
plex, as well as activating mutations in phospha-
tidylinositol 3-kinase (PI3K) or AKT, lead to
increased TORC1 activity that promotes HIF-a
stabilization (22, 28–31). Additionally, activation
of PI3K and AKT signaling through growth
factor receptor signaling can promote HIF-a
stabilization and activity under normoxic condi-
tions (32, 33). HIF-1 mRNA translation can be
enhanced under normoxic and hypoxic condi-
tions through the binding of YB-1, an RNA and
DNA binding protein; this leads to increased
HIF-1 protein and prometastatic activity in sar-
coma cells (34). HIF activity can also be pro-
moted through the up-regulation of factors that
prevent HIF-a degradation. Using an elegant
screening approach to identify factors that would
lead to HIF-1 transcriptional activity under nor-
moxic conditions, Goto et al. recently identified
the ubiquitin C-terminal hydrolase-L1 (UCHL1)
as a HIF-1 deubiquitinating enzyme that pro-
motes HIF-1 activity under normoxic and hypoxic
conditions by preventing VHL-mediated degra-
dation of HIF-1 (Fig. 1) (35). UCHL1 is associated
with HIF-1 and distant metastasis in cancer
patients, suggesting that UCHL1 may promote
metastasis through HIF (35). In support of this
concept, genetic inactivation of HIF-1 in UCHL1-
overexpressing cells reversed the metastatic po-
tential of these cells (35). In summary, these
studies highlight the diverse mechanisms by
which HIF signaling can be activated under
hypoxic and normoxic conditions and may con-
tribute to HIF activation during metastatic pro-
gression (Fig. 1).
Clinically, HIF-1 and HIF-2 are highly ex-

pressed in primary tumors and metastases. Im-
munohistochemical analysis of human primary
tumor samples has revealed an association be-
tween high HIF-1 expression and metastasis in
patients with gynecological, pancreatic, esopha-
geal, lung, and prostate cancers (36–38). HIF-2
expression in primary tumors is also associated
with distant metastasis in patients with small
cell lung and breast cancers (39, 40). Moreover,
increased HIF expression is often linked with
increased patient mortality in a variety of human
cancers (41). In experimental models, overexpres-
sion of HIF in tumor cells promotes metastasis
(42, 43), whereas inactivation of HIF decreases
the metastatic potential of tumor cells (43–47).
Together, these clinical and experimental find-
ings demonstrate an important role for HIF sig-
naling in metastatic tumor progression. However,
before this knowledge can be translated into
safe and effective antimetastatic therapies, it is
critical to understand how this pathway is used

by cancer cells and stromal cells to support
metastasis.

Mechanisms of HIF-mediated metastasis

Hypoxia and activation of HIF signaling influ-
ence multiple steps within the metastatic cascade,
including invasion and migration, intravasation
and extravasation, and establishment of the pre-
metastatic niche, as well as survival and growth
at the distant site [Fig. 2; for recent reviews, see
(48, 49)]. Here, we highlight recent studies that
have revealed novel mechanisms by which HIF
signaling promotes metastatic progression.

Hypoxic signaling and immune evasion

A critical step in metastatic tumor progression
is the ability of tumor cells to evade immune
attack. Tumor hypoxia is thought to promote the
immunosuppressive phenotypes of both tumor
cells and infiltrating immune cells. In preclinical
models, respiratory hyperoxia (60% O2) can pro-
mote tumor regression, reduce metastatic dis-
ease, and prolong animal survival (50). In these
studies, respiratory hyperoxia was associated
with a decrease in intratumoral hypoxia and an
immunopermissive tumor microenvironment
characterized by abundant CD8+ T cell infiltra-
tion and decreased regulatory T cell infiltration
(50). Understanding the mechanisms by which
hypoxia promotes immunosuppression is an ac-
tive area of investigation and may have impor-
tant therapeutic implications in the treatment
of metastatic disease.
Hypoxia promotes tumor resistance to im-

mune attack through several HIF-dependent

mechanisms. Normoxic and hypoxic stabilization
of HIF signaling in tumor cells promotes resist-
ance to cytotoxic T lymphocyte–mediated lysis
(51–54). Hypoxia and HIF-mediated activation
of autophagy in tumor cells also regulates nat-
ural killer (NK) cell–mediated antitumor responses;
this occurs through the hypoxic degradation of
NK-derived granzyme B in autophagosomes and
the induction of inositol 1,4,5-trisphosphate re-
ceptor, type 1 (55, 56). Hypoxic signaling can pro-
mote resistance to T cell–mediated killing by
increasing the expression of programmed death–
ligand 1 (PD-L1) on tumor cells and myeloid-derived
suppressor cells (MDSCs), and by enhancing
CTLA-4 expression on CD8+ T cells, respectively
[reviewed in (57)]. Additionally, hypoxic tumor
cells evade innate immune recognition through
the up-regulation of CD47, a cell surface mole-
cule that interacts with signal regulatory protein
alpha (SIRP a) on the surface of macrophages to
block phagocytosis (58).
Hypoxia and HIF promote an immunosup-

pressive microenvironment by recruiting regu-
latory T cells (Tregs), MDSCs, and macrophages
into the tumor microenvironment [reviewed in
(57, 59)]. Hypoxic tumor cells recruit Tregs ex-
pressing CCR10 (CC chemokine receptor type 10)
and NP-1 (neuropilin-1) into the tumor microen-
vironment through the secretion of CCL28, trans-
forming growth factor–beta (TGF-b), and vascular
endothelial growth factor [VEGF; reviewed in
(57)]. Once in the tumor microenvironment,
Tregs promote immune tolerance and angiogen-
esis, which supports metastatic tumor growth
(60). Similarly, hypoxic tumor cells recruit myeloid
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Fig. 2. HIF signaling regulates multiple steps within themetastatic cascade. Highlighted in brackets
are direct target genes of HIF that promote each step of metastasis (to the lung, in the example shown).
ECM, extracellular matrix; BMDC, bone marrow–derived cell.



Oxygen sensing: NOBEL Prize 
2019

• The Nobel Prize in Physiology or Medicine 
2019 was awarded jointly to William G. Kaelin
Jr, Sir Peter J. Ratcliffe and Gregg L. Semenza
"for their discoveries of how cells sense and 
adapt to oxygen availability."

• (7 ottobre 2019).

William Kaelin   Peter Ratcliffe Gregg Semenza



Hypoxia induces angiogenesis and promotes invasion

Outgrowth of vascular supply Selection of aggressive cells 

Tumor necrosis is a bad prognostic indicator



Tissue boundaries are delineated by 
physical barriers composed of extracellular 
matrix

EP

BM

ECM

Invasion requires cell motility 
coupled with the active 
remodeling of protein and 
cellular barriers



Available online at www.sciencedirect.com

The ‘chemoinvasion’ assay, 25 years and still going strong:  the 
use of reconstituted basement membranes to study cell invasion
and angiogenesis
Adriana Albini1 and Douglas M Noonan 2010
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The ‘chemoinvasion’ assay, 25 years and still going strong:  the 
use of reconstituted basement membranes to study cell invasion
and angiogenesis
Adriana Albini and Douglas M Noonan 2010

The metastatic cascade 
is like a Decathlon, one 
cell need to perform 
various tasks too 
succeed in the 
metastasis. 
Metastasis is a highly 
inefficient process. 
. 

Event Consists of: Related and Novel mechanisms: 
 uncontrolled growth Activation of oncogenes, inactivation of 

oncosuppressor genes, resistance to apoptosis; 
cancer stem cells 

 loss of cell-cell adhesion Activation of invasive growth (met-cadherin-
wnt), promoted by hypoxia, resistance to anoikis 

 acquisition of migratory 
potential 

Epithelial-mesenchymal transition (EMT). 
Engagement of integrins 

 acquisition of invasive 
capacity 

Production of numerous proteases by tumor or 
host cells; molecular mapping of invadopodia 

 exit from the primary 
tumor mass 

Infiltration into newly forming vessels during 
sprouting. Cancer stem cells may represent a 
highly invasive cell type 

 breaching the vascular 
basement membrane 

Basement membranes structures are 
compromised during sprouting 

 intravasation into the 
vessel 

Invasion can be performed in cords with 
numerous cells, potentially heterotypic 

 survival in the circulatory 
system (resisting 
turbulence and immune 
surveillance) 

Immunoediting may occur within the primary 
tumor during early tumor development. Self-
seeding of the primary tumor may occur. 

 extravasation at the site of 
the distant organ 

Can be chemokine and/or cytokine driven, 
induction of the premetastatic niche 

 invasion into the local 
tissue to create a new 
tumor and restart the cycle 

Clumps of tumor cells may form emboli in target 
tissue, grow and invade due to physical pressure.  
Local microenvironment have differing degrees 
of growth permissivity 
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The issue of time in metastasis: 
story of a journey

A 10-step tale
of colon cancer cells to the liver



1. Normal liver with incipient 
dilation, mild fibrosis and 
enlargement of portal spaces 
(°): is it a preexisting 
favoring condition?

2. Portal spaces (*) increase 
because of fibrosis and 
inflammation, alongside 
sinusoidal vessels stasis (°) 
indicative of compromised 
local blood flow (overflow or 
reduced drainage)

*

* * *

°
°
°

°

°



3. Metastatic cells (in this 
instance a colorectal cancer, 
*)  arrive via porta vein or 
hepatic artery (less likely), 
colonizing and growing in 
portal spaces (where vessels 
and biliary ducts are seen)

4. Portal spaces increasingly 
enlarge because of fibrosis, 
inflammation and tumor cell 
damage (*) towards liver cells

*

*

*
*

*



5. Metastatic cells (*) erode 
hepatic lamina limitans
causing enlargement of portal 
spaces and diffusion of tumor 
cells via portal-portal fibrosis 
bridging 

6. Tumor cells (*) are 
surrounded by cuffs of 
inflammatory cells with 
concurrent fibrosis (dashed 
circles), which destroy hepatic 
lobules wedging into liver 
parenchyma. This allows steady 
enlargement of portal spaces.  

*
* *

* *



7. Residual hepatic cells and 
biliary ducts (°) are left 
behind by advancing front of 
fibrosis and inflammation, 
where embedded neoplastic 
cells (*) dictate the front of 
invasion by continuing 
persisting liver damage (§)

8. Tumor cells (*) evocate or 
parallel strong extracellular 
matrix remodeling with 
inflammation and fibroblast 
proliferation. Liver cells have 
been virtually replaced.  

**
*

*
*

§ §

° °

*

*
*

* *



9. Tumor cells (*) have 
completely subverted the liver 
architecture replacing all 
preexisting normal cells and 
causing vessel channel 
damage with hemosiderin 
accumulation (#)

10. Tumor cells (*) are 
engulfed by inflammatory 
cells along with desmoplastic 
reaction (white @) indicative 
of prevalence of tumor cells 
over defense mechanisms of 
the liver.

*
*

*

*

* *

#
#

@ @



(Robbins, Piccin)

Fegato disseminato da un cancro metastatico

LIVER METASTASES 
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In Brief
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SUMMARY

Treatment of metastatic colorectal cancer is based upon the assumption that metastases are homogeneous
within a patient. We quantified immune cell types of 603 whole-slide metastases and primary colorectal tu-
mors from 222 patients. Primary lesions, and synchronous and metachronous metastases, had a heteroge-
neous immune infiltrate andmutational diversity. Small metastases had frequently a low Immunoscore and T
and B cell score, while a high Immunoscore was associated with a lower number of metastases. Anti-
epidermal growth factor receptor treatment modified immune gene expression and significantly increased
T cell densities in the metastasis core. The predictive accuracy of the Immunoscore from a single biopsy
was superior to the one of programmed cell death ligand 1 (PD-L1). The immune phenotype of the least-in-
filtrated metastasis had a stronger association with patient outcome than other metastases.

INTRODUCTION

Over 90% of colorectal cancer (CRC) patients with synchronous
metastases die within 5 years of diagnosis (Jemal et al., 2008)
and therefore a better understanding of metastatic development
is needed. The extensive interactions between tumor cells and
surrounding tissues during their dissemination complicate ef-

forts to dissect the metastatic process. Metastatic cells must
successfully negotiate complex steps leading to their establish-
ment in a foreign tissue microenvironment. The acquisition of
genomic alterations or behavioral changes does not completely
explain this process, which is likely to be influenced not only by
the tumor cells, but also the tumor microenvironment (Prender-
gast and Jaffee, 2007). Metastatic traits could be acquired by

Significance

This comprehensive analysis of patients with a complete resection of all metastases reveals the heterogeneity of the colo-
rectal metastatic disease and its clinical impact. Complex tumor immune interrelations shape themetastatic landscape, not
only in terms of number and size of lesions, or mutational pattern, but also in terms of immune cell infiltrate. Adaptive im-
mune cells and Immunoscore quantified in the least-infiltrated metastasis per patient are the most associated with patient
long-term survival. This intra-metastatic adaptive immune reaction increases following a neoadjuvant treatment, an effect
that could be therapeutically exploited to improve the survival of metastatic patients.

1012 Cancer Cell 34, 1012–1026, December 10, 2018 ª 2018 Elsevier Inc.

Highlights 
d Inter- and intra-metastatic immune 
infiltrates are heterogeneous in colorectal 
cancer 
d T cell densities from metastases 
increase following anti- EGFR treatment 
d Immunoscore (IS) outperforms PDL1 
staining in metastatic biopsy diagnostic 
accuracy 
d IS and TB score from the least-infiltrated 
metastasis are most survival associated 
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Liver metastases from different primaries:
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LIVER METASTASIS

PRIMARY BC

PRIMARY CRC

FIBROTIC LIVER

CIRRHOTIC LIVER

NAFLD / NASH

LIVER 
METASTASIS

Damaged liver: a pro-metastatic soil?



PRECLINICAL “IMAGING” OF
METASTASIS

Micro-PET

Bioluminescence



Transcriptome landscape of damaged livers
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Figure PR3. A) Therapy-induced metastasis. The antiangiogenic drug Sunitinib,
despite a significant inhibition of primary tumor growth (left panel, optimal T/C = 14%)
increased the formation of spontaneous liver metastasis (p=0.01, right panel, each
symbol represents a mouse). B) Therapy-induced alterations of the
microenvironment. Increment of tumor fibrosis (Sirius red staining) induced by
treatment with paclitaxel
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Figure PR4. The CCN2 inhibitor BLR100 inhibits PDAC growth and fibrosis. A) the
profibrotic matricellular CCN2/CTGF is increased in plasma of PDAC patients compared to
healthy subjects. Data are expressed as a scatter-plot and mean ± SD, *p<0.01 (Wilcoxon Rank
Sum Test, n=132). B-C) BRL100 inhibits FC1199 growth in the mouse pancreas, potentiates
tumor response to gemcitabile (B) and reduces fibrosis (C, Sirius red staining).
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Antifibrotic agents to reduce 
cancer and metastasis?



Cancer and Metastasis Therapy

• Surgery
• Radiation
• Chemotherapy
• Antibodies
• Small molecules
• Targeted therapy
• Nanotechnology
• Immunology



… for many cancers a few metastases exist at first, before the malignant cells acquire widespread 
metastatic potential.

The improvement of an "early" diagnosis of metastatic disease can lead to the finding of single or 
organ-limited metastases

(1-5 secondary lesions in 1-2 organs)

It is possible to imagine LOCAL treatments that do not only have a palliative purpose

Localized
Disease

Metastatic
disease

Oligometastatic
disease

Oligometastatic Disease



Metastasis is a complex, multistep process.
A schematic of the metastatic process, beginning with a | an in situ cancer surrounded by an intact basement membrane. b | Invasion 
requires reversible changes in cell–cell and cell–extracellular-matrix adherence, destruction of proteins in the matrix and stroma, and 
motility. Metastasizing cells can c | enter via the lymphatics, or d |directly enter the circulation. e | Survival and arrest of tumour cells, 
and extravasation of the circulatory system follows. f | Metastatic colonization of the distant site progresses through single cells, which 
might remain dormant for years, to occult micrometastases and g | progressively growing, angiogenic metastases

Steeg PS.                 





Cancer 2011

61 pazà 113 lesioni Dose di partenza: 8 Gy x 3  à Dose finale 20 Gy x 3

1-3 lesions

4-5 lesions

p 0.07

2yOS: 60% vs. 22%

Number of injuries and Outcome



2-y LC 69% (ablative) vs. 40% 
(palliative)

p=0.002

2-y OS 58% (ablative) vs. 49% 
(palliative)

p=0.57

Is the dose important for metastatic lung cancer?



ORIGINAL ARTICLE

https://doi.org/10.1007/s00066-019-01524-8
Strahlenther Onkol

Role of stereotactic body radiation therapy in the treatment of liver
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Abstract
Purpose To evaluate feasibility and efficacy of Stereotactic Body Radiation Therapy (SBRT) for unresectable liver
metastasis in oligometastatic patients.
Methods Oligometastatic patients with up to three liver metastases of a maximum diameter of 6cm were treated with
SBRT. Total dose was 75Gy in three consecutive fractions. Study endpoints were efficacy of this fractionation in terms of
local control (LC), overall survival (OS), toxicity, and prognostic factors affecting OS and LC.
Results Between February 2010 and December 2016, we enrolled 202 patients, with a total of 268 unresectable liver
metastases. Median follow-up time from SBRT was 33 months (5–87 months). One-, 3-, and 5-year LC rates were 92%,
84%, and 84%, respectively. In univariate analysis, the primary histology and previous local ablative therapies were
significant. Median OS was 21 months and the survival rates were 79%, 27%, and 15% at 1, 3, and 5 years after SBRT,
respectively. At univariate analysis, sex, primary disease histology, intra-, and extra-hepatic progression were significant
prognostic factors. This analysis confirmed the absence of late toxicity >G3.
Conclusion This study confirms the efficacy and safety of SBRT for unresectable liver metastases. Selection of cases may
improve survival and LC.

Keywords Hepatic metastases · Radiotherapy · Stereotactic ablative radiotherapy · Ablation · Oligometastases

Rolle von stereotaktischer Körperbestrahlungstherapie in der Behandlung von Lebermetastasen:
klinische Befunde und prognostische Faktoren

Zusammenfassung
Zielsetzung Bewertung von Durchführbarkeit und Wirksamkeit von SBRT („stereotactic body radiation therapy“), für
nichtresezierbare Lebermetastasen bei oligometastatischen Patienten.
Methoden Oligometastatische Patienten mit bis zu 3 Lebermetastasen mit einem maximalen Durchmesser von 6cm
wurden mit SBRT behandelt. Gesamtdosis war 75Gy in 3 Fraktionen hintereinander. Endpunkt der Untersuchung war die
Wirksamkeit der Fraktionierung bezüglich lokaler Kontrolle (LC), Gesamtüberleben (OS), Toxizität und prognostischer
Faktoren mit Einfluss auf OS und LC.
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This study confirms the efficacy and safety of SBRT for 
unresectable liver metastases. Selection of cases may improve
survival and LC.
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To evaluate the feasibility and report the preliminary results for stereotactic radiosurgery 

(SRS) treatments of single or multiple brain metastases delivered with helical tomotherapy 

(HT) by means of the InterFix™ Radiosurgery kit. Between September 2010 and August 

2012, thirty patients underwent SRS for treatment of 46 brain metastases with a median 

prescription dose of 20 Gy (range 15-21 Gy). Clinical response was assessed with 2-3 month 

intervals by magnetic resonance imaging (MRI). Dose distribution indexes were computed 

and compared with published data for SRS performed with dedicated machines. After a 

median follow-up of 14 months (range 4-31) the estimated overall survival (OS) rate was 

70% at 6 months, 60% at 12 months and 44% at 18 months. Local control (LC) was 72% at  

6 months, 65% at 12 months and 50% at 18 months. Acute toxicity as headache and  epileptic 

crisis occurred in only two patients. The mean values of conformity, homogeneity and gradi-

ent score indexes were 1.36, 1.04 and 50 respectively. HT-SRS for single or multiple brain 

metastases appears a reliable technique with encouraging clinical outcomes and competitive 

dosimetrical results.

Key words: Brain metastases; Helical Tomotherapy; InterFix; Radiosurgery; Stereotactic 

radiotherapy.

Introduction

Up to 30% of cancer patients presents brain metastases and the risk of developing 
varies according to primary tumour type: 50% lung cancer, 15-20% breast can-
cer, 10-15% unknown primary and 10-15% melanoma (1). Whereas few patients 
treated for brain metastases die for extra cranial disease, the treatment of brain inju-
ries is of great importance. It is well established that local treatment with surgery or 
radiosurgery allows excellent local control. While the role of adjuvant total brain 
irradiation is still under discussion (2), radiosurgery arises as a viable alternative 
to surgery for treatment of single and particularly for multifocal brain metastases.

The techniques used for stereotactic radiosurgery (SRS) are currently different. 
Leksell Gamma Knife® (Elekta AB, Stockholm, Sweden) is a dedicated machine 
for intracranial radiosurgical treatments. Other techniques for SRS include 
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Stereotactic radiosurgery (SRS) treatments of single or multiple 
brain metastases, by helical tomotherapy (HT) HT-SRS for single or 
multiple brain metastases appears a reliable technique with 
encouraging clinical outcomes and competitive dosimetrical results

Bone metastases represent an important complication of malignant tumours. A 
primary goal of radiation therapy is to provide pain relief, preserving patient's
quality of life.
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ABSTRACT
Bone metastases represent an important complication of malignant tumours. 

Despite improvement in surgical techniques and advances in systemic therapies, 

management of patients with bone metastatic disease remains a powerful cornerstone 

for the radiation oncologist. The primary goal of radiation therapy is to provide pain 

relief, preserving patient’s quality of life.

INTRODUCTION

Solid tumors frequently metastasize to bone. 
7KH� H[DFW� LQFLGHQFH� RI� ERQH� PHWDVWDVHV� LV� GL൶FXOW� WR�
extrapolate, but it has been estimated that approximately 
35.000 people per year in Italy will develop bone 
metastases [1]. Depending on primary tumor site, the 
incidence of bone metastases varies extensively, with 
breast, prostate or lung cancer accounting for over 85% of 
patients with metastatic disease. Bone metastases usually 
appear after adequate therapy for primary tumor, but in 
up to 20% of cases they are the presenting symptom at 
diagnosis. 

Bone metastasis are usually associated with a poor 
prognosis with median survival rates limited to several 
PRQWKV��+RZHYHU��\HDU�DIWHU�\HDU��VLJQL¿FDQW�SURJUHVV�LQ�
systemic and supportive therapies have increased patients’ 
life expectancy. Therefore, patients with metastatic 
disease represent a heterogeneous patient group and 
overall survival depend on both primary tumor site and 
concomitant presence/absence of visceral metastases. 
Nowadays, patients who develop oligometastases from 
prostate and breast cancer have a longer median survival 
compared to those with bone-only metastatic lung cancer 
(36 months versus 6 months) [2-3]. 

Independently of clinical outcomes, the vast 
majority of patients with bone metastases requires an 
DFWLYH�WUHDWPHQW��GXH�WR�SDLQ��GL൶FXOW\�ZLWK�DPEXODWLRQ��
pathologic fractures, spinal cord compression, 
K\SHUFDOFHPLD�DQG�QHXURORJLF�GH¿FLWV��

Skeletal metastases are the most common 
localization, occurring principally in lumbar and thoracic 

spine, pelvis, ribs and long bones of the upper and lower 
extremity. Certain skeletal sites are pathognomonic of 
VSHFL¿F�SULPDU\�WXPRU��)RU�LQVWDQFH��LQYROYHPHQW�RI�WKH�
scapular is more common with renal primaries, whereas 
skull metastases develop more frequently from primary 
breast cancer. 

Several variables, including life expectancy, 
predicted outcomes, disease characteristics and patient 
preferences must be considered to tailor the best cancer 
therapy for the individual patient. Radiation therapy 
�57�� FDQ� UHSUHVHQW� DQ� H൵HFWLYH� SDOOLDWLYH� LQWHUYHQWLRQ�
in metastatic disease to maintain and improve patient’s 
quality of life (QoL). The majority of patients will 
experience pain during their disease course and pain 
PDQDJHPHQW�FDQ�VLJQL¿FDQWO\� LPSURYH� WKHLU�4R/��7KLV�
UHYLHZ�SURYLGHV�KLJKOLJKWV�LQ�H൵HFWV��FOLQLFDO�H൶FDF\�DQG�
tolerability of RT delivered by linear accelerators in the 
management of patients with bone metastases. 

INDICATIONS AND AIMS OF RADIATION 
THERAPY

The important role of RT in the palliation of bone 
metastases is well recognized. RT is performed primarily 
WR� UHOLHYH� SDLQ�� GH¿QLWHO\� FRQWURO� D� ERQH� D൵HFWHG� IURP�
metastases and prevent pathologic fractures as well 
as spinal cord compression. Radioisotopes can be 
DGPLQLVWHUHG� IRU� PRUH� GL൵XVH� ERQH� SDLQ� WKDW� LV� QRW�
eligible for palliative RT, whereas bisphosphonates are 
usually considered in case of multiple unpainful skeletal 
metastases. 

The goals of RT are to improve QoL, reduce 
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Oligometastatic prostate cancer was defined as the presence of up to three
metastatic lesions involving bones or nodes outside pelvis. This paper
summarizes the current literature about these issues and the proposed
recommendations.
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A B S T R A C T

Oligometastatic prostate cancer comprises a wide spectrum of conditions, ranging from de novo oligometastatic
cancer at diagnosis to oligometastatic castration-resistant disease, which are distinct entities in terms of biology
and prognosis.
In order to clarify and standardize the clinical role of ablative radiotherapy in oligometastatic prostate cancer,

the Italian Association of Radiotherapy and Clinical Oncology (AIRO) formed an expert panel to review the
current literature and develop a formal consensus.
Oligometastatic prostate cancer was defined as the presence of up to three metastatic lesions involving bones

or nodes outside pelvis. Thereafter, four clinical scenarios were explored: metastatic castration-sensitive disease
at diagnosis and after primary treatment, and metastatic castration-resistant disease at diagnosis and during
treatment, where the role of ablative radiotherapy was defined either in conjunction with systemic therapy or as
the only treatment in selected cases.
This paper summarizes the current literature about these issues and the proposed recommendations.

1. Introduction

The ‘oligometastatic’ concept was initially proposed by Hellman and
Weichselbaum in 1995 (Hellman and Weichselbaum, 1995), to identify
patients with an intermediate stage of cancer disease, between localized
and widespread metastatic. More recently, the same authors
(Weichselbaum and Hellman, 2011) underlined the promising role of
local treatments as potentially curative in strictly selected subgroups of
patients with limited burden of metastatic disease. This supported the

assumption that oligometastatic disease could be defined as a distinct
clinical entity.

Since 2015, more than 600 papers have been published about oli-
gometastatic cancer, and one out of five specifically focused on prostate
cancer patients. In 2015, the St Gallen Advanced Prostate Cancer
Consensus Conference (APCCC) (Gillessen et al., 2015) stated that ‘the
presence of !3 synchronous metastases (bone and/or lymph nodes) is
the most meaningful definition of oligometastatic prostate cancer’.
However, in 2017 the APCCC (Gillessen et al., 2018) thoroughly

https://doi.org/10.1016/j.critrevonc.2019.03.014
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Abstract In this retrospective study, we evaluated the overall
survival (OS) and local control (LC) of brain metastases (BM)
in patients treated with stereotactic radiosurgery (SRS). The
scope was to identify host, tumor, and treatment factors pre-
dictive of LC and survival and define implications for clinical
decisions. A total of 223 patients with 360 BM from various
histologies treated with SRS alone or associated with whole
brain radiotherapy (WBRT) in our institution between July 1,
2008 and August 31, 2013 were retrospectively reviewed.
Among other prognostic factors, we had also evaluated retro-
spectively Karnofsky performance status scores (KPS) and
graded prognostic assessment (GPA). Overall survival (OS)
and local control (LC) were the primary endpoints. Kaplan-
Meier and Cox proportional hazards models were used to
estimate OS and LC and identify factors predictive of survival
and local control. The median duration of follow-up time was
9 months (range 0.4–51months). Median overall survival of
all patients was 11 months. The median local control was
38 months. No statistical difference in terms of survival or
LC between patients treated with SRS alone or associated
with WBRT was found. On multivariate analysis, KPS

was the only statistically significant predictor of OS (haz-
ard ratio [HR] 2.53, p= 0.006). On univariate analysis,
KPS and GPA were significantly prognostic for survival.
None of the host, tumor, or treatment factors analyzed in
the univariate model factors were significantly associated
with local failure.

Keywords Brain metastases . Cyberknife . Radiosurgery .

Prognostic factors

Introduction

Stereotactic radiosurgery (SRS) has emerged as an effective
method to treat brain tumors [1, 2]. In particular, SRS is one
main treatment option to treat brain metastases (BM) [3–5]
able to deal with volumes inaccessible surgically with superior
cost effectiveness compared to surgery [3]. In selected pa-
tients, SRS alone could improve both local control and quality
of life [6]. Therefore, in patients with BM, candidates to
SRS, it is critical before starting any radiation treatment
a careful evaluation to identify the subgroups that are
most likely to benefit from specific therapeutic strategies. To
date, various prognostic indices based on host, on tumor, and
on planning treatment factors have been proposed and
investigated [7–11].

In this study, we retrospectively analyzed patients treated
for brain metastases with SRS alone or associated with
whole brain radiotherapy (WBRT) or temozolamide (TMZ)
pre-treatment at the Messina University Radiotherapy
Centre, Italy, and investigated host, tumor, and treatment
factors associated with overall survival (OS) and local
control (LC).
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In	this retrospective study,	we
evaluated the	overall survival
(OS)	and	local control	(LC)	of	
brain metastases (BM)	in	
patients treated with	
stereotactic radiosurgery
(SRS).	
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the activity and safety
of SBRT in patients
with MPR-OC and 
identifies clinical and 
treatment parameters
able to predict CR 
and LC rate.
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ABSTRACT

Background. Recent studies have reported improvement of
outcomes (progression-free survival, overall survival, and
prolongation of androgen deprivation treatment-free sur-
vival) with stereotactic body radiotherapy (SBRT) in non-
small cell lung cancer and prostate cancer. The aim of this
retrospective, multicenter study (MITO RT-01) was to de!ne
activity and safety of SBRT in a very large, real-world data
set of patients with metastatic, persistent, and recurrent
ovarian cancer (MPR-OC).

Materials and Methods. The endpoints of the study were the
rate of complete response (CR) to SBRT and the 24-month actu-
arial local control (LC) rate on “per-lesion” basis. The secondary
endpoints were acute and late toxicities and the 24-month
actuarial late toxicity-free survival. Objective response rate
(ORR) included CR and partial response (PR). Clinical bene!t
(CB) included ORR and stable disease (SD). Toxicity was evalu-
ated by the Radiation Therapy Oncology Group (RTOG) and the
European Organization for Research and Treatment of Cancer
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Short Report

Radioresistance of KRAS/TP53-mutated lung cancer can be
overcome by radiation dose escalation or EGFR tyrosine kinase
inhibition in vivo
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Recent clinical data have linked KRAS/TP53 comutation (mut) to resistance to radiotherapy (RT), but supporting laboratory
in vivo evidence is lacking. In addition, the ability of different radiation doses, with/without epidermal growth factor receptor
(EGFR)-directed treatment, to achieve local tumor control as a function of KRAS status is unknown. Here, we assessed
clonogenic radiation survival of a panel of annotated lung cancer cell lines. KRASmut/TP53mut was associated with the highest
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We demonstrate for the 
first time that KRASmut
in a TP53mut 
background confers
radioresistance when
studying a clinical RT 
schedule and local
control rather than
tumor growth delay. 
This can be at least
partially reversed by 
dose escalation or the 
addition of a targeted
agent.



Radiation Therapy for 
Metastasis
• Therapeutic radiation serves 

two major functions 
– To cure

• Destroy tumor foci 
• Kill residual microscopic disease left 

after surgery or chemotherapy
– To reduce or palliate symptoms

• Shrink metastases affecting quality of 
life

• Alleviate pain or symptoms
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Personalized Medicine:
Comprehensive optimization of patient care

System medicine: the future of medical
genomics and healthcare: personalized
radiotherapy of metastases…



§ Primary tumor affects overall patient selection by providing a general prognostic
assessment

§ Disease-free interval (and previous treatments) seems to be the most important
parameter in patient selection

§ The volume of the lesion in itself does not represent an absolute limit, providing an 
"adequate" dose, although it is preferable to treat lesions of limited size

§ The number of lesions is not an absolute limit, even if it is agreed that it is
contained (<4 nodules?)

§Radiotherapy in oligometastatic patients is an effective treatment with a sustainable
toxicity profile

§
§ Patient selection remains the crucial and most controversial aspect

§ ... biological drugs: caution in the association, considering the doses used

Key points



*Malignant tumors metastasize to different organs: at the present time we 
still do not know how the “choice” of target organ occurs. 
*Major sites of metastases are: lung, brain, bones, liver (but several other 
organs can be target)
*Primary tumors can metastasize in different organs: heterogeneity?
*Time of metastatic dissemination to the same organ are different in 
different tumors. For instance: liver metastases from 
pancreas/colon/breast/lung are different diseases. None of those lesions is 
an “hepatic tumor”
*Metastases treatment has two important endpoints: to extend life 
expectancy, and to improve organ functionality and quality of life
*Radiotherapy is a good option for oligometastatic diseases.

Take home messages: metastasis
and radiotherapy-1



• the metastatic cells do not resemble the cells of metastatic environment
• the speed of growth of the metastasis is different than the cell of primary 

tumor
• radiotherapy side effects in the metastatic organ are different than in the 

primary
• radiation stimulates the immune system (rational for combination)-

inflammatory cells
• radiation can change oxygen levels; hypoxia and cell death are 

proangiogenic
• radiation stimulates angiogenesis (rational for combination)
• Since radiotherapy is an invaluable option for oligometastatic disease 

more investigations and experimental models are auspicable

Take home messages: metastasis
and radiotherapy-2
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